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Abstract

Object Diffusion tensor imaging (DTI) of the breast may

provide a powerful new approach for the detection of

intraductal processes. The aim of this investigation was to

characterize the relation between diffusion tensor param-

eters [fractional anisotropy (FA), mean diffusivity (MD)]

in normal breast tissue to obtain information on the

microenvironment of the diffusing water molecules and to

provide a systematic approach for DTI analysis.

Materials and methods Seven female, healthy volunteers

underwent prospective double-spin-echo prepared echo-

planar diffusion-weighted sequence (TR/TE 8,250 ms/

74 ms, b values 0 and 500 s/mm (2), six encoding direc-

tions, 12 averages, 35 slices) in 4 consecutive weeks (3.0

T). Quantitative maps of diffusion tensor parameters were

computed offline with custom routines. The interdepen-

dence of MD and FA in different voxels was analysed by

linear and exponential regression.

Results All MD and FA maps were of excellent quality.

A consistent pattern was observed in that lower fractional

anisotropy values were more likely associated with higher

mean diffusivity values. The dependence exhibited an

exponential behavior with a correlation coefficient

R = 0.60 (R linear = 0.57).

Conclusion The likelihood with which FA and MD val-

ues are observed in a voxel within normal breast tissue is

characterized by a specific pattern, which can be described

by an exponential model. Moreover, we could show that

the proposed technique does not depend on the menstrual

cycle.
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Introduction

Contrast enhanced MRI (CE-MRI) is a widely used

modality in breast imaging and the most sensitive method

in detecting invasive breast cancer particularly in mam-

mographically heterogeneous dense and very dense breasts.

However, the assessment of CE-MRI examinations can be

challenging for small intraductal processes such as ductal

carcinoma in situ (DCIS) [1–3].

Ductal carcinoma in situ constitutes a heterogeneous

entity of abnormal epithelial cell proliferation within the

duct network that is still limited by the basement mem-

brane. A variable percentage of progression to invasive

cancerous disease has been reported [4, 5]. Although CE-

MRI is superior to mammography in detecting DCIS and

can demonstrate the true extent of DCIS more accurately, it

is still not possible to predict DCIS subtypes or definitely

discriminate the more aggressive high grade form from low

grade or intermediate grade DCIS [6]. The increasing

performance of screening mammography raises the number

of non-palpable suspicious breast lesions and 20 % of

screening-detected malignancies represent DCIS [7, 8].

Diffusion-weighted imaging (DWI) is established in

neuroimaging for assessment of cerebral infarction and

tumor characterization. Within the last few years further

interest has been focused on the detection of malignancies

using whole-body DWI [9, 10]. Initial applications of DWI

in breast tissue in recent investigations suggest a potential
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to improve differentiation of benign from malignant mass-

like lesions [11]. Rahbar et al. [12] reported lower ADC

values in ‘‘pure’’ DCIS lesions than in normal breast tissue,

which may be due to increased degree of cellularity.

The architecture of breast tissue is complex and com-

prises a compound of tubular and ligamentous structures,

such as the duct network, terminal ductal lobular units, and

periductal stroma components. Because of anisotropic

water diffusion in the small ducts, diffusion tensor imaging

(DTI) may provide a powerful new approach to obtain

information on physiological and pathological changes of

breast-tissue architecture.

The inhomogeneity of breast tissue can easily cause

large inter-reader variations via small differences in the

definition of the region-of-interest (ROI). The main topic of

our study was to define and test a methodology for a sys-

tematic analysis of diffusion tensor parametrical maps of

breast parenchyma that may less strongly depend on exact

ROI positioning by using a 2D histogram analysis of the

interdependence of mean diffusivity and fractional anisot-

ropy values. The proposed technique of DTI imaging and

post-processing has been applied in a cohort of healthy

young women at four different time points during the

menstrual cycle (1) to obtain baseline information on dif-

fusion tensor data, and (2) to investigate cycle-dependent

variability in DTI measurements. Furthermore, (3) the

clinical applicability of the proposed method has been

tested in two patients.

Materials and methods

Subjects

Volunteers

After approval by the local ethics committee, seven heal-

thy, premenopausal, female volunteers (age between 24

and 41 years, mean age 32.3 ± 5.1 years) agreed to the

examination and were included in the study. They all had

regular, approximately 28-day, menstrual cycles during a

minimum of the last 6 months. None of the volunteers were

taking oral contraceptives or had an intra-uterine device.

None of them had a history of breast disease, breast biopsy

or breast operation and all were nulliparous.

In each of 4 consecutive weeks one MRI exam was

conducted. No specific preparations were undertaken prior

to any examination. The week of the menstrual cycle for

each scan was determined by the reported menstruation

dates.

Week 1 started on the first day of menstruation.

• Week 1: Day 1–7 of cyclus.

• Week 2: Day 8–14.

• Week 3: Day 15–21.

• Week 4: Day 22–28.

Patients

Two patients were included undergoing clinically indicated

breast MRI (diagnoses: invasive-ductal carcinoma and

chronic granulating inflammation). Both patients agreed to

the acquisition of the additional DTI sequence, which was

included into the clinical protocol before contrast-media

application.

Imaging protocol

All volunteer data were acquired on a 3.0 T whole-body

MR scanner (Discovery MR 750, GE Healthcare, Wauke-

sha, MI, USA) using a dedicated breast-coil of the same

manufacturer.

After a gradient-echo localizer, a morphological T2w

fast spin echo sequence (TR 10,766 ms, TE 100.3 ms, fast

spin echo factor 21, matrix 512 9 512, in-plane resolution

0.7 9 0.7 mm2, slice thickness 3 mm) was acquired in

axial orientation.

Diffusion tensor images were acquired in axial orien-

tation with a fat-saturated double-spin-echo prepared echo-

planar imaging sequence (TR 8,250 ms, TE 75 ms, band-

width 1953 Hz/px, matrix size 256 9 128, b value 500 s/

mm2, in-plane resolution 1.36 9 1.36 mm2, slice thickness

4 mm, 12 averages, parallel imaging factor 2). The diffu-

sion-sensitizing gradient fields were applied in 6 directions.

The patient examinations were carried out in a different

3.0 T whole-body scanner (Siemens Skyra, Erlangen,

Germany) with a dedicated breast-coil. The DTI sequence

was a fat-saturated double-spin-echo echo-planar imaging

sequence (TR 5,300 ms, TE 57 ms, bandwidth 1,490 Hz/

px, matrix size 210 9 96, b value 500 s/mm2, in-plane

resolution 1.71 9 1.71 mm2, slice thickness 4 mm, paral-

lel imaging factor 2). The clinical imaging protocol also

included an axial 2D T2-weighted fast spin-echo sequence

and repeated acquisitions with a 3D dynamic gradient-echo

sequence.

Post processing

The averaged diffusion-weighted images were analysed

using adapted routines written in Matlab (The Mathworks,

Inc., Natick, MA, USA). The diffusion tensor elements

were evaluated as reported by Basser [13] on a pixel-by-

pixel basis. After calculation of the diffusion tensor, the

tensor was diagonalized and parametrical maps were cal-

culated starting from the computed principal diffusivity
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components, D1, D2, and D3. The fractional anisotropy is

defined as

FA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3 D1 �MDð Þ2þ D2 �MDð Þ2þ D3 �MDð Þ2
� �
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 D2
1 þ D2

2 þ D2
3

� �

q

with the mean diffusivity being defined as

MD ¼ D1 þ D2 þ D3

3
:

The fractional anisotropy is a quantitative measure for

the ‘‘average orientedness’’ of the diffusion-hindering

microstructures in a voxel. If those structures allowed

diffusion only along a single direction, a maximum FA

value of 1 is expected, whereas completely free or

isotropically restricted diffusion should result in a FA of

0. The MD is a measure for the overall presence of

obstacles to diffusion. A high MD can be computed in

water-like fluid, in which free diffusion occurs.

Regions-of-interest were defined on the parametrical

maps comprising all of the breast tissue on one side on the

respective slice. A typical example is provided in Fig. 1. In

the ROI, all voxels with MD \ 0.1 9 10-3 mm2/s (corre-

sponding to fatty tissue) were omitted from the evaluation.

The correlation between MD and FA values observed in

the remaining voxels within the ROI was explored with

two different models, which are the most elementary

models to describe the MD-FA interdependence:

1. A linear least-squares fit with computation of a slope m

for a linear model:

FA MDð Þ ¼ m �MDþ FA 0ð Þ
2. A non-linear least-squares fit based on the Levenberg–

Marquardt Algorithm was applied to the following

expression.

FA MDð Þ ¼ FA 0ð Þ � e�MD
k

with computation of k for an exponential model.

Correlation coefficients Rlin and Rexp were calculated

between the measured FA values of each voxel and the

calculated (‘‘predicted’’) FA values using the measured

MD value of the voxel in the linear or exponential model

and the corresponding fitting parameters.

Mean values and standard deviations were computed for

m, k, Rlin, and Rexp in the left and right breast for each of

the four MR exams of each volunteer.

Furthermore, MD pixel values were subdivided into two

groups: group A (‘‘low’’) with MD values

\1.5 9 10-3 mm2/s, and group B (‘‘high’’) with MD

values [1.5 9 10-3 mm2/s. From both groups, mean val-

ues and standard deviations of MD and FA (MDlow,

MDhigh, FAlow, FAhigh) were computed and averaged again

for the cohort of volunteers.

In the two patients, pathological tissue identified in the

contrast-enhanced sequences was analyzed with the above

described post-processing steps and compared to healthy

breast tissue from the same patient in the contralateral breast.

Values of m, k, Rlin, Rexp, MDlow, MDhigh, FAlow, FAhigh

observed in week 2 of the menstrual cycle were tested for

statistically significant differences versus measurements of

week 1, 3, and 4 using a paired two-sided Students’ t test.

The same test was applied to check for right and left side

differences. Finally, the correlation coefficients Rlin and

Rexp and the fractional anisotropies FAlow and FAhigh were

tested for significant differences using the paired two-sided

Students’ t test. p values below 0.05 were considered sta-

tistically significant.

Results

All volunteers and patients, respectively, tolerated the four

single examinations well. In none of the diffusion-tensor

data sets could relevant movement artifacts be identified.

Exemplary MD and FA parametrical maps are shown in

Fig. 2. In all volunteers the highest MD values were found

in the central areas of the breast parenchyma, which are

Fig. 1 Example of a region-of-

interest (ROI) placed on a mean

diffusivity map comprising the

whole- breast parenchyma on

one side. To the right, the

corresponding MD–FA diagram

is displayed with a linear and

exponential fit, respectively
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directed towards the breast papilla. Towards the periphery

of the breast parenchyma, a decline of the MD was seen.

The central areas of high MD corresponded to areas of low

FA, whereas the peripheral areas of low MD showed rel-

atively high FA.

A graphical representation of these findings is displayed

on the right side of Fig. 1 in the form of an ‘‘MD–FA’’

diagram. A decline is seen from the upper left part of the

diagram towards the lower right part. For a quantitative

mathematical summary of the behavior, the points in the

MD–FA plot were fitted to linear and exponential models.

The results are summarized in Table 1. For none of the

evaluated parameters was a statistically significant differ-

ence found comparing the measurements of weeks 1–4 or

comparing the right to the left side. Therefore, the mean

values of all four measurements, displayed on the right side

of Table 1, were used for the further evaluations.

The exponential model approximated the dependence

between MD and FA slightly better with a higher absolute

value of the correlation coefficient (Rexp = 0.55 ± 0.14 vs.

Rlin = 0.52 ± 0.15, p \ 0.001). The mean FA for voxels

with MD smaller than 1.5 9 10-3 mm2/s was higher

(FAlow = 0.48 ± 0.06) than the mean FA of voxels with

MD higher than 1.5 9 10-3 mm2/s (FAhigh = 0.28 ±

0.09, p \ 0.001).

When applying the proposed evaluation technique to

two patients with non-masslike breast lesions, notable

differences from these typical patterns were observed

(Figs. 3, 4). The parametrical values of both patients are

reported in Table 2. In the patient with invasive-ductal

carcinoma, a shift of the diffusion values towards higher

MD can be noted: 20.9 % of the voxels were in the MDlow

group, compared to 66.9 % in healthy parenchyma of the

same patient (69.0 % in the group of healthy volunteers).

The voxels in the MDlow group also showed lower FA

values with 0.29 ± 0.09 versus 0.18 ± 0.13 in the healthy

tissue. Correspondingly, the curve in the MD–FA diagram

was more flat, with smaller absolute values of m and k

compared to the healthy contralateral tissue: m = -0.10

versus -0.19 9 103 s/mm2 in the linear fit, and k = 1.54

versus 1.66 9 10-3 mm2/s in the exponential fit.

In the patient with chronic inflammation, a steeper curve

was seen in the MD–FA diagram on the affected side

compared to healthy breast tissue with an increased abso-

lute value of the slope m = -0.22 versus -0.16 9 103 s/

mm2 and a higher constant k = 1.46 versus 1.34 9

10-3 mm2/s. Also, more voxels were shifted towards lower

MD and higher FA values in the ROI of chronic inflam-

mation with 94.4 % of the voxels in the MDlow group

(FA = 0.37 ± 0.16) compared to the contralateral ROI in

healthy tissue with 35.6 % of the voxels in the MDlow

group, (FA 0.28 ± 0.13) (Table 3).

Discussion

In the presented study, we investigated statistical relations

between the DTI parameters MD and FA within healthy

breast tissue. We found a typical pattern with central areas

of relatively high MD and low FA values surrounded by

tissue of lower MD with markedly increased FA values.

MD–FA diagrams provided a visualization of the statistical

relation of the two diffusion parameters, which was better

reflected with a two-parameter exponential model than

Fig. 2 Colour-encoded mean

diffusivity and fractional

anisotropy parametrical maps in

two healthy volunteers (top and

bottom row, respectively) are

displayed. In the central areas of

strong diffusion indicated by

orange to red colour on the left

side, the respective fractional

anisotropy is small (blue

colour), whereas in the marginal

areas intermediate to strong

diffusion anisotropy can be

noted (green to red colour)
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with a two-parameter linear model. To our knowledge, this

is the first study describing this typical statistical distribu-

tion pattern of diffusion parameters in breast tissue. Fur-

thermore, we found preliminary evidence that while this

pattern and the corresponding fit parameters were relatively

stable across different phases of the menstrual cycle and

across individuals it may be significantly altered in diffuse

breast disease, such as breast cancer or inflammation.

Table 1 Diffusion tensor and fitting parameters for healthy volunteers

Right breast Left breast Mean

Week 1 Week 2 Week 3 Week 4 Week 1 Week 2 Week 3 Week 4

m 0.19 ± 0.06 0.21 ± 0.05 0.10 ± 0.16 0.17 ± 0.05 0.18 ± 0.06 0.22 ± 0.05 0.19 ± 0.06 0.18 ± 0.05 0.18 ± 0.08

Rlin 0.57 ± 0.13 0.58 ± 0.13 0.47 ± 0.20 0.50 ± 0.15 0.48 ± 0.19 0.58 ± 0.09 0.50 ± 0.15 0.53 ± 0.09 0.52 ± 0.15

k 1.90 ± 0.63 1.62 ± 0.86 2.61 ± 2.08 1.90 ± 0.52 2.20 ± 1.28 1.63 ± 0.88 1.77 ± 0.50 1.57 ± 0.46 1.91 ± 1.10

Rexp 0.60 ± 0.11 0.60 ± 0.13 0.49 ± 0.20 0.54 ± 0.14 0.51 ± 0.18 0.60 ± 0.08 0.54 ± 0.13 0.56 ± 0.10 0.55 ± 0.14

MDlow 1.15 ± 0.14 1.19 ± 0.06 1.18 ± 0.10 1.20 ± 0.05 1.12 ± 0.13 1.18 ± 0.09 1.15 ± 0.11 1.16 ± 0.10 1.16 ± 0.10

FAlow 0.49 ± 0.09 0.44 ± 0.03 0.48 ± 0.06 0.50 ± 0.05 0.49 ± 0.06 0.48 ± 0.05 0.50 ± 0.06 0.44 ± 0.07 0.48 ± 0.06

MDhigh 2.02 ± 0.18 1.98 ± 0.11 1.99 ± 0.15 2.07 ± 0.14 1.97 ± 0.13 2.01 ± 0.12 1.95 ± 0.15 2.02 ± 0.19 2.0 ± 0.15

FAhigh 0.30 ± 0.09 0.26 ± 0.07 0.31 ± 0.06 0.29 ± 0.05 0.32 ± 0.15 0.27 ± 0.08 0.30 ± 0.06 0.24 ± 0.07 0.28 ± 0.09

Nlow 35.9 ± 25.0 31.6 ± 22.4 36.0 ± 24.9 19.0 ± 9.3 40.5 ± 32.6 26.5 ± 17.6 38.8 ± 27.6 28.1 ± 26.5 32.2 ± 25.2

m: Absolute value of slope of linear regression (in 103 s/mm2)

Rlin: Correlation coefficient of linear regression

k: Characteristic constant of exponential fit (in 10-3 mm2/s)

Rexp: Correlation coefficient of exponential fit

MDlow: Mean MD of voxels with MD B 1.5 9 10-3 mm2/s (in 10-3 mm2/s)

FAlow: Mean FA of voxels with MD B 1.5 9 10-3 mm2/s

MDhigh: Mean MD of voxels with MD [ 1.5 9 10-3 mm2/s (in 10-3 mm2/s)

FAhigh: Mean FA of voxels with MD [ 1.5 9 10-3 mm2/s

Nlow: Percentage of voxels with MD B 1.5 9 10-3 mm2/s (%)

Fig. 3 Images of a 45 year-old

patient with invasive-ductal

breast cancer on the right side.

Mean diffusivity, fractional

anisotropy and post-contrast

T1w images are shown on the

left. In the breast cancer, higher

diffusion can be seen with lower

fractional anisotropy compared

on the healthy left side.

Correspondingly, in the MF–FA

diagram, flatter curves are

obtained in the linear regression

(slope m -0.10 vs.

-0.19 9 103 s/mm2) and the

exponential fitting

(characteristic constant k 1.54

vs. 1.33 9 10-3 s/mm2)
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Diffusion tensor imaging parameters reflect averaged

tissue microstructure in the breast. A typical histological

hematoxylin–eosin stained histological image of normal

breast parenchyma is provided in Fig. 5. The diameter of

the normal milk ducts is on the order of 0.1 mm which can

increase even in the non-lactating breast 10–20 times by

the accumulation of fluid [14]. It may be hypothesized that

the high FA values in the periphery reflect the terminal

ductal lobular units or very small peripheral ducts with

slower water diffusion and a higher anisotropy. In contrast,

high MD in the central parts could illustrate the major ducts

directed towards the nipple with a lower anisotropy. The

lower anisotropy of the water diffusion in the major ducts

in spite of their directionality towards the nipple may be

attributed to the larger diameter of these ducts, which

maybe sufficiently large to not significantly hinder the

Brownian motion of the water molecules.

The potential influence of the ligamentous structures and

their regional distribution differences on DTI parameters

should also be considered [15]. It seems interesting to

compare our data from non-lactating women with mea-

surements in lactating breasts to see if there is a notable

difference in anisotropy and to identify the anatomic cor-

relate of anisotropy in the breast. In early pregnancy, breast

tissue is already stimulated by increasing oestrogen levels

[16]. Therefore, breast volume increases, histologically

mainly corresponding to the development of the ductal

network. Assuming that the ductal system is collapsed in

non-lactating women we would expect changes in frac-

tional anisotropy if applying DTI measurements in lactat-

ing women. This could support our theory that the ductal

network is the main anatomical correlate in the breast and

that regional differences of fractional anisotropy are caused

by different sizes of milk ducts.

Regional differences in ADC and FA were previously

described by Partridge et al. [17]. In a study with 12

healthy women, ADC and FA were significantly affected

by location in the breast. ROI-analysis was performed in

the anterior, posterior and central parts of the breast.

Fig. 4 A 34 year-old patient

with chronic granulomatous

inflammation in the left side.

Mean diffusivity, fractional

anisotropy maps, and post-

contrast T1w images are

displayed on the left. In the MD

map, the region-of-interest

measurements are indicated in

dark red and green colour. The

area of chronic inflammation

exhibits a diffusion restriction

with markedly increased

fractional anisotropy.

Correspondingly, a steeper

decrease of the fit can be seen in

the MD-FA diagram compared

to healthy breast tissue with a

higher absolute value of the

slope m of the linear regression

(-0.22 vs. -0.16 9 103 s/

mm2) and a higher characteristic

constant k in the exponential fit

(1.46 vs. 1.34 9 10-3 s/mm2)

Table 2 p Values for comparison of diffusion tensor and fitting

parameters at weeks 1, 3, and 4 to the values from week 2 for healthy

volunteers

Right breast Left breast

Week 1 Week 3 Week 4 Week 1 Week 3 Week 4

m 0.78 0.08 0.41 0.08 0.45 0.07

Rlin 0.86 0.07 0.67 0.22 0.24 0.28

k 0.40 0.12 0.69 0.19 0.77 0.82

Rexp 0.89 0.08 0.77 0.24 0.30 0.40

MDlow 0.55 0.98 0.74 0.40 0.75 0.94

FAlow 0.32 0.20 0.09 0.85 0.67 0.19

MDhigh 0.93 0.82 0.07 0.82 0.49 0.20

FAhigh 0.09 0.06 0.19 0.60 0.55 0.09

Nlow 0.07 0.25 0.06 0.35 0.24 0.64
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Although the definition of the regions was subjective and

the ROIs were small, Partridge et al. could show a signif-

icantly higher ADC in central parts of the breast than in the

posterior breast which is concordant to our data. Also,

regional differences in FA were demonstrated with sig-

nificantly higher FA in the posterior parts than in the

anterior and central breast. Moreover, our results are in

accordance with a study of Baltzer et al. [18] reporting that

the main diffusion direction is anterior-posterior. The

published broad range of ADC (0.89–1.67 9 10-3 mm2/s)

and FA (0.20–0.41) values is consistent with our observa-

tions. Furthermore, our mean diffusivity values and the

distribution pattern of fractional anisotropy within the

breast are consistent with data reported from Eyal et al.

[19].

In 2001, Partridge et al. [17] published that there is no

significant influence of menstrual cycle on breast ADC

values and only a trend of decreased ADC during the

second week and increased ADC during the fourth week.

These early observations were later confirmed by O’Flynn

et al. [20]. These observations from DWI are in good

agreement with the data from our DTI analysis.

In both of the evaluated patients in our study, a notable

change of this physiological diffusion pattern was seen

suggesting its suitability for the assessment and charac-

terization of pathological (non-masslike) changes of breast

tissue. In contrast to the literature, the patient with the

grade 3 invasive ductal carcinoma with associated high

grade DCIS (Fig. 3) demonstrated elevated mean diffu-

sivity but lower fractional anisotropy compared to the

contralateral breast, whereas in most previous reports a

decrease of the mean diffusivity in cancerous tissue was

reported. In the case of our patient, the higher mean dif-

fusivity may potentially be caused by the large extent of

the tumor infiltration and subsequent small necrosis zones,

which, however, were not visible on the contrast-enhanced

sequences. An opposite finding was measured in our

patient with chronic inflammation of the breast. In this

condition duct obliteration due to secretory debris and

Table 3 Diffusion tensor and fitting parameters for the two patients

Patient 1 Patient 2

Normal
tissue

Inv.-duct.
cancer

Normal
tissue

Inflammation

m 0.19 0.10 0.16 0.22

Rlin 0.49 0.45 0.56 0.42

k 1.66 1.54 1.34 1.46

Rexp 0.53 0.52 0.59 0.45

MDlow 1.25 ± 0.16 1.32 ± 0.20 1.19 ± 0.25 0.92 ± 0.24

FAlow 0.29 ± 0.09 0.18 ± 0.13 0.28 ± 0.13 0.37 ± 0.16

MDhigh 1.80 ± 0.19 1.98 ± 0.30 1.82 ± 0.20 1.80 ± 0.26

FAhigh 0.21 ± 0.08 0.16 ± 0.07 0.18 ± 0.07 0.24 ± 0.12

Nlow 66.9 20.9 35.6 94.4

m: Absolute value of slope of linear regression (in 103 s/mm2)

Rlin: Absolute value of correlation coefficient of linear regression

k: Characteristic constant of exponential fit (in 10-3 mm2/s)

Rexp: Correlation coefficient of exponential fit

MDlow: Mean MD of voxels with MD B 1.5 9 10-3 mm2/s (in 10-3mm2/
s)

FAlow: Mean FA of voxels with MD B 1.5 9 10-3 mm2/s

MDhigh: Mean MD of voxels with MD [ 1.5 9 10-3 mm2/s (in
10-3mm2/s)

FAhigh: Mean FA of voxels with MD [ 1.5 9 10-3 mm2/s

Nlow: Percentage of voxels with MD B 1.5 9 10-3 mm2/s (%)

Fig. 5 Histological images

(hematoxylin–eosin staining) of

breast parenchyma with

intermediate magnification (left

side) and strong magnification

(right side). The scale on the left

side is in millimeters. Left side

shows normal parenchyma with

slightly dilated ducts filled with

fluid, right side displays several

normal terminal ductal lobular

units (TDLUs) and largely

dilated ducts. Images are

provided courtesy of Prof.

László Tabár
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macrophages can be found. One hypothesis is that due to

the lower diffusion within the obliterated ducts, higher

diffusion anisotropy is measured which cannot be observed

in normal ducts due to the faster water diffusion.

As Tabar showed that neoductgenesis is the anatomical

correlate of DCIS [21, 22], one interesting application of

our technique would be to apply our analysis of DTI data in

patients with pure DCIS in order to obtain data about

potential anisotropy in so-called neoducts compared to

normal breast tissue. In addition, further studies are plan-

ned to focus on the influence of different DCIS subtypes on

the DTI pattern. Because of logistical (fast treatment

planning) and psychological issues, the preoperative con-

trast enhanced MRI in premenopausal women with newly

diagnosed breast cancer has to be planned in some cases

without considering the menstrual cycle, although several

studies revealed the influence of the cycle to the back-

ground enhancement in CE-MRI [23, 24]. For such an

indication, the DTI technique may provide additional

important clinical information as it is demonstrated to be

highly robust against hormonal influences from the men-

strual cycle.

Our study has several limitations. Firstly, only seven

healthy volunteers were included in our prospective study

but all of them underwent MRI acquisition in 4 consecutive

weeks showing only little variability of the DTI parame-

ters. Secondly, only one radiologist (blinded for review)

performed the ROI analysis. However, in this study the

ROI analysis included the whole-breast parenchyma at a

slice through the nipple, which is a highly standardized

approach with less reader dependence compared to the

choice of some part of the breast tissue. Thirdly, we

included only two patients with breast diseases in our

study. However, in both patients we detected notable

deviations from the otherwise robust physiological diffu-

sion pattern suggesting the potential clinical usefulness of

the evaluation scheme.

Conclusion

The probabilistic distribution patterns of DTI parameters in

the breast may offer a robust, cycle independent charac-

terization of breast microstructure. MD–FA diagrams can

be described with an exponential model, which might react

sensitively to the occurrence of pathological alterations.
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