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Abstract
Purpose—To evaluate diffusion changes in the breast tumor-stromal boundary and adjacent
tissue in response to neoadjuvant chemotherapy using high resolution diffusion-weighted imaging
(HR-DWI).

Materials and Methods—Seven patients with invasive breast cancer were imaged with HR-
DWI before and early during treatment. The mean apparent diffusion coefficient (ADC) was
plotted in 1 mm increments around the tumor boundary. Early change in ADC was measured for
tumor, tumor boundary, and stromal regions, and the relationship to treatment response was
evaluated using Spearman’s correlation.

Results—Statistically significant correlations between treatment response and early changes in
ADC were found for: 1) whole tumor (ρ = 0.93, 95% CI = (0.58, 0.99), p = 0.003); 2) tumor rim (ρ
= 0.75, 95% CI = (−0.007, 0.96), p = 0.05); and 3) boundary transition region (ρ = 0.86, 95% CI =
(0.29, 0.98), p = 0.01). Early change in ADC of distal stroma had a marginally statistically
significant positive correlation to treatment response (ρ = 0.71, 95% CI = (−0.084, 0.95), p =
0.07).

Conclusion—Proximity-dependent evaluation of HR-DWI data in the breast tumor-stromal
boundary and adjacent tissue may provide information about response to therapy.

Keywords
breast cancer; neoadjuvant chemotherapy; MRI; DWI

INTRODUCTION
The tumor microenvironment is known to play a role in tumorigenesis (1–3). The
architecture of the extracellular matrix (ECM) at the breast tumor-stroma border may
facilitate local and metastatic invasion (4–7). ECM remodeling alters stromal properties by
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altering matrix cross-linking, increasing collagen deposition, and reorganizing fibers,
leading to an increase in tissue stiffness (8). Although several imaging techniques have been
developed to characterize the progressive stiffening of cancer tissue in vivo (9–11), research
continues to rely primarily on ex vivo biopsy or surgical samples and representative cell
lines grown in vitro.

Apparent diffusion coefficient (ADC) is a measure of water mobility in diffusion-weighted
imaging (DWI). It uses diffusion sensitizing gradients to detect changes in water movement.
Decreased ADC relative to normal breast tissue has been shown to be associated with
malignant lesions (12, 13). However, standard DWI using echo planar imaging (EPI)
methods has been limited by low signal-to-noise and image distortion. Recently reported
results implemented a high-resolution diffusion-weighted imaging (HR-DWI) acquisition to
gain a substantial increase in resolution with decreased distortion in breast tumor
characterization (14).

For this pilot study, we hypothesized that HR-DWI may be sensitive to water mobility
changes associated with ECM remodeling at the tumor-stroma border, as well as changes in
these microstructures in response to treatment. The objective of this study was to use
proximity-dependent evaluation of HR-DWI to characterize the diffusion behavior of the
breast tumor-stromal boundary and adjacent tissue in patients receiving neoadjuvant
treatment. Here we present the initial findings of ADC changes in the tumor-stroma
environment and their association with treatment response.

MATERIALS AND METHODS
Study Population

Seven patients with pathological confirmed invasive breast cancer who underwent
neoadjuvant chemotherapy using taxane-based treatment followed by doxorubicin
cyclophosphamide (AC) were evaluated with dynamic contrast-enhanced magnetic
resonance imaging (DCE MRI) and HR-DWI. All patients signed informed consent. MRI
scans were performed before treatment (V1); early in the course of taxane-based treatment
(V2); after completion of taxane-based and before AC treatment (V3) and after the
completion of all chemotherapy (V4).

MRI Acquisition
MRI data were collected on a 1.5 T GE Signa LX scanner (GE Healthcare, Milwaukee, WI)
using a bilateral 8-channel phased array coil (Hologic - formerly Sentinelle Medical,
Toronto, Canada). A bilateral fat-suppressed T1-weighted DCE MRI was acquired with a
three-dimensional fast gradient echo sequence. The DCE MRI scan time was between 80–
100 sec per phase, and scan collection continued for at least 8 min following contrast
injection. Patients received 0.1 mmol/kg body weight of gadopentetate dimeglumine
(Magnevist, Bayer Healthcare Pharmaceuticals, Berlin, Germany) contrast agent. In addition
to DCE MRI, HR-DWI data (15) were acquired with an echo planar imaging sequence and
the following parameters: repetition time (TR), 4000 ms; echo time (TE), 64.8 ms; field of
view (FOV), 140 × 70 mm; acquisition matrix, 128 × 64; in-plane resolution, 1.094 × 1.094
mm; slice thickness, 4 mm. Either 8 or 16 slices were acquired. Diffusion-weighting
gradients were applied sequentially in three orthogonal directions with b = 600 s/mm2.
Images were also acquired with b = 0 s/mm2.

MRI Analysis
Apparent diffusion coefficient (ADC) maps were created from complex averaged images
using a method described previously (15). Briefly, after phase correction of the single-shot
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k-space data, all the repetitions were complex averaged. Refocusing reconstruction was then
applied to remove motion artifacts, followed by homodyne reconstruction to produce the
final diffusion-weighted image. The ADC maps were calculated on a pixel-by-pixel basis,
according to the equation: ADC = − ln [(SD/S0)/Δb], where S0 and SD are the signals at b =
0 s/mm2 and b = 600 s/mm2 respectively and Δb = 600 s/mm2. The ADC images were
manually segmented into enhancing tumor and surrounding stromal tissue. The tumor region
of interest (ROI) was selected in all slices of the ADC map (Figure 1a), including regions
that were assigned as partial volume averaged tumor based on consultation with a breast
radiologist to interpret the DCE MRI and HR-DWI data.

All visible breast tissue was selected in a second set of ROIs on the b = 0 image of the HR-
DWI, excluding the fat from the skin and any obvious artifacts from biopsy clips in the
tumor. A fuzzy C-means clustering procedure was performed to select all fibroglandular
tissue (16) visible on the HR-DWI (Figure 1b).

A proximity mapping method assigned each fibroglandular voxel a distance to the nearest
tumor boundary voxel, assigning negative values to voxels within the tumor (17). This study
calculated distances for each voxel relative only to the other voxels in the same slice and
analyzed the results of every slice. The fibroglandular proximity map (Figure 1c) can be
applied to any registered functional image to calculate proximity-dependent values; in this
study, it was combined with the ADC map (Figure 1d). The mean ADC was calculated for
the voxels in 1 mm thick concentric shells, starting at 10 mm inside the tumor (−10 mm) and
ending at 20 mm away from the tumor edge.

The mean ADC for each shell was plotted as a function of distance from the tumor boundary
for each patient at V1 and V2. In order to compare tumor to surrounding stroma, three
regions were defined as shown in Figure 2: an inner section of tumor (−5 to −2 mm), a
proximal stromal shell just outside the tumor (2 to 5 mm), and a distal stromal shell (9 to 13
mm). The mean ADC of all voxels in these regions were calculated and labeled ADCinner,
ADCprox, and ADCdist, respectively. The Wilcoxon signed rank test was used to compare
ADCinner to ADCprox and ADCdist at V1 and V2 for all patients. The same test was used to
analyze the change in ADCinner, ADCprox, and ADCdist from V1 to V2. Results are reported
as (pseudo) medians, 95% confidence intervals (CI), and associated p-values. We consider a
statistical significance level of α = 0.05.

To compare tumor ADCs to the literature, ADCwholetumor was calculated for all voxels
within the tumor boundary (−∞ to 0 mm). To investigate the tumor boundary, ADCbound
was calculated for the boundary region of the tumor (−2 to 2 mm). Hereafter, ADC terms
will be used to indicate the mean ADC of all voxels in the specified region, whereas mean
ADC will refer to the mean of the specified ADC in the seven patients.

Treatment Response Assessment
For the purposes of this study, we defined treatment response as the percent decrease in a
functional tumor volume from V1 to V4 measured by DCE MRI. The MR functional tumor
volumes were calculated by applying a 70% contrast enhanced threshold to the DCE MRI
data (18).

Spearman’s rank correlation was used to estimate the strength of relationships between
treatment response and each of the ADC measures. Results are reported as estimated
correlations, 95% confidence intervals (CI) for the correlation, and associated p-values for
rejecting the null hypothesis of zero correlation between treatment response and ADC. We
consider a statistical significance level of α = 0.05.
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RESULTS
Patient Characteristics

Seven patients were included in this study with ages ranging from 38 to 58 (mean 50). The
initial MR functional tumor volume ranged from 5.1 to 82.7 cm3 (mean 36.0 cm3).
Treatment response, ie percent decrease in MR functional tumor volume, ranged from 30%
to 98%.

Tumor-Stromal ADC Measurements
The ADC measurements from inner tumor to proximal and distal stromal regions in all
seven patients displayed a consistent pattern. The inner tumor ADC values were lower than
the surrounding proximal and distal stromal regions. There was an elevation of ADC to
higher values at the boundary from −2 to 2 mm, followed by a plateau in the stroma. Figure
2a and 2b show example patterns of ADC values plotted against the distance from the tumor
boundary from two patients at V1. Figure 2c illustrates the regions of ADCinner (green),
ADCprox (blue), and ADCdist (red) values extracted from the stromal proximity map overlaid
on the ADC map.

Tumor-Stromal ADC Measurements Before Treatment (V1)
The units of the estimated (pseudo) medians and 95% CI for all ADC values are ×10−3 mm2/
s (results below are reported without units for brevity). Table 1 lists the ADCinner, ADCprox,
ADCdist, and ADCwholetumor values for all patients at V1 and V2. For all the patients at V1,
the ADCinner value was lower than both the ADCprox and ADCdist values. ADCinner was
lower than ADCprox (estimated (pseudo) median difference = 0.59, 95% CI = (0.34, 0.95), p
= 0.02), and ADCinner was lower than ADCdist (estimate = 0.61, 95% CI = (0.29, 0.92), p =
0.02). The ADC values were similar in ADCprox and ADCdist (estimated difference =
−0.0097, 95% CI = (−0.13, 0.094), p = 0.94).

Tumor-Stromal ADC Measurements Early During Treatment (V2)
Early in the course of taxane-based treatment, the ADCinner value in all patients had
increased compared to V1 (estimated change = 0.19, 95% CI = (0.041, 0.38), p = 0.02). The
ADCinner value at V2 was lower than both the ADCprox and ADCdist values in all but one
patient (Table 1). After early treatment, ADCinner was lower than ADCprox (estimated
increase = 0.44, 95% CI = (0.16, 0.77), p = 0.03), and ADCinner was also lower than ADCdist
(estimate = 0.38, 95% CI = (0.16, 0.72), p = 0.03). ADCprox and ADCdist were not
statistically significantly different in value (estimated change = −0.0045, 95% CI = (−0.12,
0.058), p = 0.81). Unlike ADCinner, our results showed no clear change in ADCprox from V1
to V2 (estimated change = 0.024, 95% CI = (−0.097, 0.15), p = 0.81) nor in ADCdist from
V1 to V2 (estimated change = 0.019, 95% CI = (−0.087, 0.13), p = 0.69).

MR Functional Tumor Volumes
Early percent change in MR functional tumor volume, V1 to V2, showed no clear
relationship with overall treatment response, V1 to V4 (Spearman ρ = −0.36, 95% CI =
(−0.87, 0.54), p = 0.43). However, the confidence interval is wide, and we therefore cannot
conclude a negative result with this limited dataset.

Association of ADC Measurements and Treatment Response
The Spearman’s rank correlation between ADC measurements and treatment response are
given in Table 2. As shown in Figure 3, early increases in ADCinner, ADCbound, and
ADCwholetumor demonstrated a consistent pattern of correlation with increased treatment
response. There was a statistically significant positive correlation between treatment

McLaughlin et al. Page 4

J Magn Reson Imaging. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



response and early change in ADCinner; ρ = 0.75, 95% CI = (−0.007, 0.96), p = 0.05; early
change in ADCwholetumor: ρ = 0.93, 95% CI = (0.58, 0.99), p = 0.003; and early change in
ADCbound: ρ = 0.86, 95% CI = (0.29, 0.98), p = 0.01. There was an estimated positive
correlation between treatment response and early change in ADCdist: ρ = 0.71, 95% CI =
(−0.084, 0.95), p = 0.07, though this was only marginally statistically significant. The early
change in ADCprox showed no clear relationship with treatment response, but we cannot
conclude a negative result due to lack of statistical power (n = 7) and a wide confidence
interval.

DISCUSSION
Using proximity-dependent HR-DWI measurements to characterize the primary tumor’s
diffusion behavior in patients receiving neoadjuvant treatment, we found statistically
significant correlations between treatment response and early change in ADCinner and
ADCwholetumor. These results agree with previous findings that tumor ADC increased as
patients responded to neoadjuvant chemotherapy (13, 19).

We hypothesized that ECM collagen re-organization at the breast tumor-stroma border
linked to tumor invasive potentials (4–7) and disease-free survival (20) may induce changes
in diffusion behavior. Thus, our objective was to investigate whether ADC changes in the
breast tumor-stromal boundary and adjacent tissue may indicate treatment response.
Interestingly, treatment response correlated significantly with early change in ADCbound and
had a marginally statistically significant correlation to early change in ADCdist - a stromal
ADC measurement - which seems to support our hypothesis. The ADCdist region was
chosen to represent a region of normal-appearing stromal tissue; a region of tissue ~25 mm
away from the tumor boundary showed a similar Spearman ρ and p value (p = 0.05).

This study was limited by a small sample size, and these results, while promising, require
further validation with additional patients. Furthermore, MR functional tumor volume
change was used to define treatment response in lieu of clinically accepted markers of
response such as pathological complete response (pCR). MR functional tumor volume
change provides a numerical scale of treatment response rather than a dichotomy of
responders and non-responders like pCR, making it a more powerful evaluation of statistical
correlations in a small sample population like this one.

Perhaps the largest challenge presented by the DWI data is the manual definition of the
tumor boundary, which is both time-consuming and subjective. The tumor boundary was
selected on each slice of the ADC map by the stark delineation between the dark and light
voxels, as well as by referencing the b = 0 s/mm2 image and combined b = 600 s/mm2

image, both of which were co-localized and provided a clearer depiction of the encompassed
anatomy. In addition, the DCE MRI images were referenced for a higher anatomical
resolution image, with special attention paid to the enhancing volumes. Despite our efforts
to minimize the variation in tumor boundary definition, we recognize that the boundary we
defined was subjective. In order to mitigate errors induced by imprecise specification of the
boundary, we defined the boundary as a ~4 mm wide strip (the region from −2 mm to 2 mm
of the estimated boundary edge) for analysis purposes.

The use of a HR-DWI breast sequence allowed us to group the in-plane tumor and stroma
tissue, as well as measure changes in diffusion within small distance ranges. Due to the large
anisotropy of the HR-DWI voxels in this study, we chose to base our proximity calculations
on within-plane data only. This definition of proximity for a voxel is solely determined
within the same slice, and therefore proximity to tumor ignores any tumor voxels close by
but in an adjacent slice. We are currently working to use a more isotropic voxel resolution
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with the HR-DWI sequence, thereby increasing the utility of a true 3D proximity mapping
method.

In conclusion, this proximity-dependent analysis of ADC shows promising results despite
being limited by several technical challenges in data acquisition and analysis, a small sample
size, and a lack of clinical endpoints. This new technique is a potentially useful tool for
characterizing the breast tumor-stromal boundary and adjacent tissue, and our results
suggest that stromal ADC measurements may provide information in addition tumor ADC
and may correlate to treatment response. This work is ongoing, and we are gathering a larger
data set to further investigate the nature of diffusion correlations to treatment response,
including the addition of histopathological measures of treatment response.
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Figure 1.
The proximity mapping method takes the difference of the segmentation of tumor (a) and
fibroglandular map (b) to create a fibroglandular proximity map (c). The fibroglandular
proximity map can then be applied to any registered functional image to calculate proximity-
dependent values. In this study, the fibroglandular proximity map was applied to HR-DWI
ADC images (d)
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Figure 2.
The ADC plotted as a function of distance from the tumor boundary for two patients at visit
1 (a, b). The distance ranges of ADCinner, ADCprox, and ADCdist are circled in green, blue,
and red, respectively. A slice of a representative proximity-dependent ADC map (Patient 1)
is shown with arrows corresponding to ADCinner, ADCprox, and ADCdist at visit 1 (c)
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Figure 3.
The visit 1 (V1) to visit 2 (V2) change in ADCwholetumor (a), ADCbound (b), and ADCinner
(c) is plotted versus the treatment response
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Table 2

The Spearman rank correlations between treatment response and visit 1 (V1) to visit 2 (V2) change in the
regional apparent diffusion coefficient (ADC) measurements

Region ρ 95% CI p value

ADCprox 2 to 5 0.143 −0.684 to 0.809 0.76

ADCdist 9 to 13 0.714 −0.084 to 0.954 0.07

ADCinner −5 to −2 0.750 −0.007 to 0.961 0.05

ADCwholetumor −∞ to 0 0.929 0.584 to 0.990 0.003

ADCbound −2 to 2 0.857 0.294 to 0.979 0.01

Each ADC variable represents the respective region indicated. ρ is the estimated Spearman correlation. 95% CI indicates the 95% confidence
interval.
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