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Abstract. The study aimed to evaluate the utility of diffusion-
weighted imaging (DWI) and to assess the response of breast 
cancer patients to neoadjuvant chemotherapy (NAC), based 
on morphological concepts. This retrospective study included 
35 breast cancer patients (36 lesions) who had conventional 
magnetic resonance imaging (MRI), with DWI acquired 
before and after NAC. The morphological pattern of delayed 
enhancement on MRI before NAC was classified into two 
types: focal mass (FM), and multiple masses and/or non-mass 
like (MM/NM), based on Breast Imaging Reporting and Data 
System (BI-RADS). Of the 36  tumors, 26 were classified as 
FM and 10 as MM/NM. Tumors were clearly visualized on 
the initial DWI although one case of suspected MM/NM 
was not observed on DWI following NAC. A correlation was 
found between changes in the apparent diffusion coefficient 
and response rates to NAC in FM tumors (r=0.608, p<0.001), 
but not in MM/NM tumors (r=0.141, p=0.717). There was 
agreement between MRI findings after NAC and pathological 
findings in 30 of the 36 tumors (83.3%). Thus, we concluded 
that DWI is potentially useful in assessing the response to 
NAC for breast cancer for tumors diagnosed as FM on the 
initial conventional MRI.

Introduction

Neoadjuvant chemotherapy (NAC) is currently recognized as 
an important component of breast cancer treatment for patients 
who i) are candidates for breast-conserving surgery, ii) have 
advanced-stage disease but are not candidates and iii) refuse 
surgery. Among the various tools for monitoring the response 
to NAC for breast cancer, contrast-enhanced magnetic reso-

nance imaging (MRI) is considered to be superior to any other 
imaging modality due to its high spatial resolution (1-6).

Developments have enabled diffusion-weighted imaging 
(DWI) to be used more widely in the study of breast cancer 
(7-11). Previous reports described the use of DWI in the differ-
entiation of malignant from benign breast cancer (7,9-12). 
Apparent diffusion coefficient (ADC) obtained in DWI is 
reported to be useful for predicting early tumor response to 
NAC (12-14). In contrast to conventional MRI, DWI does not 
require the use of contrast-enhancing material and has good 
temporal resolution.

Breast cancer can be classified into several patterns based 
on morphology (5,15-17). In addition, the pattern of response to 
NAC depends largely on the initial morphology (15,16). Focal 
or solitary nodular type tumors usually shrink centrically, 
while non-focal or unlocalized tumors shrink in a multicentric 
manner. Therefore, the response to NAC does not always 
correspond to shrinkage over the extent of the tumor. Optimal 
response in the solid nodular pattern is shrinkage of the 
tumor, which may have the potential to scatter small compo-
nents within the range of the initial tumor bed in the multiple 
nodular and/or unlocalized dendritic patterns (16). Breast 
cancer treatment therefore requires different approaches for 
the two morphological patterns (15,16). According to previous 
reports, focal or solitary nodular type tumors may correspond 
to a focal mass, while non-focal or multiple nodular and/or 
unlocalized dendritic type tumors may correspond to multiple 
masses and/or non-mass-like tumor, based on the Breast 
Imaging Reporting and Data System (BI-RADS) (18).

We hypothesized that the effectiveness of imaging param-
eters to gauge response to NAC in breast cancer may not be 
uniform across all subclasses of tumors. Therefore, the aim 
was to assess the efficacy of DWI of the breast to evaluate 
the response to NAC in breast cancer patients based on tumor 
morphology on MRI.

Materials and methods

Patients. Between April 2007 and September 2008, breast 
MRI was performed at our hospital on 200 patients with 
breast cancer. This retrospective study comprised 35 breast 
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cancer patients (36 lesions) who underwent breast MRI before 
and after NAC. The time interval between MRI and the last 
course of chemotherapy ranged from 3 to 15 days (mean 7). 
Patient age ranged from 26 to 69 years (mean 54). According 
to the tumor-node-metastases (TNM) classification, the 
clinical stages of the tumors were IIA (n=17), IIB (n=8), IIIA 
(n=7), IIIB (n=2) and IIIC (n=2). Patients were treated with 
anthracycline-based (EC) chemotherapy, and received four 
courses of epirubicine at 100 mg/m2 and cyclophosphamide 
at 600 mg/m2. Written informed consent was obtained from 
all subjects.

Magnetic resonance imaging. MRI was performed using 
a 1.5  T system (Signa HDx; General Electric Healthcare, 
USA). The patients were examined in the prone position 
using a breast coil. Dynamic MRI using a three-dimensional 
fast spoiled gradient-echo sequence (VIBRANT, volume 
imaging for breast imaging; TR 5.0 ms; TE 2.7 ms; flip angle 
10 ;̊ FOV 28x28 cm; matrix 512x256; slice thickness 3 mm; 
space 0 mm; NEX 1) was obtained before and 8 times (every 
30  sec) after a bolus injection of 0.1 mmol gadolinium-
diethylenetriamine pentaacetic acid (Gd-DTPA)/kg by 
automatic injector at a rate of 3 ml/sec, followed by a 50 ml 
saline flush. Bilateral transverse diffusion-weighted images 
with b-values of 0 and 1,500 s/mm2 were acquired before the 
administration of contrast material (TR 5000 ms; TE 68.0 ms; 
flip angle 90 ;̊ FOV 36x36 cm; matrix 160x160; slice thickness 
3 mm; space 0 mm; NEX 4).

MRI data analysis. Delayed enhanced images were classified 
as focal mass (FM) or multiple masses and/or non-mass (MM/
NM), based on BI-RADS (18). ADC values were calculated 
according to the formula: ADC = [In S(h)/S(l)]/(b(h)-b(l)), 
where In is the natural log, and S(h) and S(l) are the signal 
intensities in each region of interest (ROI), placed on sections 
that correspond to two different b  factors (b=1500, 0 s/mm2]. 
In obtaining ADC values of the lesions, ROIs were placed 
carefully within the largest section of the tumor on DWI. The 
change in ADC following NAC was calculated as: (ADC after 
NAC - ADC before NAC)/(ADC before NAC) x100. The largest 
possible ROI was used according to the size and morphology 
of each tumor. The same radiologist calculated the ADCs of 
the tumors before and after NAC. Tumor sizes were measured 
on delayed enhanced MRI using the image with maximum 
tumor diameter and signal intensity of the tumor relative to the 
signal intensity of surrounding breast tissue. Tumor size was 
calculated as the bi-axial diameter product using maximum and 
orthogonal diameter on the maximum dimension of each tumor. 
Tumor response to NAC was calculated as: (tumor size before 
NAC - tumor size after NAC)/(tumor size before NAC) x100.

Dynamic enhancement was evaluated by visual assessment 
of the resulting curve, and delayed-enhancement patterns were 
classified as washout, plateau or persistent, based on BI-RADS 
(18). A ROI was placed manually on the portion of the lesion 
with the most rapid enhancement or the portion with the most 
suspicious washout curve.

Tumor morphologies and enhancement patterns were eval-
uated independently by one radiologist, and DWI by another. 
The two radiologists had >10 years of experience in the field 
of breast MRI.

Surgical approach and histological evaluation. In breast-
conserving surgery, tumors were generally resected with a 2-cm 
surgical margin. Breast specimens were evaluated by routine 
pathologic examination. The specimens were processed by 
serial gross sectioning at ~1-cm intervals. The closest margin 
was evaluated histologically. In cases where it was difficult to 
distinguish the extent of residual tumor on MRI after NAC, a 
skin marker (alfacalcidol capsule of 0.5 µg for osteoporosis) 
was placed on the skin immediately before scanning in the 
supine position. Skin markers were helpful in evaluating the 
correlation between MRI measurement and histological size.

Statistical analysis. Pearson's correlation test was used to 
measure the linear association between ADC and clinical 
tumor measurements. A non-parametric test was used to 
assess significance in measuring the differences between 

Table I. Clinical manifestation and imaging findings of the 
cases examined.

Characteristic	 FM	 MM/NM

Age (years)
  Median	 55	 56
  Range	 26-69	 44-68
TNM
  IIA	 17	   0
  IIB	   6	   2
  IIIA	   1	   6
  IIIB	   1	   1
  IIIC	   1	   1
ADC (x10-3 mm2/s)
  Before NAC
    Average	 0.833	 0.815
    SD	 0.153	 0.146
  After NAC
    Average	 0.963	 1.137
    SD	 0.216	 0.245
Change in ADC (%)
  Average	 17	 50.1
  SD	 23.6	 58.9
Size in MRI (mm2)
  Before NAC
    Average	 531.1	 2,088
    SD	 524.4	 1,583
  After NAC
    Average	 288.4	 1,376.2
    SD	 277.2	 1,048
Response rate (%)
  Average	 44.5	 34.2
  SD	 27.7	 17.6

FM, focal mass; MM/NM, multiple masses and/or non-mass; ADC, 
apparent diffusion coefficient; TNM, tumor-node-metastases clas-
sification and SD, standard deviation.
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groups. The Mann-Whitney U test was employed to measure 
the differences between the mean ADC of responders and 
non-responders before and after NAC. P<0.01 was assumed to 
indicate a statistically significant difference.

Results

Patient characteristics and MRI findings are summarized 
in Table I. Breast-conserving surgery was performed in 
29  patients (30 lesions), total glandectomy in 3 and total 
mastectomy in 3. The histological types of carcinoma included 
invasive ductal (n=34), mucinous (n=1) and invasive lobular 
carcinoma (n=1). Assessment of the tumor response by MRI 
was in agreement with the pathological findings in 83% of 
cases (FM 23/26; MM/NM, 7/10). Imaging assessment overes-
timated the degree of response in 1 case (FM) with extensive 
intraductal components and in 3 cases (MM/NM) with scat-
tered invasive foci surrounding the lesions. The degree of 
response was underestimated in 2 cases (FM) of pathological 
complete response (pCR). In cases of MN/NM with a high 
ADC response, despite a low MRI response, extensive scat-
tering of the residual tumor was identified histologically.

The tumors were well visualized on delayed enhance-
ment MRI before and after NAC. Before NAC, the average 
maximum tumor size on MRI was 531.1 mm2 for FM 
(SD=524.4; n=26) and 2,088 mm2 for MM/NM (SD=1,583; 
n=10). Of the FM tumors, all except 2 had the appearance of a 
focal mass after NAC, while 9 of the 10 MM/NM tumors had 
multiple masses or a non-mass-like appearance after NAC. 
After NAC, the average maximum tumor size was 288.4 mm2 
for FM (SD=277.2) and 1,376.2 mm2 for MM/NM (SD=1048). 
The average response rate according to tumor size on MRI was 
44.5% for FM (SD=27.7) and 34.2% for MM/NM (SD=17.6).

The tumors were clearly visualized on DWI before NAC; 
all except one were visualized after NAC. The average ADC 
value before NAC was 0.833x10-3 mm2/s for FM (SD=0.153) 
and 0.815x10-3 mm2/s for MM/NM (SD=0.146). The average 
ADC value after NAC was 0.963x10-3 mm2/s for FM 
(SD=0.216) and 1.137x10-3 mm2/s for MM/NM (SD=0.245). 
The average change in ADC was 17% for FM (SD=23.6) and 
50.1% for MM/NM (SD=58.9). An MM/NM tumor that was 
not observed on DWI after NAC was clearly visualized on 
conventional MRI as having a 20% response rate, which was 
confirmed by the pathological findings.

Figure 1. (A) A 50-year-old woman with invasive ductal carcinoma of the right breast. Three-dimensional contrast-enhanced fat-suppressed MRI of the 
breast acquired before NAC reveals an area of non-mass-like enhancement. (B) Before NAC, the tumor is clearly detected as an area of high intensity on the 
diffusion-weighted image. (C) Three-dimensional contrast-enhanced fat-suppressed MRI of the breast acquired after NAC reveals an area of decreased non-
mass-like enhancement. (D) After NAC, the residual tumor is not detected on the diffusion-weighted image. The change in ADC cannot be calculated and 
response rate is 63.3%. The extent of the residual tumor on the enhanced MRI corresponded approximately to the surgical findings by mastectomy.
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For the MM/NM tumors, no correlation was found between 
change in ADC and the tumor reduction rate (r=0.141, p=0.717) 
(Figs. 1 and 3). For 26 localized tumors, a positive correlation 
was found between change in ADC and the tumor reduction 
rate (r=0.608, p<0.001) (Figs. 2 and 4). Assessment of the 

delayed enhancement patterns from dynamic MRI before 
NAC for the 36 tumors revealed washout in 5 and plateau in 31 
tumors. Persistent delayed enhancement pattern was displayed 
in 12 cases of FM and 8 cases of MM/NM; the remaining 16 
(FM, 14; MM/NM, 2) tumors demonstrated washout or plateau 

Figure 2. (A) A 26-year-old woman with invasive ductal carcinoma of the right breast. Three-dimensional contrast-enhanced fat-suppressed MRI of the breast 
acquired before NAC reveals a localized enhancing mass. (B) Before NAC, the tumor is clearly detected as an area of high intensity on the diffusion-weighted 
image. (C) Three-dimensional contrast-enhanced fat-suppressed MRI of the breast acquired after NAC reveals a significantly decreased residual mass. (D) 
After NAC, the tumor is detected as an area of high intensity on the diffusion-weighted image, smaller in size compared to that on the initial MRI. The 
change in ADC is 75.2% and the response rate is 91%. The extent of the residual tumor on the enhanced MRI corresponded approximately to the surgical 
findings by mastectomy.

Figure 3. Correlation between changes in ADC and the response rate in MRI 
by NAC in MM/NM tumors.
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Figure 4. Correlation between changes in ADC and the response rate in MRI 
by NAC in FM tumors.
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after NAC. For FM, change in the delayed enhancement pattern 
was significantly correlated with the response rate (p=0.008) 
and change in ADC (p=0.004). However, no such correlations 
were found for MM/NM (p=0.431, p=0.449).

Discussion

MRI-based assessment commonly under- or overestimates 
the extent of residual breast cancer following NAC (6,19). 
However, among the various imaging modalities, dynamic-
enhanced MRI is recognized as the most sensitive and has 
the highest spatial resolution. The use of morphological 
concepts can reduce the discrepancy between MRI assess-
ment and pathological findings with regard to the extent of 
residual tumors (15,16). The six under- or overestimated cases 
of MRI in the present study are considered to be an excep-
tion, particularly in the FM cases with extensive intraductal 
components and in the three MM/NM cases with scattered 
invasive foci surrounding the tumors. Multiple nodular and/or 
unlocalized dendritic tumors usually demonstrate dendritic or 
multicentric shrinking and remain extensively in the original 
tumor beds (15,16). In the two cases of pCR, the conventional 
MRI and DWI findings may represent so-called pseudotumors 
corresponding to xanthomatous change (20).

The clinical usefulness of DWI has already been estab-
lished in patients with cerebral infarction in the acute stage 
(21-23). Tumors are depicted as regions of high signal inten-
sity, since their ADC values are lower than those for normal 
tissue. The applications of DWI have expanded to various 
organs (24-27). In DWI, ADC reflects the biological character 
of the tissue. Thus, ADC values in the breast are useful in 
differentiating malignant from benign tumors, or in predicting 
response to chemotherapy (7,9-14).

Despite its excellent contrast resolution, DWI is vastly 
inferior to conventional studies, since its spatial resolution 
is reduced by susceptibility and chemical shift artifacts (28). 
Furthermore, cell density is reportedly related to ADC (7,29). 
Previous studies reported that DWI was not able to depict 
a small compartment of focus of ductal carcinoma in situ 
neighboring a main tumor, comedo-type ductal carcinoma 
in situ containing notable bleeding or necrosis (9,11). In the 
present study, one case was not visualized on DWI after NAC. 
However, enhanced MRI showed an obvious residual tumor 
that was able to be proven pathologically. In two other cases 
with a discrepancy between the change in ADC and response 
to NAC on MRI, extensive scattering of the residual tumor 
was observed in the original tumor bed, although the central 
regions of tumors and tumor cell density were not analyzed 
histologically in these cases.

In MM/NM tumors, the response to NAC is not always 
related to the shrinking of tumor extent. However, in FM 
tumors, large changes in ADC indicate shrinking of the 
residual tumor. FM tumors most commonly decreased in 
size following NAC, and were centric to the initial tumor. 
Changes in the ADC of FM tumors may thus be correlated to 
the reduction rates of the tumor extent and density. In the case 
of FM, which could not be visualized on DWI after NAC, we 
believed the tumors to be pCR or near-pCR.

Changes in the delayed enhancement pattern correlated 
with the response rate and changes in ADC for FM but not 

for MM/NM. In FM, changes in ADC may reflect quantita-
tive changes in cellularity and vascularity. In contrast, the 
response to NAC may be heterogeneous and complex if the 
initial morphological features in MM/NM are considered.

The present results suggest that change in ADC is useful in 
assessing the response to NAC in FM tumors. In FM tumors, 
DWI may be used instead of sequential conventional MRI to 
assess response to NAC. This method may be both an effec-
tive and low-cost means of assessing the tumor reduction rate. 
Since chemotherapy regimens usually change according to 
the stage of cancer or expression of human epidermal growth 
factor, the imaging tool used to monitor the response to NAC 
may be selected on a morphological basis.

To the best of our knowledge, no studies exist that report 
on the relationship between changes in ADC and the effect 
of NAC based on tumor morphology. The present results 
indicated that change in ADC is correlated with the tumor 
reduction rate in FM- but not MM/NM-type tumors.

Although the results prove the usefulness of DWI for 
detecting the response to NAC for localized-type breast 
cancer, several limitations were noted. First, the study popu-
lation was relatively small, with a much smaller number of 
MM/NM compared to FM tumors. Our results therefore need 
to be confirmed in a larger clinical study. Second, we used the 
bi-axial diameter product as tumor size, although the three-
dimensional product from tumor morphology would also be 
acceptable. Third, only two b-factors of 0 and 1,500 s/mm2 
were used. The use of multiple b-values, including those higher 
and lower than 1,500, would have enabled a more detailed 
discussion to be added to our results. However, ADC by DWI 
using a high b-value would be less affected by perfusion (30). 
Thus the smaller effect of perfusion at a high b-value (1,500 s/
mm2) used needs to be considered. In addition, we measured 
mean ADC values, which may have underestimated the global 
ADC response in heterogeneous tumors. Further studies using 
any alternative measurements, such as minimum, are needed 
to support our findings.

In conclusion, changes in ADC are well correlated with the 
tumor reduction rate in NAC of breast cancer in FM tumors. 
In MM/NM tumors, it is possible that changes in ADC do not 
indicate a reduction in tumor extent but reflect tumor density 
of the residual tumor. We therefore propose DWI as a potential 
tool for NAC assessment based on morphological concepts.
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