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ABSTRACT

Objective: The aim was to evaluate relationship between apparent diffusion coefficient (ADC) values with pathologic prognostic factors in breast
carcinoma (BC).

Materials and Methods: 83 patients were enrolled in this study. Prognostic factors included age, tumor size, expression of estrogen receptor (ER)
and progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), nuclear grade (NG), lymph node involvement and histologic
type. The relationship between ADC and prognostic factors was determined using Independent sample t-test, ANOVA, Pearson correlation and relative
operating characteristics (ROC) analysis.

Results: There was no significant difference between ADC and prognostic factors, including age, tumor size, ER, HER2 and histologic type. The PR-
positive tumors (p=0.03) and axillary lymph node involvement (p=0.000) showed a significant association with lower ADC values. The ADC values were
significantly lower in high-grade tumors than low-grade tumors (p=0.000). ROC analysis showed an optimal ADC threshold of 0.66 (x10-3 mm2/s) for
differentiating low-grade tumors from high-grade tumors (sensitivity, 85.5%; specificity, 81%j area under curve, 0.90).

Conclusion: The lower ADC values of BC were significantly associated with positive expression of PR, LN positivity and high-grade tumor. Especially,
ADC values were valuable in predicting NG subgroups.
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Introduction

Prognostic factors including axillary lymph node (LN) involvement, tumor size, nuclear grade (NG), Ki-67, estrogen receptor (ER),
progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) have been used to determine the prognosis and ap-
propriate treatment options before or following surgery in breast cancer (1, 2). Magnetic resonance imaging (MRI) is widely used for the
evaluation of morphologic characteristics and contrast enhancement patterns of BC. The diffusion-weighted image (DW1I) is a technique
which analyze random Brownian motion of water molecules in tissues. DWI also yields quantitative information by using apparent dif-
fusion coefficient (ADC) maps which shows the tumor cellularity. Several studies have shown an inverse correlation between tumor cel-
lularity and ADC values (2-6). As a result of this, ADC value has been used for differentiation of malignant tumors from benign lesions
and determination of aggressiveness of a tumor. The possible relationship between pathologic prognostic factors and ADC values may
be helpful in evaluating the treatment response by ADC values. The majority of the studies performed up to the present evaluated the
association between ADC values and pathological prognostic factors in patients with BC (1, 7-11). However, the results which have been
reported by previous studies were inconclusive and controversial. The purpose of this study was to evaluate the ADC values of invasive
BC and investigate whether the use of DW1I for ADC values could provide information about the prognostic factors in BC including age,
tumor size, LN, NG, histologic type, ER, PR and HER2.
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Material and Methods

Patient selection

The Institutional Review Board of Baskent University Hospital ap-
proved this retrospective study. Informed consent was not received due
to the retrospective nature of the study. We enrolled 111 consecutive
patients, who underwent MR imaging of the breast including DWI
at our institute between April 2011 to December 2016, who were
subsequently proven histopathologically to have BC. We excluded 28
patients, including 9 who received neoadjuvant chemotherapy and 19
with ductal carcinoma in situ or invasive foci of less than 1 cm (be-
cause of difficulty in drawing region of interest and poor reliability of
signal intensity of the ADC map). Ultimately, 83 patients with a total
of 83 breast cancers including 69 with invasive ductal carcinoma not
otherwise specified (IDC NOS), 7 with invasive lobular carcinoma
(ILC), 5 with invasive micropapillary carcinoma (IMPC) and 2 with
invasive papillary carcinoma (IPC) were enrolled in this study.

The MRI protocol

All patients were examined using dynamic contrast-enhanced MRI
(DCE-MRI) and DWI.MRI was performed with 1.5 Tesla MR (Sie-
mens Magnetom Avanto, Erlangen, Germany) by using a dedicated
breast coil while the patient was in prone position. Standard protocols
for breast imaging, such as axial scout images, precontrast axial T'1-
weighted (TR/TE, 450/9.6; matrix, 257x384; NEX, 2; slice thickness,
4 mmj; acquisition time, 2.17 s) and T2-weighted (TR/TE, 5600/59;
matrix, 314x320; NEX, 2; slice thickness, 4 mm; acquisition time,
2.55 s) were performed. Both before and after intravenous contrast
material injection, 6 sequential fat-suppressed 3D T'1-weighted images
were obtained, and subtraction was performed. A bolus dose of gado-
versetamide was injected intravenously at a dose of 0.1 mmol/kg of
body weight. The scanning parameters for dynamic contrast-enhanced
MRI were TR/TE, 4.43/1.73; matrix, 336x448; NEX, 1; slice thick-
ness, 1.2 mm; flip angle, 10°; FOV, 3.4x3.4 cm; acquisition time, 60
s, respectively. Prior to the dynamic analysis, echo-planar images were
obtained with diffusion gradients in the x, y and z planes at b values
of 0 and 500 s/mm?. The DW1T sequences were obtained with the fol-
lowing parameters: TR/TE, 8700/109; matrix, 96x192; NEX, 2; slice
thickness, 4 mm; acquisition time, 3.38 s. (Grappa). The ADC maps
were created automatically. Calculations were made based on mean
ADC maps of the circular sampling region of interest (ROI), with care
taken to perform measurements in solid areas rather than necrotic/
cystic areas and visual artifacts. We placed three circular ROIs of 20+2
mm? within the tumor after referring to DCE-MRI for verification of
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the lesion boundaries on the ADC map. We calculated the average of
the ADC values for all three ROIs within the tumor. All MRI studies
were examined by the same experienced radiologist. Figure 1 show
symbolic images.

Prognostic Factors

The histological grade of BC was assessed by using the modified crite-
ria of Bloom and Richardson grading system which classify tumors due
to the amount of gland formation, pleomorphism and mitotic activity.
The grades ranged from 1 to 3 points with a total score of 3-5 represen-
tative of grade 1 (NG1), a total score of 6 or 7 representative of grade
2 (NG2) and a total score of 8 or 9 representative of grade 3 (NG3).
NG was also divided into two groups which were low-grade tumors
(NG1 and NG2) and high-grade tumors (NG3). Tumor size, defined
as the largest diameter of the primary breast tumor was obtained from
the DCE-MRI. In this study tumor size was classified under three cat-
egories (€20 mm, 21-50 mm and >50 mm). Immunohistochemistry
was used to evaluate the expression of the molecular markers including
ER, PR and HER2. The status ER and PR was considered as positive
if expression was 10% or more. The intensity of HER2 was scored as 0
to 3+. Scores of 0 and 1+ were classified as HER2-negative, and scores
of 3+ were defined as HER2-positive by immunohistochemistry. The
lesions with a HER2 expression of 2+ were studied by fluorescent in
situ hybridization to determine the HER2 gene amplification. Axillary
lymph node specimens, obtained from lymph node dissection, were
analyzed by the pathologist with more than 10 years’ experience. The
histologic types of BCs, were classified according to the WHO clas-
sification, were obtained from our database.

Statistical Analysis

Statistical analyses were performed using the Statistical Package for
Social Sciences version 22.0 (IBM Corp.; Armonk, NY, USA). The
Kolmogorov-Smirnov test was used to analyze the normal distribution
of data. The ADC values were compared according to the ER (positive
vs. negative), PR (positive vs. negative), HER2 status (positive vs. neg-
ative), NG (low-grade vs. high-grade) and LN (positive vs. negative)
using the Independent sample z-test. We compared the ADC values
with tumor size, NG subgroups and histologic types using the one-
way analysis of variance (ANOVA, post-hoc). The Pearson correlation
coeflicient test was used to investigate the correlation between ADC
values and patients” ages. In addition, we used relative operating char-
acteristics (ROC) analysis to evaluate the association between ADC
values and NG subgroups. The “p” value less than 0.05 was considered
to show a significant difference.

Figure 1. a-c. A 51-year-old woman with left breast cancer diagnosed as progesterone receptor (PR)-positive, estrogen receptor (ER)-positive
and human epidermal growth factor receptor 2 (HER2)-negative. Dynamic contrast-enhanced MR shows heterogeneous, enhanced mass in
outer quadrant of left breast (open arrow) (a). A nodule with high signal intensity was detected in the left breast on diffusion-weighted
imaging (DWI) (open arrow) (b). Axial apparent diffusion coefficient (ADC) map shows low signal intensity (open arrow) in tumor (b-value: 500
s/mm2) (c)
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Results

The patients’ ages ranged from 27 to 82 years (mean age: 48.3x11.3
years), and all patients were female. There was no significant corre-
lation between the ADC and patients’ ages (p value, 0.97; Pearson’s
correlation). The histopathological features and comparisons of mean
ADC values in subgroups of prognostic factors are shown in Table 1.
The size of the breast carcinomas ranged from 10 mm to 85 mm (mean
size: 32.8+19.6 mm). The majority of the lesions were ER-positive
(77.1%) and PR-positive (74.7%). A total of 45 (54.2%) lesions were
HER2-positive, and 38 (45.8%) were HER2-negative. Most of the tu-
mors were IDC NOS (83.1%). There was no significant difference be-

Table 1. ADC values and Prognostic Factors in 83
Patients with Breast Cancer

Prognostic Number of

Factors Subjects (%)? ADC Values P
ER® 0.43
Positive 64 (77.1) 0.71+0.11

Negative 19 (22.9) 0.74+0.1

PR® 0.03
Positive 62 (74.7) 0.70+0.11

Negative 21(25.3) 0.76+0.09

HER2° 0.71
Positive 45 (54.2) 0.71£0.1

Negative 38 (45.8) 0.72+0.12

Lymph Node® 0.000
Positive 40 (48.2) 0.65+0.08

Negative 43 (51.8) 0.78+0.09
Histological type 0.28
IDC NOS 69 (83.1) 0.730.1

ILC 7 (8.4) 0.69+0.15

IMPC 5(6) 0.63+0.14

IPC 2 (2.4) 0.69+0.06

Tumor size (mm)< 0.49
<20 29 (35) 0.74+0.13

21-50 40 (48.2) 0.71+0.09

>50 14 (16.8) 0.74£0.12

Nuclear Grade© 0.000
1 15 (18) 0.87+0.08

2 47 (56.6) 0.72+0.07

3 21 (25.3) 0.6+0.07

ADC: apparent diffusion coefficient; ER: estrogen receptor; PR:
progesterone receptor; HER2: human epidermal growth factor receptor
2; IDC NOS: invasive ductal carcinoma not otherwise specified; ILC:
invasive lobular carcinoma; IMPC: invasive micropapillary carcinoma; IPC:
invasive papillary carcinoma

2Because of rounding-up, the sum of percentages does not always equal
100

®Independent sample t-test

‘One-way analysis of variance

tween mean ADC values and prognostic factors, including ER, HER2,
tumor size and histologic type. The PR-positive tumors showed sig-
nificant lower ADC values than PR-negative tumors (p=0.03). Lymph
node status was positive in 40 (48.2%) and negative in 43 (51.8%)
of the subjects. The LN positivity showed significant association with
lower ADC values (p=0.000, Figure 2). There was a significant rela-
tionship between NG subgroups and ADC values (p=0.000). Histo-
logic grades were classified as low-grade tumors (NG1 and NG2) in
62 (74.6%) and high-grade tumors (NG3) in 21 (25.3%) patients.
The mean ADC values were significantly lower in high-grade tumors
(NG3) as compared to low-grade tumors (NG1 and NG2) (p=0.000,
Figure 2). In addition, ROC analysis was performed to determine
threshold ADC value for prediction of nuclear grade of tumors. ROC
analysis revealed an optimal ADC threshold of 0.66 (x10-3 mm?*/s)
for differentiating low-grade tumors (NG1 and NG2) from high grade
tumors (NG3) (Figure 3A). This cut-off showed a sensitivity of 85.5%
and specificity of 81% with the area under curve (AUC) of 0.90
(p=0.000) (Table 2, Figure 3A).

We also compared the ADC values of NG1 (n=15) tumors with NG2
and NG3 tumors (n=68) and found significant difference between
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Figure 2. a, b. Boxplot showing the distribution of apparent diffusion
coefficient (ADC) values of breast carcinoma according to nuclear
grade (NG) (a) and axillary lymph node (LN) involvement (b). As shown,
the ADC value of high-grade tumors is significantly lower than low-
grade tumors (a). ADC value of the lesions with axillary lymph node
involvement is significantly lower than that of the lesions without
lymph node involvement (b)



NGI1 and the other NG subgroups (p=0.000). ROC analysis showed
an optimal ADC threshold of 0.769 (x10-3 mm?/s) for differentiating
NGI1 from the other subgroups (Figure 3B). This cut-off showed a
sensitivity of 100 % and specificity of 80.9 % with the AUC of 0.95
(p=0.000) (Table 3).

Discussion and Conclusion

Diffusion-weighted image is an inexpensive, noninvasive and easy
method evaluating the random motion of water molecules in breast
tissue. DWT has been applied for differentiating malignancy from be-
nign tumor and evaluating treatment response in BC. Previous stud-
ies showed an inverse correlation between cellular density and ADC

values, with malignancies having higher cellularity and lower ADC
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Figure 3. a, b. Relative operating characteristic curves (ROC). ROC
curve in which low grade tumors (NG1 and NG2) were compared with
high-grade tumors (NG3) (a). ROC curve in which NG1 was compared
with NG2 and NG3 (b)
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values than benign lesions (6, 12). Pathological prognostic factors such
as tumor size, ER, PR, HER2, NG, LN status and histologic type have
been used to determine the aggressiveness of tumors. Although some
previous studies evaluated the relationship between the ADC values
and the pathological prognostic factors, the results were controversial
(1,2, 69, 11-18).

Axillary lymph node involvement is one of the major prognostic fac-
tors, which affect the prognosis and survival of the patients. Previ-
ous studies revealed various controversial results in the relationship
between LN status and ADC values. Because of existence of meta-
static LN was associated with the aggressiveness of tumor, we hypoth-
esized the lower ADC values would be in a significant relationship
with metastatic LN. By contrast, several studies showed no association
between LN metastasis and ADC values (10-12, 18, 19). However,
some studies, similar to our results, showed a significant relationship
between LN status and ADC values with LN-positive tumors hav-
ing lower ADC values than LN-negative tumors (2, 3). Interestingly,
Kamitani et al. (16) reported that LN-positive tumors had significant
higher ADC values and they considered that this might be related to
the existence of micronecrosis in the LN.

Nuclear grade is a representative prognostic factor for determining tu-
mor aggressiveness by evaluating the pleomorphism, gland maturation
and mitosis which is reflective of tumor cellularity. As aforementioned

Table 2. ADC cut-off values in differentiation of
low-grade (NG1 and NG2) and high-grade tumors
(NG3), sensitivity and specificity values in different
threshold values in the ROC analysis

Threshold Value* Sensitivity Specificity
0.647 93.5 66.7
0.653 91.9 71.4
0.660 85.5 76.2
0.664 85.5 81
0.681 79 81
0.688 75.8 85.7
0.701 71 85.7

ADC: apparent diffusion coefficient; NG: nuclear grade; ROC: relative
operating characteristics
*(x10-3 mm?/s)

Table 3. ADC cut-off values in differentiation of
NG1 tumors and the other NG subgroups (NG2 and
NG3), sensitivity and specificity values in different
threshold values in the ROC analysis

Threshold Value* Sensitivity Specificity
0.769 100 80.9
0.784 933 85.3
0.811 86.7 94.1

ADC: apparent diffusion coefficient; NG: nuclear grade; ROC: relative
operating characteristics
*(x10-3 mm?/s)
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before, the high cellularity is associated with lower ADC values in the
tumor. However, some of the previous studies reported no significant
association between the NG and ADC values in the BC (2, 10, 12, 16,
18, 20). We found significant difference between low-grade tumors
(NGI and NG2) and high-grade (NG3) tumors similar to the study
by Martincich et al. (9). According to our results, the optimal cut-off
value of 0.66x10-3 mm?/s in the differentiation of low-grade tumors
(NGI and NG2) from high-grade tumors (NG3) with high sensitivity
and specificity has been identified (Table 2). In this study, a significant
difference was also observed in ADC values between NG1 tumors and
the other subgroups (NG2 and NG3), which was consistent with two
previous studies (8, 19). Yirgin et al. (19) revealed a cut-off ADC value
of 1.05 (x10-3 mm?/s) with the sensitivity of 75% and specificity 28
% to differentiate NG1 tumors from the others. We found three opti-
mal threshold values with the higher sensitivity and specificity which
were demonstrated in Table 3 to differentiate NG1 tumors from other
subgroups than the previous studies (19). We consider that ADC cut
off values can be used for predicting NG subgroups.

A previous study demonstrated that the five-year BC survival rates
have been found to be longer in the tumors <2 cm than the tumors >5
cm (21). Our study indicated that larger tumors (>5 cm) had higher
mean ADC values than the smaller tumors (<5 cm); however, the dif-
ference was not statistically significant. Nevertheless, there are some
studies reporting significant association between the tumor size and
ADC values with larger tumors having lower ADC values than smaller
tumors (15, 22). However, in consistency with our study, some re-
searches revealed that the ADC values and tumor size were not cor-
related (2, 10, 12, 17). This may be related to the variable amount of
histologic contents such as fibrosis, necrosis, cellularity, angiogenesis
or hemorrhage in the tumors.

Estrogen receptor-positive tumors are well differentiated and generally
presents effective response to hormonal therapy (23, 24). The relation-
ship between the ADC values and the ER status has been reported
in several studies (1, 2, 9-11, 15-18). Some studies revealed that ER
status was associated with high tumor cellularity which was related
to the lower ADC values (25, 26). However, in our study we found
no association between the ADC values and ER which is inconsistent
with some previous studies (3, 9, 11, 12, 16, 17). We also observed
significantly lower ADC values for PR-positive carcinomas as com-
pared to PR-negative cancers (p=0.03). Similar to our results, some
previous studies found a significant relationship between ADC values
and PR expression (1, 16, 17). Nevertheless, several studies reported
no association between ADC values and PR which forms a contrast to
our study (2, 10, 11, 18, 19).

The overexpression of HER2 receptor was associated with epithelial
cell growth and angiogenesis which may be related to the increased
risk of recurrence and poor prognosis (27, 28). As a result of this, we
hypothesized that lower ADC values may be associated with positive
expression of HER2. However, we found no significant correlation
between the ADC values and HER2 status in our study. Moreover, we
observed that higher ADC values were more likely in HER2-positive
tumors than in HER2-negative tumors. Nevertheless, this correlation
was not significant. The majority of the previous studies revealed no
significant relationship between ADC values and HER2 status which
is consistent with our study (9, 15-17). However, some studies re-
ported significantly lower ADC values for HER2-negative tumors as
compared to HER2-positive tumors (10-12).

We also investigated the correlation of the ADC values with age and
histologic type in this study. In breast cancer, both young and ad-
vanced age may be associated with poor prognosis (29). The influence
of age on prognosis is more prominent in sub-types of breast cancer.
Age has a more significant impact on prognosis in luminal cancer types
as compared to other sub-types of BC (30). Similar to our study, pre-
vious studies did not report a significant correlation between ADC
values and patients’ age (12, 19).

Invasive ductal carcinoma NOS is the most common type of invasive
breast cancer followed by ILC, the second most common tumor. The
majority of the tumors were IDC NOS (83 %) in this study. No sig-
nificant difference was observed between histologic types and ADC
values in this study similar to some of the previous studies (2, 9). How-
ever, Kitajima et al. (15) found a significant association between the
histologic type and the ADC values and stated that the ADC values of

ILCs were lower as compared to IDCs.

This study has some limitations which have to be pointed out. First, it
was designed as a retrospective study. Second, imaging was performed at
1.5 Tesla for evaluation of ADC values and therefore, we had to exclude
the tumors <1 cm to accurately measure ADC values on 1.5 Tesla MRI.
Third, Ki-67 which is an important prognostic factor of BC could not
have been evaluated due to the inadequate data of the subjects.

The lower ADC values of BC were related to the positive expression of
PR, LN positivity and high-grade tumor. Especially, ADC values were
valuable in predicting both NG1 and NG3 tumors from the other
subtypes. In addition, further studies are necessary to assess the ad-
ditional role of ADC values in improving the detection of pathologic
prognostic factors in a larger and more generalized population with
prospective design.
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