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Objective: To investigate the correlation between appar-
ent diffusion coefficient (ADC) values and prognostic
factors in patients with invasive ductal carcinoma (IDC).
Methods: 48 lesions belonging to 47 patients with
histopathologically proven IDC were examined using
conventional MR and diffusion-weighted imaging at
a 3.0-T system. All of the patients had modified radical
mastectomies or breast-sparing surgery plus axillary
lymph node dissection. The ADC values acquired from
the ADC maps consisted of six different b-values (O, 50,
100, 500, 1000 and 1500smm~2) and were compared
with the patients’ ages, tumour size, histological grade of
the lesions, tumour localization, lesions’ distance to skin
surface and nipples, the existence of axillary lymph node
involvement, the number of involved axillary lymph
nodes, oestrogen/progesterone receptor status, peritu-
moral lymphovascular invasion status and the existence

INTRODUCTION

Axillary lymph node status, younger age (<35 years), tu-
mour size, histological grade, existence of peritumoral
vascular invasion and overexpression of human epidermal
growth factor 2 (HER2 or c-erbB-2) can account for the
major prognostic factors in patients with breast cancer.'
Additionally, some of these prognostic factors, such as
axillary lymph node status, and hormone receptor and
c-erbB-2 expression in lesions affect operation procedures
(sentinel lymph node biopsy or axillary dissection) and
treatment alternatives.”

Ultrasonography and mammography are the primary im-
aging modalities for evaluating breasts that have good
specificity but low sensitivity.”> However, in the past de-
cade, dynamic contrast-enhanced breast MRI, including

of human epidermal growth factor 2 (c-erbB-2)
overexpression.

Results: A statistically significant relationship was found
regarding axillary lymph node involvement (o =0.027),
and oestrogen/progesterone receptor status (p = 0.013).
No significant relationship was detected regarding other
prognostic factors (o > 0.05).

Conclusion: Among various prognostic factors, ADC
values were significantly correlated with only axillary
lymph node positivity and oestrogen/progesterone re-
ceptor status.

Advances in knowledge: In the present study, the re-
lationship between ADC values of IDC lesions that are
acquired at a high magnetic field (3.0 T) system by using
multiple b-values and some specific prognostic factors
that were not evaluated before in the medical literature
was investigated.

diffusion-weighted imaging (DWI), has been routinely and
effectively used to evaluate breasts with mass lesions and/or
dense structures, or other factors (i.e. asymmetric density
and architectural distortion). DWI is an MRI technique
that can provide unique information about the microen-
vironment and biophysical properties of tissue as well de-
tect molecular diffusion (i.e. the Brownian motion of water
molecules in biological tissues). DWI measures the ap-
parent diffusion coefficient (ADC) of water in tissue, which
is sensitive to certain parameters, such as cell organization,
cell density, microstructure and microcirculation.®” The
usefulness of DWI and the ADC value for the evaluation of
primary breast lesions and axillary lymph node in-
volvement have been researched in many studies.””"” Those
reports demonstrated that DWI may be a valuable tech-
nique for identifying and characterizing breast lesions and
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axillary lymph nodes, as well as for monitoring treatment
response.'>™'® However, reports documenting the relationship
between the ADC values of primary breast lesions and the
prognostic factors are lacking.

This article aimed to study the possible relationship between the
ADC values of 48 invasive ductal carcinoma (IDC) lesions and
the prognostic factors acquired from a 3.0-T system. To increase
the accuracy and the homogeneity of the ADC measurements,
six different b-values were used in the DWI protocol, namely 0,
50, 100, 500, 1000 and 1500 s mm >,

METHODS AND MATERIALS

Patient selection

This retrospective study was approved by the institutional review
board of Gulhane Military Medical School. Radiological and
pathological data related to the consecutive patients with IDC who
underwent surgical treatment plus axillary dissection between
April 2011 and April 2015 in the university hospital were reviewed.
Patients who had complete breast MRI, including DWI acquired
from a 3.0-T scanner, were evaluated. Among this group, patients
were excluded from the study if any of the following criteria ap-
plied: more than one malignant primary lesion in one breast;
a DWI examination judged inadequate because of the motion or
susceptibility artefacts during the scan; the presence of recur-
rent breast cancer or neoadjuvant chemotherapy history; primary
lesions <1cm due to difficulty in drawing regions of interests
(ROIs); and ductal carcinoma in situ lesions. Finally, 47 females
(48 breasts and 48 axillae) with histopathologically proven IDC
who met the criteria were enrolled in the study. In all of the cases,
the final histopathological diagnosis was made by modified radical
mastectomy or breast-sparing surgery plus axillary lymph node
dissection. Patients with one lymph node at the same axilla in-
volved were accepted as lymph node positive.

Guvenc et a/

MRI protocol

All of the MR examinations were performed with a 3.0-T system
(Achieva® 3.0 T X-series, Philips Medical Systems, Best, The
Netherlands) with a dedicated 16-channel phased-array breast
coil in the prone position. DWI MR images were acquired in the
axial plane by using an echo-planar imaging sequence, parallel
imaging with fat suppression (spectral attenuated inversion
recovery). Scanning parameters: time to repetition/echo
time = 8.430/62 ms, field of view =340 X 340mm (right to
left X anterior to posterior), matrix = 136 X 133, flip angle 90°,
slice thickness =4 mm, b-values: 0, 50, 100, 500, 1000 and
1500 smm’ 2, acquisition time: 8 min 51s.

MRI analysis

The size of the lesions and the distance from the most super-
ficial aspect of the primary lesion to the nearest skin surface
and nipple were respectively evaluated from the dynamic
images obtained from the hospital’s picture archiving and
communication system by two radiologists (6 and 2 years’ of
experience in interpreting breast images, respectively) in con-
sensus (Figure 1).

A combined ADC map was formed for each patient automati-
cally using six different b-values from a specific software
(DynaCAD revised v. 2.1.1, 2009; Invivo Corporation, Orlando,
FL). Then, with the aid of the software, the ADC values of the
primary masses were recorded in consensus, resulting from the
average of three measurements obtained at slightly different
positions of manually drawn ROIs by one of the two radiol-
ogists. Circular ROIs were placed to encompass as large an area
as possible within the confines of the lesions (mean size of
ROIs = 20 mm?) (Figure 2). With reference to T, weighted
images, cystic, necrotic and haemorrhagic parts of the tumour
were not included.

Figure 1. (a, b) Axial dynamic early enhanced MR images of two different patients. (a) The distance between the mass and the
nearest skin surface in a 42-year-old female with invasive ductal carcinoma (caliper =13.52 mm). (b) The distance to the nipple of an
invasive ductal carcinoma lesion in a 45-year-old female (caliper = 66.07 mm).
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Figure 2. (a-c) A 41-year-old female with invasive ductal carcinoma in her right breast. The histological grade was 3, and one axillary
lymph node was involved. The lesion was positive for oestrogen/progesterone receptors and for peritumoral lymphovascular
invasion and was negative for human epidermal growth factor 2 overexpression. A dynamic delayed enhanced image (a) showing
a 3.5-cm heterogeneous mass lesion with a lobulated and irregular margin, prominent enhancement is readily seen. Diffusion-
weighted image (b) demonstrates high signal intensity and corresponding apparent diffusion coefficient (ADC) map (c) reveals
diffusion restriction inside the lesion (ADC value = 0.75smm™2). R3, third region of interest used for measuring the ADC value.

Histopathological analysis

The pathological data of the patients with IDC who met the
criteria were evaluated consecutively. The gross tumour size,
histological grade, receptor status (oestrogen/progesterone),
the existence of axillary lymph node involvement, peritumoral
lymphovascular invasion, the number of involved axillary
lymph nodes and HER2 (c-erbB-2) status that were de-
termined by the breast pathologists in our tertiary centre were
recorded.

Statistical analysis

Statistical analyses were performed using the IBM SPSS Statistics
for Windows, Version 22.0. Armonk, NY. The variables were
investigated using visual (histograms, probability plots) and
analytical methods (Shapiro-WilK’s test) to determine whether
or not they were normally distributed. Descriptive analyses were
presented using tables of frequencies for the ordinal variables,
medians and minimum-maximum values for the non-normally
distributed and means and standard deviations for normally
distributed variables. Since the ADC measurements were not
normally distributed; non-parametric tests (Mann—Whitney U
test, Kruskal-Wallis test) were conducted to compare ADC be-
tween the groups. Although investigating the associations be-
tween ADC and continuous variables, correlation coefficients
and their significance were calculated using Spearman test. A
p-value of <0.05 was considered to show a statistically signifi-
cant result.

RESULTS

The mean age of our case group was 48.1 * 8.7 years (range:
31-68 years). The pathological and radiological data of 48
lesions belonging to 47 females were evaluated. In one pa-
tient, two lesions in total were detected in two breasts.

While the median length of the lesions was 21.50 mm (range:
10.00-69.00 mm), this value was found to be 21.50 mm (range:
10.00-70.00 mm) in the pathological specimens.

Although the median distance between the lesions and the
nearest skin surface was 14 mm (range: 0-36 mm), the median
distance to nipple was found to be 44 mm (range: 0—126 mm).

Among 26 cases with axillary metastases, the median number of
the involved axillary lymph nodes was 1.5 (range: 1-16).

The median ADC value of 48 IDC lesions was found to be
0.70 X 10> smm™ * (range: 0.50-1.15 X 10 > smm " 2). The
recorded ADC values were statistically compared with the
patients’ ages, tumour size, tumour localization, lesions’
distance to skin surface and nipple, the existence of axillary
lymph node involvement, the number of involved axillary
lymph nodes, histological grade of the lesions, oestrogen/
progesterone receptor status, peritumoral lymphovascular
invasion status and the existence of HER2 (c-erbB-2)
overexpression. Among those factors, only axillary lymph
node positivity and the hormone receptor status have shown
a statistically significant correlation with ADC values. The
relationships between the ADC values and examined prog-
nostic factors are shown in Table 1.

DISCUSSION

In this study’s patient group, the ADC values of the IDC lesions
with axillary lymph node involvement were significantly lower
than for cancers without axillary involvement (Figure 3). Ad-
ditionally, there was a statistically significant relationship be-
tween the ADC values and the oestrogen/progesterone receptor
status of the lesions (Figure 4). However, in terms of other
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Table 1. Correlation between apparent diffusion coefficient (ADC) values and various prognostic factors of breast cancer in our

case group
. . . o Correlation
Prognostic factors Number of lesions () Median ADC value . p-value
coefficient (rho)
Age —0.085 0.567
Localization
uoQ 25 (52.1%) 0.70
UlQ 6 (12.5%) 0.66
LOQ 7 (14.6%) 0.74 0.733
LIQ 5 (10.4%) 0.685
Periareolar 5 (10.4%) 0.72
Size 48 0.034 0.820
Histological grade
Grade 1 5 (10.4%) 0.68
Grade 2 19 (39.6%) 0.70 0.582
Grade 3 24 (50%) 0.75
Distance to skin surface and nipple
Skin surface 48 0.054 0.717
Nipple 48 0.144 0.327
Axillary lymph node involvement
Positive 26 (54.2%) 0.68
0.027
Negative 22 (45.8%) 0.78
Number of involved lymph nodes —0.209 0.306
E/P receptors
Positive 38 (79.2%) 0.69
0.013
Negative 10 (20.8%) 0.835
PLVI
Positive 12 (25%) 0.755
0.520
Negative 36 (75%) 0.69
HER2 (c-erbB-2) status
Positive 25 (52.1%) 0.71
0.975
Negative 23 (47.9%) 0.70

E/P, oestrogen/progesterone; HER2, human epidermal growth factor 2; LIQ, lower inner quadrant; LOQ, lower outer quadrant; PLVI, peritumoral
lymphovascular invasion; UIQ, upper inner quadrant; UOQ, upper outer quadrant.

Statistically significant p-values are in bold.
2ADC values are written as X10 *smm 2,

prognostic factors that were studied, no statistically significant
relationship was found with the ADC values.

The median ADC value of IDC lesions was 0.70 X 10~ >smm >
in the present study, which is lower than previous reports that
were performed with 1.5-T systems (ADC range: 0.89 to
1.22 X10>smm ™ %).'>""! In their study performed with a
3.0-T scanner, Park et al*? reported that the mean ADC value of
IDC lesions was 0.88 = 0.15X 10 >smm 2 (b-values: 0 and
1000 s mm ™), which is higher than the results of the present study.
The existence of a negative correlation between the maximum

b factor'® and the ADC values was previously reported and that
small b-values produce larger ADC values.'”?"*>** In the
present study, the median ADC value was lower than the results
of the previous reports mentioned above. This lower ADC value
may be because of higher spatial resolution of the 3.0-T system
and lower partial volume artefacts compared with the 1.5-T
system and the exclusion of <1 cm lesions from the study group.
Additionally, by using multiple b-values, we believe that more
homogeneous ADC measurements were obtained, which may be
the main reason why this study’s ADC measurements are different
(lower) from previous studies in the literature.
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Figure 3. Box plot showing the distribution of apparent diffusion coefficient (ADC) values of invasive ductal carcinoma lesions
according to axillary lymph node involvement. As shown, the ADC value of the lesions with axillary lymph node involvement is
significantly lower than that of the lesions without lymph node involvement.
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The existence of axillary lymph node metastasis is one of the
major prognostic factors in breast cancer.”® Kim et al*® and Park
et al** found no statistically significant correlation between the
existence of axillary lymph node involvement and the ADC
values of the primary masses in their case groups. By contrast,

Kamitani et al* found that axillary node positivity was positively
correlated with the ADC values. Conversely, Razek et al?’
reported an opposite result that lower ADC values of IDC
lesions were correlated with axillary lymph node positivity in
their 59-patient case study performed with a 1.5-T system.

Figure 4. Box plot showing the distribution of apparent diffusion coefficient (ADC) values of invasive ductal carcinoma lesions
according to oestrogen/progesterone receptor status. As shown, the ADC value of the lesions with oestrogen/progesterone
receptor positivity is significantly lower than that of the lesions without those receptors.
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Similar to Razek et al, an inverse correlation between those
variables was also found in the present study. In this study, the
median ADC value of the lesions with axillary lymph node
involvement was significantly lower than that of the lesions
without lymph node involvement. This result is opposed to the
results of the previous studies whose measurements mostly show
a positive correlation. This difference may arise from the higher
spatial resolution of the 3.0-T system and more homogeneous
and correct ADC measurements with the help of the higher
resolution, lower partial volume artefacts and multiple b-values
that were used. Among those studies mentioned above, only
Park et al used a 3.0-T scanner, a study which also included
patients with <1 cm lesions. Although both studies were per-
formed with a 3.0-T system, the differences in ADC values be-
tween the present study and that of Park et al may arise from the
minor case number, that is excluding patients with <1cm
lesions, and/or the multiple b-values used in this research.

Oestrogen/progesterone receptor status is another major factor
that affects the operation procedures and treatment alternatives.’
Kim et al*® found no significant relationship between the ADC
values and the hormone receptor status. However, Jatoi et al*®
reported that oestrogen/progesterone receptor expression has
a weak but significant negative correlation with ADC values.
Additionally, Kamitani et al* reported significantly lower ADC
values in oestrogen- and progesterone-positive breast cancer
masses. However, Park et al** found no relationship between
oestrogen or progesterone receptor status and the ADC values in
their case group. In the present study, we found statistically
significant lower ADC values in the receptor-positive group.

A younger age at diagnosis (<35 years) is another major prog-
nostic factor in breast cancer,' and it has been correlated with
axillary lymph node status.”*** A probable relationship between
this variable and the ADC values was researched in this study’s
case group. However, no statistically significant relationship was
detected between those variables. To the best of the researchers’
knowledge, no previous report exists in the literature regarding
the relationship between patient age and the ADC values of IDC
lesions.

Tumour localization is also a prognostic factor for breast cancer.
25 out of the 48 IDC lesions (52.1%) were at the upper outer
quadrant in this study’s case group, whereas the other local-
izations were nearly at the same rate. A probable correlation
between tumour localizations and the ADC values of the same
lesions was evaluated. However, no statistically significant cor-
relation between those variables was detected in this study’s
group. To the best of the researchers’ knowledge, no previous
report exists in the literature regarding the relationship between
the ADC values and tumour localization.

In the current study, the size of the tumors and their re-
lationship with the ADC values were also evaluated. Tumour
size is a very important prognostic factor for patients with
breast cancer, and it is directly associated with overall sur-
vival.’® Razek et al*” reported a positive correlation between
tumour size and the ADC values in their 59-patient case study.
Park et al*” divided their 110 patients into 3 subgroups (<2,

Guvenc et a/

2-5 and >5cm) and made multiple comparisons with their
ADC values. They found a statistically significant relationship
between the three groups in multiple comparisons. On the
other hand, Kim et al** did not find a significant correlation
between those two variables. A statistically significant re-
lationship between the ADC value and radiological tumour size
was also not detected in this study.

Cellularity is a crucial index for tumour grade.'® Now, it is
known that tumour cellularity is inversely correlated with the
histological grade, and high cellularity is related to markedly
decreased ADC values.® Razek et al*’ reported that the ADC
values of grade 3 IDC lesions were lower than those of grades
1 and 2. By contrast, Yoshikawa et al'® and Kamitani et al®
found no correlation between those two variables. In the
current study, although ROIs were manually drawn, the cys-
tic, necrotic and haemorrhagic parts of the lesions were ex-
cluded using the reference of T, weighted images. ROIs were
drawn as large as possible for better reflecting the diffusion
characteristics of the entire lesion as performed in similar
studies in the medical literature.>”***'~* Similar to the last
two reports above, no significant relationship was found be-
tween the ADC values and the histological grades of the
tumours in this study’s group.

It is reasonable that tumours closer to the rich plexus of lym-
phatics in the dermal and subareolar locations have greater ac-
cess to the lymphatic networks than tumours in other locations,
therefore resulting in a greater risk of lymphatic dissemination
and finally a higher risk of axillary lymph node metastases.”
Based on this idea the probable relationship between the ADC
values and the distance to skin surface and nipple of primary
lesions was evaluated in the present study. But no statistically
significant relationship was detected between the ADC values
and the contiguity of the lesions to the skin surface and nipple.
To the best of the researchers’ knowledge, there is no previous
report regarding this subject in the medical literature except the
present study.

Assessing the number of the involved axillary lymph nodes in
patients with breast cancer was another main subject of our
study. We found 26 positive axillae out of the 48 and the median
number of the involved axillary lymph node was 1.5. We also did
not detect statistically significant relationship between the ADC
values of the IDC lesions and the number of the involved axillary
lymph nodes on the same side. To the best of the researchers’
knowledge, no previous report exists in the literature regarding
the relationship between those two variables.

Lymphovascular invasion is defined as tumour emboli present
within a definite endothelial-lined space in the breast-
surrounding invasive carcinoma.’® The presence of this finding
may help to identify who is at high risk for axillary lymph node
involvement and distant metastasis,””>® and it has been accepted
as a major prognostic factor in patients with lymph node-
negative invasive breast cancer.”® The reports regarding peritu-
moral lymphovascular invasion and its relationship to ADC
values are very limited in the medical literature. Kamitani et al®
did not find any significant relationship between peritumoral
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vascular invasion and the ADC values in their 81-patient case
study. Similarly, no significant correlation between those two
variables was found in the present study.

Overexpression of HER2 (c-erbB-2) is seen in 20-25% of the
patients with IDC.** HER2-positive cells have more malignant
phenotypes than HER2-negative cells, which is associated with
a higher rate of cell proliferation, invasion and metastasis. ADC
values of HER2-positive IDC are assumed to be lower than those
of HER2-negative IDC owing to increased cellularity.”> However,
Park et al** reported an opposite result and showed significantly
higher ADC values in their study involving 110 IDC cases. On
the other hand, Kamitani et al* found no correlation between
HER?2 overexpression and the ADC values of IDC lesions. The
current study also did not detect any relationship between these
two variables.

In recent years, 3.0-T scanners that provide great spatial res-
olution and signal-to-noise ratios are widely used in many
institutions worldwide. High-resolution DWI studies per-
formed better, in terms of diagnostic accuracy, than studies
performed with a lower spatial resolution, which is probably
due to reduced partial volume effects.®?"*! In addition,
Matsuoka et al*” reported that small cancers were more clearly
visible on DWT at 3.0 T than at 1.5 T. On the other hand, higher
magnetic fields increase susceptibility artefacts and sensitivity
to motion that distorts the images. The current study examined
a possible relationship between the ADC values of IDC lesions
and the prognostic factors of breast cancer, assisted by the
added advantages of a 3.0-T system. The aim was to evaluate
many of the prognostic factors researched in earlier work that
were also found in this study’s group, as well as add some
factors that were not evaluated before in the medical literature.
Although some reports about this subject performed with 1.5-T
scanners exist in the literature,”'>'* the number of studies
performed with a 3.0-T system, as used in the present study, are
limited.

The ADC in each voxel is a sum of true ADCs and noise. The
noise must be minimized to obtain the true ADC value. This is
especially important for small lesions, where the mean ADC
relies on only a few voxels. Also, the assessment of tumour
borders improves with higher precision.’’ Although using
higher b-values may distort the image, in this way, the ADC
difference between benign and malign breast lesions is bigger as
well.'>'7”** It is also known that with high b-values, the signal-
to-noise ratio decreases.** The b-value is generally selected to be
<1000 smm > in routine breast DWI practice, although the
optimum b-value for tumour detection has not yet been agreed
upon.”” However, there have been many recent studies regarding
the use of the b-values >1000s mm ™2 in breast DWI,>»?!»*34447
Tamura et al®® reported that increased contrast between the
normal breast tissue and malignant tumour with the b-value
from b =0 to around 1500 s mm > and decreased contrast with
b>1500smm > in almost every case of their study. They
concluded that the maximum contrast b-values were of high
frequency at approximately b = 1500 s mm >, However, they did
not suggest the use of high b-values >1000 smm ™~ only and
recommended performing multiple b-value combinations

BUR

(b=750-850 and 1400-1500s mm 2). Takanaga et al*® also
reported that b= 1500 s mm > provided the maximum contrast
between normal breast tissue and malignant breast tumour. In
the same study, which was performed with a 3.0-T scanner, they
concluded that the highest contrast b-value for 3.0 T might be
higher than that of 1.5 T. In another study, Ochi et al*® reported
that ADC values obtained from b= 1500 s mm ™ were useful to
improve the diagnostic accuracy for malignant tumours and
benign lesions. The same study also showed that b-values of
0 and 1500smm > provided superior detection capability for
malignant breast lesions. In the current study, by adding
b=1500smm™? as one of the b-values, we aimed to (1) obtain
more accurate ADC maps and measurements, (2) increase the
normal breast-to-malignant tumour contrast and (3) provide
a superior detection capability for the malignant breast lesions
with 3.0-T system.

In the present study, a significant relationship was found be-
tween axillary lymph node involvement and the ADC values of
IDC lesions, which is in contrast to most of the previous reports
in the literature. If the vital role of axillary lymph node positivity
in the survival and the treatment plan in patients with breast
cancer is considered, the ability to know the axillary lymph node
status without invasive procedures provides enormous benefits.
Hence, these research findings suggest that the ADC values of
primary lesions may provide this type of information in the
future with the help of further studies involving 3.0-T scanners,
larger case groups and a prospective model.

The present study has some limitations. Although we included
all consecutive patients with IDC who were operated in our
tertiary breast centre to the present study, the number of the
cases was limited owing to the lack of MR examinations per-
formed with the 3.0-T scanner in most of them. Second, because
other types of breast cancers can have higher ADC values® that
can affect our results (for example, mucinous carcinoma), these
carcinomas were not included in this study, except IDC. Third,
the six acquired b-values increased the total DWI scan time
(8 min 51s) compared with scans with two b-values. This could
cause more susceptibility and movement artefacts. However,
despite this time increase, the image quality was very satisfac-
tory. Fourth, the limited number of oestrogen/progesterone
receptor-negative lesions (n=10) and lesions with positive
peritumoral lymphovascular invasion (n=12) may have af-
fected related statistical results. Finally, not including the <1 cm
lesions in the study due to probable partial volume artefacts may
be viewed a limitation.

CONCLUSION

The relationship between the ADC values of IDC lesions and
well-known prognostic factors of breast cancer were evaluated in
the present study. Additionally, the probable correlation between
ADC values and some unusual factors, such as patients’ age,
tumour localization, distance to skin surface and nipple, and the
number of involved axillary lymph nodes, were also examined,
which were not previously reported in the medical literature.
Among all of these factors, a statistically significant correlation
was only found regarding axillary lymph node positivity and the
hormone receptor status of IDC lesions.
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