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Purpose: To evaluate the usefulness of apparent diŠusion coe‹cient (ADC) for the
diŠerential diagnosis of breast tumors and to determine the relation between ADC and
tumor cellularity.

Materials and Methods: One hundred and thirty-six female patients (age range, 17-83
years; average age, 51.7 years) with 140 histologically proven breast tumors underwent
diŠusion-weighted magnetic resonance (MR) imaging (DWI) using the spin-echo echo-pla-
nar technique, and the ADCs of the tumors were calculated using 3 diŠerent b values, 0,
500, and 1000 s/mm2. The diagnoses consisted of ˆbroadenoma (FA, n＝16), invasive duc-
tal carcinoma, not otherwise speciˆed (IDC, n＝117), medullary carcinoma (ME, n＝3)
and mucinous carcinoma (MU, n＝4). Tumor cellularity was calculated from surgical
specimens. The ADCs of breast tumors and cellularity were compared between diŠerent
histological types by analysis of variance and ScheŠe's post hoc test. The correlation be-
tween tumor cellularity and ADC was analyzed by Pearson correlation test.

Results: Signiˆcant diŠerences were observed in ADCs between FA and all types of can-
cers (Pº0.05) and between MU and other types of cancers (Pº0.01) and in cellularity be-
tween FA and cancers except MU (Pº0.01) and between MU and other types of cancers
(Pº0.01). There was an inverse correlation between ADC and tumor cellularity (Pº0.01,
r2＝0.451).

Conclusions: The ADC may potentially help in diŠerentiating benign and malignant
breast tumors. Tumor ADC correlates inversely with tumor cellularity.
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Introduction

Magnetic resonance (MR) imaging has been a
promising modality in characterizing breast lesions
and evaluating local extent of disease,1–4 and its use
with gadolinium enhancement has been reported to
have high sensitivity in detecting breast cancers.5–11

Dynamic MR imaging has been shown useful in
diŠerentiating malignant from benign breast le-
sions.10,11 However, a wide variety of dynamic MR
ˆndings have also been reported.12 MR imaging is
not su‹ciently accurate in diŠerentiating between
malignant and benign breast lesions.

The clinical usefulness of diŠusion-weighted MR
imaging (DWI) has also been reported in evaluating

brain or liver lesions.13–15 DWI is now considered to
be the modality of choice for detecting acute
cerebral infarction16 and diŠerentiating epidermoid
cysts from arachnoid cysts.17 In addition, a correla-
tion between the histologic grade of malignant
brain tumors and apparent diŠusion coe‹cient
(ADC) has been documented.18 Recently, several
studies have reported that ADC is useful in
diŠerentiating malignant from benign breast le-
sions19–24 and that there is a relationship between
ADC and cellularity.20 However, neither the rela-
tion between ADC and cellularity of the breast
tumor nor the usefulness of ADC in the diŠerential
diagnosis of breast lesions has been established.
Thus, we performed this clinical study to evaluate
the usefulness of ADC in characterizing breast
tumors and evaluating the relation between ADC
and tumor cellularity.
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Materials and Methods

Participants
A total of 179 consecutive female patients with

183 solid breast tumors underwent MR imaging, in-
cluding DWI, prior to surgical treatment in our
hospital between October 1999 and December
2001. Needle-aspiration biopsy was performed (3 to
10 days) prior to MR imaging in most cases. Nine
of these 179 patients were excluded because they
underwent chemotherapy prior to MR imaging,
and 34 cases were excluded as a result of small le-
sions and/or poor visualization of the lesions on
DWI. Therefore, the study population comprised
136 patients (age range, 17–83 years; average age,
51.7 years) with 140 breast tumors. The diagnoses
consisted of ˆbroadenoma (FA, n＝16); invasive
ductal carcinoma, not otherwise speciˆed (IDC,
n＝117); medullary carcinoma (ME, n＝3); and
mucinous carcinoma (MU, n＝4) according to the
recent World Health Organization (WHO) classiˆ-
cation. Final diagnoses were established by histo-
pathologic examination of surgically excised speci-
mens in all patients.
MR examination

MR imaging was performed with a 1.5T super-
conducting magnet (Magnetom Vision and Sym-
phony; Siemens, Erlangen, Germany) and using a
CP breast array coil. The patients were laid in a
prone position. Following acquisition of routine
short inversion time inversion recovery (STIR) axi-
al images (repetition time [TR]/echo time [TE]/in-
version time [TI]＝8000/60/150) including both
breasts, diŠusion-weighted axial images with sin-
gle-shot spin-echo echo-planar technique (TR/
TE＝2000–4000/100–135), fast low angle shot
(FLASH) coronal images (TR/TE/‰ip angle＝
20–24/5.6–6/30) with a fat-saturated pulse, and
FLASH coronal images with gadolinium-enhance-
ment were obtained sequentially. Subtracted
FLASH coronal images (images without gadolini-
um were subtracted from images with gadolinium)
were produced. The slice thickness was 5–6 mm and
gaps were 1.5–2 mm for STIR and DW images. For
FLASH images, they were 1 mm and 0 mm. Dy-
namic images were obtained sequentially before
and 0, 60, 120, 180, 240, 300, and 360 s after the
administration of gadopentetate dimeglumine. In
DWI, 909and 1809radiofrequency pulse series
were applied, and 2 motion-probing gradient
(MPG) pulses were applied before and after 1809
pulse. The data were then collected using an echo-
planar readout. Sequential sampling of the k space
was used with a bandwidth of 1250 Hz/pixel and
128 lines of data acquired in 0.3 s. Other param-

eters included: ˆeld of view (FOV), 300 to 240 mm;
128×128 matrix; and acquisition of one signal. All
images were obtained while patients held their
breath, and a fat-saturated pulse was used to ex-
clude severe chemical-shift artifacts. DWI was ac-
quired with MPG pulses applied along 3 (x, y, and z
axes) directions with 3 diŠerent b factors, 0, 500,
and 1000 s/mm2. ADC maps were automatically
generated on the operating console using all 7 im-
ages (three b factors with 3 MPG pulse directions;
when the b factor was 0, only one image was ob-
tained). Circular regions of interest (ROI) of at
least 100 mm2 were designated by one of the
authors (HS). Apparent necrotic or cystic compo-
nents were avoided by referring to other MR im-
ages. ADCs were obtained by measuring the inten-
sity of the ROIs on the ADC maps. Tumor di-
ameter was measured on the subtracted FLASH
coronal images by one of the authors (HS).
Histologic analysis

Cellularity was analyzed using National Institute
of Health (NIH) software, image version 1.63, ac-
cording to the methods of previous reports.18,20,25 In
consensus, two of the authors (HS and MH) ran-
domly chose 3 FOVs for each tumor from a slide
(hematoxylin-eosin stained) without information
on diagnoses, and microscopic images (original
magniˆcation ×200) were saved for analysis. In
consensus, the two carefully determined the density
range at which the image would be categorized as
cell nuclei, and the extent of the total area of cell
nuclei was measured. A wide range was used to
measure the extent of the total FOV. Cellularity
was deˆned as the total area of cell nuclei divided
by that of the FOV. The mean value was taken as
the cellularity for each tumor. Cellularity was ana-
lyzed in 123 of a total of 140 tumors. Slides of sur-
gical specimens could not be obtained in the
remaining cases.
Statistical analysis

The ADCs of breast tumors and tumor diameters
and cellularity were compared between histopatho-
logic diagnoses by analysis of variance and
ScheŠe's post hoc test to determine if there was any
diŠerence between the diŠerent histological types.
The relation between ADC and cellularity was ana-
lyzed by Pearson correlation test to evaluate the
eŠect of cellularity on ADC. Pº0.05 was consid-
ered signiˆcant. The values are expressed as mean
±standard deviation (SD) unless otherwise men-
tioned. All statistical processing was performed
with Stat View version 5.0 software (Japanese ver-
sion of SAS, Hulinks, Tokyo, Japan) by MH.
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Table. Characteristics of breast tumors

Histological type
Numbers
of tumors

Diameter
(mm)

Apparent diŠusion coe‹cient
(×10－3 mm2/s)

Cellularity

Benign Fibroadenoma 16(15)* 21.4±7.6 1.66±0.30 0.101±0.047
Invasive ductal carcinoma,
not otherwise speciˆed

117(103) 26.5±12.8 1.15±0.26 0.183±0.060

Malignant Medullary carcinoma 3(2) 20.7±3.5 0.94±0.15 0.292±0.084
Mucinous carcinoma 4(3) 20.8±9.6 2.11±0.18 0.028±0.018

* Parentheses enclose numbers of tumors of which cellularity was measured.

Fig. 1. Distribution of apparent diŠusion coe‹ci-
ents. Open circles indicate ˆbroadenoma; closed
squares, medullary carcinoma; closed circles, mu-
cinous carcinoma; and closed triangles, invasive duc-
tal carcinoma, not otherwise speciˆed. Horizontal
lines indicate mean values.

Fig. 2. Distribution of cellularity. Open circles in-
dicate ˆbroadenoma; closed squares, medullary car-
cinoma; closed circles, mucinous carcinoma; and
closed triangles, invasive ductal carcinoma, not
otherwise speciˆed. Horizontal lines indicate mean
values.
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Results

Table summarizes the ADCs, cellularity, and
tumor diameter of diŠerent histological types.
Figures 1 and 2 also show the distributions of the
ADCs and cellularity. Signiˆcant diŠerences in
ADC and cellularity (Pº0.01) were observed be-
tween diŠerent histological types by analysis of
variance. ScheŠe's post hoc test showed a sig-
niˆcant diŠerence in ADC between ˆbroadenoma
and all types of cancers (FA versus ME, Pº0.01;
FA vs. IDC, Pº0.01; and ADC of FA is greater
than that of ME and IDC; FA vs. MU, Pº0.05,
ADC of FA is smaller than that of MU) and be-
tween mucinous carcinoma and other types of can-
cers (Pº0.01). There was no signiˆcant diŠerence
in ADC between invasive ductal carcinoma, not
otherwise speciˆed, and medullary carcinoma. A
signiˆcant diŠerence in cellularity was also ob-
served between FA and ME (Pº0.01), between FA

and IDC (Pº0.01), and between MU and other
types of cancers (Pº0.01). However, there was no
signiˆcant diŠerence in cellularity between FA and
MU (P＝0.274) or between IDC and ME. No sig-
niˆcant diŠerence in tumor diameter was observed
among diŠerent histological types. A signiˆcant
negative correlation between ADC and cellularity
was noted (r2＝0.451, Pº0.01) (Fig. 3). Represent-
ative MR and microscopic images are demonstrat-
ed in Figs. 4–7.

If an arbitrary cut-oŠ value of ADC for diŠeren-
tiating malignant from benign lesions was set at
1.48×10－3 mm2/s, the sensitivity was 83.9z,
speciˆcity was 81.3z, and overall accuracy was
83.6z. When 4 cases of mucinous carcinoma were
excluded, the sensitivity was 86.7z, speciˆcity was
81.3z, and overall accuracy was 86.0z.
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Fig. 3. Correlation of apparent diŠusion coe‹cient
(ADC) and cellularity. There is an inverse correlation
between ADC and cellularity. The linear regression
line is y＝－0.129x＋0.329. R2 is 0.451. Open circles
indicate ˆbroadenoma; closed squares, medullary
carcinoma; closed circles, mucinous carcinoma; and
closed triangles, invasive ductal carcinoma, not
otherwise speciˆed.
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Discussion

The results of our study indicated that ADC is
useful for diŠerentiating ˆbroadenoma from breast
cancer. A signiˆcant diŠerence of ADC was ob-
served between FA and all types of cancers. Guo
and associates have reported almost the same
results and sensitivity of 93z, speciˆcity of 88z,
and overall accuracy of 91z when an ADC value
of 1.30×10－3 mm2/s or lower is used as a threshold
for diagnosing breast cancer.20 Our results were
slightly inferior to theirs, possibly because we did
not include breast cysts in our study and because of
the diŠerence of disease distribution. Our study
consisted of 124 cancers in a total of 140 tumors,
and theirs included 31 cancers in a total of 55 le-
sions. Their study did not include mucinous carci-
noma. The slight diŠerence in ADCs (mean ADC
of the cancers was 0.97±0.20 and of benign solid
lesions, 1.57±0.23) may be partially attributed to
the diŠerence in MR sequences employed. We used
b values of 0, 500, and 1000 s/mm2, whereas they
used b values of 0 and 1000 s/mm2 in most cases (42
of a total of 52 cases). Use of a lower b value may
slightly increase the ADCs.20,26 Sinha's group have
also reported that malignant breast tumors show
lower ADCs than those of benign tumors.21 These
results are also in accordance with ours. The slight
diŠerence in ADCs (mean ADC of the cancers was
1.60±0.36 and of benign lesions, 2.01±0.46) may
also be due in part to the diŠerence in MR se-
quences employed. They used lower b values

(0–289.7 s/mm2). Almost the same results have
been reported thereafter by the groups of Kuroki,
Woodhams, and Rubesova.22–24 We consider that
diŠerential diagnosis based solely on ADC is not
su‹ciently accurate because of some overlaps in
ADC between benign and malignant lesions. Other
MR ˆndings, e.g., dynamic pattern, should also be
taken into account.

Tumor ADCs and cellularity were well correlat-
ed. Our results showed a linear inverse correlation
between ADC and cellularity (Fig. 3), and these
results agree with previous results.20 The ADCs are
aŠected by both diŠusion and perfusion. The con-
tribution of perfusion to ADC increases when low-
er b values are employed.20,26 Buadu and associates
have reported that higher microvessel counts are
recorded for malignant lesions than for benign.10

According to their observations, higher ADCs may
be expected in cancers compared to benign condi-
tions. However, in our study, the ADCs of cancers
other than mucinous carcinoma were less than that
of ˆbroadenoma. The contribution of perfusion to
ADC may be considered negligible under our ex-
perimental condition; it is also possible that the
decrease in ADC by the eŠect of high cell density
may overcome the opposite eŠect of perfusion in
cancers. The diŠusion of water in tissue is strongly
in‰uenced by ‰uid viscosity and membrane
permeability between intra- and extracellular com-
ponents, active transport and ‰ow, and directional-
ity of structures that impede or enhance mobility.27

An order of magnitude diŠerence is reported be-
tween the diŠusion of slow/intracellular and
fast/extracellular water molecules in vitro.28 We
consider that the decrease of ADCs observed in
cancers other than mucinous carcinomas probably
re‰ects the histologic appearance of dense cellulari-
ty causing less extracellular water content and more
barrier structures. However, some exceptional can-
cer cases demonstrated relatively high ADC (Fig.
7). In these cases, a relatively high proliferation of
ˆbrous stroma was observed at histopathologic ex-
amination. The increase in extracellular water in
the stroma may have contributed to the high ADC.

The ADC of mucinous carcinoma was signi-
ˆcantly higher than that of other types of breast
cancers and ˆbroadenoma. On mammography and
ultrasonography, imaging features of MU of the
breast diŠer from those of more common breast
cancers. Kawashima and colleagues have reported
high signal intensity on T2-weighted images and
gradual enhancement pattern on dynamic MR imag-
ing to be speciˆc ˆndings of MU of the breast.29

We suppose that high ADC may be an additional
speciˆc ˆnding for diagnosing MU. Compared to
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Fig. 4. A representative case of ˆbroadenoma (44
years). A) Axial apparent diŠusion coe‹cient (ADC)
map. ADC is 1.615×10－3 mm2/s. Arrow indicates a
lesion. B) Microscopic image with hematoxylin-eosin
stain (original magniˆcation of ×200). Ductal epi-
thelial component is embedded in extensive ˆbrous
stroma. Cellularity is 0.100.

Fig. 5. A representative case of mucinous carcino-
ma (53 years). A) Axial apparent diŠusion coe‹cient
(ADC) map. ADC is 2.196×10－3 mm2/s. Arrow in-
dicates a lesion. B) Microscopic image with hematox-
ylin-eosin stain (original magniˆcation of ×200).
The clusters of carcinoma cells are ‰oating in abun-
dant mucin. Cellularity is 0.047.

Fig. 6. A representative case of invasive ductal car-
cinoma, not otherwise speciˆed (36 years). A) Axial
apparent diŠusion coe‹cient (ADC) map. ADC is
1.158×10－3 mm2/s. Arrow indicates a lesion. B)
Microscopic image with hematoxylin-eosin stain
(original magniˆcation of ×200). Carcinoma cells
are proliferating in high density, arranged in sheets.
Cellularity is 0.218.

Fig. 7. An exceptional case of invasive ductal carci-
noma, not otherwise speciˆed (IDC) (51 years) with
relatively high apparent diŠusion coe‹cient (ADC)
and low cellularity compared with representative
IDCs. A) Axial ADC map. ADC is 1.597 ×10－3

mm2/s. Arrow indicates a lesion. B) Microscopic im-
age with hematoxylin-eosin stain (original magniˆca-
tion of ×200). Carcinoma cells proliferate with ˆ-
brous stroma. Cellularity is 0.170.
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other cancers and ˆbroadenoma, MU demonstrat-
ed lower cell density and higher extracellular water
content, which re‰ected a mucin pool. The very
high signal intensity on T2-weighted images of MU
probably re‰ects high extracellular water content
because T2 relaxation time correlates well with the
extent of extracellular water spaces.25 Although the
diŠerence in ADC between FA and MU was sig-
niˆcant, the diŠerence in cellularity was not. The
water in the mucin pool can probably move more
randomly compared to that in the interstitium or
cytoplasm of FA. Our study is limited because it in-
cludes only 4 cases of MU because MU is rare and
comprises only one to 4z of primary breast malig-
nancies.29 Further study will be needed to clarify
details.

Our study has other limitations as well. First, it
was impossible to match exactly a histologic speci-
men with the ROI designated on the DWI; thus, 3
FOVs were randomly chosen for each tumor to
minimize the discrepancy between the MR images
and the specimens. Second, because small breast le-
sions are di‹cult to visualize on DWI, ADC meas-
urement is impossible. We excluded 34 lesions be-
cause measurement of ADC of these lesions was
impossible on DWI. Those included 4 cases of duc-
tal carcinomas in situ. Although the details were
not examined in this study, ADC measurement is
thought to be possible for tumors greater than or
equal to 10 mm in diameter. Third, a small area of
necrosis or cystic components not detectable on
contrast-enhanced MR images may increase the
ADC and lead to misdiagnosis.

In conclusion, the ADC may potentially help
diŠerentiate benign and malignant breast tumors,
and ADC correlates inversely with cell density.
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