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 Purpose: To quantify contrast material enhancement of breast le-
sions scanned with dedicated breast computed tomogra-
phy (CT) and to compare their conspicuity with that at 
unenhanced breast CT and mammography.

 Materials and 
Methods: 

Approval of the institutional review board and the Radia-
tion Use Committee and written informed consent were 
obtained for this HIPAA-compliant study. Between September 
2006 and April 2009, 46 women (mean age, 53.2 years; 
age range, 35–72 years) with Breast Imaging Reporting 
and Data System category 4 or 5 lesions underwent unen-
hanced breast CT and contrast material–enhanced breast 
CT before biopsy. Two radiologists independently scored 
lesion conspicuity for contrast-enhanced breast CT ver-
sus mammography and for contrast-enhanced breast CT 
versus unenhanced breast CT. Mean lesion voxel inten-
sity was measured in Hounsfi eld units and normalized to 
adipose tissue intensity on manually segmented images 
obtained before and after administration of contrast ma-
terial. Regression models focused on conspicuity and 
quantifi ed enhancement were used to estimate the effect 
of pathologic diagnosis (benign vs malignant), lesion type 
(mass vs calcifi cations), breast density, and interradiologist 
variability.

 Results: Fifty-four lesions (25 benign, 29 malignant) in 46 sub-
jects were analyzed. Malignant lesions were seen sig-
nifi cantly better at contrast-enhanced breast CT than 
at unenhanced breast CT ( P   ,  .001) or mammography 
( P   ,  .001). Malignant calcifi cations (malignant lesions 
manifested mammographically as microcalcifi cations only, 
 n  = 7) were seen better at contrast-enhanced breast CT 
than at unenhanced breast CT ( P   ,  .001) and were seen 
similarly at contrast-enhanced breast CT and mammogra-
phy. Malignant lesions enhanced 55.9 HU  6  4.0 (standard 
error), whereas benign lesions enhanced 17.6 HU  6  6.1 
( P   ,  .001). Ductal carcinoma in situ ( n  = 5) enhanced a 
mean of 59.6 HU  6  2.8. Receiver operating characteristic 
curve analysis of lesion enhancement yielded an area un-
der the receiver operating characteristic curve of 0.876.

 Conclusion: Conspicuity of malignant breast lesions, including ductal 
carcinoma in situ, is signifi cantly improved at contrast-
enhanced breast CT. Quantifying lesion enhancement may 
aid in the detection and diagnosis of breast cancer.
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patent pending on various breast CT 
topics. All other authors had control of 
all data that may have presented a con-
fl ict of interest. 

 Subject Selection 
 Women with mammographically or 
ultrasonographically (US) identified 
Breast Imaging Reporting and Data 
System (BI-RADS) category 4 or 5 le-
sions were recruited sequentially be-
tween September 2006 and April 2009 
for contrast-enhanced breast CT. One 
subject was reported previously in a 
preliminary study of unenhanced breast 
CT ( 2 ). Subjects were recruited by four 
mammographers in our department, 
two of whom also evaluated the breast 
CT images (K.K.L  .). Subject recruit-
ment and subject studies were per-
formed in accordance with protocols 
approved by our institutional review 
board, including approval from the Ra-
diation Use Committee and the Cancer 
Center Scientifi c Review Committee. 
Written informed consent was ob-
tained, and Health Insurance Portability 
and Accountability Act guidelines were 
observed. Subjects with renal dysfunc-
tion or other contraindications to con-
trast material were excluded from the 
study. In total, 46 women (mean age, 
53.2 years; age range, 35–72 years) 

ductal carcinoma in situ (DCIS), must 
be improved over the sensitivity and 
specifi city of mammography. 

 Other breast imaging modalities, 
including dynamic contrast material–
enhanced magnetic resonance (MR) im-
aging and other investigational meth-
ods, have involved injection of contrast 
material to improve lesion conspicuity 
( 3–7 ). Since the Hounsfi eld unit in CT 
is linearly proportional to attenuation, 
contrast-enhanced CT with a nonionic, 
iodine-based contrast medium may be a 
useful tool for quantifi cation of the dif-
ferential capillary permeability between 
normal and malignant tissues ( 8–11 ). 
Although investigators in previous stud-
ies explored breast cancer detection 
with contrast-enhanced multidetector 
whole-body CT ( 5 ) and single-section 
dedicated breast CT ( 12–14 ), the use-
fulness of contrast material enhance-
ment in dedicated cone-beam breast 
CT has not, to our knowledge, been 
studied. Our aim was to quantify con-
trast material enhancement of breast 
lesions scanned with dedicated breast 
CT and to compare their conspicuity 
with that at unenhanced breast CT and 
mammography. 

 Materials and Methods 

 One author (J.M.B.) is a consultant 
to Varian Imaging Systems (Palo Alto, 
Calif  ) and Artemis (Erlangen, Germany) 
and receives funding from Varian Im-
aging Systems, Fuji Medical Systems 
(Stamford, Conn), and Hologic (Bed-
ford, Mass). Several of these relation-
ships may pertain to the ultimate com-
mercialization of breast CT and related 
topics. In addition, this author has a 

             Dedicated breast computed tomog-
raphy (CT) is an emerging tech-
nology that may improve the early 

detection of breast cancer, a disease 
that takes the lives of more than 40 000 
women a year ( 1 ). Although mammog-
raphy is the current standard for breast 
cancer screening, it has the drawback 
of the superimposition effects found 
in projection imaging, where overlying 
normal breast tissue can obscure a le-
sion, thereby hindering detection, or it 
can cause summation artifacts leading 
to false-positive results, recalls, and ad-
ditional studies. As a fully tomographic 
modality, breast CT may improve the 
detection and diagnosis of breast can-
cer. In an initial clinical study, there 
was no signifi cant difference between 
breast CT and mammography in distin-
guishing benign from malignant lesions 
( 2 ). Unenhanced breast CT was supe-
rior to mammography in the visualiza-
tion of breast masses. However, mam-
mography outperformed breast CT in 
the visualization of microcalcifi cations. 
For dedicated breast CT to succeed as 
a screening modality in the early detec-
tion of breast cancer, its sensitivity and 
specifi city, especially for detection of 

 Implications for Patient Care 

 The use of intravenous contrast  n

material with breast CT improves 
visualization of malignant lesions, 
including ductal carcinoma in 
situ. 

 Contrast-enhanced breast CT has  n

potential as a qualitative and 
quantitative imaging modality in 
breast cancer screening and 
diagnosis. 

 Advances in Knowledge 

 Malignant mass lesions are sig- n

nifi cantly more conspicuous than 
benign lesions at contrast-
enhanced dedicated breast CT 
when compared with mammog-
raphy and unenhanced breast CT 
( P   ,  .001 for each comparison). 

 Visualization of malignant calcifi - n

cations (malignant lesions mani-
fested mammographically as 
microcalcifi cations only) at 
contrast-enhanced breast CT is 
improved over that at unen-
hanced breast CT ( P   ,  .001) and 
is similar to that at mammogra-
phy ( P  = .64). 

 Malignant breast lesions enhance  n

by a mean of 38 HU more than 
do benign lesions ( P   ,  .001), 
and receiver operating character-
istic curve analysis yields an area 
under the receiver operating 
characteristic curve of 0.876. 

  Published online  
 10.1148/radiol.10092311 
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and 5.5 indicated equivalent conspicuity 
with both modalities. 

 Quantitative Image Analysis 
 Images were analyzed by using a graph-
ical user interface (Matlab 7.0 with 
Image Processing Toolbox 4.2; Math-
Works, Natick, Mass). Each lesion was 
segmented from the pre- and postcon-
trast breast CT images by manually 
outlining the region of interest in every 
section containing the lesion. Segmen-
tation was performed by three authors 
(N.D.P., primarily precontrast images; 
S.R., primarily postcontrast images; 
and S.Y.H., random subset of images) 
with 4, 5, and 5 years of experience 
with dedicated breast CT, respectively. 
Descriptive statistics, including mean 
voxel intensity in Hounsfi eld units  6  
standard deviation, were calculated for 
the volume of interest. More than 5500 
regions of interest were segmented 
manually with constant window (350 
HU) and level (25 HU) settings. Five 
rectangular regions of interest (mean 
area, 3758 pixels; range, 258–19 170 
pixels) outlining only adipose tissue 
were drawn within the image sets of 
each breast volume. Mean adipose tis-
sue intensity was used to normalize le-
sion intensity and account for any fl uc-
tuations between image acquisitions. 
Lesion enhancement was calculated 
as the difference between normalized 
lesion intensity in the pre- and post-
contrast image sets with the following 
equation: 

  
Post Post Pre Pre
L A L AHU HU HU HU HU  , 

 where L and A represent the lesion in-
tensity and adipose tissue intensity, re-
spectively, measured in the precontrast 
(Pre) and postcontrast (Post) image 
sets. 

 Quantitative analysis was performed 
in 52 lesions. Seven of the benign le-
sions were identifi ed initially by means 
of US or mammography but were not 
identifi able at unenhanced breast CT 
or contrast-enhanced breast CT (no en-
hancement). The seven cases (three fi -
brocystic changes, one cyst, one stromal 
fi brosis, one unremarkable fi broadipose 

administered at a rate of 4 mL/sec with 
a power injector. The injection proto-
col was adapted from the protocol used 
in multiphase abdominal studies at our 
institution. The average delay from the 
start of contrast material injection until 
postcontrast scanning was 96 seconds 
(range, 52–219 seconds for ipsilateral 
lesions, 247 seconds for the single con-
tralateral lesion). Contrast material de-
lay time was derived empirically. 

 Lesion Conspicuity Analysis 
 The conspicuity of lesions at mammog-
raphy (46 digital and eight screen-fi lm 
mammograms, including craniocaudal 
and mediolateral oblique views only, 
were obtained), breast CT, and contrast-
enhanced breast CT was compared sub-
jectively and independently in sequential 
order by two radiologists (K.K.L.), both 
of whom had more than 15 years of ex-
perience in breast imaging and at least 
2 years of experience with dedicated 
breast CT. No other images from diag-
nostic imaging studies were included in 
the comparison. The reviewing radiolo-
gist had access to both studies (contrast-
enhanced breast CT images and either 
mammograms or unenhanced breast CT 
images) at the same time but did not 
have knowledge of histologic fi ndings  . 
Contrast-enhanced CT images were eval-
uated fi rst. If the lesion was not readily 
identifi ed on the contrast-enhanced CT 
images, the images from the compari-
son modality (mammography or unen-
hanced breast CT) were examined and, 
with the knowledge from that evalua-
tion, the contrast-enhanced CT images 
were reinterpreted for the comparison. 
Conspicuity was evaluated by compar-
ing  (a)  contrast-enhanced breast CT 
with mammography and  (b)  contrast-
enhanced breast CT with unenhanced 
breast CT. The differential conspicuity 
of each lesion between modalities was 
scored by using a continuous scale from 
1 to 10, allowing half points, where 1 in-
dicated excellent conspicuity at contrast-
enhanced breast CT and poor conspicu-
ity with the comparison modality, 10 
indicated excellent conspicuity with the 
comparison modality (mammography or 
unenhanced breast CT) and poor con-
spicuity at contrast-enhanced breast CT, 

underwent contrast-enhanced breast CT 
followed immediately by image-guided 
biopsy. Only histologically diagnosed le-
sions were included in the study. 

 Breast density was characterized at 
mammography according to BI-RADS 
criteria as fatty ( , 25% dense), scat-
tered fi broglandular density (25%–50% 
dense), heterogeneously dense (51%–
75% dense), or extremely dense ( . 75% 
dense). For regression analyses, each 
density group was quantitatively cate-
gorized with a score of 1, 2, 3, or 4. Be-
cause of the small sample sizes in each 
density category, breasts with a density 
score of 1 or 2 were grouped as low 
density and breasts with a score of 3 or 
4 were grouped as high density. 

 Image Acquisition 
 Each subject underwent contrast-
enhanced breast CT with a previously 
described dedicated cone-beam breast 
CT system ( 15 ). The breast CT tech-
nique factors were set to a tube volt-
age of 80 kVp, and tube current was 
adjusted for each subject according to 
breast size and mammographic density, 
such that each scan delivered a mean 
glandular radiation dose equivalent to 
that of two-view screening mammog-
raphy (4–16 mGy) ( 16 ). A complete 
contrast-enhanced breast CT series 
included a total of four approximately 
17-second breast CT scans imaging 
one breast at a time before and after 
contrast material injection so that the 
total radiation dose to each breast 
(8–32 mGy) was twice that of a single 
unenhanced breast CT scan. Scanning 
of the unaffected breast was performed 
fi rst (before administration of contrast 
material) and was followed by precon-
trast scanning of the affected breast 
(containing the index lesion). There-
after, scanning of the affected breast 
was performed after administration of 
contrast material. Finally, postcontrast 
scanning of the unaffected breast was 
performed. In this way, delay after con-
trast material injection was controlled 
in scanning the affected breast, and re-
positioning of the affected breast was 
minimized. One hundred milliliters of 
intravenous iodixanol (Visipaque 320; 
GE Healthcare, Waukesha, Wis) was 
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and acquisition of 21 samples to detect 
a 38-HU difference in lesion enhance-
ment between malignant and benign le-
sions ( P   ,  .05). 

 Lesion Conspicuity 
 Malignant lesions were signifi cantly more 
conspicuous at contrast-enhanced breast 
CT than at mammography ( P   ,  .001) 
( Table 2  ). The conspicuity of malignant 
lesions identifi ed at mammography as 
microcalcifi cations did not differ signifi -
cantly between the two modalities ( P  = 
.64). Benign masses were signifi cantly 
more conspicuous at contrast-enhanced 
breast CT than at mammography ( P  = 
.003); however, benign calcifications 
were visualized signifi cantly better at 
mammography than at contrast-enhanced 
breast CT ( P  = .004). 

 Mixed-effects regression models 
were used to compare lesion conspicu-
ity at contrast-enhanced breast CT with 
that at mammography, and they en-
abled us to confi rm the trends observed 
with mean conspicuity scores ( Table 3  ). 
The difference in mean conspicuity 
scores between all malignant lesions 

 Quantitative benign and malignant 
lesion enhancements were compared 
initially by using a two-sample Wil-
coxon rank sum test. Subgroup analysis 
according to pathologic diagnoses was 
performed by using the Kruskal-Wallis 
test. We then fi tted mixed-effects lin-
ear regression models estimating lesion 
enhancement and its relationship to 
pathologic diagnosis, lesion type, breast 
density, and delay between contrast ma-
terial injection and postcontrast scan-
ning, adjusted for clustering. Receiver 
operating characteristic curve analysis 
was performed on histograms of benign 
and malignant lesion enhancement. 

 All statistical analyses were per-
formed by using software (SAS, version 
9, SAS Institute, Cary, NC; Stata, ver-
sion 11, Stata, College Station, Tex). Sta-
tistical signifi cance was assumed when 
the two-sided  P  value was less than .05. 

 Results 

 In the 46 women, 54 lesions were iden-
tifi ed for inclusion in the study ( Table 1  ). 
Of the 54 lesions, 40 (74%) were not 
palpable according to referral history 
and were found at screening in asymp-
tomatic women. Three (6%) of the 
palpable lesions had negative mammo-
graphic fi ndings and were identifi ed at 
US. One of the three mammographi-
cally occult lesions (mucinous adeno-
carcinoma) was identifi ed at breast 
CT and contrast-enhanced breast CT. 
Seven subjects had multiple lesions; 
three of those subjects had two malig-
nant lesions of the same histopathologic 
type in the same breast, and three 
subjects had one malignant lesion and 
one benign lesion in the same breast. 
One subject had a benign fi broadenoma 
in the left breast and two lesions, a fi -
broadenoma and a malignant lesion of 
mixed invasive ductal carcinoma and 
DCIS, in the right breast. The mean le-
sion volume of interest was 1615.4 mm 3  
(range, 5.1–10 451.4 mm 3 ) on the pre-
contrast image. Average breast density 
was 2.78  6  0.15   (standard error). Post 
hoc power analysis with power equal to 
0.90 necessitated acquisition of 13 sam-
ples to detect a one-point conspicuity 
score difference for malignant lesions 

tissue, and one adenosis and fi brosis 
with microcalcifi cations) were identifi ed 
as calcifi cations ( n  = 4), had negative 
mammographic fi ndings ( n  = 2), or were 
identifi ed as a mass ( n  = 1). In these 
cases, average glandular tissue intensity 
of the entire breast was calculated from 
segmented unenhanced breast CT and 
contrast-enhanced breast CT images 
and used as a surrogate for lesion in-
tensity. Two mammographically identi-
fi ed lesions were not identifi ed at unen-
hanced breast CT or contrast-enhanced 
breast CT and were present in breasts 
containing another identifi ed malignant 
lesion. As a result, overall mean glan-
dular tissue intensity could not be used 
as a surrogate for lesion intensity. Both 
lesions were benign (focal fi brosis and 
fi brocystic change) and were excluded 
from the quantitative analysis. 

 Statistical Analyses 
 Lesion conspicuity scores were adjusted 
by subtracting 5.5, so that a score of zero 
corresponded to equivalent conspicuity 
between modalities, negative values cor-
responded to better conspicuity at con-
trast-enhanced breast CT, and positive 
values corresponded to better conspicu-
ity with the comparison modality (mam-
mography or unenhanced breast CT). We 
began by calculating univariate statistical 
summaries (mean  6  standard deviation) 
of the scores for each comparison. Stan-
dard error estimates for the mean score 
were examined by using paired  t  tests, 
adjusted for within-subject clustering, 
and validated by using a Wilcoxon signed 
rank procedure as a complementary non-
parametric approach. 

 Mixed-effects linear regression 
models were designed to compare con-
spicuity scores at contrast-enhanced 
breast CT with those at mammography 
and unenhanced breast CT according 
to lesion subgroups, taking into ac-
count pathologic diagnosis (malignant 
vs benign), lesion type (mass vs calcifi -
cation), and interradiologist variability, 
adjusting for clustering from repeated 
observations of the same lesion and, in 
seven subjects, multiple lesions per sub-
ject. In univariate models, we examined 
whether breast density played a role in 
lesion conspicuity. 

 Table 1 

 Pathologic Diagnoses of 54 Breast 
Lesions 

Type of Lesion No. of Lesions

Malignant 29
 Mass 22
  Invasive ductal carcinoma 10
  Invasive mammary 
   carcinoma

7

  Mixed 4
  Mucinous 1
 Calcifi cation 7
  DCIS 5
  Mixed 2
Benign 25
 Mass 15
   Fibroadenoma 7
  Stromal fi brosis 2
  Cyst 1
  Other 5
 Calcifi cation 10
  Fibrocystic change 7
  Other 3

Note.—There was a total of 54 lesions, 37 of which 
were masses and 17 of which were calcifi cations.
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and unenhanced breast CT, interob-
server variabilities between the two ra-
diologists were 0.13  6  0.19 ( P  = .50) 
and 0.37  6  0.18 ( P  = .05), respectively. 
The observer with less experience re-
ported a larger conspicuity difference 
at contrast-enhanced breast CT than at 
unenhanced breast CT. 

 Effects of Breast Density on Lesion 
Conspicuity 
 High- and low-density breasts had mean 
conspicuity scores that favored contrast-
enhanced breast CT over mammogra-
phy ( 2 0.48 and  2 0.58, respectively), 
but neither was signifi cant ( P  = .23 and 
 P  = .17, respectively). Lesion conspi-
cuity was greater at contrast-enhanced 
breast CT than at unenhanced breast 
CT for lesions found in both high-density 
( P   ,  .001) and low-density ( P   ,  .001) 
breasts, with lesion conspicuity in high-
density breasts scored even more toward 
contrast-enhanced breast CT (mean con-
spicuity,  2 1.45) than that in low-density 
breasts (mean conspicuity,  2 1.07). In 
regression models, each increasing 
BI-RADS density group slightly shifted 
conspicuity toward contrast-enhanced 
breast CT by 0.20  6  0.26 ( P  = .44) and 
0.21  6  0.15 ( P  = .16) when compar-
ing contrast-enhanced breast CT with 
mammography and unenhanced breast 
CT, respectively; however, these results 
were not signifi cant. 

calcifi cations, were seen signifi cantly bet-
ter with contrast-enhanced breast CT 
( P   ,  .001) ( Figs 1, 2  ). 

 Regression models were used to 
compare lesion conspicuity at contrast-
enhanced breast CT with that at un-
enhanced breast CT. This reinforced 
the fact that all lesion types were seen 
better at contrast-enhanced breast CT 
( Table 4  ). Mean conspicuity scores at 
contrast-enhanced breast CT were sig-
nifi cantly higher for malignant lesions 
than for benign lesions ( P   ,  .001) and 
for malignant calcifi cations   than for be-
nign calcifi cations ( P  = .01). 

 In the comparison of contrast-
enhanced breast CT with mammography 

versus all benign lesions, malignant 
masses versus benign masses, and 
malignant calcifi cations (malignant le-
sions manifested mammographically as 
microcalcifi cations only) versus benign 
calcifi cations was signifi cant in all three 
comparisons ( P   ,  .001,  P  = .01, and 
 P   ,  .001, respectively), with the malig-
nant lesions having better conspicuity 
at contrast-enhanced breast CT in all 
three comparisons. 

 In the comparison of contrast-
enhanced breast CT and unenhanced 
breast CT, mean lesion conspicuity was 
signifi cantly greater at contrast-enhanced 
breast CT for all lesion types ( Table 2 ). 
Malignant lesions, including those with 

 Table 2 

 Mean Conspicuity of Lesions Visualized at Contrast-enhanced Breast CT, Mammography, and Unenhanced Breast CT 

Group No. of Lesions

Contrast-enhanced Breast 
CT vs Mammography

Contrast-enhanced Breast 
CT vs Unenhanced Breast CT

Mean Conspicuity  P  Value Mean Conspicuity  P  Value

Malignant 29  2 1.45 ( 2 1.95,  2 0.95)  , .001  2 1.76 ( 2 2.12,  2 1.4)  , .001
 Mass 22  2 1.84 ( 2 2.26,  2 1.42)  , .001  2 1.56 ( 2 1.96,  2 1.16)  , .001
 Calcifi cation 7  2 0.29 ( 2 1.45, 0.87) .64  2 2.36 ( 2 3.1,  2 1.62)  , .001
Benign 25 0.34 ( 2 0.58, 1.26) .46  2 0.84 ( 2 1.3,  2 0.38) .001
 Mass 15  2 1.07 ( 2 1.65,  2 0.49) .003  2 0.67 ( 2 1.21,  2 0.13) .03
 Calcifi cation 10 2.33 (1.13, 3.53) .004  2 1.08 ( 2 1.86,  2 0.3) .02
All lesions 54  2 0.52 ( 2 1.08, 0.04) .07  2 1.3 ( 2 1.62,  2 0.98)  , .001
 Mass 37  2 1.47 ( 2 1.85,  2 1.09)  , .001  2 1.13 ( 2 1.49,  2 0.77)  , .001
 Calcifi cation 17 1.25 (0.21, 2.29) .03  2 1.6 ( 2 2.22,  2 0.98)  , .001

Note.—Data in parentheses are 95% confi dence intervals. Negative scores correspond to better visualization at contrast-enhanced breast CT. Positive scores correspond to better conspicuity with the 
comparison modality (mammography or unenhanced breast CT). Scores of zero correspond to equivalent conspicuity between modalities.  P  values were calculated with the  t  test and adjusted for 
within-subject correlation.

 Table 3 

 Regression-estimated Conspicuity When Comparing Contrast-enhanced Breast CT 
with Mammography 

Parameter Overall Mean Mass Mean Calcifi cation Mean Absolute Difference * 

Overall …  2 1.60 (37) 1.51 (17) 3.11 ( P   ,  .001)
Benign 0.46 (25)  2 0.99 (15) 2.53 (10) 3.52 ( P   ,  .001)
Malignant  2 1.40 (29)  2 1.86 (22)  2 0.27 (7) 1.59 ( P  = .01)
Absolute 
 difference  †  

1.86 ( P   ,  .001) 0.87 ( P  = .01) 2.80 ( P   ,  .001) 1.93 ( P  = .01)  ‡  

Note.—Unless otherwise indicated, data in parentheses are numbers of lesions.  P  values represent the signifi cance of the 
difference in mixed-effects linear regression–estimated mean conspicuity scores for the compared lesion subgroups and have 
been adjusted for interradiologist variation, within-subject clustering, and breast density.

* Mass versus calcifi cation.

 †  Benign versus malignant.

 ‡  Interaction of the malignancy and lesion type (mass or calcifi cation) factors.
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 Quantitative Lesion Enhancement 
 The differential enhancement between 
benign (17.6 HU  6  6.1) and malignant 
(55.9 HU  6  4.0) lesions was signifi cant 
( P   ,  .001). Receiver operating charac-
teristic curve analysis yielded an area 
under the receiver operating character-
istic curve of 0.876 ( Fig 3  )  . 

 Regression models of lesion en-
hancement show that malignant lesions 
enhance more than do benign lesions 
( P   ,  .001) ( Table 5  ). Malignant lesions 
identifi ed as calcifi cations enhanced 
34.6 HU more than did benign lesions 
identified as calcifications ( P  = .01). 
Malignant masses enhanced signifi-
cantly more than did benign masses 
( P   ,  .001). Breast density and contrast 
material delay did not signifi cantly af-
fect lesion enhancement in the re-
gression models ( P  = .80 and  P  = .60  , 
respectively). 

 All cases of pure DCIS ( n  = 5) were 
detected as calcifi cations at mammogra-
phy and were enhanced by an average 
of 59.6 HU  6  2.8, which was signifi -
cantly greater than mean benign lesion 
enhancement ( P   ,  .01). The mean en-
hancements for invasive ductal carci-
noma ( n  = 10), invasive mammary car-
cinoma ( n  = 7), mixed (invasive ductal 
carcinoma and DCIS or invasive mam-
mary carcinoma and DCIS,  n  = 6), and 
mucinous ( n  = 1) cases were 47.3 HU  6  
4.4, 57.3 HU  6  11.3, 71.3 HU  6  9.4, and 
22.0 HU  , respectively, none of which was 
signifi cantly different from any other 
( P  = .12). The single case of grade 2 mu-
cinous adenocarcinoma showed a pat-
tern of partial rim enhancement ( Fig 4  ). 
All other malignant lesions showed ho-
mogeneous enhancement. In the subject 
with two fi broadenomas and a mixed 
invasive ductal carcinoma and DCIS le-
sion, the fi broadenomas enhanced by 
less than 20 HU, whereas the malignant 
mixed invasive ductal carcinoma and 
DCIS lesion enhanced by 112.5 HU, an 
almost sixfold difference. 

 Discussion 

 Conspicuity of malignant breast masses 
at contrast-enhanced breast CT is 
signifi cantly better than that at mam-
mography or unenhanced breast CT, 

 Figure 1 

  
  Figure 1:  Images obtained in a 48-year-old woman.  (a)  Implant-displaced 
craniocaudal mammogram shows a mostly obscured mass (arrows).  (b)  
Pre- and  (c)  postcontrast coronal breast CT images show the same invasive 
mammary carcinoma mass that enhanced 76.5 HU  .   

 Table 4 

 Regression-estimated Conspicuity Comparing Contrast-enhanced Breast CT with 
Unenhanced Breast CT 

Parameter Overall Mean Mass Mean Calcifi cation Mean Absolute Difference *  

Overall …  2 1.20 (37)  2 1.50 (17) 0.30 ( P  = .34)
Benign  2 0.83 (25)  2 0.69 (15)  2 0.98 (10) 0.29 ( P  = .46)
Malignant  2 1.71 (29)  2 1.52 (22)  2 2.37 (7) 0.85 ( P  = .33)
Absolute 
 difference  †  

0.88 ( P   ,  .001) 0.83 ( P  = .33) 1.39 ( P  = .01) 0.56 ( P  = .33)  ‡  

Note.—Unless otherwise indicated, data in parentheses are numbers of lesions.  P  values represent the signifi cance of the 
difference in mixed-effects linear regression–estimated mean conspicuity scores for the compared lesion subgroups and have 
been adjusted for interradiologist variation, within-subject clustering, and breast density.

* Mass versus calcifi cation.

 †  Benign versus malignant.

 ‡  Interaction of the malignancy and lesion type (mass or calcifi cation) factors.

whereas conspicuity of malignant calci-
fi cations is better at contrast-enhanced 
breast CT than at unenhanced breast 
CT and is similar at contrast-enhanced 

breast CT and mammography. Malig-
nant lesions have signifi cantly greater 
conspicuity than do benign lesions at 
contrast-enhanced breast CT, possibly 
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improving the specifi city of contrast-
enhanced breast CT. In addition, the con-
spicuity of DCIS at contrast-enhanced 
breast CT is signifi cantly greater than 

 Figure 2 

  

that at unenhanced breast CT and is 
similar to that at mammography. 

 Results of previous work showed 
that malignant calcifi cations were seen 

poorly with unenhanced breast CT 
when compared with malignant calci-
fi cations seen with mammography ( 2 ). 
Our results suggest that administration 
of contrast material may address this 
issue because the conspicuity of malig-
nant calcifi cations at contrast-enhanced 
breast CT was signifi cantly greater than 
that at unenhanced breast CT and simi-
lar to that at mammography. The conspi-
cuity of benign calcifi cations continues 
to be signifi cantly greater at mammog-
raphy than at contrast-enhanced breast 
CT; however, this difference may be 
advantageous, possibly increasing the 
specifi city of contrast-enhanced breast 
CT compared with that of mammogra-
phy for DCIS. 

 Contrast-enhanced breast CT offers 
a promising quantitative technique with 
which to predict malignancy in breast 
lesions. Malignant lesions enhanced by 

  Figure 2:  Images obtained 
in a 57-year-old woman.  (a)  
Mediolateral oblique magnifi cation 
mammogram shows a group of 
indeterminate microcalcifi ca-
tions (arrow).  (b)  Precontrast 
coronal,  (c)  postcontrast coronal, 
 (d)  postcontrast sagittal, and  (e)  
postcontrast transverse breast 
CT images show the same focus 
of DCIS (arrow) that enhanced 
50.2 HU  .   

 Figure 3 

  

  Figure 3:  Bar graph 
shows enhancement of 
benign and malignant 
breast lesions.   
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the potential usefulness of quantitative 
enhancement of breast lesions in pre-
dicting malignancy. When combined 
with qualitative features, such as dis-
tribution, morphology, and margins, 
quantitative enhancement may be useful 
in predicting the malignant potential of 
an identifi ed lesion. The area under the 
receiver operating characteristic curve 
reported in this study represents the 
predictive nature of only one quantita-
tive measurement. We expect that with 
the addition of other morphologic in-
formation, the area under the receiver 
operating characteristic curve would 
increase. There also may be poten-
tial for the combination of quantifi ed 
peak lesion enhancement at contrast-
enhanced breast CT with other mor-
phologic characteristics for the devel-
opment of computer-aided diagnosis 
systems to improve diagnostic sensitiv-
ity and specifi city. 

 The case of mucinous adenocar-
cinoma in this study emphasizes the 
importance of the enhancement pat-
tern at contrast-enhanced breast CT 
and stresses the use of enhancement 
quantifi cation only as an adjunct to 
qualitative assessment ( 17,18 ). This 
lesion showed a pattern of partial rim 
enhancement with a mean enhance-
ment of 22.0 HU. At quantitative analy-
sis, the hyperintense rim voxels were 
largely negated by the vast number of 
unenhanced voxels. Lesions with het-
erogeneous enhancement may require 
a more detailed voxel-by-voxel quanti-
fi cation technique, although the lesion 
morphology may be more valuable from 
a diagnostic standpoint. 

 Dynamic enhancement kinetics are 
used in lesion assessment in MR imag-
ing, and generally three to seven data 
points are obtained. With contrast-
enhanced breast CT, only one time 
point of enhancement is shown. The 
value of the kinetic curve in dynamic 
contrast-enhanced MR imaging re-
mains unclear. Results from a multi-
center study of diagnostic features at 
dynamic contrast-enhanced MR imag-
ing suggested that margin features and 
qualitative early-phase enhancement in-
tensity are the most important features 
in the classifi cation of breast masses 

 Table 5 

 Regression-estimated Mean Enhancement at Contrast-enhanced Breast CT for Lesion 
Subgroups 

Parameter Overall Mean Mass Mean Calcifi cation Mean Absolute Difference * 

Overall … 38.0 (36) 40.4 (16) 2.4 ( P  = .80)
Benign 17.0 (23) 11.8 (14) 25.3 (9) 13.5 ( P  = .22)
Malignant 55.9 (29) 54.7 (22) 59.9 (7) 5.2 ( P  = .6)
Absolute difference  †  38.9   ( P   ,  .001) 42.9 ( P   ,  .001) 34.6 ( P  = .01) 8.3 ( P  = .6)  ‡  

Note.—Unless otherwise indicated, data in parentheses are numbers of lesions.  P  values represent the signifi cance of the 
difference in mixed-effects linear regression–estimated mean enhancement for the compared lesion subgroups and have been 
adjusted for interradiologist variation, within-subject clustering, and breast density.

* Mass versus calcifi cation.

 †  Benign versus malignant.

 ‡  Interaction of the malignancy and lesion type (mass or calcifi cation) factors.

 Figure 4 

  

a mean of 38 HU more than did benign 
lesions ( P   ,  .001). Specifi cally, malig-
nant calcifi cations enhanced by an aver-
age of 59.9 HU  6  2.0  , with enhance-
ment of DCIS lesions being signifi cantly 
greater than that of benign lesions 

( P   ,  .01). These quantitative fi ndings 
also suggest improved specifi city for 
contrast-enhanced breast CT in the de-
tection of malignant calcifi cations. 

 The area under the receiver operat-
ing characteristic curve (0.876) shows 

  Figure 4:   (a)  Postcontrast transverse,  (b)  
precontrast coronal, and  (c)  postcontrast coronal 
breast CT images of a mucinous adenocarcinoma 
(arrowheads) with partial rim enhancement (arrow) 
in a 46-year-old woman.   
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is necessary to increase the specifi city 
of the modality, as in MR imaging. 

 Despite these limitations, malignant 
lesions are more conspicuous at con-
trast-enhanced breast CT than at mam-
mography or unenhanced breast CT. 
Contrast-enhanced breast CT may of-
fer an alternative to dynamic contrast-
enhanced MR imaging, particularly for 
cancer screening in women at high risk 
for breast cancer   and for local staging 
in women with newly diagnosed breast 
cancer. Contrast-enhanced breast CT 
requires ionizing radiation; however, 
the imaging procedure is faster than 
the imaging procedure for dynamic 
contrast-enhanced MR imaging, and it 
is likely less expensive. With its open 
architecture, contrast-enhanced breast 
CT also may be better suited for pa-
tients who are claustrophobic or obese 
or who have other contraindications to 
dynamic contrast-enhanced MR imag-
ing. Other breast CT systems with an 
expanded open architecture are under 
construction to further improve access 
to the breast, thereby enabling image-
guided biopsy and delivery of therapy. 

 In summary, we have shown that 
malignant lesions are signifi cantly more 
conspicuous at contrast-enhanced breast 
CT when compared with fi ndings at un-
enhanced breast CT or mammography. 
The conspicuity of malignant calcifi ca-
tions is signifi cantly improved compared 
with that of unenhanced breast CT and 
is not signifi cantly different from the 
conspicuity of malignant calcifi cations 
at mammography. Quantifi cation of lesion 
enhancement at contrast-enhanced breast 
CT likely will be helpful in improving 
both the sensitivity and the specifi city 
of dedicated breast CT. Although more 
studies must be conducted to optimize 
contrast-enhanced breast CT protocols, 
our results suggest that contrast-enhanced 
breast CT is a promising modality with 
which to detect and diagnose breast 
cancer. 
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experience reading breast CT images. 
On average, the observer with less ex-
perience reported a larger conspicuity 
difference at contrast-enhanced breast 
CT than at unenhanced breast CT than 
did the observer with more experi-
ence. The number of lesions ( n  = 54) 
included in this pilot study was small. 
The number of malignant lesions with 
calcifi cations ( n  = 7) and, specifi cally, 
the number diagnosed as pure DCIS 
( n  = 5) might not have been a represen-
tative sample. Randomized blinded mul-
ticenter trials with larger sample sizes 
are needed to characterize the detec-
tion rate, sensitivity, and specifi city of 
contrast-enhanced breast CT versus the 
detection rate, sensitivity, and specifi c-
ity of mammography. 

 The contrast material protocols used 
in this study were derived empirically. 
The optimal delay from injection to 
scanning and the optimal contrast ma-
terial dose have yet to be determined. 
Subject body mass was not taken into 
account. Assuming iodinated contrast 
material kinetics are similar to the 
kinetics of gadolinium-based contrast 
agents, we may have used a suboptimal 
delay in this study and scanned patients 
before or after peak enhancement. Al-
though regression models showed that 
delay did not affect lesion enhancement 
signifi cantly, the differential enhance-
ment between benign and malignant le-
sions measured in this study may lead 
to underestimation of the maximum at-
tainable difference. 

 Quantifi cation of lesion enhance-
ment at contrast-enhanced breast CT 
shows potential to aid in the prediction 
of malignancy. Manual outlining was 
used to segment lesions from the breast 
and to quantify enhancement, but au-
tomated techniques would be required 
for use in a clinical setting. 

 One possible limitation to the cur-
rent design of our dedicated breast CT 
scanner may be its ability to scan only 
one breast at a time. However, the im-
portance of contrast material delay in 
lesion detection must be clarifi ed be-
fore necessitating simultaneous imaging 
of both breasts. Future studies are nec-
essary to determine whether bilateral 
dynamic contrast-enhanced breast CT 

( 19 ). Morphologic information gained 
from high-spatial-resolution imaging is 
more diagnostically valuable than the 
kinetic information lost by sacrifi cing 
temporal resolution ( 20 ). The spatial 
resolution of breast CT is considerably 
greater than that of breast MR imag-
ing. Typically, in breast MR imaging, 
both breasts are imaged with arrays of 
256–512 pixels, which—for the fi eld of 
view included (about 300–350 mm)—
translates to MR imaging voxel dimen-
sions of between 0.6 and 1.4 mm, with 
section thicknesses varying from 1 to 
4 mm. Voxel dimensions at breast CT 
are about 0.25 mm. Thus, the voxel 
volumes at breast CT are on the order 
of 20–500 times smaller than those at 
breast MR imaging. 

 Dedicated breast CT may, however, 
be able to help assess contrast mate-
rial enhancement kinetics, and a vari-
ety of techniques are being explored 
for this purpose. These include the 
use of dual-energy subtraction images 
acquired with the breast CT system in 
a stationary mode, with high temporal 
resolution and low radiation dose to the 
breast. Alternatively, a continuous slip-
ring CT acquisition scheme in which 
minimal views and real-time iterative 
reconstruction techniques are used may 
yield a low-radiation-dose technique for 
rough enhancement kinetic assessment 
on fully tomographic images. 

 Our study had limitations. The as-
sessment of conspicuity between mo-
dalities was subjective and led to po-
tential bias, since the readers knew 
the types of modalities that were being 
compared. Two of the radiologists in-
volved in subject recruitment evaluated 
the images in sequential order, which 
possibly led to recall bias. Subjects 
were selected for breast CT studies 
on the basis of the results of standard 
breast imaging studies, which might 
have created a conspicuity bias toward 
mammography. There was signifi cant 
interobserver variability in compar-
ing contrast-enhanced breast CT with 
unenhanced breast CT ( P  = .05). This 
variability may have been attributable 
to a difference in observer familiarity 
with breast CT images because one ob-
server (K.K.L.) had substantially more 
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