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 Purpose: To explore the optical and physiologic properties of nor-
mal and lesion-bearing breasts by using a combined optical 
and digital breast tomosynthesis (DBT) imaging system.

 Materials and 
Methods: 

Institutional review board approval and patient informed 
consent were obtained for this HIPAA-compliant study. 
Combined optical and tomosynthesis imaging analysis was 
performed in 189 breasts from 125 subjects (mean age, 
56 years  6  13 [standard deviation]), including 138 breasts 
with negative fi ndings and 51 breasts with lesions. Three-
dimensional (3D) maps of total hemoglobin concentration 
(Hb T ), oxygen saturation (S O  2 ), and tissue reduced scat-
tering coeffi cients were interpreted by using the coregis-
tered DBT images. Paired and unpaired  t  tests were per-
formed between various tissue types to identify signifi cant 
differences.

 Results: The estimated average bulk Hb T  from 138 normal breasts 
was 19.2  m mol/L. The corresponding mean  SO   2   was 0.73, 
within the range of values in the literature. A linear cor-
relation ( R  = 0.57,  P   ,  .0001) was found between Hb T  
and the fi broglandular volume fraction derived from the 
3D DBT scans. Optical reconstructions of normal breasts 
revealed structures corresponding to chest-wall muscle, 
fi broglandular, and adipose tissues in the Hb T ,  SO   2   ,  and 
scattering images. In 26 malignant tumors of 0.6–2.5 cm 
in size, Hb T  was signifi cantly greater than that in the fi -
broglandular tissue of the same breast ( P  = .0062). Solid 
benign lesions ( n  = 17) and cysts ( n  = 8) had signifi cantly 
lower Hb T  contrast than did the malignant lesions ( P  = .025 
and  P  = .0033, respectively).

 Conclusion: The optical and DBT images were structurally consistent. 
The malignant tumors and benign lesions demonstrated 
different Hb T    and scattering contrasts, which can poten-
tially be exploited to reduce the false-positive rate of con-
ventional mammography and unnecessary biopsies.  

 q  RSNA, 2010

Supplemental material:  http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol.10082176/-/DC1 
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cancers and the reduction of the num-
ber of biopsies of benign lesions, com-
pared with stand-alone conventional 
mammography. 

 Our purpose was to explore the op-
tical and physiologic properties of nor-
mal and lesion-bearing breasts by using 
a combined optical and DBT imaging 
system. 

 Materials and Methods 

 The experimental protocols were ap-
proved by the institutional review board 
(Massachusetts General Hospital), and 
written informed consent was obtained 
from all subjects. The study was com-
pliant with Health Insurance Portability 
and Accountability Act guidelines. 

 Imaging Instrumentation 
 A photograph of the combined optical 
and DBT imaging system and probes is 
shown in Figures E1 and E2 (online). 
The detailed confi guration of the imaging 

physiologic parameters, such as the con-
centrations of oxygenated hemoglobin 
(Hb O ), deoxygenated hemoglobin (Hb R ), 
water, and lipids ( 16 ). With DOT, near-
infrared lasers, either radiofrequency-
modulated, continuous-wave or pulsed, 
are used to probe tissue structure non-
invasively ( 13,17 ). The concentrations 
of the tissue chromophores can be sub-
sequently recovered by measuring opti-
cal signals at multiple wavelengths and 
fi tting the optical data with the known 
chromophore absorption spectra ( 13 ). 

 The reconstructed hemoglobin dis-
tributions may tightly correlate to tissue 
status and the presence of disease ( 18 ). 
The percentage of Hb O  in the blood (the 
hemoglobin oxygen saturation [S O  2 ]) is 
an indicator of tissue oxygen metabolism 
( 19 ). However, a key factor that limits 
the widespread use of DOT is its low 
spatial resolution caused by the extreme 
sensitivity to noise ( 20 ) in the image recon-
struction process. Consequently, most 
existing stand-alone optical breast imag-
ing systems can produce only low-spatial-
resolution images, the interpretation of 
which is diffi cult without corresponding 
structural information. 

 Inspired by the success of positron 
emission tomography (PET)/computed 
tomography (CT) ( 21 ), we developed 
a combined optical and x-ray breast 
imaging system for noninvasive acqui-
sition of coregistered functional optical 
and structural x-ray images of the target 
breast. We hypothesized that, by using 
the geometry and the tissue structure 
information from the coregistered x-ray 
images, the optical reconstruction could 
be improved and that the resulting 
functional-structural image overlays may 
increase screening sensitivity and spec-
ifi city by allowing the detection of more 

             A lthough researchers have devoted 
tremendous effort to developing 
alternative breast imaging modali-

ties in recent years ( 1–3 ), conventional 
mammography remains the primary im-
aging tool for early diagnosis of breast 
cancer. The well-established image inter-
pretation, general availability, and good 
image resolution render conventional 
mammography the obvious choice for 
radiologists for breast screening. Newer 
developments in x-ray breast imaging 
techniques, such as digital mammogra-
phy ( 4,5 ) and three-dimensional (3D) 
digital breast tomosynthesis (DBT) ( 6–9 ), 
are becoming mature methods. How-
ever, the high false-positive rate and the 
marginal contrast between tumor and 
dense breast tissue remain major chal-
lenges ( 10 ). Adding alternative imaging 
modalities, particularly modalities pro-
viding functional assessment of tissues, 
to structural x-ray imaging could pro-
vide improvement for cancer diagno-
sis. In particular, functional imaging 
by means of diffuse optical tomography 
(DOT) has shown great promise in this 
respect ( 11–16 ). 

 The primary imaging contrasts in 
DOT are tissue optical absorption and 
scattering, which are related to tissue 

 Implication for Patient Care 

 Dual-modality breast imaging by  n

using coregistered functional opti-
cal and structural x-ray images 
may provide additional differen-
tiation of malignant from benign 
lesions and has the potential to 
help reduce the unnecessary biop-
sies resulting from stand-alone 
conventional mammography. 

 Advances in Knowledge 

 Optical images of malignant  n

tumors of 0.6–2.5 cm were spa-
tially coincident with the tumor 
locations in x-ray images. 

 The total hemoglobin concentra- n

tion contrast between malignant 
tumors and adipose tissue was 
signifi cantly greater than that 
for solid benign lesions ( n  = 17, 
 P  = .025) and cysts ( n  = 8, 
 P  = .0033); the scattering coef-
fi cient contrast of adipose tissue 
for malignant tumors was signifi -
cantly higher than the contrast of 
fi broglandular tissue in normal 
breasts ( n  = 138,  P  = .0083). 

 The oxygen saturation in cysts  n

was signifi cantly lower than that 
in malignant tumors ( P   ,  .0005) 
and solid benign lesions ( P  = .026), 
as well as in fi broglandular tissue 
( P   ,  .0001). 

  Published online before print  
 10.1148/radiol.10082176 
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 Abbreviations: 
 BMI = body mass index 
 DBT = digital breast tomosynthesis 
 DOT = diffuse optical tomography 
 Hb O  = oxygenated hemoglobin 
 Hb R  = deoxygenated hemoglobin 
 Hb T  = total hemoglobin concentration 
  m  s  9  = reduced scattering coeffi cient 
 ROI = region of interest 
  SO   2   = oxygen saturation 
 3D = three-dimensional 

 Author contributions: 
 Guarantor of integrity of entire study, D.A.B.; study 
concepts/study design or data acquisition or data 
analysis/interpretation, all authors; manuscript drafting or 
manuscript revision for important intellectual content, all 
authors; approval of fi nal version of submitted manuscript, 
all authors; literature research, Q.F., S.A.C., D.A.B.; clinical 
studies, Q.F., J.S., S.A.C., G.B., R.H.M., D.B.K., D.A.B.; 
experimental studies, Q.F., S.A.C., R.H.M., D.B.K., D.A.B.; 
statistical analysis, Q.F., D.H.B.; and manuscript editing, 
Q.F., J.S., S.A.C., E.L.M., D.H.B., R.H.M., D.A.B. 

 Funding: 
 This research was supported by the National Institutes 
of Health (grants R01-CA97305, P41-RR14075, and 
U54-CA105480 [NTROI]). 

 D.B.K. has the patent on tomosynthesis of the breast. 



Radiology: Volume 258: Number 1—January 2011 n radiology.rsna.org 91

 BREAST IMAGING:  Combined Optical and X-ray Tomosynthesis Breast Imaging Fang et al

not be identifi ed by the breast imaging 
radiologist (D.B.K.) from the DBT image 
( n  = 8), or  (e)  analysis was incomplete 
( n  = 18). For the 189 included cases, 
there were 64 bilateral measurements, 
including 30 subjects with normal breasts, 
33 patients with unilateral lesions and 
contralateral normal breasts, and one 
patient with bilateral benign lesions. All 
cases of malignant tumors and solid be-
nign lesions were confi rmed by means 
of histologic fi ndings after the biopsy. 
The cases of 26 malignant tumors (size 
range, 0.6–2.5 cm in maximal diam-
eter measured by using mammogra-
phy or ultrasonography [US]; average 
size, 1.5 cm) include 20 of invasive duc-
tal carcinomas, three of invasive lobular 
carcinomas, one of invasive mammary 
carcinoma, one of invasive tubular car-
cinoma, and one of ductal carcinoma in 
situ. For the benign lesions, there were 
eight cysts (size range, 0.6–2.9 cm; aver-
age size, 1.3 cm) and 17 solid benign 
lesions (size range, 0.7–2.5 cm; aver-
age size, 1.3 cm), including 11 fi broad-
enomas, two fi broepithelial lesions, one 
sclerosing papilloma, one case of fi bro-
cystic change, one case of atypical duc-
tal hyperplasia, and one hamartomatous 
lesion. The age ranges for patients with 
normal breasts (ie, both breasts had 
negative fi ndings for cancer), malignant 
tumors, solid benign lesions, and cysts 
were 35–85 years (mean, 58 years  6  
13 [standard deviation]), 35–82 years 
(mean, 60 years  6  14), 36–67 years 
(mean, 45 years  6  8), and 46–73 years 
(mean, 56 years  6  10), respectively. 

 Experimental Protocols 
 The optical source and detector probes 
were attached to the DBT unit. The sub-
ject’s breast was positioned and com-
pressed in the mediolateral oblique ori-
entation by the clinical technologist. The 
optical data acquisition (45 seconds) 
followed. At completion of the optical 
measurement, the optical probes were 
removed from the compression platform 
while the subject’s breast remained com-
pressed. A DBT scan was then obtained 
(data acquisition time, 23 seconds). 

 In all cases, optical measurements 
with a solid phantom were obtained last 
for use in calibration. 

were pregnant, had open wounds or had 
undergone a recent breast biopsy (within 
3 months), or had conditions that may 
have impaired their ability to give in-
formed consent were excluded from this 
study. The age of the participating pa-
tients ranged between 35 and 85 years, 
with a mean age of 56 years and a stan-
dard deviation of 13. The body mass index 
(BMI) of the subjects ranged from 19.1 
to 49.7, with a mean BMI of 27.8 and a 
standard deviation of 5.8. When the sub-
ject agreed, the contralateral breast was 
imaged by using identical procedures. 

 In  Figure 1  , we summarize the study 
population in terms of numbers of sub-
jects and breasts for each patient group. 
From a total of 292 measured breasts 
from 155 subjects, we present the re-
sults from 189 breasts, including 138 
breasts with negative mammographic 
fi ndings, 26 breasts with malignant le-
sions, and 25 breasts with benign le-
sions from a total of 125 subjects. This 
includes subjects from a prior study of 
68 breasts with negative fi ndings from 
49 subjects ( 22 ). The remaining breast 
measurements ( n  = 103) were excluded 
from this analysis owing to  (a)  incom-
plete measurement with either optical 
imaging or DBT ( n  = 67) or  (b)  because 
lesions were located outside the optical 
fi eld of view ( n  = 4),  (c)  with a diameter 
less than 0.6 cm ( n  = 6), and  (d)  could 

system is described in the study of Fang 
et al ( 22 ). The optical source and detec-
tor probes were designed to be easily 
attached and detached from a standard 
mammographic or DBT system. In the 
experiment, the subject’s breast is in di-
rect contact with the transparent source 
cassette and compression paddle. In-
serting and removing the optical probes 
does not alter the compression and po-
sition of the breast. 

 The DBT unit is a clinical proto-
type (DS Gen1.5; GE Healthcare, Mil-
waukee, Wis). It images 15 projections 
within a 45° swing angle. A maximum-
likelihood algorithm ( 8 ) was used to 
synthesize the two-dimensional projec-
tions into volumetric x-ray images, which 
have a voxel size of 0.1 mm in the x- and 
y-axes and 1 mm in the z-axis. The ad-
dition of the optical probe resulted in a 
magnifi cation factor of 1.07, which was 
ignored because of the coarse nature of 
our mesh representation. 

 Subject Recruitment 
 In the trial of the combined optical and 
DBT system, 155 subjects were enrolled 
between April 2006 and June 2009. 
Adult female volunteers of any race or 
ethnic background who were undergo-
ing breast screening or treatment were 
considered eligible for the study. Subjects 
who were younger than 35 years old, 

 Figure 1 

  
  Figure 1:  Summary of the study population in terms of numbers of subjects and breasts (br.). The num-
bers along the connecting lines represent numbers of breasts from each patient group.   
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nant tumors, a single-tailed paired  t  test 
(the tail is determined by the signs of 
the mean differences) was performed 
between the normalized values of the 
tumor and the corresponding fi broglan-
dular tissues to identify the signifi cant 
difference for resolving the optical con-
trast owing to malignancy. We also per-
formed two-sample  t  tests between the 
138 normal breasts and breasts with 
malignancies. Similar tests were also per-
formed between any two groups of le-
sions, from the 17 cases of solid benign 
lesions, eight cases of cysts, and the 26 
cases of malignant tumors. All calculations 
were performed with software (Matlab, 
version 7.4; MathWorks, Natick, Mass). 

 Results 

 Breast Bulk Properties 
 The means and standard deviations of 
the estimated bulk Hb O , Hb R , S O  2 , scat-
tering power  b , and the reduced scat-
tering coeffi cients ( m  s  9 ) at 830 nm for 
138 normal breasts are summarized in 
 Table 1  . 

 Correlations with Age and BMI 
 A weak correlation ( R  =  2 0.29,  P  = .0006) 
between age and Hb T  was found in the 
normal breasts, where Hb T  presents 
higher values for younger women. Similar 
fi ndings were seen between age and  m  s  9  
( R  =  2 0.27,  P  = .001), as well as between 
BMI and Hb T  ( R  =  2 0.38,  P   ,  .0001). 

 Image Analysis 
 Building on the estimated bulk prop-
erties as homogeneous initial guesses, 
we used the combined radiofrequency 
and continuous-wave measurements to 
reconstruct tomographic distributions 
of Hb O , Hb R , scattering amplitude, and 
scattering power. A region-of-interest 
(ROI) analysis was performed in all 
cases of normal breasts and of tumors. 
To create ROIs for all lesions, a breast 
imaging radiologist (D.B.K., with 30 years 
of experience), fi rst identifi ed the loca-
tion and span of the lesion from the 
DBT image on the basis of the screen-
ing and/or diagnostic mammographic or 
US fi ndings. The ROIs for normal tissue 
(fi broglandular tissue, adipose tissue, 
and muscle) were then drawn on the 
same image section on which the lesion 
was located, excluding the lesion regions, 
by an engineer and data analyst (Q.F.) 
who was assisted by the breast imag-
ing radiologist and was visually guided 
by the segmentation generated from 
the image analysis software ( 30 ). For 
normal breasts, we selected the image 
section where the fi broglandular tissue 
had the largest cross section. All ROIs 
were within the optical sensitivity pro-
fi le. To reduce the infl uence from inter-
subject variations, such as breast size, 
density, and age, we normalized the op-
tical properties of the fi broglandular tis-
sue, muscle, and lesion regions by using 
those of the adipose tissue, and used 
the normalized values to perform the 
statistical analysis. 

 Statistical Analysis 
 For the measurements in the normal 
breast, we calculated the Pearson prod-
uct moment correlations between the 
optical parameters (total hemoglobin 
concentration [Hb T ] and S O  2 ) and pa-
tient age and BMI. The correlations 
between bilateral breast measurements 
were also studied to assess the consis-
tency of the measurements. Cases of 
uncorrelated bilateral measurements 
were investigated to identify the causes. 
For simplicity, we ignored the only sub-
ject with bilateral solid benign lesions 
and used the Student  t  test to assess 
the signifi cant differences between le-
sion groups. For the cases of 26 malig-

 Data Preprocessing and Image 
Reconstruction 
 Processing of the DOT and DBT measure-
ments involved the reconstruction of the 
3D DBT images ( 8 ), spatial registration 
between the DBT images and the optical 
probes, raw optical data calibration, and 
3D breast mesh generation from the DBT 
images (23). More details are included in 
the study by Fang et al ( 22 ). 

 We implemented a spectrally con-
strained reconstruction approach ( 24,25 ) 
to recover the hemoglobin concentrations 
and tissue scattering images directly from 
multiwavelength measurement ( 26,27 ). 
Derivations of the multispectral recon-
struction formulation with simultaneous 
coupling coeffi cient estimation are given 
in Appendix E1 (online). 

 Bulk Property Analysis 
 We reconstructed the bulk  properties by 
using both radiofrequency and continu-
ous-wave measurements at two wave-
lengths: 685 and 830 nm. Because the 
measurement wavelengths do not cover 
the absorption peaks for water and 
lipid, we assumed that water and lipid 
had known volume fractions of 23% and 
58%, respectively, on the basis of values 
in the literature ( 14 ). The reconstruc-
tion results are not sensitive to these as-
sumed water and lipid concentrations, 
on the basis of fi ndings in our prior 
study ( 22 ). The recovered bulk optical 
properties were compared with the val-
ues in the literature ( 28,29 ) to assess 
the performance of the system. 

 We derived a new metric, 3D fi bro-
glandular volume fraction, to quantita-
tively measure the density of the breast. 
The fi broglandular volume fraction, de-
noted as  F  g , is the ratio between the 
3D fi broglandular volume  V  g  and the 
imaged breast volume  V  b , as shown in 
the following equation: 

   
g g b/F V V  ,  

 where  V  g  is estimated from 3D segmen-
tations of the fi broglandular regions by 
using image analysis software (Insight-
SNAP; Penn Image Computing and Science 
Lab, University of Pennsylvania, Phila-
delphia, Pa; CS Department, University 
of North Carolina, Chapel Hill, NC) ( 30 ). 

 Table 1 

 Bulk Optical Properties from 138 
Normal Breasts 

Bulk Properties Mean  6  SD * 

Hb O  ( m mol/L) 14.1  6  5.1

Hb R  ( m mol/L) 5.1  6  2.1
Hb T  ( m mol/L) 19.2  6  6.5
S O  2 0.73  6  0.06
Scattering power  b 0.91  6  0.01
 m  s  9  at 830 nm (cm  2 1 ) 7.1  6  1.6

Note.—The values in the literature for the bulk Hb T  in 
uncompressed breasts range from 17  m mol/L (28) to 
40  m mol/L (29); those for S O  2  are between 0.68 (14,28) 
and 0.84 (29); in the literature,  m  s  9  at 830 nm has a 
mean value of 8.3 cm  2 1   6  2.0 (14).

* SD = standard deviation.
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literature ( 18 ), despite the overall de-
crease caused by compression. 

 In malignant tumors, a distinct posi-
tive optical contrast region bound by the 
x-ray contour of the tumor was found in 
the Hb T  image and the  m  s  9  image ( Fig 5  ). 
In the S O  2  image, the tumor region ex-
hibited the lowest S O  2  value. 

 In a fi broadenoma ( Fig 6  ), no contrast 
between the lesions and the surrounding 
fi broglandular tissue was observed. Addi-
tional examples of malignant and benign 
lesions are in Figures E3–E7 (online). 

 Optical Contrast of Malignant and 
Benign Lesions 
 The mean and standard deviation of the 
absolute and normalized optical prop-
erties of each tissue type are summa-
rized in  Table 2  . Signifi cant differences in 
terms of  P  values between various tissue 
groups are summarized in  Table 3  . Two-
sample  t  tests for lesion sizes showed 
no signifi cant difference between malig-
nant and solid benign lesions ( P  = .31), 
malignant tumors, and cysts ( P  = .54) 
and between cysts and solid benign le-
sions ( P  = .94). Similar tests for patient 
ages between different groups showed 
signifi cant differences between patients 
with malignant tumors and those with 
solid benign lesions ( P   ,  .0005) and be-
tween patients with solid benign lesions 
and those with cysts ( P  = .016), but not 
between patients with malignant tumors 
and those with cysts ( P  = .37). 

and Hb T , (ie, a higher fi broglandular 
volume fraction was associated with a 
higher Hb T  value) ( Fig 3a  ). A weak de-
creasing trend between S O  2  and  F  g  was 
also found in  Figure 3b  ( R  =  2 0.25, 
 P  = .003). 

 Representative Breast Image 
Reconstruction Results 
 The muscle of the chest wall in the normal 
breast presents the highest Hb T  values 
( Fig 4  ); the fi broglandular tissue shows 
a slightly lower Hb T  value than does the 
muscle region, but it is approximately 
40% greater than the Hb T  of the back-
ground fatty tissue for this case. The 
higher Hb T  and scattering values of the 
muscle and fi broglandular tissue are 
also consistent with those found in the 

 Correlations between Bilateral Breasts 
 Comparisons of optical and physiologic 
properties for the 30 bilateral measure-
ments obtained from subjects with neg-
ative fi ndings are shown in scatterplots 
of the bulk Hb T , S O  2 , and  m  s  9  values 
at 830 nm in  Figure 2  . Strong  correlations 
were observed between bilateral Hb T  
( R  = 0.96,  P   ,  .0001), S O  2  ( R  = 0.84, 
 P   ,  .0001), and  m  s  9  ( R  = 0.89,  P   ,  
.0001) values. The leftmost outlier in the 
S O  2  images is a result of low signal level for 
the 685-nm laser, whereas the other two 
were likely caused by poor optical cover-
age caused by the size of the breasts. 

 Correlations to Breast Density 
 A moderate correlation ( R  = 0.57, 
 P   ,  .0001) was observed between  F  g  

 Figure 2 

  
  Figure 2:  Graphs show bulk physiologic properties from 30 bilateral breast measurements of  (a)  Hb 

T
  (in micromoles per liter),  (b)  S O  

2
 , and  (c)   m  

s
  9  at 830 nm (cm  2 1 ).   

 Figure 3 

  
  Figure 3:  Graphs show correlation between the breast fi broglandular volume fraction  F  

g
  and  (a)  Hb 

T
  and  (b)  S O  

2
 .   
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 Because DBT is not a full 3D imag-
ing method and DBT images generally 
present anisotropic resolution and certain 
image artifacts ( 8 ), the fi broglandular 
volume fraction,  F  g , may not be anatom-
ically accurate for measuring breast den-
sity. None theless, our  F  g  estimate does 
show suffi cient correlation with optical 

( 29 ) for noncompressed breasts. The mean 
Hb T  value for the current study was 19.2 
 m mol/L, which is at the lower end of the 
reported values. The low Hb T  values likely 
resulted from the greater mammographic 
compression (about 13 kPa) applied 
during our experiment ( 22,31 ), with re-
spect to other published studies ( 14 ). 

 Discussion 

 Our results from the bulk optical prop-
erties are generally consistent with data 
in the literature. We found an increasing 
trend for the Hb T  values, with increases 
in the volume fraction of fi broglandular 
tissue. In the literature, values for Hb T  
range from 17  m mol/L ( 28 ) to 40  m mol/L 

 Figure 4 

  
  Figure 4:  Reconstructed image sections for the right breast in 37-year-old woman.  (a)  DBT image and  (b)  Hb 

T
  (micromoles per liter),  (c)  S O  

2
 , and  (d)   m  

s
  9  (cm  2 1 ) 

images at 830 nm. The dashed line in  a  denotes the boundary of the chest-wall muscle region. The boundary of the fi broglandular tissue is marked by thin solid 
lines on  b–d .   

 Figure 5 

  
  Figure 5:  Reconstructed image sections for the right breast in 45-year-old woman.  (a)  DBT image and  (b)  Hb 

T
  (micromoles per liter),  (c)  S O  

2
 , and  (d)   m  

s
  9  (cm  2 1 ) 

images at 830 nm. The breast contains a 2.5-cm invasive ductal carcinoma (arrow on  a , line with arrow on  b-d ).   
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the proposed method. Cases with false-
positive results can occur if optical im-
ages are used by the readers for lesion 
detection, and cases with false-negative 
results can occur if a malignant lesion is 
small and yields Hb T  values in the nor-
mal fi broglandular tissue ranges. More 
rigorous clinical evaluations,  including 
studies with blinded readers, will be 
needed. An advanced algorithm by us-
ing spatial priors from x-ray  images 
and a high-spatial- and high-temporal-
resolution second-generation imaging 
system are currently under development 
to overcome these limitations. The im-
proved spatial  resolution in the newer 
system may help to enhance the contrast 
of the lesions and make it possible to 
image small lesions that the current 
system is not able to depict. Further 
work to optimally fuse the structural and 
functional information from both modali-
ties will enable us to test whether im-
provements in sensitivity and specifi c ity 
result from the fusion compared with 
conventional structural imaging alone. 

 To summarize, we tested our com-
bined x-ray and DOT breast imaging 
system in a clinical setting with both 
normal and lesion-bearing breasts. We 
were able to recover diagnostic, relevant 
physiologic images, interpret the results 
with coregistered functional and struc-
tural image overlays, and demonstrate 
a signifi cant difference in Hb T  among 
malignant tumors, solid benign lesions, 
and cysts and signifi cant differences in 
S O  2  between solid benign lesions and 
cysts. The identifi ed functional contrast 
of malignant tumors from the additional 
optical measurement has the potential of 
enhancing breast cancer diagnosis and 
deserves further exploration. 

 Analogous to PET/CT ( 21 ), this 
system demonstrated an incremental 
information-fusion approach that could 
lead to a lower barrier for acceptance 
by radiologists and help provide better 
patient care. By presenting the spatially 
coregistered x-ray and optical images, a 
radiologist is able to map the suspicious 
fi ndings from the mammogram to the 
corresponding optical images and seek 
confi rmation by using the functional 
characteristics. The demonstrated discrim-
ination of malignant and benign lesions 

normalized  m  s  9  is less susceptible to in-
tergroup variations. In our future stud-
ies, we will perform multivariate analy-
sis and use multiple optical parameters 
to improve accuracy. 

 Cysts and solid benign lesions can 
be differentiated by using the S O  2  values 
( P  = .026), but not by using the values 
for Hb T  ( P  = .11) or  m  s  9  ( P  = .24). In fact, 
the S O  2  in the cysts is signifi cantly lower 
than it is in all other tissue types. The 
average tumor–adipose tissue contrast 
ratio in Hb T  images is 1.4. Solid benign 
lesions show a lower Hb T  than does the 
fi broglandular tissue ( P  = .017), as do 
cysts ( P  = .0012). 

 The major limitations of the study 
include the following:  (a)  the number of 
malignant tumors and benign lesions is 
limited,  (b)  the structural information 
from the DBT image has not yet been 
fully exploited in the optical reconstruc-
tion, and  (c)  we traded increased tem-
poral resolution of the optical system for 
reduced spatial resolution. The high per-
centage of exclusions in the lesion group 
resulted from issues in the automation of 
the optical system control software that 
were subsequently resolved. Given the 
limited number of lesions involved in this 
study, the results reported here are rather 
preliminary and merely serve as an early 
indication of the  diagnostic potential of 

reconstructions to suggest that it is physi-
ologically meaningful and is more quanti-
tative than the traditional category-based 
 density ratings ( 32 ). The correlations be-
tween the bilateral breast bulk proper-
ties further indicate that our method can 
be used to identify the expected similar-
ity, given the independent acquisition and 
processing of the bilateral measurements. 

 The estimated physiologic properties 
of the normal breast tissue, particularly the 
normalized values, are consistent across 
all cases. The optical contrasts between 
the normal and cancerous tis sue gener-
ally agree with published fi ndings derived 
from a different imaging system ( 33 ). 

 We found that the normalized Hb T  
can be used to differentiate cancerous 
tumors from solid benign lesions ( P  = 
.025), cysts ( P  = .0033), and fi broglandu-
lar tissue of the same breast ( P  = .0062) 
in a paired test but not in the normal 
breasts ( P  = .25) in an unpaired test. 
This result is likely caused by large Hb T  
intersubject variations in the general 
population and may potentially lead to 
increased false-positive results if diag-
nosis is based solely on Hb T  contrast. 
However, for normalized  m  s  9 , the differ-
ence for the malignant tumor and fi bro-
glandular tissue in the normal breasts is 
signifi cant ( P  = .0083), indicating that, 
for the limited number of study cases, 

 Figure 6 

  
  Figure 6:  Reconstructed  (a)  DBT and  (b)  Hb 

T
  images of a 16-mm fi broad-

enoma (arrow on  a  and arrow with circle on  b ) in right breast in 39-year-old 
woman. Dashed line on  a  and solid line on  b  denote the muscle boundary, and 
dashed line on  b  denotes the maximum extent of the optical fi eld of view.   
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coregistered tomosynthesis images for 
modeling breast geometry and interpret-
ing the optical reconstruction results. We 
will expand our efforts in using tissue 
segments and  incorporating this informa-
tion as spatial priors ( 34–36 ) to constrain 
the image and bulk  property reconstruc-
tions. We expect that a more accurate 
representation of the breast functional 
map can be achieved by using these 
additional constraints. Further more, 
high-spatiotemporal-resolution optical 
images can be obtained with hardware 
advancements. 
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 m  s  9  at 830 nm
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