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Purpose: To investigate ultrasonography (US)-guided diffuse optical tomography to 
distinguish the functional differences of hemoglobin concentrations in a 
wide range of malignant and benign breast lesions and to improve breast 
cancer diagnosis in conjunction with conventional US.

Materials and 
Methods:

The study protocol was approved by the institutional review boards and 
was HIPAA compliant. Written informed consent was obtained from all pa-
tients. Patients (288 women; mean age, 50 years; range, 17–94 years) who 
underwent US-guided biopsy were imaged with a handheld US and optical  
probe. The US-imaged lesion was used to guide reconstruction of light ab-
sorption maps at four wavelengths, and total hemoglobin (tHb), oxygenated 
hemoglobin (oxyHb), and deoxygenated hemoglobin (deoxyHb) were com-
puted from the absorption maps. A threshold (80 mmol/L) was chosen on 
the basis of this study population. Two radiologists retrospectively evaluated 
US images on the basis of the US Breast Imaging Reporting and Data System 
lexicon, and a lesion was considered malignant when a score of 4C or 5 
was given or a lesion had tHb greater than 80 mmol/L. A two-sample t test 
was used to calculate significance between groups, and Spearman r was 
computed between hemoglobin parameters and tumor pathologic grades.

Results: Three tumors were Tis, 37 were T1, 19 were T2–T4 carcinomas, and 233 
were benign lesions. The mean maximum tHb, oxyHb, and deoxyHb of Tis–
T1 and T2–T4 groups were 89.3 mmol/L 6 20.2 (standard deviation), 65.0 
mmol/L 6 20.8, and 33.5 mmol/L 6 11.3, respectively, and 84.7 mmol/L 6 
32.8, 57.1 mmol/L 6 19.8, and 34.7 mmol/L 6 18.9, respectively. The cor-
responding values of benign lesions were 54.1 mmol/L 6 23.5, 38.0 mmol/L 
6 17.4, and 25.2 mmol/L 6 13.8, respectively. The mean maximum tHb, 
oxyHb, and deoxyHb were significantly higher in the malignant groups than 
the benign group (P ,.001, ,.001, and .041, respectively). For malignant 
lesions, the mean maximum tHb moderately correlated with tumor his-
tologic grade and nuclear grade (r = 0.283 and 0.315, respectively). The 
mean maximum oxyHb moderately correlated with tumor nuclear grade (r 
= 0.267). When radiologists’ US diagnosis and the tHb were used together, 
the sensitivity, specificity, positive predictive value, and negative predictive 
value were 96.6%–100%, 77.3%–83.3%, 52.7%–59.4%, and 99.0%–100%, 
respectively, for the combined malignant group.

Conclusion: The tHb and oxyHb correlate with breast cancer pathologic grade and 
can be used as an adjunct to US to improve sensitivity and negative pre-
dictive value in breast cancer diagnosis.

q RSNA, 2016
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total hemoglobin content, which is di-
rectly related to tumor angiogenesis, a 
key factor required for tumor growth 
and metastases. To robustly explore 
additional lesion contrast enhancement 
of oxygenated hemoglobin (oxyHb) and 
deoxygenated hemoglobin (deoxyHb) 
concentrations that are related to le-
sion proliferation and metabolism, we 
modified the diffuse optical tomography 
system by adding two more wavelengths 
of 740 nm and 808 nm. The purpose 
of this study was to investigate US-
guided diffuse optical tomography to 
distinguish the functional differences 
of hemoglobin concentrations in a wide 
range of malignant and benign breast 
lesions and to improve breast cancer 
diagnosis in conjunction with conven-
tional US.

Materials and Methods

Patients
The study was performed at the Radi-
ology Department of the University of 
Connecticut Health and the Radiology 
Department of Hartford Hospital from 
October 2008 to November 2011. The 
study protocol was approved by the 
institutional review boards of both 
hospitals and was Health Insurance 

to conventional imaging modalities to 
further rule out malignancy and reduce 
unnecessary biopsies.

Diffuse optical tomography and 
spectroscopy have been explored for di-
agnosis of breast cancers and to predict 
and monitor neoadjuvant chemother-
apy responses of advanced breast can-
cers (8–25). The use of diffuse optical 
tomography or diffuse optical spectros-
copy alone to help diagnose breast can-
cer was reported in many studies that 
use different systems and optical wave-
lengths in the near-infrared spectrum 
(8–15). However, because of intensive 
light scattering in tissue, lesion locali-
zation and light quantification accuracy 
may not be fully demonstrated (13,14). 
New approaches taken by researchers 
in the field include ultrasonography 
(US)-guided diffuse optical tomography 
(16–20), magnetic resonance (MR) im-
aging–guided diffuse optical tomography 
or diffuse optical spectroscopy (21–23), 
and radiography-guided diffuse optical 
tomography (24,25). These approaches 
use a conventional imaging modality to 
guide the diffuse optical tomography or 
diffuse optical spectroscopy for lesion 
localization and image reconstruction 
to improve the light quantification ac-
curacy for more accurate diagnosis of 
malignant versus benign breast lesions. 
The additional advantage is the dual-
modality characterization of the lesion, 
which in general provides complemen-
tary information to improve breast can-
cer diagnosis.

US-guided diffuse optical tomogra-
phy demonstrated its potential role by 
helping to differentiate malignant and 
benign lesions (16,17,20). The data 
were obtained from two optical wave-
lengths (780 and 830 nm) and the con-
trast enhancement was on the basis of 
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Advances in Knowledge

 n The maximum total hemoglobin 
(tHb) concentration of malignant 
lesions moderately correlates 
with tumor histologic grade and 
nuclear grade (r = 0.283 and r = 
0.315); the maximum oxygenated 
hemoglobin concentration mod-
erately correlates with tumor 
nuclear grade (r = 0.267).

 n The deoxygenated hemoglobin 
concentration of malignant le-
sions is significantly higher com-
pared with fibroadenoma (P  
.022), complex cyst (P  .046), 
breast tissue, and other benign 
tissue and lymph nodes (P  
.023).

 n With our own population to set a 
threshold for comparison, when 
tHb concentration is used in con-
junction with conventional US 
features, sensitivity of 96.6%–
100%, specificity of 77.3%–
83.3%, positive predictive value 
of 52.7%–59.4%, and negative 
predictive value of 99.0%–100% 
was achieved in a wide spectrum 
of malignant and benign breast 
lesions.

Implication for Patient Care

 n The near-infrared technique with 
US localization of breast tumors 
could potentially be used to 
improve the current practice for 
diagnosis of malignant and 
benign breast lesions and there-
fore reduce unnecessary benign 
biopsies.

Breast cancer is a heterogeneous 
disease with different histologic 
subtypes that are composed of 

different grades, growth rates, and 
metabolic activity that result in a wide 
range of functional differences (1). Ad-
ditionally, benign breast disease encom-
passes a heterogeneous group of lesions 
that range in vascular content, prolif-
erative indexes, and metabolic activity 
that may be associated with future risk 
of breast cancer (2). Although charac-
teristics of malignant and benign breast 
lesions by conventional imaging tech-
niques are established (3–6), the over-
lapping appearances of malignant and 
benign lesions result in approximately 
1 000 000 image-guided breast biopsies 
per year in the United States, and the 
majority of the lesions yield benign re-
sults (7). An optical tomography system 
that detects subtle functional differ-
ences in the breast lesions could add 
valuable complementary information 
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lesion location were used to compute 
the mean maximum and mean average 
tHb, oxyHb, and deoxyHb values, which 
were used to characterize each lesion 
and are referred as maximum and av-
erage tHb, oxyHb, and deoxyHb in the 
rest of the article. One author (Q.Z.) 
performed the optical imaging analysis 
and two authors (B.T. and Y.X.) assist-
ed with the data analysis.

Because these quantitative mea-
surements do not account for hemo-
globin pattern distribution differences 
because they are observed in large ma-
lignant lesions, we used three qualita-
tive features previously described (17) 
to evaluate the large cancer hemoglobin 
distribution as heterogeneous periph-
eral enhancement, posterior shadow, 
and uniform patterns.

Pathologic Assessment
One of two breast pathologists (A.R., 
with 32 years of experience, and P.H., 
with 15 years of experience) retrospec-
tively reviewed all of the pathologic 
reports for primary tumor size (gross 
and/or microscopic measurements), 
tumor histologic type, and tumor his-
tologic grade (according to the Elston-
Ellis modification of the Scarff-Bloom-
Richardson system, also known as the 
Nottingham system) for cases from 
their corresponding hospital. Four pa-
tients who had initial core biopsy re-
sults but did not undergo surgery at 
either participating hospital had tumor 
size assessments of 0.6–1.3 cm by us-
ing US imaging and were grouped in 
the Tis–T1 group. For patients who un-
derwent neoadjuvant chemotherapy (n 
= 8), the initial diagnostic core biopsy 
reports and the pretreatment clinical 
staging on the basis of imaging results 
were used to obtain tumor informa-
tion. These patients were grouped in 
the T2–T4 group. Estrogen receptor, 
progesterone receptor, and human 
epidermal growth factor receptor 2/
Neu (cerbB-2) immunohistochemis-
try was performed on formalin-fixed, 
paraffin-embedded core biopsy tissue 
by using both modified San Antonio 
and American Society of Clinical On-
cology–College of American Physicians 
scoring guidelines (28,29).

referred for core biopsy were evalu-
ated by attending radiologists from the 
participating hospitals. Two prototype 
near-infrared systems with identical 
designs were used. Authors (Q.Z., with 
16 years of experience, and B.T. and 
Y.X., each with 4–5 years of experience 
with technology development and clin-
ical study) performed simultaneous US 
and near-infrared measurements. The 
probe consisted of a commercial US 
transducer located in the middle of the 
probe, and optical source and detec-
tor fibers distributed at the periphery 
(16,17). Details can be found in the Ap-
pendix E1 (online).

US Image Grading
For each lesion, a sequence of US im-
ages obtained before biopsy was retro-
spectively reviewed by two radiologists 
(M.K., with 15 years of experience, 
and A.M., with 4 years of experience), 
who were blinded to patient diagnosis 
and optical imaging results. The lesions 
were graded by using Breast Imaging 
Reporting and Data System (BI-RADS) 
lexicon for US (4). Details are given 
in the Appendix E1 (online). A binary 
decision of low and moderate suspicion 
(stages 4A and 4B) and high suspicion 
(stages 4C and 5) was used to com-
pute sensitivity, specificity, and positive 
and negative predictive values for each 
reader. Note that all lesions included in 
the study were biopsied and the sub-
categories were retrospectively estab-
lished to estimate the level of suspicion 
of each lesion.

Near-Infrared Imaging
Details of the US-guided optical-im-
aging reconstruction algorithm were 
described elsewhere (26,27) (Ap-
pendix E1 [online]). Optical absorp-
tion distribution at each wavelength 
was reconstructed and total hemo-
globin (tHb), oxyHb, and deoxyHb 
distributions were computed from ab-
sorption maps of the four wavelengths. 
The maximum and average tHb, oxyHb, 
and deoxyHb concentrations were mea-
sured and the average was computed 
within the volumetric zone exceeding 
50% of the maximum value. Five to 10 
quality near-infrared images at each 

Portability and Accountability Act–com-
pliant. Written informed consent was 
obtained from all patients. Patients 
were initially referred for biopsy after 
a diagnostic work-up in which the sus-
picious lesion was thought to be most 
appropriately biopsied under US guid-
ance. Patients whose biopsy schedules 
fit with the available schedules for US 
or near-infrared measurements were 
contacted, and those who consented 
to the study were enrolled. Of the 315 
women enrolled in the study, 15 were 
excluded from analysis and 12 individ-
uals with no US-identifiable lesions at 
the time of US-guided diffuse optical 
tomography study were used as control 
cases. Of the 15 patients excluded, six 
had small dense breasts with the chest 
wall about 1 cm deep from the skin 
surface. The poor probe-tissue contact 
and the chest wall caused substantial 
image artifacts. Two patients had skin 
lesions. Three patients had one breast 
each or additional lesions on the con-
tralateral side, and reference data from 
the contralateral breast were therefore 
not available. Four patients did not have 
biopsy results, and 6-month follow-up 
was recommended. For the 12 patients 
used as control patients, data were 
acquired at a different quadrant away 
from the questionable areas. The final 
patient group with US-visible lesions 
consisted of 288 patients with 297 le-
sions (mean age, 50 years; range, 17–94 
years). Nine patients had two lesions: 
four patients had two different types of 
lesions as discussed in the Pathologic 
Assessment, and these lesions were 
considered to be independent lesions; 
five patients had same type of lesions, 
and one lesion of higher hemoglobin 
level per patient was used for analysis. 
Therefore, the results of 288 patients 
with 292 lesions were analyzed.

US and Near-Infrared Data Acquisition
US examinations were performed with 
a linear transducer (L12 Phillips IU22; 
Philips Medical Systems, Bothell, Wash)  
at University of Connecticut Health and 
a linear transducer (ML6–15 GE Logiq/
E9; GE Healthcare, Milwaukee, Wis) 
at Hartford Hospital. Patients with le-
sions who underwent US and were 



390 radiology.rsna.org n Radiology: Volume 280: Number 2—August 2016

BREAST IMAGING: Malignant and Benign Breast Lesions and Diagnostic Accuracy Improvement  Zhu et al

and other benign breast tissue including  
one lipoma (Appendix E1 [online]).

After US-guided diffuse optical to-
mography data analysis, the hematoxy-
lin and eosin–stained slides of malignant 
cases with tHb levels below the thresh-
old and benign cases with tHb levels 
above the threshold were retrospectively 
reviewed by one pathologist (A.R.).

Statistical Analysis
A threshold of 80 mmol/L was used to 
compute sensitivity, specificity, positive 
predictive value, and negative predic-
tive value from maximum tHb con-
centration. A two-sample t test was 
used to calculate significance between 
groups and 95% confidence intervals. 
A P value of .05 was used to indicate 
statistical significance. Spearman rank 
correlation coefficient or Spearman r 
was computed between maximum tHb, 
oxyHb, and deoxyHb concentrations 
and tumor nuclear and tumor histologic 
grade. Software (Minitab 17; Minitab, 
State College, Pa) was used for statisti-
cal calculations.

For combined diagnosis of tHb and 
radiologist impression, positive diagno-
sis was considered as either tHb con-
centration greater than or equal to 80 
mmol/L or radiologist’s score of stage 
4C or 5.

(nonproliferative), fibroadenoma, fat ne-
crosis and/or other inflammatory or reac-
tive changes, complex cyst, lymph node, 

The two pathologists also classified 
benign lesions into the following groups: 
proliferative lesions, fibrocystic changes 

Figure 1

Figure 1: Box-and-whisker plot of maximum tHb, oxyHb, and deoxyHb of Tis–T1, T2-T2, benign lesions, and control cases. tHb, oxyHb, and deoxyHb levels of 
Tis–T1 group are significantly higher than in benign lesions and the differences were 35.1 mmol/L (95% confidence interval: 28.1, 42.2 mmol/L), 27.1 mmol/L (95% 
confidence interval: 20.1, 34.1mmol/L), and 8.5 mmol/L (95% confidence interval: 4.59, 12.50 mmol/L), respectively.

Table 1

Spearman r between Maximum and Average Hemoglobin Parameters and Tumor 
Histologic Grade and Nuclear Grade of Tis–T1 and T2–T4 Tumors

Parameter oxyHb deoxyHb
Histologic  
Grade (n = 56)

Nuclear  
Grade (n = 59)*

tHb
 Maximum
  r value 0.846 0.395 0.283 0.315
  P value ,.001 .002 .034 .015
 Average
  r value 0.833 0.448 0.266, 0.301
  P value ,.001 ,.001 .048 .021
oxyHb   
 Maximum
  r value 0.061 0.174 0.267
  P value  .647 .198 .041
 Average
  r value 0.097 0.158 0.258
  P value .464 .245 .048
deoxyHb
 Maximum
  r value 0.193 20.054
  P value .154 .686
 Average
  r value 0.209 20.020
  P value .123 .879

* Nuclear grade of ductal carcinoma in situ was included in the Spearman r calculation.
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Figure 2

Figure 2: Box-and-whisker plots of reconstructed maximum tHb, oxyHb, and deoxyHb in micromoles per liter in nine patient groups. P values from the two-sample t 
test are given between groups. FN = fat necrosis, Inf = inflammatory.
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sensitivity, specificity, and positive and 
negative predictive values for Tis–T1 
group were 84.6%, 90.0%, 57.9%, and 
97.3%, respectively; the correspond-
ing values for combined malignant 
group were 72.9%, 90.0%, 64.2%, 
and 93.1%, respectively. On the basis 
of the BI-RADS scores of the two radi-
ologists, the sensitivity, specificity, and 
positive and negative predictive values 
for combined malignant group were 
78.0%–81.4%, 83.7%–90.1%, 55.8%–
66.7%, and 94.2–94.7%, respectively. 
When radiologists’ diagnosis on the 
basis of US images was used together 
with tHb levels, the sensitivity of the 
combined malignant group improved 
to 96.6%–100%, while specificity 
slightly reduced to 77.3%–83.3%. The 
positive predictive value decreased to 
52.7%–59.4% and negative predictive 
value improved to 99.0%–100% (Table 
2). The tHb improved the radiologists’ 
diagnosis mainly on indeterminate BI-
RADS stage 4B breast lesions (Appen-
dix E1 [online]).

Typical examples of a benign lesion 
and Tis–T1 and T2–T4 malignant le-
sions are provided in Figures 3 and 4 
and Figures E1 and E2 (online).

the malignant groups. The breast tis-
sue and other benign group showed 
the lowest mean values compared with 
the malignant groups and other benign 
groups.

By comparing oxyHb, there were 
significant differences between Tis–T1 
group and seven benign groups and 
between the T2–T4 group and six be-
nign groups except lymph node (Fig 
2b; Table E3 [online]). By comparing 
deoxyHb, there were significant differ-
ences between the Tis–T1 group and 
five benign groups except proliferative 
and fat necrosis and/or inflammatory 
change category. The results of the 
T2–T4 group were significant com-
pared with fibroadenoma, complex 
cyst, breast tissue, and other benign 
lymph nodes (Fig 2c; Table E3 [on-
line]). No significant difference was 
found between this malignant group 
and proliferative, fat necrosis, and/or 
inflammatory change and fibrocystic 
change categories.

For both readers, the sensitivity 
was lower for the Tis–T1 group than 
for the combined malignant group 
(Table 2). For maximum tHb level, by 
using the threshold of 80 mmol/L, the 

Results

The lesions evaluated are characterized 
in Tables E1 and E2 (online). The Spear-
man r between the measured maximum 
and average tHb of malignant lesions 
showed significant correlation with the 
tumor nuclear grade (r = 0.315, P = 
.015; and r = 0.301, P = .021, respec-
tively) and tumor histologic grade (r = 
0.283, P = .034; and r = 0.266, P = 
.048, respectively) (Table 1), whereas 
maximum and average oxyHb showed 
significant correlation with the tumor 
nuclear grade (r = 0.267, P = .041; and 
r = 0.258, P = .048, respectively).

The mean maximum tHb, oxyHb, 
and deoxyHb of Tis–T1 group was 89.3 
mmol/L 6 20.2 (standard deviation), 
65.0 mmol/L 6 20.8, and 33.5 mmol/L 
6 11.3, respectively; and for the T2–T4 
group they were 84.7 mmol/L 6 32.8, 
57.1 mmol/L 6 19.8, and 34.7 mmol/L 
6 18.9, respectively. The correspond-
ing values of benign lesions were 54.1 
mmol/L 6 23.6, 38.0 mmol/L 6 17.4, 
and 25.2 mmol/L 6 13.8, and in the 
control group the values were 40.2 
mmol/L 6 12.6, 31.3 mmol/L 6 11.1, 
and 20.0 mmol/L 6 12.6, respectively. 
The mean maximum tHb, oxyHb, and 
deoxyHb were significantly higher in the 
malignant groups than the benign group 
(P , .001, ,.001, and ,.041, respec-
tively) and the control group (P , .001, 
,.001, and ,.015, respectively) (Fig 1;  
Table E2 [online]). The maximum tHb 
of the benign group was also signifi-
cantly higher than that of the control 
group (P = .003); however, no signif-
icance was found between the two 
groups on oxyHb and deoxyHb.

Maximum tHb levels of Tis–T1 ver-
sus seven benign categories were signif-
icantly different, but results of T2–T4 
versus six benign groups showed the 
significance with the lymph node group 
approached significance (P = .054)  
(Fig 2a; Table E3 [online]). Among the 
benign groups, proliferative lesions, fi-
broadenoma, and fat necrosis and/or 
inflammatory and reactive changes had 
similar differences in mean values from 
the two malignant groups, and fibro-
cystic and complex cyst groups showed 
similar differences in mean values from 

Table 2

Sensitivity, Specificity, Positive Predictive Value, and Negative Predictive Value of Two 
Readers, tHb, and Combined tHb and Readers

Parameter Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Reader 1*
 Tis–T1 72.5 90.1 55.8 95.1
 Tis–T1 and T2–T4 78.0 90.1 66.7 94.2
Reader 2†

 Tis–T1 72.5 83.7 43.3 94.7
 Tis–T1 and T2–T4 81.4 83.7 55.8 94.7
US-guided near-infrared imaging
 Tis–T1 84.6 90.0 57.9 97.3
 Tis–T1 and T2–T4 72.9 90.0 64.2 93.1
Combined diagnosis (tHb and reader 1)
 Tis–T1 97.5 83.3 50.0 99.5
 Tis–T1 and T2–T4 96.6 83.3 59.4 99.0
Combined diagnosis (tHb and reader 2) 
 Tis–T1 100 77.3 43.0 100
 Tis–T1 and T2–T4 100 77.3 52.7 100

Note.— NPV = negative predictive value, PPV = positive predictive value.

* Category 4A,16%; 4B, 60%; and 4C and 5, 24%.
† Category 4A, 13%;4B, 58%; and 4C and 5, 29%.
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reactive changes group (four of 29 le-
sions), fibrocystic changes group (one 
of 44 lesions), complex cyst group 
(one of 38 lesions), and lymph node 
group (two of six lesions) (Table E5 
[online]; Appendix E1 [online]). The 
fibroadenoma group had the highest 
number of lesions that exceeded the 

be characterized by a single threshold 
(Appendix E1 [online]).

The false-positive findings with 
tHb greater than the threshold value 
of 80 mmol/L were found in the pro-
liferative group (six of 34 lesions), fi-
broadenoma group (10 of 75 lesions), 
fat necrosis and/or inflammatory and 

Six lesions with tHb levels less than 
the threshold in the Tis–T1 group oc-
curred in three histologic grade 1 tu-
mors and three grade 2 tumors (Table 
E4 [online]). One histologic grade 1 tu-
mor had a high deoxyHb component. 
The hemoglobin distributions of T2-T4 
tumors were complicated and could not 

Figure 3

Figure 3: US image and associated maps. (a) US image of a hypoechoic lobulated mass (arrows) with internal echoes and septations located at the 2 o’clock position in 
the right breast of a 40-year-old woman. Grading from the two readers was 4b and 4c. (b) tHb map shows a diffused mass of maximum 52.5 mmol/L. (c) oxyHb map of 
maximum 39.8 mmol/L and (d) deoxyHb map of 12.8 mmol/L. Core biopsy revealed hylinized fibroadenoma with mild-to-moderate epithelial hyperplasia without atypia.
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and 830 nm, respectively, than the 
combined proliferative lesions, fibroad-
enomas, and fat necrosis and/or inflam-
matory and reactive changes group; 
1.6, 1.9, 2.0, and 1.8 times higher con-
trast enhancement than the fibrocystic 

The spectroscopic contrast of ma-
lignant and benign groups is evaluated 
at the four optical wavelengths (Fig 5).  
On average, the malignant group had 
1.4, 1.5, 1.5, and 1.5 times higher con-
trast enhancement at 740, 780, 808, 

tHb threshold. Hematoxylin and eo-
sin–stained samples and reviews of the 
core biopsy samples showed that six 
specimens were myxoid fibroadenomas 
and four specimens were fibrosclerotic 
fibroadenomas.

Figure 4

Figure 4: US image and associated maps. (a) US image of a hypoechoic lobulated mass (arrows) located at 9 o’clock position in the right breast of a 72-year-old 
woman. Grading from the two readers were 4b and 4c. (b) tHb map shows an isolated and distinct mass of maximum 106.2 mmol/L. (c) oxyHb map of maximum 
69.7 mmol/L and (d) deoxyHb map of 37.2 mmol/L. OxyHb map is similar to tHb map and the deoxyHb distribution is quite diffused. Core biopsy revealed ductal 
carcinoma in situ, nuclear grade 2, cribriform patterns without necrosis. Pathologic analysis at surgery revealed 0.6 3 0.6 cm ductal carcinoma in situ with other 
findings of intraductal papilloma with atypia and microcalcification.
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The advantage of including 740 nm is 
to robustly measure deoxyHb, which 
may help to distinguish malignant le-
sions from fibroadenomas, complex 
cysts, and lymph nodes (Appendix E1 
[online]).

In benign disease, the fibroad-
enoma group had the highest number 
of lesions (10 of 75), which exceeded 
the tHb threshold. Another US-guided 
near-infrared study reported by Zhi et 
al (35) found 18 of 28 benign lesions 
above their selected tHb threshold 
were fibroadenomas. Fibroadenoma 
is the most common benign tumor of 
the breast composed of both epithelial 
and stromal components. The primary 
growth of a fibroadenoma is driven by 
proliferation of the stromal component. 
The stroma of a fibroadenoma shows a 
broad range of morphologic structure 
and differentiation. Myxoid fibroad-
enoma typically demonstrates strong 
and continuous intravenous contrast 
enhancement on MR images with early 
enhancement values that occasionally 
mimic malignant tumors (36). A myx-
oid fibroadenoma can transition to a 
fibrotic fibroadenoma over many years.

Our study had limitations. Our 
characterization of BI-RADS cate-
gories was performed retrospectively 

with tumor histologic grade. Tumor 
nuclear grade usually correlates with 
the tumor histologic grade (33). Tumor 
histologic grade, in turn, is an impor-
tant morphologic-determined prog-
nostic factor, which correlates highly 
with disease-free and overall survival 
(34). Therefore, our results suggest 
that these two hemoglobin parameters 
help to measure tumor neovascular-
ization, which correlates with tumor 
progression.

On average, the contrast of max-
imum tHb, oxyHb, and deoxyHb of 
Tis–T1 cancers was, respectively, 1.6, 
1.7, and 1.3 times higher than for be-
nign lesions, and the contrast of T2–
T4 cancers was, respectively, 1.6, 1.5, 
and 1.4 times higher than for benign 
lesions. Compared with our previous 
study with 37 Tis–T1 early-stage can-
cers, 24 T2–T4 cancers, and 114 benign 
lesions, which showed tHb contrast of 
1.9 and 1.8 times that of the two ma-
lignant groups over benign lesions (17), 
the tHb contrast reported in this study 
was slightly lower. The earlier study 
used two optical wavelengths of 780 
and 830 nm and the current study used 
four wavelengths. The malignant to be-
nign lesion contrast, measured at 740 
nm, was lower than other wavelengths. 

changes, complex cyst, and breast tis-
sue groups, respectively, and 2.0, 2.2, 
1.8, and 2.1 times higher contrast en-
hancement than the lymph node group, 
respectively. On average, the contrast 
between malignant and benign lesions 
is higher at 780, 808, and 830 nm wave-
lengths for malignant lesions than for 
benign lesions at 740 nm.

Discussion

Within the near-infrared optical win-
dow of 700–1200 nm, water absorption 
is low, and light can penetrate several 
centimeters of breast tissue (30). The 
selected shorter wavelength (740 nm) 
is more sensitive to tumor deoxyHb 
changes, while the longer wavelengths 
(780, 808, and 830 nm) are more suit-
able to probe tumor blood volume and 
oxyHb changes. Both tumor blood-
oxygen consumption, which is directly 
related to tumor proliferation and me-
tabolism (31), and tumor angiogene-
sis (32) can be robustly explored by 
this set of wavelengths. Our study of 
59 malignant lesions demonstrated 
that the measured maximum tHb and 
oxyHb levels moderately correlate 
with tumor nuclear grade, and the 
maximum tHb moderately correlates 

Figure 5

Figure 5: Box plots of reconstructed absorption coefficients of malignant and benign groups (BGs) obtained at the four optical wavelengths. Both Tis–T1 and T2-T2 
malignant groups have similar mean values and are combined into one malignant group. Benign group 1: Proliferative lesions, fibroadenomas and fat necrosis and/or 
inflammatory and reactive changes groups have similar mean values and are combined into one group. Benign group 2: Fibrocystic changes and complex cysts have 
similar mean values and are combined into one group. Benign group 3: Breast tissue and other benign findings. Benign group 4: Lymph node.
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by using captured US images alone, 
which may reduce the diagnostic ac-
curacy. Radiologists would normally 
integrate mammography, real-time US, 
and patient information to improve ac-
curacy. The limitations of this technol-
ogy include the use of the contralateral 
normal breast in the same quadrant 
as the reference, which requires the 
use of coregistered US to position the 
probe to match the chest-wall depths 
at both lesion and reference sites. 
This effort minimized the difference 
in chest-wall positions at both sites 
and produced the best imaging results 
(37). This technology is not suitable 
to image lesions close to the skin or 
at the skin because diffuse optical to-
mography technique requires light to 
propagate diffusively inside tissue be-
fore it is detected. This technology is 
also not suitable to image lesions near 
a darkly pigmented nipple-areolar 
complex. Another potential problem 
is the poor probe-tissue contact when 
small dense breasts were examined. 
The tHb threshold level of 80 mmol/L 
used in this study was similar to 82 
mmol/L used in our early studies (17). 
The slightly lower threshold used in 
this study was adjusted on the basis of 
the lower malignant and benign con-
trast enhancement measured at 740 
nm. This is a study limitation: we used 
our results to set the threshold for 
analysis. This can therefore overesti-
mate performance. Another limitation 
of our study is that we did not follow 
the benign lesions to ensure no change 
over time.

Because tHb and oxyHb levels corre-
late with breast cancer pathologic grade 
and deoxyHb can assist US to charac-
terize malignant from certain types of 
benign lesions, hemoglobin contrast can 
thus be used in conjunction with US to 
improve clinical breast cancer diagnosis 
and management, including identifica-
tion of potential candidates for whom 
surgical excision might be avoided.
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