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Rationale and Objectives. Near-infrared (NIR) imaging has its niche in quantifying and characterizing functional changes
in tissue relating to vascularity and metabolic status. Here, NIR tomography was applied to study mammographically nor-
mal breast tissue in vivo by evaluating relationships between functional parameters so obtained to clinical representers in
an effort to understand factors influencing tissue compositional changes.

Materials and Methods. A new spectral reconstruction method that is considered to provide the most accurate estimates of
hemoglobin level, oxygen saturation, water fraction, scattering power, and amplitude was used to assess healthy breast tissue
imaged in vivo by means of NIR tomography. The approach directly recovers functional parameters with inherent inclusion of
spectral behavior enforced through the incorporation of a priori model assumptions. Sixty subjects were imaged by using a fre-
quency-domain instrument followed by spectral image reconstruction and statistical analysis for significant correlations.

Results. The new analysis shows statistically significant inverse correlations between body mass index and breast
total hemoglobin and water fractions. Water fraction also correlated inversely with age and separated certain catego-
ries of breast density. Average scatter power was indicative of breast radiographic density composition, whereas scatter ampli-
tude varied inversely with breast diameter. Total hemoglobin correlated with water fraction, whereas water correlated with scat-
ter power.

Conclusion. The changes observed here are attributable to volume fraction alterations and provide some of the most com-
prehensive data on breast composition variations with demographic factors.
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During the past two decades, near-infrared (NIR) imaging
has been developed as a way of providing functional in-
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formation about the breast (1,2). Whereas current meth-
ods, such as mammography, magnetic resonance imaging,
and ultrasound, provide structural and vascular data, there
is a continual desire to produce imaging methods that
yield new and different information about normal and
diseased breast tissue. The imaging parameters in NIR
tomography arise from the presence of hemoglobin, wa-
ter, and lipids in tissue, which absorb light with differing
spectral signatures (3,4) and relate directly to the vascular
and metabolic status of the breast. In addition, elastic
scattering of light is associated with the size and number

density of cellular/subcellular particles that comprise the
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structural elements of breast tissue (5,6). In this study,
data from 60 women with mammographically normal
breasts are analyzed to determine what these NIR parame-
ters convey about healthy breast composition as a frame-
work for ultimately evaluating the diseased breast. The
breast is a dynamic heterogeneous organ, and NIR param-
eters are sensitive to changes that occur with age, men-
strual cycle, body mass, radiographic density, and hor-
monal treatment (7).

In a previous report (8), we analyzed results obtained
from 24 healthy asymptomatic women to establish trends
between NIR functional parameters and such clinical de-
mographic factors as age, body mass index (BMI), breast
diameter, and radiographic density. Results showed statis-
tically significant correlations, some of which were con-
sistent with physiological predictions (8). In this earlier
investigation, the optical properties (absorption, �a, and
reduced scattering coefficients, �=S) were obtained indi-
vidually at each of six different wavelengths of light, and
concentrations of the absorbers then were estimated by
means of a spectral deconvolution procedure. Scatter pa-
rameters were determined similarly by using a spectral fit
to an empirical Mie theory approximation (5,6). Since the
time of the initial study, several significant improvements
in algorithmic image reconstruction (9–13) have been
realized that allow more accurate quantification of NIR
parameters. Of particular interest has been the application
of a priori information, especially of a spectral nature,
that directly encodes the expected spectral behavior of
the chromophore and scattering models into the image
formation process (9 –11). The approach implemented
here uses all six wavelengths of frequency domain
measurements simultaneously and incorporates Beer’s
law (for absorption) and Mie (for scattering) approxi-
mations that limit the solution space, as well as de-
crease the number of parameters to be estimated, which
creates a more robust and stable algorithm. It was
shown to provide improved quantification, as well as
more independence of chromophore concentrations and
scattering parameters (11,14).

Here, we present an expanded (to 60 subjects) evalua-
tion of NIR imaging parameters in the healthy breast
based on a more accurate direct spectral reconstruction
technique. Previously reported correlations between he-
moglobin and BMI and scattering and breast radiodensity
remain, the new results show important statistically
valid relationships with water content and decreased
cross-correlation between scatter amplitude and power.

These are significant findings, especially with respect
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to water fraction, which is an important diagnostic in-
dicator because breast cancer has greater water content
(15,16).

METHODS

The NIR tomography system (17) developed at Dart-
mouth was used to perform all clinical breast examina-
tions. This is a frequency-domain instrumentation de-
signed for cross-sectional imaging of the pendent breast
in an anatomically coronal configuration. Intensity-modu-
lated light at six wavelengths in the range of 650–850 nm is
used for interrogation, and amplitude and phase shift
measurements of the detected light are recorded. A finite-
element model of the diffusion equation represents light
propagation (18), and multiwavelength data are coupled
to spectral priors to recover images of total hemoglobin,
oxygen saturation, water, and scatter parameters. Scat-
ter parameters, composed of scatter amplitude (a) and
scatter power (b), are estimated by enforcing the rela-
tionship �=S (�) � a��b as a constraint. Detailed deri-
vations of the image reconstruction algorithm can be
found elsewhere (11).

Informed consent was obtained from all participants,
and the examination protocol was approved by the requi-
site institutional committee. Breast examinations were
delivered under health professional supervision to ensure
comfort, and pressure sensors were placed appropriately
to ensure minimum pressure and a noncompressive state
to minimize interference with vasculature. Optical data
from each examination were calibrated and used to recon-
struct for the functional images. Artifacts sometimes are

Table 1
Average and SD for Demographic and NIR Parameters From
60 Subjects With Normal Mammograms

Property Mean � SD Range

BMI (kg/m2) 25 � 4 18–36
Age (y) 57 � 10.8 41–79
Breast diameter (mm) 80.6 � 13.9 49–124
HbT (�M) 16.6 � 4.6 6–31
StO2 (%) 68.3 � 7.2 46–96
Water (%) 51.5 � 14.1 28–94
Scatter amplitude 1.2 � 0.25 0.59–2.2
Scatter power 0.7 � 0.44 0.1–3

BMI: Body mass index, HbT: Total hemoglobin, StO2: Oxygen
saturation
found near the boundary; hence, the imaging field evalu-
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ated was reduced by 12% of the total breast diameter for
each cross-section to compute the breast average and SD.
Statistical analysis of these data was completed by using
a standard random coefficients regression model to allow
examination of the correlation and significance level for
each parameter association.

RESULTS

Patient Imaging and Demographic Information
The average with SD and total range for the five NIR

parameters, along with clinical data (BMI, age, and breast
diameter), are listed in Table 1 for the 60 subjects im-
aged, 56 of whom participated in bilateral left and right
breast examinations.

Correlations Between Functional Parameters
and Demographic Factors

A random-coefficients regression model was used to
test for relationships between each of the NIR functional
parameters with clinical data (using both left and right
breast results). A previous study (19) indicated a high
degree of correlation between NIR parameters for the
left and right breasts, and this was taken into account
by appropriate model adjustment for the cross-correla-

Table 2
Estimated Partial Correlations With SE
Demographic Factors as Age, BMI, and

NIR Parameter Subject Param

HbT Age
HbT BMI
HbT Breast diamet
StO2 (%) Age
StO2 (%) BMI
StO2 (%) Breast diamet
Water (%) Age
Water (%) BMI
Water (%) Breast diamet
Scatter amplitude Age
Scatter amplitude BMI
Scatter amplitude Breast diamet
Scatter power Age
Scatter power BMI
Scatter power Breast diamet

�P-value �0.05 indicates a statistically
dex, HbT: Total hemoglobin, StO2: Oxygen
tion between results. Coefficients, along with SE and
P, are listed in Table 2. P � .05 indicates a statisti-
cally significant difference from a slope of zero for the
fit between the clinical parameter (x) and functional
property (y).

Total hemoglobin (HbT) was found to have a moder-
ate, but highly statistically significant, negative correlation
(� � �0.47) with BMI (P � .001). Figure 1a shows this
relationship in a cluster plot of total hemoglobin averages
with their respective SDs plotted against BMI for all sub-
jects. The analysis also indicates that oxygen saturation
has a moderate negative (� � �0.54) to small positive
(� � 0.16), but statistically significant, relationship with
BMI (P � .012) and breast diameter (P � .006), respec-
tively. Water has a moderate (� � �0.45) to strong (� �
�0.95) association with age and BMI, both highly signifi-
cant statistically. Figure 1b shows the water-BMI relation-
ship in graphical form. Scatter amplitude and power cor-
relate with different factors: amplitude with breast diame-
ter and scatter power with age. These relationships are
plotted in Figure 2a and b, respectively.

Correlations Between Functional Parameters
and Radiographic Density

Another subject characteristic of considerable impor-
tance is radiographic breast composition. This is deter-

R Parameters Relative to Such
ast Diameter

Coefficient
(SE) F P

�0.04 (0.03) .27
�0.47 (0.12) �.001�

�0.06 (0.03) .064
�0.07 (0.06) .25
�0.54 (0.21) .012�

0.16 (0.06) .006�

�0.45 (0.10) �.001�

�0.95 (0.33) .005�

�0.15 (0.09) .1
0.002 (0.002) .28
0.009 (0.007) .18

�0.010 (0.002) �.001�

�0.010 (0.003) .005�

�0.009 (0.011) .44
�0.004 (0.003) .19

cant relationship. BMI: Body mass in-
ration
of NI
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er

er

er

signifi
mined from the x-ray mammogram and has been classi-
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fied in one of four categories (20,21): (1) almost entirely
fat, (2) scattered fibroglandular densities, (3) heteroge-
neously dense, and (4) extremely dense. Functional NIR
parameters were tested for correlations with each of the
radiodensity groups in a random coefficients regression
model. Table 3 lists these results in a format similar to
Table 2.

It appears that oxygen saturation can discriminate het-
erogeneously dense and extremely dense breasts from
their fatty counterparts with P � .038 and P � .035, re-
spectively. Scatter power also is statistically different
across these radiodensity categories. Figure 3a shows this
relationship in graphical form. In addition to the analysis
listed in Table 3, we found that water could separate het-
erogeneously dense and extremely dense breasts from
subjects with scattered radiodensity with P � .03 and
P � .005, respectively. The relationship is shown in Fig-

Figure 1. (a) Total hemoglobin and (b) water percentage plotted
against BMI using data from the breasts of 60 healthy subjects.
Both relationships show a statistically significant correlation ([a]
P � .001; [b] P � .005).
ure 3b; it is clear that water content averages for fatty and
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scattered type breasts are similar, but different statistically
from heterogeneously dense and extremely dense aver-
ages. Scatter amplitude separated heterogeneously dense
from scattered breasts (P � .008), whereas scatter power
separated both heterogeneously dense and extremely
dense breasts from the scattered category (P � .001 and
P � .001, respectively).

Correlations Between Functional Parameters
To test for correlations between NIR parameters them-

selves to assess the degree of independent information
obtained, a multivariate calculation of Pearson correlation
coefficient was performed. Results are listed in Table 4,
in which correlation coefficients are listed with the corre-
sponding P. HbT appears to correlate with water (Figure
4a), and scatter power (Figure 4b), with modest linearity
(P � .001 for both). Water also correlated with scatter

Figure 2. (a) Scatter amplitude versus diameter and (b) scatter
power versus age for the same subject group in Figure 1, Both
correlations are statistically significant; P � .001 and P � .005,
respectively.
power with a stronger level of linearity (P � .001). Scat-
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ter amplitude and power correlate with each other, as ex-
pected, because both are estimated from spectral con-
straints introduced through an empirical approximation to
Mie theory.

DISCUSSION

Studies of healthy breast tissue offer insight into the
relationships between clinical factors and the functional
information available through NIR imaging. The new
spectral reconstruction technique allows improved
quantification, along with decreased SD (�5% overall
compared with higher levels of 24% for the previous
approach, in experimental phantom data), which is es-
pecially significant for such parameters as water and
scatter, indicated by homogeneous and heterogeneous
experiments (11,14). Some of the correlations reported
here are consistent with our earlier study; however,
new relationships, primarily involving water and scat-
ter, are now evident that are consistent with the im-
proved quantification of these parameters.

Our previous study (8) showed that the clinical pa-

Table 3
Statistical Analysis Testing of Relationships Between
Radiographic Density and NIR Parameters

NIR Parameters
Radiodensity

Groups
Coefficient

(SE) t-Test P

HbT (�mol/Lr) Fatty Reference
Scattered �0.95 (1.22) .44
Het dense �0.16 (1.30) .9
Extr dense 1.10 (1.76) .53

StO2 (%) Fatty Reference
Scattered �2.32 (2.23) .3
Het dense �5.00 (2.38) .038
Extr dense �6.89 (3.23) .035

Water (%) Fatty Reference
Scattered �3.80 (3.45) .27
Het dense 1.69 (3.67) .65
Extr dense 8.13 (4.98) .11

Scatter amplitude Fatty Reference
Scattered 0.014 (0.073) .85
Het dense �0.130 (0.078) .1
Extr dense �0.023 (0.106) .82

Scatter power Fatty Reference
Scattered 0.011 (0.117) .92
Het dense 0.33 (0.12) .01
Extr dense 0.47 (0.17) .006

HbT: Total hemoglobin, StO2: Oxygen saturation, Het: Heteroge-
neously, Extr: Extremely
rameters age, BMI, and breast diameter themselves cor-
related statistically with modest linearity, suggesting
that they do not yield much independent information.
However, when correlating NIR parameters to these
factors, we observe significant correlations to specific
clinical parameters, yielding the hypothesis that each of
these parameters provides information unique to the
composition of the breast (e.g., HbT correlated with
BMI, but not radiographic density). At the six wave-
lengths used for imaging, the contribution from lipids
was found to be negligible (21); hence, lipids were not
included in this data analysis. Use of wavelengths be-
yond 900 nm will allow us to capture some stronger
features of lipids, and this is planned in future system
developments. We also excluded dependence of NIR

Figure 3. (a) NIR scatter power as a function of radiographic
density in which overall average for subjects in each category is
graphed with the SD. Statistical analysis shows that scatter
power can separate fatty from heterogeneously dense and ex-
tremely dense breasts from the fatty category with P � .01 and
P � .006. (b) Water as a function of radiographic density. Water
separates scattered from heterogeneously dense and extremely
dense categories statistically with P � .03 and P �.005, respec-
tively.
parameters on menstrual cycle, based on an earlier
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study (22) that indicated that whole breast values may
not change significantly with different phases of the
cycle, with changes possibly being limited to fibroglan-
dular tissue volumes; in addition, our subject age group
(age, 41–79 years; mean, 57 years) contains mostly
subjects postmenopause or close to menopause. A
younger population may show a stronger dependence

Figure 4. (a) Water versus total hemoglobin and (b) scatter
power versus water. Both relationships have statistically signifi-
cant correlations, with P � .001.

Table 4
Pearson Correlation Coefficients Among Derived NIR Propertie

HbT StO2 (%)

HbT (�mol/L) 1 0.237 (P � .068)
StO2 (%) 1
Water fraction
Scatter power
Scatter amplitude

HbT: Total hemoglobin, StO2: Oxygen saturation
on menstrual cycle (23,24).
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Among the statistically significant correlations be-
tween demographic factors and NIR functional parame-
ters, HbT related inversely with BMI (P � .001), con-
sistent with earlier studies by our group, as well as by
other researchers (19,22,25–27). BMI is indicative of
the fat content of the breast; hence, greater values are
associated with women whose breasts are composed
predominantly of adipose tissue, which has lower vas-
cularity (compared with glandular composition). Figure
1a, which shows this relationship, indicates that as
BMI decreases (�25 kg/m2), the change in HbT is ap-
preciable because of increased vasculature. However,
as BMI increases to greater than 25 kg/m2, a minimum
value for HbT is reached based on physiological pro-
cesses, beyond which an increase in BMI may have no
effect on the vascularity. The inverse relationship be-
tween water and adipose tissue is well known; thus, the
inverse correlation between water content and BMI is
consistent with expectations. Water also correlated with
age (P � .001). Cerussi et al (28,29) and Spinelli et al
(27) showed indications of this relationship. In addi-
tion, age was shown to affect proliferative activity of
the breast (30), and postmenopausal women were found
to have lower water content than premenopausal
women (23). Hence, the correlation between water con-
tent and age agrees with expected physiology and also
highlights the importance of the improvement in water
information with our new algorithm because these cor-
relations were not significant in the previous data
set (8).

Scatter amplitude and power show more indepen-
dence in the analysis using the spectrally constrained
reconstruction. Previously, both scatter amplitude and
power correlated with breast diameter and separated
the radiographic density categories. In the new data set,
scatter amplitude correlated with breast diameter (P �

th Corresponding P

ater (%) Scatter Power Scatter Amplitude

69 (P � .001) 0.494 (P � .001) �0.117 (P � .37)
79 (P � .55) 0.094 (P � .47) �0.184 (P � .16)

1 0.743 (P � .001) �0.235 (P � .071)
1 0.468 (P � .0002)

1

s Wi

W

0.5
�0.0
.001), but not radiographic density, whereas scatter
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power correlated with age (P � .005), as well as yields
a separation between differing density categories. In
previous studies (14,15), images produced with the
spectral approach illustrated that scatter power was
more indicative of bulk tissue composition. The trend
in Figure 3a supports this hypothesis. Recently, Simick
et al (30) showed that NIR spectroscopy has the poten-
tial to determine breast density with accuracy up to
90% when the parenchymal density pattern from mam-
mograms (30) is used as the gold standard. Because
breast density is related to risk for cancer (31,32), as
well as decreased mammographic sensitivity (33), NIR
offers an opportunity to noninvasively characterize
breast composition and thereby stratify risk without
ionizing radiation exposure. Because denser breasts
have greater percentages of fibroglandular tissue; water
also is expected to increase with density, as suggested
in Figure 3b. Finally, the correlation between water
and total hemoglobin shows that the greater vascularity
found in fibroglandular breast tissues also tends to have
greater water content. Water correlated with scatter
power, probably for similar reasons, namely that fi-
broglandular tissue has greater scattering properties
than adipose tissue.

It should be noted that the changes observed here
likely are associated with volume fraction changes,
rather than actual compositional alterations in the adi-
pose and fibroglandular tissue (33). That is, changes
observed in the NIR total breast averages resulting
from increases in age and BMI reflect alterations in the
compositional partitioning of the breast into adipose,
vascular, and fibroglandular compartments.

In conclusion, results presented here represent a sig-
nificantly expanded and more accurate assessment of
NIR imaging parameters in healthy breasts. Impor-
tantly, prior trends observed in HbT relative to BMI
and scattering relative to breast density remain intact
and have been strengthened statistically. However, new
associations between water percentage and BMI, as
well as age, and more refined relationships between
scattering amplitude and scattering power with respect
to breast diameter and radiodensity classification are
now evident in statistically valid correlations. The ob-
served trends are consistent with physiological expectations
related to the aging process and known characteristics of
breast parenchymal patterns. Their appearance in the current
analysis is attributed to the improved accuracy available
through direct spectral reconstruction. Changes found in total

breast average NIR properties most likely are a reflection of
variations in compositional partitioning of the breast and not
fundamental changes in NIR characteristics of an individual
compartment such as fat.
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