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Rationale and Objectives. To demonstrate that near-infrared spectroscopy would achieve sufficient sensitivity and speci-
ficity in human breast cancer to reach ROC/AUC values in the 90s and yet to warn of the potential liabilities of introduc-
tion of a novel technology in this field.

Materials and Methods. 116 subjects from two nations (44 were cancer-verified by biopsy and histopathology) were re-
viewed. NIR spectroscopy of total hemoglobin and its relative oxygenation were monitored in breast cancers and com-
pared to their contralateral breast in a 2D nomogram for diagnostic evaluation. A novel handheld NIR breast cancer detec-
tor pad with a 3-wavelength LED and 8 detectors with 4 cm separation between source and detectors was placed on the
subject’s breast. The method is convenient, rapid, and safe and has achieved high patient compliance with minimal patient
apprehension of compression, confinement, or radioactivity.

Results. The absorbance increments of the cancerous region are referred to the mirror image location on the contralateral breast.
The two metrics are increased hemoglobin concentration due to angiogenesis and decreased hemoglobin saturation due to hyper-
metabolism of the cancer. The 2D nomogram display of these two metrics shows Zone 1 contains verified cancers and Zone 2
contains noncancers. ROC evaluation of the nomogram gives 95% AUC for the two sites, Philadelphia and Leipzig.

Conclusion. A simple, economical breast cancer detector has achieved high patient compliance and a high ROC/AUC
score for a population which involved a range of tumors down to and including those of 0.8–1 cm in diameter.
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This article describes the results of incremental biochemi-
cal and physiological properties of breast cancers with a
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multi-wavelength, multi-detector breast cancer device.
Whereas conventional studies emphasize incremental
structural features such as spiculation and lobulation for
diagnostics, little attention has been paid to incremental
biochemical properties except using 18FDOG in PET,
which follows Otto Warburg’s hypothesis of the predomi-
nance of glycolysis in cancer (1,2). Here we follow a de-
rivative of the Warburg hypothesis emphasized by our-
selves (3), namely that cancer has a normal complement
of citric acid cycle and mitochondrial oxidative phosphor-
ylation capacity but insufficient oxygen is delivered to the
cancer, rendering it relatively hypoxic in spite of vigorous
angiogenesis (4). In order to explore this hypothesis, we

have developed a series of multi-wavelength, multi-detec-
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tor NIR devices (5,6) and for the past 6 years have dedi-
cated one particular version of this development to breast
cancer detection.

The optical method was used as early as 1929 by M.
Cutler (7,8) to make shadow images of the breast (diaph-
anography) assuming that the cancer had different optical
properties from the normal tissue and that a “shadow-
gram” could be made. This was a sound theory, but the
differences are so small that the method was discredited
in clinical trials. However, the understanding of the dual
wavelength method (9–12), the photon diffusion in tissue
(13) and the availability of monochromatic laser diodes,
LED’s and sensitive silicon diode detectors for the near
infrared (NIR) regions (680-900 nm) has made possible
quantification of the specific absorption of oxygenated
and deoxygenated hemoglobin and of the total amount of
hemoglobin within the breast cancer by reflectance spec-
troscopy (5,14).

Developing novel methods of detecting early, small
cancers is the goal of NIH’s cancer program (15), and
this goal requires not only methods of high sensitivity/
specificity in order to minimize undesirable false signals
but also to afford a convenient, rapid, safe method with
high patient compliance and minimal patient apprehen-
sions of compression, confinement, and radioactivity. The
development of NIR spectroscopy and imaging has pro-
ceeded rapidly since our early efforts (16) in this and
other laboratories (17) and its usefulness has been tested
in studies of the breast (18), brain (19), and muscle (20).
Brain and muscle studies permit activation protocols in
which the baseline is a low activity state for brain and a
resting state for muscle. Baseline problems are minimized
and incremental values of functional activation are ob-
tained, particularly in event-related protocols (20). In the
case of human breast tissue, functional activation is not
available and instead spatial differences must be em-
ployed. Localization and characterization of the incremen-
tal changes of optical properties with respect to position
changes seem necessary. Thus, the problem is significant
and absolute values of optical properties involve problems
of the physiological and biochemical baselines for distin-
guishing pathologies. In order to ameliorate that problem,
we began to gather breast cancer data as an incremental
study referenced to the mirror image location on the con-
tralateral cancer-free breast (21,22) or, if necessary, a
breast model (23,24).

In this investigation we used an NIR method which is
capable of rapidly acquiring data from the human breast

with a handheld puck (taking advantage of opto-electron-
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ics miniaturization and retaining high quality functionality
such as in cell phone technology (25)) that measures rela-
tive increases of tumor hemoglobin concentration and
relative hemoglobin desaturation, all data being taken on
a relative basis using generally the mirror image site on
the contralateral breast, substantially mitigating the multi-
ple effects of variable demographic and structural features
of the human breast by measuring relative hemoglobin
concentration and oxygenation compared to a normal
breast within subjects. In analyzing relative hemoglobin
concentration against relative saturation, a nomogram dis-
play conveniently segregates verified cancers from cancer-
free breasts over a wide range of tumor sizes and types.
received operating characteristic/area under the ROC
curve (ROC/AUC) curves, positive predictive value
(PPV), negative predictive value (NPV) and other infor-
mation are displayed.

MATERIALS AND METHODS

Subjects
This study includes two clinical centers: the Abramson

Family Cancer Research Institute/Department of Radiol-
ogy of the Hospital of University of Pennsylvania (HUP),
and the Department of Gynecology of Leipzig University.
The population targeted at HUP is those who have come
for possible biopsy and for radiology. The second group
has come to the Breast Cancer Clinic at Leipzig. HUP
and Leipzig provided 24 and 20 cancer patients, respec-
tively, and 64 and 8 noncancer disease patients, respec-
tively. Informed consent was obtained from all subjects
participating in the study approved in the institutional
review boards (IRB) of both the University of Pennsylva-
nia and the University of Leipzig.

Apparatus: NIR Spectrometer

Apparatus.—We have used a continuous wave (CW)
near-infrared spectrometer (NIRS) (Fig. 1A, B). In the
center of the probe (Fig. 1B) is a 3-wavelength light-
emitting diode (LED). The LED intensity is low, 10–15
mA. LEDs are not regulated by the FDA. This apparatus
was used with a manual gain control for the first three
years of the study and a digital gain control thereafter,
but the device is considered to be substantially equivalent
over the 6 years of study (27–29). The probe consisted of
one multi-wavelength LED as a light source and 8 silicon

diodes as detectors (Fig. 1). These 8 detectors surround
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the LED at 4 cm distance, so that 8 locations over a 9-cm
diameter area from a breast can be measured. The 4-cm
source-detector distance gives a banana-shaped pattern
revealed by Monte Carlo simulation (5) which demon-
strates a high probability of photons at a 4-cm depth in
which the diffusion pattern is �20 cm long on the aver-
age and gives a significant probability of tumor detection
at 4 or more cm depth, as has been verified by CT scans
in the case of human brain hematomas (30) and in trans-
abdominal detection of fetal brain saturation in utero (31)
in which the fetus was � 5 cm deep in a variety of sub-
jects with varying layers of overlying tissue and most
recently in a transthoracic determination of myocardial
saturation (31,32). The nomogram display of Figure 2

Figure 1. A photograph of the whole apparatus (a) illustrates the
tains the drivers for the LED, the amplifiers for the OPTI-101s, the
which decodes the light pulses and stores the information in a mem
capacitor at a rate compatible with the computer ADC, the softwar
play on the computer which serves to normalize the signals throug
elements in series, gives a considerably narrow band wavelength a
of absorption at 760 nm; the decrease of absorption at 850 nm on
when the difference of the two is taken; and 805 nm is used for bl
below illustrates the wide variety of tumor diameters in a
study in which no data were rejected on account of low
signal-to-noise ratio. Thus, we conclude that the tumor
detectability over the study of 44 cancers and 116 sub-
jects was not flawed by lack of cancer detectability with
tumor-to-tissue signal ratio of �2 X for the angiogenesis
signal.

The light sources are flashed alternately 20 times per
second and electronic circuits are designed to amplify and
time-separate the signals in a “sample and hold” circuit
which integrates the signals over an interval of a few sec-
onds sufficiently rapidly to follow the movements of the
sensor over the breast, allowing usually 10 seconds for
any particular sensor position. The data are then digitized
and presented as a running time display so that the opera-

held puck or probe, the coupling to the circuit box which con-
lly controlled gain adjustment amplifier, the electronic switch
capacitor, the second set of switches which sample the memory
computing blood concentration and blood saturation and the dis-
digitally controlled amplifier (b). Handheld puck (c), which has 3
appropriate wavelengths for measuring differentially the increase
ygenation of hemoglobin rejecting the common mode change
olume monitoring (26).
hand
digita

ory
e for
h the
t the
deox
tor can be sure that stable readings are reached at each
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position of the sensor (19,32). The particular version of
the apparatus shown in Fig. 1 includes pressure transduc-
ers so that the effect of pressure on hemodynamics can be
precisely monitored and it is expected that this will de-
crease the variability of the results obtained with manual

Figure 2. A two-dimensional nomogram display of currently
available NIR breast cancer data. The abscissa is relative incre-
ments of blood concentration in units of micromolar concentration
change with respect to the average cancer-free value. The ordi-
nate represents incremental change with respect to the average
cancer-free value in percent change of hemoglobin saturation.
The reference values (zero for saturations and blood volumes) are
based on the contralateral cancer-free breast as represented by a
congruence. The wavelengths are at 760 and 850 nm, and the
incremental concentrations are appropriately processed for the
weighted sum and difference quantities for blood concentration
and saturation change, respectively, with 70% and 50 �M the ref-
erence points (0) for the two metrics. The data cover studies from
1997 to 2003. Verified cancers are indicated with a dot and can-
cer-free breasts plotted with an X. Data from Leipzig are marked
L, data from Philadelphia are not marked. The nomogram is di-
vided into two parts, one containing the verified cancers (I) and
the other containing the cancer-free breasts (II).

Figure 3. ROC/AUC of the Cancer Zone (Zone I) in Figure 2.
estimations of pressure (28).
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Methods of Procedure

Data Acquisition.—Skill was required to ensure that all
sensors were pressed upon the breast with equal pressure
(�3 mmHg) (28,33). Patients were made to lie on their
backs and the puck was placed on the breast in such a
way that coronal breast scan data was acquired (perpen-
dicular to gravity).

The Cancer-Free Reference Signals.—The light inten-
sity from the 8 detectors was adjusted to be near 1 volt
by gains set and calibrated with a phantom with known
absorption and scattering coefficients (�a � 0.04 to 0.07
and �s’ � 8 cm�1). The puck was then transferred to the
contralateral breast to include the mirror image location
of the suspected cancer. The signal outputs from all
source-detector combinations were recorded. The probe
was then moved from the contralateral breast to the ipsi-
lateral breast suspected of cancer. The sensors giving the
largest changes with respect to the mirror image position
on the contralateral breast were related to the suspected
cancer. The procedure required less than 10 minutes.

Data Analysis
In order to validate the utility of the method described

above, we have used an appropriate blood model for three
purposes:

1. to establish the blood concentration metric,
2. to establish that the saturation metric was approxi-

mate, and
3. to establish that there was minimal cross-talk be-

tween the two.

It was found that the following equations were needed for
point 3 as determined not only by the concentration and sat-
uration of hemoglobin but by increments of blood volume
added to a system set at 50% to 70% saturation (33) (the
expected nominal value for tumor oxygen saturation with the
blood concentration set in the region of 50 �M).

This calibration resulted in the following two equations
for blood concentration and oxygen saturation with mini-
mal cross-talk between the two. The concentrations may
be computed using �� � 1 cm�1 and �L � 4 cm� 5 for
pathlength factors of 5, �OD � ��·�C·�L where OD �
optical density, � � extinction coefficient, C � concen-
tration, and L � the mean pathlength of photons.

�BV � 0.3 · �OD730 � �OD850 (1)
�Deoxy � 1.3 · �OD730 � �OD850 (2)
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In order to demonstrate the utility of the two proposed
parameters, relative angiogenesis and relative hypermetab-
olism, we have followed processes of data analysis and
calibration procedures to quantitate blood volume concen-
tration (BV) and % relative oxygenation (%Deoxy). The
concentrations of Hb (deoxy hemoglobin) and HbO2 (Oxy
hemoglobin) were calculated by a modified Beer-Lambert

Law, �OD � log
Io

In

where I is light intensity after ab-

sorption and scattering and I0 is the baseline taken from
the contralateral breast, using known extinction coeffi-
cients of Hb, HbO2 and differential pathlength factors
(DPF) of 7-8 (34). �BV and �%Deoxy were calculated
by the proportionalities

�BV � �[Hb] � �[HbO2] (3)

�Deoxy � �[HbO2] � �[Hb] (4)

Note that �BV and �Deoxy were based on a lipid
blood oxygen model. Thus the increments of BV and De-
oxy are relative to the contralateral breast:

�BVtumor � �BVcontra (5)

�Deoxy � �Deoxytumor � �Deoxycontra (6)

where �BVtumor, �BVcontra are �BV in the tumor breast
and the mirror image position of the contralateral breast,
respectively, and �Deoxytumor, �Deoxycontra are �Deoxy in
the tumor breast and the mirror image position of the
contralateral breast, respectively. We further converted
oxygenation to % relative oxygenation (see above values
of �, C, L).

The average value of hemoglobin saturation for non-
cancer tissue is taken to be �70% (32,33). However, the
nomogram display allows the merging of datasets based
upon the mean value of the cancer-free breast. This value
of 70% is marked zero on the ordinate of Figure 2 and is
an approximate average value for the cancer-free breasts
shown in Figure 2. Both “zero references” for cancer-free
subjects can exhibit demographic variation. An average
value as determined optically (mainly arteriolar, capillary,
venular vessels) is approximately 25 �M and this value is
taken to be the Zero point on the abscissa. However, in
both axes, the cancer-free breast tissue optical values are
set to zero (usually the contralateral mirror image tissue

value) and deviations are due to angiogenesis and hyper-
metabolism of the cancer. In this way the effect of de-
mographic and other changes upon the cancer detection
are minimized and an otherwise obscured diagnostic
capability emerges based on the incremental cancer
values with respect to cancer-free values (35).

Sensitivity, specificity and AUC/ROC (area under the
ROC curve) were calculated using 2D angiogenesis/hy-
permetabolism nomograms by using incremental BV and
%Sat (36).

RESULTS

All verified cancers covering studies from 1997 to
2003 are plotted in the 2D nomogram display of BV –
%Sat relationship (Figure 2A).

We have been able to summarize our data in the ROC
diagram (Fig. 3). The calculated sensitivity, specificity,
PPV and NPV are appended in Table 1 (36).

To accommodate data from others’ studies, this nomo-
gram is in relative terms with 0 for incremental blood
volume and decremental saturation based upon the mean
value of the normal population. With this formulation,
angiogenesis and hypermetabolism would identify the
cancers and segregate them in the upper right portion of
the chart and the noncancers on the lower left portion. It
is seen that this survey appears to be in accordance with
that segregation and therefore the upper right portion has
been identified by a box enclosing nearly all of the can-
cerous breasts, leaving the bulk of the noncancerous
breasts in the lower left portion of the diagram.

False Positives and Negatives
All 6 “out of box” readings are within the zonation of

the nomogram. The cancer box contains 4 noncancer pa-
tients and the noncancer box contains 2 cancer patients.
The 4 false positives in the cancer box are very near the
margins of the noncancer box and 2 are low blood vol-
ume but high desaturation. A small error in determination
of the blood volume increment of roughly 0.2 micromolar
is involved. The two false negatives are identified as
small cancers, 6 and 7 mm, in which the blood volume
increment is significantly underestimated while the deoxy-
genation is significant.

Population Differences
The Leipzig population (marked with L) shows a wide

blood volume distribution and a small increment of de-

saturation. In another article we showed correlations of
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the optical determination of desaturation with the Eppen-
dorff needle electrode determinations of tissue oxygen
concentration in collaboration with Dr. P. Vaupel (38,39,
and unpublished data ). The zero point of blood concen-
tration is 50 �M blood and the zero point of saturation
is 70%.

Operator Differences
Both in Philadelphia and in Leipzig, the data were ac-

quired by more than one operator; the instruments were
electronically identical.

Breast Size
In order to give an indication of the range of breast

cancer sizes, Fig. 4 provides a histogram display of the
diameters of the tumors examined as obtained from mam-
mography and histopathologically verified cancers.

Figure 4 displays the distribution of sizes of the de-
tected cancers for which size data are available. Most
were under 2 cm in diameter. It is limited at the low end
by the fact that the mammography does not readily detect

Figure 4. Histogram of tumor size for those verified breast can-
cers for which size data are available, 38 breast cancers detected
by NIR hand held “puck.”

Table 1
Summary of Statistics of Relative Oxygenation/Blood Volume
Concentration for Figure 2

ROC/AUC 95%
Sensitivity 96%
Specificity 93%
PPV 89%
NPV 97%
cancers below 8 mm in diameter and in the future, MRI

930
will be used in order to define the lower limiting size for
the detection of angiogenesis and hypermetabolism by the
NIR system with source-detector separations that may
exceed the 4 cm used here.

The high blood volume content of cancers is in agree-
ment with Folkman’s ideas of angiogenic activities of
tumors (3) and the hypoxic regions of tumors are in ac-
cordance with Vaupel’s oxygen electrode data (38). Intes
recently published similar studies but reported data on an
absolute basis (35). It should be emphasized that special
care has been taken here to employ blood lipid models
with variable blood volume and saturation to ensure mini-
mizations of crosstalk between increase of blood volume
and decrease of saturation.

DISCUSSION

This multicenter study has demonstrated a simple,
economical, and patient-friendly NIR breast cancer de-
tector with a multi-wavelength, multi-detector system
that gives incremental values of angiogenesis and hy-
permetabolism, and that is proven to give an ROC/
AUC of 95%. The 2-parameter nomogram display of
Figure 4 illustrates the total databank obtained over the
several years of studies at the University of Pennsylva-
nia in Philadelphia and at Leipzig. The nomogram dis-
play contains two zones, Zone 1 in which relative an-
giogenesis/hypermetabolism predominates, and Zone II,
cancer-free breasts in which neither metric predomi-
nates. The usefulness of this 2D nomogram in compar-
ing data over a range of demographics is also demon-
strated by other laboratories (35,39).

A novel concept of angiogenesis and hypermetabo-
lism which is complementary to the focus on morpho-
logical characteristics of cancer employed by the ana-
tomical approach of ultrasound, X-ray mammography,
and MRI is to focus on two biochemically, physiologi-
cally based characteristics of cancer not heretofore em-
ployed as a diagnostic, namely the spatial correlation
of incremental values of total hemoglobin and deoxy-
genation of hemoglobin, predominantly in the arterio-
lar, venular, and capillary bed of breast cancers that
are incremental with respect to the mirror image loca-
tion on the contralateral breast. The NIR optical infor-
mation is in the form of magnitudes rather than shapes,
a considerable distinction between the NIR optical
method (31,32,34) and the morphologically based X-

ray mammography (41), ultrasound (42), and MRI (40).
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With regard to hypermetabolism NIRS can detect with
low oxygen concentration, and PET detection with
FDG (43) uses the same concept of lack of oxygen me-
tabolism. Taking into account the work of Vaupel (38)
and others indicating that, in spite of intense angiogen-
esis, a growing cancer may still be underserved with
oxygen because of the faulty nature of the vessels and
the oxygen demand of growth, to the extent that glyco-
lytic activity may be stimulated as originally observed
by Otto Warburg (1) and studied further by us as
Krebs’ Crabtree’s effect. It seems therefore reasonable
that the increment of the blood flow might be corre-
lated with the decrease of oxygen saturation and that a
coordinated plot of the two might be useful. On this
basis, relative rather than absolute values may be ade-
quate in NIRS and previous study suggests excessive
between-subject effects (37). Large variables of the
bulk optical property of the breast suggest the use of
internal reference rather than absolute values of the
optical properties (45).

Although by using selected wavelengths sufficient
sensitivity and specificity are obtained in these studies
to provide a highly significant ROC/AUC score, this
CWS method is less sensitive to the many demographic
factors which influence the properties of the human
breast (46) yet which are known in general to influence
both breasts equally. One of the key problems of the
breast is the wide variety of demographic size, texture,
chemical composition, and age (Tromberg, personal
communication). Thus, a secure tissue baseline is not
available unless it is taken from the adjacent tissue,
which is found to be a satisfactory reference and is a
feasible standard for cancer detection. One may choose
either a portion of the same breast or the mirror image
portion of the contralateral breast. The latter may seem
to be better since the majority of breasts are highly
symmetrical. For this reason we propose as our stan-
dard baseline metric, mirror image portion of the con-
tralateral breast. If a priori information is available, for
example, by palpation, ultrasound, or mammography,
the NIR device may be placed directly on the surface
projection of the cancer. The work of others, particu-
larly Tromberg (47), Cubbedu (47), Vaupel (49), and
Yamashita (49) have suggested that the use of other
metrics such as water, lipid, and light scattering could
afford increases in AUC multi-dimensional plots of the
type used here. However, none of these is known to be
directly related to the biochemical, physiological prop-

erties of tumor growth as are the two parameters se-
lected here. However, other biochemical characteristics
may be employed, for example the concentration of
intracellular compounds related to lipid biosynthesis or,
indeed, the impact of growth and its concomitant en-
ergy demand upon the cancer bioenergetics (48).

The addition of further metrics, combined with
higher spatial resolution, should increase further the
ROC/AUC values and at the same time give better
quantitation of the optical characteristics of deep small
tumors. However, the high throughput, simplicity of
operation, and the convenience of this device make it
worthwhile to proceed with further studies to improve
the breast sensor contact problem by contact pressure
sensing or eliminate the problem by flying spot non-
contact, remote sensing of the optical signals (17). In
the later case, higher resolution imaging can be readily
obtained by flying spot and phased array systems
(17,23,24) from all geometric aspects of the breast.
Such a manifold of source and detector positions pro-
posed must decrease the throughput and increase the
complexity of the device. Further, the frequency of oc-
currence of small cancers and precancers is low, e.g.,
in the Hospital of the University of Pennsylvania
(HUP) BRCA1/2 study, fewer than 1% of those in the
high-risk category initially exhibit a detectable cancer
(44).

Each breast cancer detection method (MRI, ultrasound,
optical tomography) may have its own niche in health care
delivery, the larger more complex devices as a part of Ra-
diological Services and the small devices for clinics special-
izing in early detection of cancer, and even for personal
healthcare as befits underserved, noncompliant populations
(50). There are a number of intrinsic signals that are under
investigation elsewhere that may be quite useful. Water con-
tent is readily accessible optically, as are scattering, lipid,
and pigment. If exogenous probes are to be considered, ICG
affords not only increased tumor-to-tissue ratio, but also a
measure of diagnostic capability. Finally, molecular beacons
responsive to the energy demands of tumor growth, particu-
larly fluorescent glucose, by analogy to radioactive glucose,
may add to the sensitivity and specificity of cancer detection
on a biochemical/physiological basis. Thus, a very large
number of factors will increase the sensitivity and specificity
of cancer detection by optical means. While incremental
changes of angiogenesis and hypermetabolism are small,
much larger tumor-to-tissue ratios can be expected of extrin-
sic signals, ICG, fluorescent glucose, and genetically directed

molecular beacons.
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Relation to Other Studies
While a general consensus has been reached that an-

giogenesis gives a high blood volume signal, results seem
to be inconsistent with respect to the blood saturation
level of cancer. We believe due to the lack of blood mod-
els that vary both blood volume and blood O2 saturation,
that separation of the blood volume signal from the satu-
ration signal is important, and that an increase of blood
volume, causing an increase of oxy hemoglobin, will ad-
versely affect the calculation of desaturation of hemoglo-
bin. In fact, the usual equations for calculating saturation
do not take into account the possibility of crosstalk from
other signals as does our empirical equation (13,35,39).

Effect of Cancer Type
Since our approach is based upon two biochemical/

physiological properties of breast cancers, the structural,
architectural, and histopathological features which may be
used to classify cancers have been found less well-corre-
lated with the Figure 3 nomogram. As might be expected,
these features are de-emphasized in this survey of bio-
chemical and physiological differences of growing can-
cers relative to the corresponding cancer-free tissue. Thus,
commonality of factors involved in the biochemistry of
tumor growth is expected from these studies while struc-
tural features of different kinds of tumors would be de-
emphasized by the use of relative values for the baseline,
emphasizing the difference between this approach and one
based upon morphological characteristics involving spicu-
lation, lobulation, and other demographic features of the
cancers (41,42,46).

Future Developments
A measure of success based upon a nomogram of two

intrinsic features of breast cancer can be improved by
other metrics that correspond physiologically or biochemi-
cally to growth stimuli (26,51).
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