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Abstract. Our long-term goal was to investigate the potential of incorporating redox imaging technique as a
breast cancer (BC) diagnosis component to increase the positive predictive value of suspicious imaging finding
and to reduce unnecessary biopsies and overdiagnosis. We previously found that precancer and cancer tissues
in animal models displayed abnormal mitochondrial redox state. We also revealed abnormal mitochondrial redox
state in cancerous specimens from three BC patients. Here, we extend our study to include biopsies of 16
patients. Tissue aliquots were collected from both apparently normal and cancerous tissues from the affected
cancer-bearing breasts shortly after surgical resection. All specimens were snap-frozen and scanned with the
Chance redox scanner, i.e., the three-dimensional cryogenic NADH/Fp (reduced nicotinamide adenine dinucleo-
tide/oxidized flavoproteins) fluorescence imager. We found both Fp and NADH in the cancerous tissues roughly
tripled that in the normal tissues (p < 0.05). The redox ratio Fp/(NADH + Fp) was ∼27% higher in the cancerous
tissues (p < 0.05). Additionally, Fp, or NADH, or the redox ratio alone could predict cancer with reasonable sen-
sitivity and specificity. Our findings suggest that the optical redox imaging technique can provide parameters
independent of clinical factors for discriminating cancer from noncancer breast tissues in human patients. © 2016
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1 Introduction
There is a clinical need to develop complementary or alternative
methods that are objective, unambiguous, rapid, and cost-
effective for early detection and diagnosis of breast cancer (BC).
The current gold standard to establish BC diagnosis is histo-
logical examination of a biopsy. However, this method only
provides tissue information after biopsy procedure and is at
a disadvantage of subjective interpretation of morphological
features and can also be time-consuming since it involves post-
processing of specimens. Although BC screening using mam-
mography has been shown to reduce overall death by about
20%, it does harm to patients with a high rate of false-positivity
and overdiagnosis.1–3 A high percentage (>50%) of patients
have a biopsy that yields a benign result. This indicates that
over half of the women who undergo a biopsy experience an
unnecessary invasive procedure.3,4 Thus, there is an unmet
need for developing technologies to improve the diagnosis
of BC.

Since cancer cells exhibit altered metabolism, molecular and
metabolic imaging methods could generate information that

relates to cell metabolism and biochemistry, thus providing
pathological information. In addition, altered metabolism could
occur prior to the morphological changes and may exhibit
metabolic heterogeneity at a higher than normal level. Such
information could have diagnostic and prognostic value comple-
mentary to conventional pathological tools. The present work is
part of our series of investigations aiming to identify diagnostic
and prognostic cancer biomarkers based on molecular imaging
of the mitochondrial redox state.5–15

Redox balance is one of the basic needs supported by altered
cellular metabolism in dividing cells.16 The cellular redox state
mediates many biological activities, such as metabolism, differ-
entiation, proliferation, survival, apoptosis, invasion, migration,
reactive oxygen species generation, gene expression, and
signaling.16–20 Among many of the redox systems, nicotinamide
adenine dinucleotide (NAD) and NAD-coupled redox regulation
have been recognized to play important roles in cancer
biology.20,21 The mitochondrial redox state in tissue can be
optically determined by measuring the endogenous fluorescence
from mitochondrial NADH and oxidized flavoproteins (Fp)
containing flavin adenine dinucleotide (FAD) as pioneered by
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Chance and coworkers.22–26 NADH and FADH2 serve as elec-
tron carriers during the adenosine triphosphate-producing
catabolic processes. The optical redox ratios [e.g., Fp/NADH
or the normalized Fp redox ratio ¼ Fp∕ðNADHþ FpÞ� are
sensitive to the mitochondrial NAD-coupled redox state and
correlate with the NADþ∕NADH redox potentials determined
by both biochemical assays and liquid chromatography-mass
spectrometry.25,27–29

Although many fluorescence spectroscopic studies of clinical
breast samples have reported higher than normal NADH and/or
Fp in cancer tissues,30–38 fluorescence imaging of NADH,
Fp, and the redox ratios provides spatial and metabolic hetero-
geneity of tissue,5,38 which might provide additional valuable
information for revealing disease state and discriminating
between premalignant and normal tissues.12,39,40 In recent years,
more reports on imaging NADH and Fp fluorescence and the
redox ratio of clinical tissue samples have become available.
For example, multiphoton microscopy has been utilized to
explore the feasibility of distinguishing head and neck cancer
tissues from the normal ones41 and differentiating normal
low-risk human ovaries from normal high-risk and cancerous
ovaries.42 However, few studies have investigated the feasibility
of redox imaging of the clinical biopsy specimens of BC.

Employing the Chance redox scanner,22,24 a three-dimen-
sional cryogenic fluorescence imager of NADH, Fp, and the
redox ratios at a resolution as low as 50 × 50 × 20 μm3, we
have found that precancer and cancer tissues in the animal mod-
els displayed altered mitochondrial redox state and high level of
redox heterogeneity.5 Particularly, our findings from imaging
the core biopsies from three BC patients showed that Fp signal
can be up to 10-fold higher in cancerous tissues than adjacent
normal tissues.10,11 In the present study, we report our investi-
gation on the quantification of the mitochondrial redox state and
its heterogeneity of biopsies from 16 BC patients and the redox
difference between the cancerous tissues and their normal coun-
terparts. Part of the data presented in this report has been pub-
lished in an SPIE conference proceedings paper.43

2 Materials and Methods

2.1 Tissue Specimen Collection

Tissue collection from 16 female patients was performed during
BC surgeries according to a protocol approved by the internal
review board of the University of Pennsylvania. Tissue aliquots
were collected by the surgeon at room temperature from both
cancerous and adjacent normal-appearing (normal) tissues
from the resected breasts/tissue chunks after their sitting in
the surgical tray for a period of 25� 19 min. The tissue aliquots
were snap-frozen with liquid nitrogen (within several minutes,
mostly within 1 min). The tumor and normal tissues were iden-
tified by palpation and further evaluated by a licensed patholo-
gist. As normal tissue is primarily fat and tumor induces a dense
fibrotic stromal reaction, which is firmer and denser than normal
tissue, the surgeon and pathologist can discern normal from
tumor easily by palpation and by inspecting appearance of
the tissue. The described procedure is standard tissue banking
protocol and quality assurance is routinely performed to confirm
tumor versus normal tissue histology. For our study, due to tis-
sue sample size being very small (needle biopsy, ∼2 mm in
diameter, and some of them being exhausted while subjected to
redox scanning or fixation for hematoxylin and eosin staining),
histological staining on the remaining tissue became infeasible

for some samples. Therefore, we relied on visual inspection
and palpation as described previously to identify tumor and
normal tissues.

Table 1 lists the relevant clinical information on the 16
female patients with 5 triple negative breast cancer (TNBC),
9 estrogen receptor positive (ERþ), and 2 ERþ/human epider-
mal growth factor receptor 2 positive (Her2þ). With the
exception that a few specimens (one tumor and three normal
tissue specimens) were obtained as tissue blocks (∼1 to
3 cm2 and ∼1- to 2-cm thick), all other tissue samples were
collected as core needle biopsies (∼2 mm2 × 10- to 20-mm
long) obtained from the resected breast tissue chunks using a
12-gauge biopsy needle. All snap-frozen tissue aliquots were
stored in liquid nitrogen at all times before redox scanning.
More details on specimen collection procedures can be found
elsewhere.10,11

2.2 Tissue Embedding and Redox Scanning

The tissue embedding procedure used in this study has been
described in detail elsewhere.6,44,45 Briefly, the frozen biopsies
were embedded with a chilled special mounting media
(H2O∶ethanol∶glycerol ¼ 60∶10∶30, freezing point −30°C).
To facilitate day-to-day signal comparison, reference standards
of frozen NADH and FAD solutions of known concentrations
were placed adjacent to the biopsies. The concentrations of
NADH and FAD stock solutions were determined by their

Table 1 The clinical characteristics of the 16 BC patients.

Patient Type Age
Tumor

size (cm) Grade
Nodal
status

1 TNBC 40 2.3 3 N

2 TNBC 41 3.2 3 N

3 ERþ 83 5.5 n.d. P

5 TNBC 50 8 3 N

6 ERþ 39 5 2 P

7 ERþ 45 1.8 1 P

8 ERþ 55 0.6 1 n.d.

9 ERþ 34 2.8 n.a. P

10 TNBC 65 2.7 3 P

11 ERþ 44 3.2, 1.5, 2.0 2 P

12 ERþ 49 9.5 n.a. N

13 ERþ∕Her2þ 56 2.5; 1.5 2 P

14 TNBC 55 2.5 3 N

15 ERþ 49 3 2 N

16 ERþ 48 0.9 1 P

17 ERþ∕Her2þ 23 5 n.a. N

Note 1: Biopsies from patient 4 were lost during tissue handling.
N, negative; P, positive; n.a., not available; n.d., not done.
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optical absorptions at 340 and 450 nm, respectively, using a UV/
VIS spectrometer. The stock solutions were further diluted to
the desired concentrations for preparing the reference standards.
The linear dynamic range of the instrument was determined
when deemed necessary by imaging and quantifying the fluo-
rescence of frozen NADH (and FAD) solutions of known
concentrations as detailed elsewhere.44,45 The concentrations
of the reference standards were chosen within the linear
dynamic range.

The Chance redox scanner is equipped with a miller that
mills the sample surface flat and exposes the tissue sample
for desired depth. There are two filter wheels that spin at
60 Hz synchronously for four time-sharing fluorescence chan-
nels at the chosen excitation and emission wavelengths. The
excitation lights from a mercury/metal halide lamp are directed
onto the sample surface through the central optical fiber in a
raster-scanning light guide, which also collects the emission
light from the sample via six peripheral fibers built in the
guide. The image resolution is limited by the diameter of central
optical fiber ranging 50 to 200 μm (50 and 100 μm in the
present study). A photomultiplier tube (Hamamatsu R928) is
used as the detector. The instrument is automated and controlled
by a PC.

For this study, the embedded tissue samples were repeatedly
grounded by the miller to expose surface planes at various
depths and scanned under liquid nitrogen by the Chance redox
scanner. The optical filters for NADH and Fp channels were:
365� 13 nm ðExÞ∕455� 35 nm ðEmÞ and 440� 10 nm ðExÞ∕
515� 15 nm ðEmÞ, respectively. The pixel size is 50 to 200 μm.
Two to four planes spacing 100 to 200 μm were scanned for
each specimen. The scan depth of the first imaging plane is
defined as 0 μm.

2.3 Data Analysis

The acquired images were processed using a customized
MATLAB® program. The nominal concentrations of both Fp
and NADH in the tissues were obtained by comparing their fluo-
rescence intensities with that of the corresponding frozen solu-
tion standards. These nominal concentrations were only used for
comparison of results from different imaging sessions and may
deviate significantly from the true NADH and Fp concentrations
in the tissue. The redox indices, including NADH, Fp, and the
redox ratios of each plane, were extracted from each imaging
plane of the biopsies. The mean values of the redox indices
of each imaging plane were further averaged across planes to
obtain the global average values for each patient. These data
were statistically analyzed with the Wilcoxon signed-ranks test
for paired data and two sample t-test for unpaired data. The
receiver operating characteristic (ROC) analysis was performed
to obtain sensitivity and specificity for the differentiation
between tumor and normal tissues P < 0.05 is considered sta-
tistically significant.

3 Results

3.1 Redox Indices Discriminate between Cancerous
and Normal Tissues

Figure 1 shows the typical redox images and the corresponding
histograms of a representative pair of the normal and cancerous
tissues from the same patient. By referencing the color bar or
reading the numbers under the x-axis of the histograms, we

can readily see that the cancer tissue has much higher Fp
and NADH average values than the normal counterpart. The
mean values and their standard deviations of the redox indices
for each group are shown in Table 2. Both NADH and Fp signals
in the cancerous tissues roughly tripled to quadrupled those in
the normal tissues; and the normalized Fp redox ratio Fp/
(NADH + Fp) was about 27% higher in the cancerous tissues
than in the normal ones. Figure 2 delineates the box plots of
these redox indices.

AWilcoxon signed-rank test showed that between the normal
and tumor groups, there is a significant difference in each of the
redox indices as listed in Table 2. Except that NADH/Fp redox
ratio is significantly higher in the normal group (p ¼ 0.017), Fp,
NADH, and the Fp redox ratio Fp/(NADH + Fp) are all signifi-
cantly higher in the tumor group (p ¼ 0.001, 0.003, and 0.003,
respectively). Furthermore, all tumor specimens had a higher
Fp than the normal tissue except for one patient (patient 17),
who had a higher Fp value in her normal tissue [Fig. 3(a)].
In 13 out of 16 patients, we observed a higher NADH in the
tumor tissue than in the normal tissue whereas three patients
had a higher NADH value in their normal tissue [Fig. 3(b)].
As shown in Fig. 3(c), 13 patients had a higher Fp redox
ratio Fp/(NADH + Fp) in the tumor tissue than their normal
tissue. In 12 out of 16 patients, the normal tissue had a higher
NADH/Fp than the tumor tissue whereas four patients had
a higher NADH/Fp value in the tumor tissue.

We further tested the discriminating power of the redox indi-
ces for cancer. The ROC curves for Fp, NADH, and the Fp redox
ratio are delineated in Fig. 4. As shown in Table 3, Fp has the
largest area under curve (AUC). Both Fp and NADH can dis-
criminate cancer from normal tissues with 81% sensitivity
and 69% specificity. For the Fp redox ratio Fp/(NADH + Fp),
75% sensitivity with 69% specificity can be achieved.

3.2 Relationship between Tumor Redox Indices and
Conventional Clinical Risk Factors

We further investigated if tumor redox indices would relate to
the molecular type or tumor grade. Student t-tests performed for
the tumor group showed no significant difference in any redox
index between ERþ and TNBC or between TNBC and non-
TNBC subgroups. A t-test performed for 12 out of 16 patients,
who were given tumor grades, showed no significant difference
in any redox index between the low grade group (1 and 2) and
high grade group (3). A t-test performed for 15 out of 16
patients, who were given nodal status, showed no significant
difference in any tumor redox index between node positive
and node negative groups. Nor was there a significant correla-
tion between tumor redox indices and tumor size. Among 9 ERþ
patients, neither could we find a correlation between tumor size
and tumor redox indices.

4 Discussion
In comparison with our previous study of the breast tissue spec-
imens of three BC patients, the present study includes biopsies
from 16 patients and demonstrates both NADH and Fp contents
are significantly higher in tumor than in normal tissue based on
the global averaging method; whereas previously only Fp differ-
ence between cancer and noncancer was significant due to rel-
atively small sample size.10,11 The globally averaged Fp redox
ratio was found in the present work significantly higher in tumor
than in normal tissue with a p value of 0.003 whereas previously
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the p value was only a borderline significance (0.07). Higher Fp
redox ratio indicates that the tumor tissue was more oxidized
than the normal tissue on average. In addition, we also found
that Fp or NADH or the Fp redox ratio alone could be used
as a discriminating index for BC with reasonable sensitivity
and specificity (Table 3), although they should be further
improved before they can be useful clinically. The nominal

concentrations are used to indicate the intensities of NADH and
Fp signals and to facilitate comparison of data obtained from
different samples or on different days. These nominal concen-
trations may deviate largely from the true concentrations of
these two species in tissue.

We observed that NADH nominal concentration in tumor tis-
sue is 2.6-fold of that in normal tissue. This is consistent with
what was reported in the literature. For example, a biochemical
assay of breast tissues resulted in 1.9 times higher NADH in
cancer tissue than in the normal surrounding tissue.33 In that
study, NADH was extracted from both fresh tissues (processed
within 3 days after tissue resection) and frozen tissue (main-
tained in −20°C for 2 to 4 months). Some spectroscopic studies
also showed that NADH intensity in the BC tissue was ∼2 to 3
fold of the normal counterpart as estimated by the fluorescence
intensity at ∼460 nm,34–36 although another spectroscopic study
showed NADH in the BC tissue was only ∼15% higher than
that in the normal ones.37 Studies looking at fixed tissue slides
also found higher NADH fluorescence in the breast tumor
region compared to the normal region.46,47

Table 2 The redox indices of the normal and cancer groups (N ¼ 16
for each group, mean� SD).

Fp (μM) NADH (μM) Fp/(NADH + Fp) NADH/Fp

Normal 83� 90 84� 54 :44� :11 1.63� :94

tumor 308� 320 217� 212 :56� :08 :95� :42

pa .001 .003 .003 .017

aWilcoxon signed-rank test.

Fig. 1 The typical redox images and the corresponding histograms of a normal tissue biopsy (image
plane depth ¼ 600 μm) and a tumor tissue biopsy (image plane depth ¼ 300 μm) of the same patient
(image matrix 128 × 128, spatial resolution 100 μm). The Fp or NADH images show the nominal con-
centrations in μM, the Fp redox ratio ranges between 0 and 1. The x -axes of the corresponding histo-
grams represent the concentrations or redox ratios. The y -axes of the histograms represent the number
of pixels in the image plane having a specific value of concentration or the redox ratio. The round spots in
the images are corresponding FAD or NADH reference standards.
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We observed Fp nominal concentration in breast tumor tissue
is 3.7-fold of that in the normal tissue. We have not come across
any reported Fp contents in tumor tissue as measured by a bio-
chemical assay. Spectroscopic studies have shown higher fluo-
rescence intensities in the range between 500- and 700-nm
in breast tumor tissues than in normal ones30,31 and 500- to

600-nm autofluorescence was shown flavins origin.32 Some
quantitative spectroscopic studies involving 28 to 34 patients
reported 3.5 -fold35 and 2.5-fold34 higher Fp (estimated from
the fluorescence intensity at ∼525 nm) in BC tissues compared
to their normal counterparts.

We have not found any literature reporting the Fp redox ratio
in clinical breast biopsy samples. Optical redox ratios of the clini-
cal specimens for other forms of cancer have been reported. For
example, it was shown that normal low-risk human ovaries
were associated with a lower Fp redox ratio whereas cancerous
ovaries had a higher Fp redox ratio.42 Our results are consistent
with this study. With the transgenic mouse model, we previously
also saw a higher Fp redox ratio in premalignant pancreas.12

Results from cell culture studies show higher NADH but lower
FAD in some BC lines than in the normal cell line MCF10A,
resulting in a significantly higher NADH/FAD ratio (lower Fp
redox ratio) in the BC lines.38 However, the apparently inconsis-
tent results may be due to the significant difference in cellular
microenvironment between cell cultures and tumor tissues.

Fig. 2 Box plots of the redox indices representing the lower adjacent value, first quartile, median, third
quartile, and upper adjacent value for the normal and tumor groups (N, normal; T, tumor). The red dots
are outliers.

Fig. 3 The redox indices for paired tumor (bars in red) and normal (bars with blue patterns) tissues from
individual patients: (a) Fp, (b) NADH, and (c) the Fp redox ratio.

Fig. 4 The ROC curves for the redox indices, i.e., Fp, NADH, and the Fp redox ratio.

Table 3 The ROC analysis of the redox indices.

Fp NADH Fp/(NADH + Fp)

AUC 0.85 0.77 0.79

95% CI 0.72, 0.98 0.60, 0.94 0.63, 0.94

sensitivity, specificity 81%, 69% 81%, 69% 75%, 69%

p .001 .010 .006
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Usually breast tumor tissue has higher cell density than
normal breast tissue.48 This might partially explain our observed
higher Fp and NADH in cancerous tissue but cannot explain
the higher Fp redox ratio, which is largely independent of cell
density. The higher Fp redox ratio in cancerous tissues may indi-
cate a fundamental difference of the mitochondrial metabolic
function and redox state from that of normal tissues.

Chance and Williams49,50 previously defined five distinct
redox states of the mitochondria based on the isolated mitochon-
dria with various levels of ADP, substrates, and oxygen supply.
When oxygen level is zero, the mitochondria are in state 5 and
their respiration rate reaches zero. Under such a state, NADH is
high but Fp is low. The tissue aliquots collected for our study
were on an average of 25 min after the breasts or breast tissue
chunks had been removed from the body and sitting at room
temperature. Therefore, it is possible their mitochondria were
shifting toward state 5 due to low oxygen. It is known that
for normal tissues, respiring activity is inhibited under hypoxia,
resulting in higher NADH and lower Fp signals. However,
tumor tissues, even under hypoxia, may still have high respiring
activity.51,52 We do not know if this is the case for breast tumors.
Assuming that breast tumor cells behave the same as normal
cells and tumor tissues were more hypoxic than normal tissues,
one should expect a decrease in Fp associated with an increase
of NADH in tumors compared to normal tissues. However, this
is not consistent with our results. It is possible that there was
actually a large percentage of decrease in Fp in tumor tissue
compared to normal tissue when shifting toward more hypoxic
state. However, due to higher cell density in tumor tissue, total
Fp content in tumor tissue remained higher than that in normal
tissue. To better understand the results reported here, we need to
obtain a more quantitative and complete picture about tissue
biology, biochemistry and metabolism, and their intratumor
heterogeneities.

An age-related NADH content decrease of BC patients with
age 55 or older was reported in both tumor and normal tissues.33

Another study reported that both NADH and FAD signal
decreased with increasing patient age for normal cervical tissue
and the premenopausal patients (<41 yr) had relatively higher
NADH and FAD than the postmenopausal ones (>41 yr).53

We did not find any age dependence of the redox indices in
this study for both tumor and normal tissues. More patients
should be included to confirm our result.

The autofluorescence decay after tissue resection but before
being frozen has been a concern for optical studies.36,54–56 The
resected breasts/tissue chunks from which the biopsies were
collected had been kept at room temperature for an average of
25 min. Therefore, it is likely that both NADH and Fp contents
in these tissues had changed during this time period before
collecting tissue aliquots for the redox scanning. The observed
redox ratio only represented the metabolic state of the tissue
aliquots at the time of snap-freezing. How well these redox
measurements provide clinically useful information still needs
to be further investigated.

The present study can be improved in the following aspects
in the future. First, due to large interpatient variations in the
redox indices, more patients should be included with a more
standardized protocol on collecting tissue aliquots in order to
evaluate the redox discriminating power more accurately.
Second, by collecting larger size tissues, we should verify
that the control specimens are truly noncancerous by histology.
Third, by performing tissue heterogeneity analysis, we may

generate more information that could improve cancer detection.
This is supported by our previous works, where Gaussian curve
fitting technique helped to distinguish precancer from normal12

and p53 status of colon cancer in mouse models.11 Fourth, we
can include premalignant breast biopsies to study the redox
difference among normal breast, atypia, and breast carcinomas.
Lastly, as our results suggest the value of the redox indices for
cancer management, we need to develop noninvasive imaging
methods for monitoring the redox state in vivo.

5 Conclusions
This study highlights the differences in the mitochondrial redox
state between cancerous and normal tissues via optically imag-
ing biopsy specimens from BC patients. We found that the redox
indices, such as Fp or NADH or the Fp redox ratio, alone could
potentially be used as a discriminating index for BC diagnosis.
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