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Abstract

Currently, the gold standard to establish benign vs. malignant breast tissue diagnosis requires an 

invasive biopsy followed by tissue fixation for subsequent histopathological examination. This 

process takes at least 24 h resulting in tissues that are less suitable for molecular, functional, or 

metabolic analysis. We have recently conducted redox scanning (cryogenic NADH/flavoprotein 

fluorescence imaging) on snap-frozen breast tissue biopsy samples obtained from human breast 

cancer patients at the time of their breast cancer surgery. The redox state was readily determined 

by the redox scanner at liquid nitrogen temperature with extraordinary sensitivity, giving oxidized 

flavoproteins (Fp) an up to tenfold discrimination of cancer to non-cancer of breast in our 

preliminary data. Our finding suggests that the identified metabolic parameters could discriminate 

between cancer and non-cancer breast tissues without subjecting tissues to fixatives. The 

remainder of the frozen tissue is available for additional analysis such as molecular analysis and 

conventional histopathology. We propose that this novel redox scanning procedure may assist in 

tissue diagnosis in ex vivo tissues.
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1 Introduction

Biochemical analysis of cancer core biopsies has little diagnostic value in the clinic so far. A 

novel approach to utilize the biochemistry of biopsies is afforded by our redox scanner [1, 

2]. This diagnostic tool requires only a small tissue sample (1 mm in 2 dimensions) to obtain 

tissue mitochondrial redox states at a high spatial resolution down to 50 μm. In this study, 

we have discovered that redox scanning may provide a novel biochemical approach to 

identify breast cancer tissue in clinical samples. The differential redox state in breast cancer 

vs. normal tissues is presumably due to tissue reoxygenation which reactivates the electron 

transport activity in the mitochondria. In our previous studies [3–6], we discovered that the 

redox state of tumor tissue was accurately determined by the redox ratio, Fp/(Fp + NADH), 

a sensitive indicator of the tumor metabolic activity which correlates with the degree of 

invasiveness. In another study, we also showed that the premalignant pancreatic tissue is 

more heterogeneous in mitochondrial redox state than the normal one [7].

Currently, the gold standard to establish benign vs. malignant breast tissue diagnosis 

requires an invasive biopsy followed by tissue fixation for subsequent histological 

examination. The required tissue fixation step renders the tissue less suitable for additional 

molecular, functional, and metabolic analyses. So far the histological examination and redox 

scanning cannot be correlated as redox scanning requires viable tissue with a preserved 

metabolic state while histology evaluation often requires tissue fixation resulting in 

nonviable tissues. These two seemingly incompatible requirements are now met by our 

simple observation that indicates that tissue obtained from normal adjacent tissue in the 

periphery of the surgical specimen and from the centre of the tumor specimen obtained by 

core biopsy needle are well oxygenated and the mitochondrial electron transport metabolism 

is reactivated.

In this paper, we report the preliminary data on imaging the redox state of breast biopsies to 

discriminate the cancer to non-cancer tissues. Upon further confirmation with more patient 

samples and standardization of tissue sample collection procedures, this novel redox 

scanning procedure may assist in real-time tissue diagnosis in ex vivo tissues at the time of 

surgery.

2 Methods

Tissue collection was performed according to a protocol approved by the Internal Review 

Board of our institution. Our procedure involves excising a thin section from normal 

adjacent breast tissue at the periphery of the surgical specimen at the time of breast cancer 

surgery. Tissue from the central portion of the surgical specimen containing tumor tissue 

was collected using a 20-gauge core biopsy needle (~1 × 1 × 5 mm3). The redox scan 

requires mounting the snap-frozen tissue slice or core biopsies in the frozen mounting buffer 

(H2O:ethanol: glycerol = 10:30:60, freezing point –30°C), followed by redox scanning in 

two or three dimensions for the redox states of NADH and Fp. Unused portion of both 

normal and tumor tissues were preserved in the frozen mounting buffer and stored in liquid 

nitrogen tank for histopathology evaluation.
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Breast tissues (normal adjacent tissue collected as a small tissue block and tumor tissue 

collected by core needle) collected from patients 1 and 2 were placed on saline-moistened 

paper at room temperature in the operating room. Both tissues were then brought outside the 

surgery room where they were immediately wrapped with aluminum foil and dipped into 

liquid N2. The estimated time interval between removing tissue from the body and snap-

freezing was 5–10 min. The core needle samples of cancerous tissue from various locations 

in the surgical specimen from patient 1 were dipped into liquid nitrogen temporally in the 

following order: a, b, and d with a time interval of 30~60 s. For samples from patient 3, both 

cancerous and normal tissues were given as a thin tissue block of ~0.3 × 2 × 2 cm3. The 

estimated time interval between tissue removal from the patient and snap-freeze was ~5 min. 

All collected tissues, both normal and cancerous tissues, were from the affected cancer-

bearing breasts.

The detailed procedures for embedding tissue samples for redox scanning have been 

reported elsewhere [5, 7–9]. Small portions of the frozen core biopsies were embedded. For 

tissue blocks, thin pieces were first sliced off from the snap-frozen tissue blocks using a 

handsaw on dry-ice-chilled metal surface. The thin piece was embedded in the mounting 

buffer in such a way that the starting layer for redox scanning was the surface exposed to the 

air before snap-freeze. NADH and Fp standards were first embedded with chilled glycerol/

ethanol/water mounting buffer. The tissue was then placed adjacently using a pair of chilled 

forceps. Cold mounting buffer slush was added on top of the tissues to secure.

The embedded samples were carefully milled flat under liquid N2 by shaving off the top 

surfaces, ~50 μm from tumor tissue (core biopsy) and ~100–300 μm from normal tissue. The 

samples were then scanned under liquid N2 using the redox scanner. Two to four sections 

with spacing between 40 and 120 μm (depth range 0–240 μm) were scanned for each core 

biopsy sample. Two sections with spacing ~200–300 μm were scanned for each tissue block 

sample.

The acquired NADH and Fp signals were analyzed using Matlab® software which 

constructed all images. Both the NADH and Fp images were displayed as concentration 

maps, where concentration was in the unit of μM calibrated to the fluorescence from the 

corresponding standard. The redox ratio images were displayed as the concentration ratio of 

Fp/(Fp + NADH) in the range of 0 ~ 1.

For multiple tissue samples from patient 1, the redox scanning indices (Fp, NADH, and 

redox ratio) were averaged across tissue sections and then across tissue samples from 

various locations. Single factor ANOVA analysis was performed to compare the differences 

among the mean values of three core biopsies from different locations.

3 Results and Discussion

Figures 48.1 and 48.2 illustrate the typical findings of the redox images of breast tumor 

tissue and normal breast tissue. The results of redox scans of the human biopsy samples are 

shown in Table 48.1. The first and most notable finding is the high values of oxidized 

flavoprotein Fp, clearly indicating that the electron transfer chain to oxygen was operating 

efficiently prior to snap-freezing. Fp nominal concentration in cancerous tissue (Fpt = 652 ± 
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93 μM) is significantly higher than that in normal tissue (Fpn = 118 ± 89 μM) with p = 

0.027. Their ratio, Fpt/Fpn, averaged over three patients is 7.7 ± 4.4.

In comparing the cancerous and normal tissues, we find a still greater difference, the redox 

ratio is different for all three normal (0.40 ± 0.09) and three cancerous tissues (0.61 ± 0.10), 

despite the borderline statistical difference which might be partially due to the very different 

disease histories. Patient 1 and 2 received no neo-adjuvant therapy, while patient 3 had been 

treated with Arimidex for 6 months before she had the surgery. In spite of the disparities in 

patient disease history and sample collection procedures, the cancerous tissue has strikingly 

higher Fp (almost tenfold higher). This cannot be fully accounted for by slightly higher O2 

diffusion coefficient in tumor tissue than that in normal one [10–14]. The oxygen diffusion 

distance is more than 500 μm for a time window of 5 min assuming a diffusion constant of 

10–5 cm2/s. The reported redox scanning data were from the top layers of both the tissue 

blocks (depth ~0–300 μm) and the core biopsy samples (depth ~0–240 μm). Thus, it is 

reasonable to assume that the reoxygenation due to oxygen diffusion should be similar for 

both normal and cancerous tissue samples.

For patient 1, several cancerous tissue core biopsies from different locations were collected 

and redox-scanned. Table 48.2 summaries the highly significant heterogeneity in the redox 

ratio, NADH, and Fp in her tumor tissue obtained by core needle in the following temporal 

order a→b→d. The highly significant difference in the redox indices is readily recognized. 

The temporal order of the sample snap-freezing a→b→d coincides with the increase of both 

NADH and Fp concentrations. Delayed snap-freeze led to longer air-exposure and likely 

more reoxygenation, which should result in increasing Fp and decreasing NADH.

It warrants further investigation whether the marked difference in redox indices between the 

normal and cancerous tissues of the three patients and/or the difference among the samples 

of patient 1 were mainly caused by the air-exposure difference or the intrinsic biological 

difference in these tissues. Sample collection procedures need to be standardized to 

minimize its possible contribution to the redox indices in the future. Analysis of more tissue 

samples is planned to confirm the preliminary results reported here.

4 Conclusions

In summary the mitochondrial redox states of human breast cancer tissue samples can be 

measured fluorometrically and show marked differences between cancer and non-cancer 

tissues. The redox scanning results clearly indicate aerobiosis of the samples. We report 

here, for the first time, the feasibility of redox cryo-imaging of breast biopsies which may 

open up new avenues to explore the correlation of histopathology and redox detection of 

cancer and perhaps to monitor efficacy of therapeutics. We propose that this novel redox 

scanning procedure may be used as a real-time tissue diagnosis tool in ex vivo tissues.
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Fig. 48.1. 
Typical redox images of breast tumor tissue (patient 1) (image matrix 128 × 128, resolution 

40 μm). The redox ratio ranges between 0 and 1; the Fp or NADH images are in the unit of 

μM. The x axes of the corresponding histograms represent the redox ratio or concentration. 

The y axes represent the number of pixels in the tumor section having a specific value of 

redox ratio or concentration
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Fig. 48.2. 
Typical redox images of normal breast tissue (patient 1) (image matrix 128 × 128, resolution 

100 μm)
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Table 48.1

Redox indices of the cancerous and normal breast tissues from three patients

Cancerous Normal

Patient Redox ratiot NADHt (μM) Fpt Redox ration NADHn (μM) Fpn (μM) Fpt/Fpn

1
a 0.71 153 569 0.42 86 65 9.2

2
b 0.52 699 759 0.31 153 69 11.1

3
c 0.59 295 601 0.48 174 221 2.7

Mean 0.61 384 652 0.40 138 118
7.7

d

SD 0.10 281 93 0.09 46 89 4.4

p value
e 0.062 0.248 0.027

a
2.1 cm, invasive ductal carcinoma (IDC), triple negative (TN) receptors, negative nodes, poorly differentiated, 3 core biopsies, and 1 normal 

tissue block

b
3 cm, BRCA1 mutation, TN, negative nodes, poorly differentiated, 1 core biopsy, and 1 normal tissue block

c
10 cm, ER+, positive node, Arimidex treated for 6 months, 1 cancer and 1 normal tissue block

d
Average of Fpt/Fpn over the three patients

e
Comparison of the redox indices between cancerous and normal tissue of the three patients
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Table 48.2

Redox indices of the cancerous core biopsies from different locations of patient 1

Tissue location Redox ratio NADHt (μM) Fpt (μM)

a (2 sections) 0.54 ± 0.01 45 ± 13 57 ± 20

b (4 sections) 0.69 ± 0.03 142 ± 30 351 ± 37

d (5 sections) 0.81 ± 0.03 218 ± 34 1,044 ± 337

p value
a 0.00001 0.0004 0.0017

a
Single factor ANOVA analysis was used to show the statistical difference between locations
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