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Abstract

Purpose—A proof-of-concept study to evaluate a new autofluorescence method to differentiate
necrotic thermally fixed cells from viable tissue following thermal ablation.

Methods—A conductive interstitial thermal therapy (CITT) device was used to ablate swine
mammary tissue and rabbit \VX-2 carcinomas in vivo. The ablated regions and 10-mm margins were
resected 24 h following treatment, embedded in HistOmer® and sectioned at 3 mm. The fresh sections
were evaluated for gross viability with triphenyl tetrazolium chloride, 1 h post-resection.
Representative non-viable and viable areas were then processed and embedded into paraffin, and
sectioned at 5 um. Standard H&E staining and proliferating cell nuclear antigen (PCNA)
immunohistochemistry were compared against autofluorescence intensity, at 488-nm wavelength,
for cellular viability.

Results—Heat-fixed cells in non-viable regions exhibit increased autofluorescence intensity
compared to viable tissue (area under receiver operating characteristics (ROC) curve =0.96; Mann-
Whitney P <0.0001). An autofluorescence intensity-based classification rule achieved 92%
sensitivity with 100% specificity for distinguishing non-viable from viable samples. In contrast,
PCNA staining did not reliably distinguish heat-fixed, dead cells from viable cells.

Conclusions—Examination of H&E-stained sections using autofluorescence intensity-based
classification is a reliable and readily available method to accurately identify heat-fixed cells in
ablated surgical margins.
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Introduction

The recent emergence of heat-based therapies has engendered many advocates for its use to
locally control and treat solid cancerous tumours [1-3]. Many techniques have been developed
to heat the diseased tissue above a threshold temperature to induce irreversible thermal damage.
Radiofrequency ablation (RFA), laser, interstitial and external ultrasound devices and,
recently, conductive interstitial thermal therapy (CITT) are just a few of the available
technologies where thermal ablation has been shown to be effective in destroying solid tumours
and margins [4-11]. To date, the efficacy of thermal ablation techniques has been determined
by employing ablate-resect techniques [10,12-16]. In ablate-resect procedures,
histopathological examination is the standard method to determine the outcomes of the thermal
ablation treatment. Pathologically there are three zones of tissue damage within the ablated
zone: a central heat-fixed region surrounded by a zone of coagulative necrosis, and an outer
rim of mixed viable tissue and necraotic tissue [17-20]. Cells in the heat-fixed region retain
many of the morphological and immunohistochemical characteristics of viable cells [17,20],
and thus are difficult to identify as non-viable in histological sections.

There is no standard and well-accepted technique for evaluating the viability of cells in
thermally ablated regions. There are several pathologic techniques currently used to evaluate
non-viable cells in tissue sections. Supravital stains such as that to identify nicotinamide
adenine dinucleotide (NADH) diaphorase can only be performed on fresh frozen sections.
Immunohistochemistry against various cellular proteins may lead to misclassification of tissues
because some antigens routinely used in immunohistochemical staining, such as proliferating
cell nuclear antigen (PCNA), may be preserved in heat-fixed tissues in a manner similar to that
seen in microwave fixation [20]. Transferase-mediated dUTP nick end labelling (TUNEL)
staining to detect apoptosis has a relatively low sensitivity which is reported to vary between
60% to 90%. [21] The triphenyl tetrazolium chloride (TTC) viability stain can only be used in
gross specimens because the red formazan fades during histological processing. Therefore, a
simple and reliable method to accurately identify heat-fixed (dead) cells and avoid false-
positive diagnoses of viability in histological specimens would be of great use in the growing
field of thermal ablation of tumours.

Necrotic cells are known to exhibit increased autofluorescence when excited with light at 488
nm [22-25], as cellular autofluorescence increases with decreasing metabolic activity [26].
The exact mechanism of autofluorescence has not been elucidated, but it is thought to be due
to increased levels of denatured proteins [27,28]. An additional mechanism may be intracellular
release of metabolites such as flavin adenine dinucleotide (FAD) or NADH from mitochondria
[29]. FAD is a likely candidate for this phenomenon, because it fluoresces at this wavelength
[26]. Some investigators have used this difference in autofluorescence intensity to identify and
quantify necrosis in tumour sections, including those that are formalin-fixed, paraffin-
embedded and routinely stained [30,31]. To the best of our knowledge, it has not yet been
determined that heat-fixed cells will exhibit significantly higher autofluorescence intensity in
comparison to viable cells. Our objective was to determine the accuracy and reliability of a
modified autofluorescence procedure, which we present herein, in differentiating heat-fixed
cells from viable cells in thermally ablated regions. In addition, we compared this procedure
to PCNA staining in identification of heat-fixed cells.

In this study we used CITT, an invasive thermal conductance ablation approach, to ablate VX2
rabbit carcinomas and pig mammary tissue to investigate tissue necrosis. It is important to bear
in mind that a CITT device delivers the heat to the target tissue by conduction, thus the tissue
is not exposed to electromagnetic field that could have potential confounding effects on cell
viability. Thus, in CITT the thermal damage is only a function of the temperature attained and
time exposed at any given point in the tissue (thermal dose).
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Methods

Thermal ablation

The CITT device was used to ablate soft tissue and tumours in animal models in vivo. The
principles of CITT have been described in detail elsewhere [32,33]. Briefly, the CITT device
consists of a thermal probe with deployable pins and computer controlled heater that allows
high-dose heat delivery to the target tissue. Thermal ablation was conducted while the animals
were under general anaesthesia. The animal experiments were approved by the UAMS
Institutional Animal Care and Use Committee and were conducted according to the guidelines
in the Guide for the Care and Use of Laboratory Animals, NIH Publication No. 86-23. Tissues
examined were from two separate ablation studies using similar techniques, but with slight
differences in thermal dose.

Rabbit carcinoma—Fresh VX2 carcinoma (National Cancer Institute, Frederick Cancer
Center, Frederick, MD) was implanted intramuscularly in the rear leg of 8 adult female NZW
rabbits. The tumours were allowed to grow to 2-3 cm diameter, whereupon they were ablated
for 20 min at the maximum probe temperature of 120°C, in vivo. [32]

Pig mammary gland—The female pig model was selected because it is an accepted model
for studying interstitial thermal therapy for thermal ablation in human-like breast tissue [34,
35]. In this study, ablations were performed, in vivo, on tissue under 8 nipples in an adult, non-
pregnant female at various temperatures within the range of 79°C to 170°C and total ablation
times of 17 to 25 min [33].

Tissue preparation—Following ablation, the treated region and approximately 5-10 mm
of adjacent tissue were resected and placed in buffered saline at 2°C for 30 min. Thereafter,
the entire excised tissue was embedded in HistOmer (Vibratome, St Louis, MO) for 5 min and
sliced into 3-mm sections perpendicular to the ablated surface. The slices were stained for
viability with TTC 1% solution for 1 h at 37°C. In viable tissue, TTC is reduced to red formazan
by the mitochondrial enzyme succinate dehydrogenase. This reaction therefore only occurs in
viable tissue. Following TTC staining, the tissue was removed from the solution, and sections
were photographed with a digital camera (Canon ES Rebel 350). The tissue specimens were
removed from HistOmer and fixed in 10% neutral buffered formalin. After fixation, samples
measuring approximately 1 cm x 1 cm were chosen from TTC-positive (red-stained) and TTC-
negative (unstained) areas, and these samples were processed and embedded into paraffin,
sectioned at 5 um, and routinely stained with haematoxylin and eosin (H&E). Additionally, 5
samples of normal rabbit skin from non-ablated sites and 5 samples of non-ablated pig skin
were processed without TTC staining.

Histological evaluation

Digital threshold—We devised a simple method to aid in diagnosis of viable vs. non-viable
areas and cells in multiple sections, using a digital filter to eliminate background
autofluorescence. Digital images of fluorescent sections were converted to greyscale in Image
J, and a threshold intensity value was set using the ‘image-adjust-threshold’ menu to exclude
background fluorescence of normal epithelial structures in a non-ablated control sample of pig
mammary gland and skin. Using the black and white method of digital mark-up, normally
fluorescent structures (collagen and keratin) remain white, while viable epithelial cells and
tumour cells are black. The threshold settings were applied to normal epithelial and stromal
cells in 5 control pig skin samples. This method was repeated on rabbit skin and mammary
tissue using 5 normal rabbit samples from 5 different rabbits. For direct comparison of
fluorescence and cellular morphology, fluorescent photos were overlaid onto H&E photos
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using Adobe Photoshop CS2 layers function. We next applied this threshold value to images
of thermally ablated sections of VX-2 carcinomas and pig mammary tissue.

Quantitative analysis—To verify that necrotic and heat-fixed cells exhibit increased
autofluorescence intensity compared to viable cells, samples of rabbit \VX-2 carcinoma and
pig mammary tissue and skin were compared. Samples from VX2 carcinoma were taken from
TTC positive (viable, n =5) regions and from TTC negative (non-viable, n =25) regions.
Additionally, 3 samples of control (non-CITT-treated) skin and mammary tissue from 3
different pigs were examined. H&E slides were examined under bright field microscopy and
using fluorescence microscopy at 488 nm wavelength (FITC channel) using a Nikon Eclipse
2000E microscope attached to a Nikon digital camera. Camera and lamp settings were held
constant for all sections. Serial photos of each section were taken from the same microscopic
200 x field using both bright field and fluorescence microscopy. Unmodified photos were
analysed using NIH Image J software. Within each image, five cells, located at approximately
12:00, 2:00, 5:00, 8:00, and 10:00 on the clock face were outlined using the Polygon function
and individually analysed. Each cell was delineated, and its autofluorescence intensity was
determined as the distributional mean of the cell’s fluorescence greyscale intensities using the
Histogram function; the resulting intensities of the five cells were then averaged and taken as
representative of the intensity of cells within the tissue-section image. Fluorescence intensities
of individual tissue sections were plotted along with group means and standard deviations.
Intensity distributions were assessed for degree of separation between the two groups via
receiver operating characteristics (ROC) analysis; the area under the ROC curve (the ROC
AUC) was compared to the null-hypothesis value 0.50 (denoting complete overlap of
distributions) via the one-sided Mann-Whitney test. The point on the empirical ROC curve that
minimised misclassification error (by maximising the sum of sensitivity and specificity) was
used to identify the upper and lower limits on a range of intensity thresholds that would have
optimal classification characteristics. Statistical analyses were performed using Excel 2003
(Microsoft Corporation, Redmond, WA) and NCSS 2004 (Number Cruncher Statistical
Systems, Kaysville, UT).

Immunohistochemistry—To determine whether or not heat-fixed cells may retain
reactivity to anti-PCNA antibodies, we stained sections from TTC-positive and TTC-negative
regions of VX-2 carcinoma, normal mammary gland, and skin from rabbit and pig. Sections
were deparaffinised and rehydrated through a graded series of alcohols and water. Antigen
retrieval was performed in a Dako decloaker (Biocare Medical, Walnut Creek, CA) for 20 min
using Dako target retrieval (pH 6). After rinsing for 3 min in distilled water, Dako hydrogen
peroxidase was applied to the sections for 10 min, and slides were rinsed in Dako tris buffered
saline tween-20 (TBST). Sections were incubated for 30 min in 10% normal goat serum protein
block diluted in TBST at room temperature (RT), and then blotted. Sections were then
incubated in primary antibody (PCNA, PC-10, mouse monoclonal, predilute, Abcam ab912)
for 1L hat RT and rinsed in TBST. Sections were incubated in secondary antibody (biotinylated
goat anti-mouse, Vector Labs, Burlingame, CA) diluted 1:400 in TBST for 30 min at RT and
rinsed in TBST. Sections were incubated in Vector Elite ABC (Vector Labs) for 30 min at RT
and rinsed in TBST. Dako DAB + 3 was applied for 3 min; sections were rinsed in TBST,
lightly counterstained with haematoxylin, mounted, examined under a light microscope, and
representative regions were digitally photographed at 200x magnification as described above.

Digital threshold

Based on autofluorescence intensity, we were consistently able to digitally exclude viable cells
in control sections of pig and rabbit skin and mammary gland with a single Image J threshold
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setting. While cellular layers of the epidermis exhibit minimal autofluorescence intensity,
strong autofluorescence is present in keratin and dermal collagen (Figure 1A). The digital
threshold was set to exclude autofluorescence from viable epidermal cells, which remain black
in the filtered image (Figure 1A—C). This threshold setting also excluded viable cells in
mammary epithelium and hair follicles (Figure 1B). Non-viable cells in ablated skin and V' X-2
carcinomas remain white in filtered images (Figure 2).

Quantitative analysis

Cells in regions verified as heat-fixed or necrotic via TTC staining exhibited marked increase
in autofluorescence intensity over viable epithelial and tumour cells. The average intensity of
autofluorescence in cells within these regions was significantly increased, with a mean £ SD
greyscale value of 35.2 + 7.9 for non-viable cells compared to 17.8 £ 2.6 for viable cells. ROC
analysis was used to assess the two groups’ autofluorescence-intensity distributions for
discriminative potential, with results shown in Figure 3. The area under the empirical ROC
curve was 0.96 (Mann-Whitney U =192, 1-sided P =5.6 x 107°), indicating very little overlap
between the distributions of viable and non-viable samples, and thus very good potential to
classify them correctly using an autofluorescence intensity (greyscale) threshold. The ROC
curve of Figure 3 shows how the sensitivity and specificity of such a classification rule changes
with different settings of the greyscale threshold. The classification rule is most accurate when
the sum of sensitivity and specificity reaches a maximum, which occurs for this data at 92%
sensitivity and 100% specificity (red ellipse in Figure 3). This optimal combination of
sensitivity and specificity is attained when the greyscale threshold is located somewhere
between 20.99 and 25.49. Figure 4 shows how the samples are classified when the greyscale
threshold (vertical red line) is chosen for convenience to have an integer value of 21. All eight
of the viable samples have their fluorescence intensities below the threshold (100% specificity),
while 23 of the 25 samples have intensities above the threshold (92% sensitivity). Moving the
threshold up to 25.49, or down to 20.99, does not change which samples fall below the threshold
and which remain above it.

By contrast, PCNA was not reliable as an indicator of cell viability. Labelling of nuclei in TTC-
negative, non-viable regions was less intense than in most TTC-positive, viable regions, but

was often present in areas that were non-viable as assessed by TTC and by autofluorescence

imaging (Figure 5).

Discussion

Complete coagulation and necrosis of the target tumour and margins is a prerequisite for a
successful thermal ablation procedure. It is equally important to avoid unnecessary damage to
healthy tissue to minimise morbidity. Thus, it is imperative to precisely determine the exact
size of the thermally ablated (dead) region as well as the optimal time-course with which to
assess the extent of ablation so that more consistent and more effective ablation strategies can
be developed.

Fixation of cells in situ causes a problem for the pathologist who must determine that surgical
margins are free of viable tumour. Cell death via necrosis or apoptosis is accompanied by
consistent morphological changes. Necrotic cells are generally swollen, may stain more
intensely with eosin, and contain ruptured and fragmented nuclei. Apoptotic cells are shrunken
with small, dense nuclei or nuclear remnants. In contrast, the process of fixation inactivates
the cellular enzymes responsible for morphologic features of necrosis or apoptosis. Therefore,
heat-fixed cells retain the morphology of viable cells for long periods of time, without features
of apoptosis or necrosis. For instance, tissues prepared by microwave fixation, which relies on
the fixative properties of heat, are comparable to formalin-fixed tissues for microscopic
evaluation.

Int J Hyperthermia. Author manuscript; available in PMC 2010 July 18.
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Reliable discrimination of viable from non-viable cells in margins has previously been limited
to the use of frozen samples for labelling with enzymatic vital stains such as reduced NADH.
In this work we tested the efficacy of autofluorescence intensity-based method to delineate
heat-fixed thermally ablated cells from viable non-ablated cells in formalin-fixed and paraffin-
embedded samples. We based our approach on the fact that differences in autofluorescence
intensity have been reliably used to rapidly diagnose and quantify necrosis in tumour sections
treated with non-thermal agents [30,31]. Our results here demonstrate that autofluorescence is
also diagnostically useful in examining thermally ablated tissue. In addition, our findings, albeit
in a small number of samples, suggest that autofluorescence intensity may be more sensitive
than PCNA staining to discriminate between viable and non-viable cells in these ablated
tumours. Staining for PCNA was preserved in heat-fixed tissues, indicating a false positive for
cell survival. Although we did observe differences in the intensity of PCNA staining between
heat-fixed and viable cells, there was not complete loss of staining in heat-fixed areas. One
possible explanation for this finding is that PCNA reactivity is retained in heat-fixed cells
because heat-fixation does not lead to protein cross-linking. All tissues in this study were placed
into formalin, but heat-fixation may have provided stabilisation of protein and resistance to
formalin-induced protein cross-linking.

In contrast, using a digital threshold to eliminate background levels of mammary and epidermal
autofluorescence, we were able to reliably detect heat-fixed (dead) cells in regions verified as
non-viable by TTC staining. Moreover, using an autofluorescence greyscale threshold between
20.99 and 25.49, we correctly classified all our viable samples (100% specificity) and achieved
92% sensitivity, area under ROC curve =0.96; Mann-Whitney P <0.0001. It should be noted
that the range of optimal greyscale thresholds we obtained from ROC analysis were specific
to our samples and the properties of our microscope, and that different laboratories will
undoubtedly want to determine their own range of optimal thresholds.

Interstitial collagen and epidermal keratin do not affect this analysis because only tumour and
epithelial cells were selected for histogram analysis. In only two samples was there a noticeable
discrepancy between the TTC staining and autofluorescence measurements, where viable cells
were not identified in the TTC staining. Other researchers have demonstrated that TTC staining
does not affect fluorescence properties of cells [36], therefore the staining procedure should
not have affected autofluorescence.

It is possible that cells were misclassified by the autofluorescence method; however, in these
samples the levels of autofluorescence were extremely low, and were consistent with the levels
observed from cells in TTC-viable sections. It is also unlikely that macroscopic areas of tissue
would be misclassified by TTC staining because it is dependent on functioning mitochondrial
enzymes to produce red formazan. Therefore, we surmise that the existence of small foci of
viable cells went undetected in these cases in the TTC section because the TTC staining is
examined without magnification.

The described method identifies viable cells in ablated margins. Strongly autofluorescent
structures such as collagen and keratin are present in normal skin and connective tissue
surrounding tumours. The image analysis digital threshold is set to exclude background
autofluorescence of viable cells and strongly autofluorescent stromal material. In this way,
viable cells are identified (remain black) in contrast to more strongly fluorescent collagen,
keratin, and dead tumour cells; all of which are more uniformly autofluorescent than viable
tumour. Using such a filter, viable tumour cells in ablated margins may be identified by a
pathologist in a single routinely stained slide without the confounding evaluation of serial
sections. In margin evaluation, the presence of viable tumour cells indicates that further
treatment may be necessary. Although we did not evaluate the effects of ablation on
autofluorescence of collagen, future studies may include defining the fluorescence of ablated
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stromal tissue as well, since mounting evidence indicates that recurrent or metastatic cancer
relies on the stromal environment. This method could be expanded to reliably identify and
quantify regions of necrosis and heat fixation with the addition of a second filter to eliminate
the strong autofluorescence of collagen and keratin.

A major benefit of the autofluorescence method we presented herein is that it may be applied
to individual biopsy specimens. We have demonstrated that it sufficed to set a digital threshold
from a single non-ablated control sample of mammary epithelium and skin to identify viable
and non-viable cells in multiple sections of a mammary carcinoma (VX2) and skin from
different animals. Thus, digital threshold parameters (or threshold values) can be set once and
applied to multiple sections. Although we have only validated our autofluorescence method in
related epithelial tissues (VX2 carcinoma and rabbit and porcine mammary tissue) that are
commonly used to study thermal ablation, we expect that our method may be useful in other
types of thermally ablated animal or human tissues as well. Because different types of cells
exhibit varying degrees of normal autofluorescence intensity due to metabolic and structural
differences, the method must be validated individually in other tissue types. Additionally,
because different laboratories have different microscopes, the classification threshold will
undoubtedly need to be calibrated to slightly different set-points for different labs to achieve
optimal performance in each. But once established and calibrated, a single digital threshold
may suffice to identify non-viable regions from a range of samples from similar organs or
tumours.

Conclusions

In this work we demonstrated the efficacy of autofluorescence intensity-based classification
to delineate heat-fixed thermally ablated cells from viable cells in formalin-fixed and paraffin-
embedded samples using instruments and software that are readily accessible to a majority of
pathologists. This simple and reliable method holds great promise as a means to reliably
distinguish non-viable, heat-fixed cells from living tumour cells in the margins of ablated
tumours. Validation in human cancer specimens and other research models appears warranted.
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Figure 1.

(A) Normal pig skin. Viable epidermal cells (star) exhibit minimal autofluorescence that is
excluded (black) by the ImagelJ filter (C). Dermal collagen (arrow) and superficial keratin are
not excluded by the filter and remain white. H&E (A), fluorescent (B), and filtered (C) 400x.
(B) Normal pig skin. Viable hair follicle (A,C,E) and mammary gland (B,D,F). Follicular and
mammary epithelia (arrows) exhibit minimal autofluorescence that is excluded by the filter.
H&E (A,B), fluorescent (C,D) and filtered (E, F) 400x magnification.
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Figure 2.

Tumor and skin ablation: Non-viable, ablated skin (A,B,C) and rabbit VX2 carcinoma (D ,E,F).
Ablated non-viable skin (A,B,C) exhibits increased autofluorescence, and remains white in
filtered image. Non-viable tumor cells are strongly autofluorescent, and are white in filtered
image. Viable VX2 carcinoma cells (G,H,I) fluoresce less strongly and remain black in filtered
image. H&E (A,D,G), fluorescent (B,E,H), filtered (C,F,I), 400x magnification.
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Figure 3.

Receiver Operating Characteristics (ROC) analysis of using an autofluorescence intensity
(grayscale) threshold to distinguish viable from non-viable samples. The line at top is the
empirical ROC curve for classifying Fig 4 data via grayscale threshold; the diagonal is the
theoretical ROC curve of a classification rule with no discriminatory potential. The area under
the empirical ROC curve is 0.96 (1-sided Mann-Whitney P =5.6 x 107°). The ellipse denotes
where sensitivity (92%) and specificity (100%) has a sum that is maximized. This optimal
combination of 92% sensitivity with 100% specificity is produced by a range of grayscale
intensity thresholds that have a minimum of 20.99 and maximum of 25.49.
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Figure 4.

Distribution of autofluorescence grayscale values of viable (n =5 VX2 v samples and n =3 non-
ablated pig skin samples) and non-viable (heat-killed, n =25 VX2 carcinoma samples) tissue
sections. Open circles denote tissue-section fluorescence intensities, determined as the average
grayscale value of single cells in five pre-determined locations in the tissue section; grey
diamonds (error bars) denote the sample averages (standard deviations) of fluorescence
intensities of the viable and non-viable sections. The vertical line denotes an integer-valued
grayscale threshold chosen from the optimal range of thresholds identified by ROC analysis
(Fig 3 legend). 23 out of 25 non-viable samples lie above the threshold (92% sensitivity), while
all 8 viable samples lie below the threshold (100% specificity).
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Figure 5.

PCNA staining in non-viable tumor cells. Rabbit VX2 carcinoma. Strong nuclear PCNA
antibody labeling (A) is observed in tumor cells within a region identified as non-viable via
TTC. Fluorescent and filtered images (B) demonstrate strong autofluorescence. Control (C)
with primary antibody omitted is unstained. 400x magnification.
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