
Double Staining Cytologic Samples with Quantitative Feulgen-
Thionin and Anti–Ki-67 Immunocytochemistry as a Method of
Distinguishing Cells with Abnormal DNA Content from Normal
Cycling Cells

Gerald Li, B.Sc. (Hons)1,*, Martial Guillaud, Ph.D.2, Michele Follen, M.D., Ph.D.3, and Calum
MacAulay, Ph.D.4

1PhD Candidate, Integrative Oncology Department, BC Cancer Research Centre, and
Interdisciplinary Oncology Program, The University of British Columbia

2Scientist, Integrative Oncology Department, BC Cancer Research Centre

3Professor of Obstetrics and Gynecology, Paul L. Foster School of Medicine, and Co-Director,
Laura Bush Research Institute, Texas Tech University Health Sciences Center at El Paso

4Department Head and Distinguished Scientist, Integrative Oncology Department, BC Cancer
Research Centre, and Clinical Associate Professor, Pathology and Laboratory Medicine
Department, The University of British Columbia

Abstract

Objective—Ploidy analysis of Feulgen-thionin stained cervical cytology specimens has been

shown to detect cases of high grade cervical dysplasia. However, ploidy analysis alone cannot

always distinguish between cells with abnormal DNA content and normal cycling cells. We

sought to use double staining with anti-Ki-67 immunocytochemistry to improve ploidy analysis.

Study Design—Cervical cytology specimens from 49 patients with various diagnoses, mostly

dysplasias, from a previous study were used. Samples were double stained with Feulgen-thionin

and anti-Ki-67 immunocytochemistry. Ki-67-negative cells were non-cycling, so non-diploid

Ki-67-negative cells were likely truly abnormal cells.

Results—The area under the receiver operating characteristic curve for the ability to identify

high-grade dysplasias was 0.73 for double staining and 0.74 for thionin-only ploidy analysis on

cytospin specimens. At 90% specificity, sensitivities for double staining and thionin alone were

45% and 32%, respectively, but the difference was not statistically significant.

Conclusion—Double staining with Feulgen-thionin and anti-Ki-67 immunocytochemistry does

not improve the ability of ploidy analysis of cervical cytology specimens to separate high- and

low-grade dysplasias, but our insights into the technical aspects of double staining, especially the

effects of antigen retrieval, give hope that this technique could be applied to other

immunocytochemical stains that would have a greater ability to improve ploidy analysis.
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Introduction

Cervical cancer is the third most commonly diagnosed cancer in females globally.1 While

screening programs based on the Papanicolaou (Pap) smear have significantly reduced

mortality due to cervical cancer in industrialized nations,1–3 more than 85% of cases today

arise in low-resource settings, making cervical cancer the second-leading cause of cancer

death among women in developing countries.1,2 This presents a distinct challenge to

establishing cervical screening programs where they are needed most, as screening programs

based on the Pap smear require an extensive and costly infrastructure, in addition to

significant training and skill to interpret the patient slides. Potential alternatives include

visual inspection with acetic acid4 and human papillomavirus (HPV) testing.5–9

Unfortunately, visual inspection methods continue to rely on adequate training of

practitioners while rollout of HPV testing programs in low-resource settings has been

hindered by cost and logistics.10 Moreover, high-risk HPV testing has a higher sensitivity

but lower specificity for detecting high-grade cervical precancers than conventional

cytology11 and low-resource settings are particularly sensitive to the follow up costs of false

positive cases.

We have previously shown that ploidy analysis using Feulgen-thionin staining performs

comparably with conventional cytology and HPV testing for detecting cervical high-grade

lesions.12 Further study suggests that ploidy and HPV mRNA may be independent

predictors of cervical dysplasia.13

However, the amount of DNA present within the nucleus of a normal cycling cell changes as

it progresses through the cell cycle. A normal cycling cell can be diploid, tetraploid, or

somewhere in between. Frankly abnormal cells (>2.5 times the normal complement of

DNA) are rare and occur in widely disparate and very low frequencies, even in high grade

squamous intraepithelial lesions (HGSIL).14–16 Hence, ploidy might be an improved

biomarker for cervical cancer screening if normal dividing cells could be distinguished from

abnormal non-cycling cells by using an immunostain for Ki-67 as a marker of cell

proliferation. Ki-67 is an antigen expressed in the nuclei or on chromosome surfaces during

all active phases of the cell cycle (ie. all except G0).17 As such, it has been used for many

years as a proliferation marker and in the assessment of many cancers,17–21 including

cervical cancer.22–25

Previous attempts to simultaneously determine DNA content and assess proliferation status

in the same cell have relied heavily on fluorescent labels detected by flow cytometry, in

which abnormal cell identification is hindered by the uncertainty of only individual cell

passage through the flow cytometer, which can mistakenly detect signals from non-cellular

material, especially when trying to detect a relatively rare event.26,27 We instead propose to

use absorbance stains on slide-mounted samples. Absorbance stains are permanent and less
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costly to image, as a simple light microscope will suffice. A slide-based assay would enable

the study of a wider range of sample types without picking up signals from non-cellular

material. By double staining cervical cytological specimens, normal cycling cells can be

removed from the analysis, focussing on those cells whose abnormal DNA content might be

indicative of large-scale chromosomal mutations associated with precancerous changes.

Hence, we hypothesize that by studying Ki-67-negative cells only, ploidy analysis can be a

better indicator of high-risk dysplastic lesions than ploidy analysis on cycling and non-

cycling cells combined.

Materials and Methods

Cell culture

Cell culture was performed to generate large numbers of cytology slides for protocol

optimization. HL-60 acute promyelocytic leukemia and H460 large cell lung cancer cell

lines were obtained from the American Type Culture Collection (Manassas, VA, USA) and

maintained in Iscove’s Modified Dulbecco’s Medium and RPMI, respectively,

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were

incubated at 37°C in an atmosphere of 95% air and 5% carbon dioxide. To generate HL-60

slides, autoclaved, uncharged, pre-cleaned glass slides were placed in square culture dishes,

3 per dish, and covered with 15mL of cell suspension at 5×105 cells/mL in growth medium.

To each dish was added 15µL of 1mg/mL phorbol 12-myristate 13-acetate (Sigma-Aldrich

Canada, Oakville, ON, Canada) solution in ethanol, causing the cells to adhere to the

slides.28 After an additional 48 hours of growth, the slides were rinsed, fixed in Sed-Fix®

(Surgipath, Richmond, IL, USA) for 40 minutes, and allowed to dry overnight. Before use in

any staining procedures, slides were cleared of dried fixative by immersion in ethanol for 20

minutes at room temperature followed by thorough air-drying. H460 slides were made by

fixing a cell suspension (via trypsinization) of 4×104cells/mL in 10% buffered formalin for

10 minutes at room temperature. 250µL of this suspension was cytospun directly to each

slide.

Cell lines were chosen for convenience and because HL-60 slides prepared as described

were used routinely in our laboratory as a control for batch-to-batch variation in Feulgen-

thionin staining. Staining of cell lines was used to optimize staining and imaging protocols

only and no attempt was made to glean information about cancer biology from these results.

Patient samples

Specimens collected from forty-nine cervical cytology brushings representing a range of

dysplastic grades from a previous study12 were used in this work. Approval was granted by

the Internal Review Boards at M. D. Anderson Cancer Center, the University of Texas

Health Science Center, the Lyndon Baines Johnson Hospital Health District, British

Columbia Cancer Agency (BCCA), and the University of British Columbia. In the previous

study, brushings were collected and fixed in PreservCyt (Hologic Inc, Bedford, MA, USA)

and used to generate slides using the ThinPrep method (Hologic Inc). The residual material

was stored at 1°C in a cold room before being used for the present study. As many of the

vials contained pieces of tissue and other debris that might confound cytological analysis,
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the specimens were vortexed and allowed to settle for 15 minutes on ice before use. Samples

were taken from the supernatant, post-fixed 10 minutes at room temperature with 10%

buffered formalin, and cytospun on to new slides in duplicate. Within a day, one slide was

stained with Feulgen-thionin only as a control, while the other was double stained.

Immunocytochemistry

Concentrate buffer solutions for antigen retrieval (pH 6 and 9) were obtained from Vector

Laboratories (Burlingame, CA, USA) and used at 1:100 dilution. Bovine serum albumin

(BSA), SIGMAFAST™ 3,3’-diaminobenzidine (DAB) chromogen tablets, and HRP-

conjugated rabbit anti-mouse secondary antibody were obtained from Sigma-Aldrich

Canada. Anti-Ki-67 monoclonal antibody (clone MIB-1) and serum-free protein block were

purchased from Dako Canada (Mississauga, ON, Canada). All antibodies were diluted in 1%

BSA in phosphate-buffered saline (PBS) just prior to use.

Antigen retrieval was performed using the microwave method, followed by cooling for 20

minutes. For patient samples, pH 9 buffer was used for 22.5 minutes, consistent with the

vendor’s recommendations for the anti-Ki-67 primary antibody; various conditions were

tried in the optimization experiments with cell lines. Blocking steps were 15 minutes with

3% v/v H2O2 in methanol for endogenous peroxidase, 5 minutes with 1% BSA and 0.1%

Triton® X-100 in PBS for permeabilization, and 30 minutes with protein block for non-

specific binding. Antibody incubations were one hour at room temperature for primary and

30 minutes for secondary (diluted 1:800), followed by 7 minutes with the DAB chromogen

solution. After a thorough rinse, slides were dehydrated through graded alcohols, cleared in

xylene, and coverslipped with Cytoseal™ mounting medium (Fisher Scientific Canada,

Ottawa, ON, Canada).

Thionin staining

Thionin acetate powder was obtained from Sigma-Aldrich. All solutions required for thionin

staining were prepared the day before use. To make approximately 250mL of the thionin

staining solution, 0.125g thionin was added to 110mL deionized water and boiled for 5

minutes. After cooling to room temperature, 32.5mL 1N hydrochloric acid, 110mL tert-

butanol, and 2.175g sodium bisulphite were added. The mixture was stirred for one hour,

allowed to stand overnight, and filtered immediately prior to use.

All steps were performed at 23–24°C inside a temperature-controlled water bath. All steps

were separated by thorough deionized water washes. The slides were post-fixed in Böhm-

Sprenger fixative (methanol, formalin, and acetic acid, in a 16:3:1 volume ratio) for one

hour, hydrolyzed for one hour in 5N hydrochloric acid, immersed in the thionin staining

solution for one hour, and rinsed thrice in a bisulphite rinse solution (0.5% sodium

bisulphite (w/v) in 0.05N hydrochloric acid), each separated by water rinses. After a final

thorough wash, the slides were dehydrated through three changes of ethanol, 30 seconds

each, cleared in xylene, and coverslipped before imaging. The hydrolysis period was varied

in some experiments, so when multiple slides were stained on the same run with different

hydrolysis times, the slides with the longest hydrolysis time were started first, with the other

slides joining in such a manner that the hydrolysis period for all slides ended together. All
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thionin staining runs included at least one HL-60 slide that was to be stained with only

thionin and hydrolyzed for 60 minutes to act as a run control.

Double staining with thionin and immunocytochemistry

When immunocytochemistry (ICC) was performed first, the procedure for immunostaining

was followed as above and the slides were left overnight fully coverslipped. The following

day, the slides were decoverslipped in xylene and rehydrated through graded alcohols,

ending in several water washes before proceeding with the thionin staining.

When thionin staining was performed before ICC, the thionin procedure was followed as

described up to the final rinse before dehydration with ethanol. The slides were then placed

in PBS overnight. The slides were rinsed briefly with deionized water before performing

immunocytochemistry.

The majority of the double staining of patient samples was done over 3 batches, each

comprising a mix of dysplastic grades and control slides.

Imaging and analysis

Thionin-stained cells were imaged and analyzed using the automated Cyto-Savant™ image

cytometer (Oncometrics Inc, Vancouver, Canada).29,30 The system was programmed to

collect a random sampling of about 7000–10000 cells. All objects were subjected to a

classification tree to sort objects into different classes; the only class of objects used in our

analysis are the epithelial cells.31 As the Feulgen-thionin stain is stoichiometric for DNA,

DNA content is proportional to the integrated optical density (IOD) of the cell. Each cell’s

ploidy status was assessed by normalizing the cell’s IOD against the mean IOD of the

sample’s diploid cell population, as determined from a frequency histogram of the nuclear

IODs.32 Diploid cells were assigned a DNA index of 1.0, alternatively denoted 2c.

For double stained slides, imaging was performed after thionin staining. As the imaging

system was monochrome, there was no way of determining a cell’s immunostaining status

directly from the system’s output. However, cells could be manually revisited under the

microscope by selecting them from the image gallery of cells automatically collected,

allowing a human operator to manually assess each cell’s immunocytochemical staining

status. Hence, Ki-67-positive cells must be captured by the cytometer in order for them to be

counted in our analysis.

Results

As this work used residual specimens, summary data on the study population have

previously been published.12 Moreover, the results from previously performed ploidy

analyses, the cytological and histological diagnoses, and the HPV test results were all

available. A subset of 49 specimens was selected from this set (Table I). Using moderate

dysplasia and worse as the threshold for defining a high-grade lesion, the study samples

were from 29 low-grade (LGSIL) or negative and 20 high-grade dysplasia cases (HGSIL),

as determined previously by histopathology.12 HPV status had previously been determined
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by the Hybrid Capture II (HC II) test12 and those positive for both low-risk and high-risk

strains were counted as high-risk for the purpose of this study.

Destaining of thionin by antigen retrieval

It was quickly discovered that heat-mediated antigen retrieval would destain thionin stained

samples. Alternatively, the images and coordinates of the thionin stained cells could be

stored on a computer before performing ICC. The ICC staining could then be matched up

with the stored thionin data. However, even 15 minutes of Feulgen hydrolysis was sufficient

to render the Ki-67 antigen undetectable by ICC. Hence, it was determined that thionin

staining must follow immunocytochemical staining.

Reduction of thionin staining intensity after immunocytochemical staining due to antigen
retrieval

In our hands, the MIB-1 monoclonal antibody used to detect Ki-67 required antigen

retrieval. Omitting this step consistently resulted in a complete abrogation of staining. Initial

tests of thionin staining following immunocytochemistry revealed that while double staining

was attainable (Figure 1), there was a significant reduction in thionin staining intensity

compared to thionin staining alone, as reflected in the mean IOD of the diploid histogram

peak.

To determine whether this was due to the antigen retrieval step, a series of slides was tested

in which immunocytochemistry was stopped at various steps in the protocol before thionin

staining. Figure 2 shows that the greatest reduction in thionin staining intensity occurred

after antigen retrieval and that subsequent immunocytochemical steps did not significantly

alter the intensity of thionin staining beyond this initial reduction. We have also observed

qualitatively weaker nuclear staining/fluorescence with hematoxylin or 4',6-diamidino-2-

phenylindole (DAPI), both of which bind to DNA, after any procedures involving antigen

retrieval.

Optimization of hydrolysis time

As antigen retrieval is required for MIB-1 staining, attempts were made to minimize its

impact on thionin stain intensity by altering the hydrolysis time in the Feulgen-thionin

staining procedure. A series of slides was treated with a mock immunocytochemical stain

followed by Feulgen-thionin with various hydrolysis times, from 0 to 80 minutes, in 10-

minute intervals. The primary antibody was replaced with just the diluent, ensuring that no

immunostained cells would confound the automated imaging analysis. The DNA histograms

were plotted and we sought to maximize the mean DNA amount of the diploid peak while

minimizing the corresponding coefficient of variation (CV). There was some variability

between runs, with optimal hydrolysis times ranging between 20 and 40 minutes. For patient

samples, 40 minutes was used as it was found to be the most consistent.

Image cytometry

DNA histograms of thionin-only HL-60 slides typically had a diploid peak around 130–150

units with a CV of 2–4%. Histogram bins were 5 units wide. Diploid and tetraploid peaks
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were considered to consist of all bins within approximately 2.5 standard deviations of the

corresponding mean.

Even after optimization, the reduction in thionin staining intensity due to ICC persisted.

Double stained cells in the patient samples had diploid nuclear IODs averaging 56% of the

corresponding HL-60 thionin-only staining control, while the thionin-only patient slides

averaged 89%. In other words, after using thionin-only HL-60 slides to adjust for batch-to-

batch variations in staining intensity, the double stained slides averaged IODs of only 63%

of those seen in thionin-only patient slides. As well, CVs were wider, as double stained

slides with more than 50 imaged cells showed a median CV of 11.8% (range 7.3%–25%),

compared to a median CV of 4.3% (range 2.8%–11.7%) for thionin-only slides. For

comparison, the corresponding ThinPrep slides prepared from these samples for the previous

study had a median CV of 4.3% (range 2.7%–12.2%). Figure 3 shows a typical DNA

histogram of Ki-67-negative cells from a patient who was negative for dysplasia.

Cervical cytology samples

Due to the weaker thionin staining after ICC, a lot fewer imaged cells were kept as they

were too faint to be recognized as cells. In order to preserve statistical significance, a

minimum cell count threshold of 50 was set for all patient slides. This resulted in about 12%

of double stained slides being excluded, while none of the thionin-only slides were

excluded.

To assess the ability of double staining to detect the HGSIL, patients were classified based

on diagnostic data from their prior study involvement. In that study, patients had

conventional cytology and histopathological diagnoses of colposcopically directed biopsy.

Based on these two diagnoses, presence of moderate dysplasia or worse in either defined the

patient as positive for high-grade dysplasia (HGSIL). This is the same criterion for treatment

at the BCCA. Patients with other observed dysplasias were considered LGSIL, while those

without dysplasia were classified as normal.

A critical test of the double staining method was whether the proportion of non-diploid cells

became a better indicator of high-grade dysplasia once double staining was used to remove

proliferating cells. In double stained samples for the analyses described in this section, only

Ki-67-negative cells were considered. The diploid-exceeding rate is calculated by dividing

the number of cells with greater than diploid DNA content (ie. >2.5 standard deviations

above the diploid mean) by the number of all Ki-67-negative cells. In the thionin-only

samples, the diploid-exceeding rate was determined from all imaged cells. Using the

definitions of high-grade dysplasia given above, receiver operating characteristic (ROC)

curves for both these analyses could be constructed. Figure 4 shows that the two analyses

gave similar results, with areas under the curve (AUC) of 0.73 and 0.74 (approximated by

trapezoidal rule) for double stained and thionin-only, respectively.

In addition to comparing double staining with thionin staining alone, one can also consider

using Ki-67 alone as a potential marker for high-grade dysplasia. The Ki-67-positivity rate

for the sample was determined by dividing the number of Ki-67 cells imaged by the total of

all cells imaged (Ki-67 positive and negative) in a slide. Figure 5 shows that using Ki-67-
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positivity rate alone performs slightly worse than double staining at detecting high-grade

dysplasias, with an AUC of 0.71.

A common approach to using ploidy measurements for cancer detection is to count the

number of 5c exceeding cells. Due to the significant variation in the number of cells on each

slide, the percentage of imaged cells with DNA content exceeding 5c (5cER) was used

instead. In an analysis of the subset of our previously published results12 corresponding to

the samples in the present study, at a 5cER cutoff of 0.2%, sensitivity and specificity were

52% and 92%, roughly in line with our previously reported results where at least five 5c

exceeding cells was used as a threshold (Table 4 in Guillaud et al.12). The thionin-only

cytospins only had about 60% as many imaged cells per slide (median of 2032 versus 3373

for ThinPrep), resulting in a reduced sensitivity and specificity of 56% and 83%,

respectively, when using either a 5cER cutoff of 0.02% or at least one 5c exceeding cell to

be considered positive. For the double stained slides, however, a threshold of at least one

Ki-67-negative 5c exceeding cell produced a very low sensitivity of 23% (95% specificity),

likely because of the low cell count (median of 254 Ki-67-negative imaged cells, ranging

from 1–2440). With 250 imaged cells per slide, a 5cER of 0.2% (ie. the ThinPrep threshold)

would be equivalent to half a 5c exceeding cell per slide.

Another approach to analyzing the ploidy data is to assess the discriminating ability of the

frequency of cells falling within a series of DNA index ranges. The ranges considered were

1.3–1.6, 1.6–1.85, and 1.85–2.15. In all cases, ROC curves for the thionin-only cytospins

had AUCs between 0.7–0.8, while double staining performed noticeably worse. Double

staining performed best in the near-tetraploid 1.85–2.15 range, with an AUC of 0.65. Double

stained slides typically had very few cells in this range (maximum 12). Raising the

minimum imaged Ki-67-negative cells per slide threshold for inclusion in this analysis to

150 improves the AUC for the 1.85–2.15 DNA index range to 0.79, virtually identical to

thionin-only staining, but at a cost of excluding over 30% of the samples due to inadequate

cell count.

Discussion

Automated image cytometry has demonstrated utility for early detection of various

cancers.33–39 Our group had previously shown that ploidy analysis using Feulgen-thionin

staining performs comparably with conventional cytology and HPV testing for detecting

cervical high-grade lesions.12 However, as the ever-changing amount of DNA present

within the nucleus of a normal cycling cell might confound a ploidy-based analysis, we

sought to determine if double staining with an additional proliferation marker might improve

the use of ploidy in detecting high-grade cervical dysplasias.

A previous attempt at Feulgen/Ki-67 double staining used the Feulgen stain as a low-

background nuclear counterstain to quantify Ki-67 labelling.40 However, the present study

attempts to exploit the quantitative nature of the Feulgen reaction. This was the approach of

Oud et al., who used an alkaline phosphatase detection of Ki-67 with the proprietary

chromogen CAS Red.41 Their analysis was restricted to cell lines, while we applied this

technique to patient samples to see if it would improve the clinical utility of ploidy analysis.
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Fleskens et al. applied double staining to paraffin sections of oral dysplasias,42 although not

in a screening or early detection setting. However, as even the authors themselves point out,

direct ploidy analysis of tissue sections remains highly controversial, with studies arguing

both for and against it, as it must contend with nuclear truncation and overlap.42

A procedure for optimizing double staining conditions

Our results show that any attempt to double stain with Feulgen-thionin and an

immunocytochemical marker must start with the ICC. The harsh conditions of microwave-

induced antigen retrieval destained thionin and even a short period of acid hydrolysis as part

of Feulgen-thionin staining rendered the Ki-67 antigen undetectable by ICC.

Contrary to the observations of Oud et al.,41 we found that combining immunocytochemical

staining with Feulgen-thionin had a significant impact on the intensity of thionin staining.

Evidence suggests this is due to our use of antigen retrieval and we further observe that Oud

and colleagues did not mention any use of antigen retrieval in their report. (While both

Kolles et al.40 and Fleskens et al.42 reported using antigen retrieval, neither group attempted

to compare Feulgen stain intensity with and without ICC.) As Feulgen staining involves

exposing a cell sample to an acid to hydrolyze off purine bases of DNA to generate reactive

sites for the thionin stain,43,44 Feulgen staining intensity might be impacted by any reactions

that might also result in hydrolysis of DNA. Antigen retrieval, especially when mediated by

heat, is hypothesized to work at least partly through hydrolysis.45 Optimization of thionin

staining involves balancing the creation of more abasic reactive sites against the destruction

of the DNA backbone (where the shorter segments can be lost to diffusion) using longer and

more potent hydrolysis reactions.43,44 It appears antigen retrieval both disrupts this balance

and permanently reduces the quantity of DNA available for Feulgen reaction by destroying

some of the DNA backbone.

As many antibodies available today require some form of antigen retrieval, our experiences

with double staining with MIB-1 might enable countless scientific questions to be answered

by simultaneously staining with Feulgen-thionin and any immunostain requiring antigen

retrieval. Future investigations may consider, for example, the biological mechanisms by

which premalignant cells become aneuploid and the consequences of such transformations.

By understanding such mechanisms, biomarkers and interventions may yet be developed

that target such abnormalities to help detect or even treat precancerous changes even earlier.

In order to successfully double stain a cytological sample, one must optimize a series of

parameters in a specific order. First, immunocytochemical staining conditions must be

optimized, with special attention given to antigen retrieval. The mildest form of antigen

retrieval required to get an acceptable level of staining should be chosen. Second, Feulgen

hydrolysis conditions must be optimized to account for the effects of the antigen retrieval

method selected in the first step. This is best achieved by subjecting a series of slides to

double staining with mock ICC and various Feulgen acid hydrolysis conditions. Antigen

retrieval will generally lead to shorter optimal hydrolysis times and reduced overall Feulgen

staining intensity. Finally, imaging and analysis protocols may need to be optimized to

handle the lower intensities expected with double stained samples.
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Ability to discriminate HGSIL and LGSIL samples

Double staining was found to match thionin staining alone in its ability to discriminate

between high- and low-grade cervical dysplasias (Figure 4). In the high-specificity operating

range, where HPV testing has typically not fared as well, double staining performs better

than thionin alone on cytospins, but Fisher’s exact test showed the sensitivities were not

statistically significant at 90% specificity (one-tailed, p=0.26). At this specificity, for the

samples available, a test with twice the sensitivity of thionin alone (64% versus 32%) would

be statistically distinguishable (p=0.03). Overall, though, double staining failed to show any

significant improvement. This is likely due to the low percentages of both Ki-67-positive

cells and non-diploid cells in our samples. The median Ki-67-positivity rate across the

sample set was 0.4%, while the median rate of cells with greater than diploid DNA content

was 3.2%. This meant that even if the Ki-67 staining was contributing information that

would allow us to better discriminate between high- and low-grade dysplasias, the effect

was so small that it could not be detected with the sample sizes utilized.

A low Ki-67-positivity rate is expected for many low-grade dysplasias.22,46,47 Moreover,

cytological specimens are preferentially sampled from the uppermost layers of the

epithelium, where proliferation rates are generally substantially lower than in more basal cell

layers, except for cancers and the most severe dysplasias.46 Sahebali et al., using Ki-67

immunostaining on cervical cytology, found only about 0.35% average Ki-67 positivity in

high grade squamous intraepithelial lesions.22 This is an even lower rate than we observed,

underscoring one of the challenges of using these rare cells to improve cancer detection.

Double staining outperformed Ki-67 staining alone in detecting high-grade dysplasias.

However, this analysis of Ki-67 staining is far from perfect, hampered by the inherent low

rate of Ki-67 staining and our system’s inability to image every individual cell. While these

results show promise that double staining is an improvement over Ki-67 staining alone,

more work and perhaps an improved imaging system will be needed to show this

conclusively.

Any cervical cancer screening technologies are invariably compared to HPV testing. Within

our sample set, using the presence of high-risk strains of HPV as the criterion for positivity,

HC II testing was found to have a 92% sensitivity and 79% specificity, which is similar to

the result previously reported for the full sample population from which our set was

derived.12 This is considerably better than double staining (Figure 4) or thionin-only among

this sample set.

Although double staining with thionin and anti-Ki-67 immunocytochemistry does not appear

to be an improvement over regular thionin staining for the identification of high-grade

dysplasias, our results suggest that double staining is a feasible assay that could be extended

to other immunocytochemical stains that might demonstrate a greater improvement when

paired with thionin. Perhaps some or most of the dysplastic cells are stuck at check points

within the non-resting phases of the cell cycle (ie. not in G0) and are therefore seen as

cycling cells. A more specific marker for S phase cells (eg. proliferating cell nuclear antigen

or cyclin A) or mitotic cells (eg. phosphohistone-H348) might be better in this case, although

the increased specificity of the immunostain would require a higher sample cellularity in
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order to observe any improvement in the ability to discriminate between high- and low-

grade dysplasias. Alternatively, ploidy analysis has been shown to complement high-risk

HPV testing done in parallel,49 but a double stain approach might prove even more

beneficial. Another potential application of double staining could be to restore some of the

tissue architectural information that is lost when collecting cytology specimens. An

immunostain could be used, for example, to label only basal epithelial cells, enabling a

ploidy analysis on a defined subset of the epithelial cells.

Limitations of double staining

While adding anti-Ki-67 ICC does not appear to improve ploidy’s ability to separate high-

and low-grade dysplasias over thionin staining alone in cervical dysplasia cytology

specimens, double staining remains an intriguing approach to improving ploidy analysis as a

screening technique. Double staining with Feulgen-thionin and ICC offers a new approach

to studying mechanisms of aneuploidy and possibly novel biomarkers for precancerous

changes, but our investigations have revealed several important caveats.

The chromogen we used for ICC was DAB, which is known for its insolubility and general

lack of chemical reactivity. Its ubiquity and the ability to perform Feulgen-thionin staining

on slides previously stained with hematoxylin and eosin50 or Pap stain51 raise the possibility

that previously immunostained specimens might be retrospectively stained with Feulgen-

thionin. However, care must be taken when analyzing the results as the Feulgen-thionin stain

reacts with deposited DAB stain. To demonstrate this, DAB substrate solution was reacted

with HRP-conjugated secondary antibody and allowed to settle and air dry completely,

creating a sample of DAB chromogen free of cellular material and any other compounds that

might cross-react with Feulgen-thionin staining. After going through the Feulgen-thionin

staining procedure, the patch of DAB chromogen demonstrated the colour change

characteristic of a reaction with thionin. This was further confirmed via

microspectrophotometry,52 as shown in Figure 6.

Analysis of double stained specimens with DAB as the ICC chromogen should therefore be

limited to DAB-negative cells. The present analysis fits this requirement, but with the

expanding use of colour image analysis, quantitation of the double stained cells may in

future become a technical possibility. If analysis of ploidy of immunostain-positive cells is

desired, an alternative chromogen should be sought. A washable chromogen could be used

as per Fleskens et al.,42 but that would require ensuring every immunostain-positive cell was

imaged. Although considered beyond the capabilities of our present system, this type of

analysis should be possible with whole slide scanners becoming available for clinical digital

pathology.53–55

Double staining also comes with a significant cost. In addition to the time and reagents

required to process the samples, the antigen retrieval of ICC significantly widens histogram

peaks while reducing the intensity of the thionin stain, making it technically more

challenging to ensure accurate and reproducible results in quantitative imaging. The diploid

peaks in double staining histograms had larger CVs than typical DNA measurements made

by flow or standard image cytometry, but are superior to DNA cytometry measurements of

tissue sections.42 Even with 10% CVs, cells with DNA indices greater than 1.25 can still be
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classified as non-diploid with some confidence, an observation that we had hoped would

improve the sensitivity and specificity of ploidy-based detection of high-grade dysplasias.

Chromosomal mutations may have given rise to an aneuploid stemline, for example, which

manifests itself as a distinct population of mostly Ki-67-negative cells with DNA indices

between diploid and tetraploid. Unfortunately, the observed scarcity of cells with DNA

indices between 1.25 and 2.5, combined with the reduction in imaged cells per sample as a

result of double staining, meant that even if double staining were an improvement, it could

not be observed under the present conditions. It might be possible to improve this through

the use of more cellular fresh samples.

The fainter Feulgen staining resulting from double staining could be addressed by adjusting

the imaging settings. Nevertheless, sampling will undoubtedly be biased in favour of cells

with more intense staining, so care must be taken in interpreting and comparing the results.

By studying whether the entire double staining analysis would be superior to Feulgen-

thionin staining alone, this bias becomes embedded into the reported sensitivities and

specificities and does not need to be separately controlled. However, one must be careful not

to assume that the Ki-67 positivity “rates” or proportions of aneuploid cells, for example, are

absolute and comparable between single stain and double stain procedures. Due to the

imaging bias, this is not necessarily the case, so the “rates” are more like scores that

correlate with the underlying real rates.

Moreover, in a cancer screening setting, the diagnostic dysplastic cells are quite rare

(typically only a few, if any, are observed per sample).34,56,57 Cytological methods are

attractive for cancer screening because they do not rely on the physician knowing the precise

location of a suspected lesion, thereby theoretically allowing greater sensitivity over biopsy

or direct visualization-based methods. However, as cytological specimens represent an

averaging of both diseased and normal cells, detecting the rare dysplastic cells can be quite

difficult, a situation that is compounded by the weaker double stain that might lead many

cells to be missed by the imaging system.

Conclusion

Future investigations into other ICC markers to be paired with Feulgen-thionin staining for

screening or diagnostic purposes will need to show statistically significant improvement at

distinguishing cases of different severities to justify the added costs of double staining.

While combining Ki-67 with ploidy analysis did not show a statistically significant benefit,

an improved sensitivity trend was seen in the high-specificity range of the ROC result.

Meanwhile, a protocol has been demonstrated that can be used for countless other ICC

markers. Unlike prior attempts at combining ICC with Feulgen staining, we have considered

the effects of antigen retrieval, thus expanding the universe of ICC markers that might be

suitable for combination with Feulgen-thionin staining. As long as a suitable ICC marker is

chosen and proper care is taken in the analysis of double staining data, it seems that

combining ICC with Feulgen-thionin staining could prove advantageous.
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Figure 1.
Successful double staining of HL-60 cells with anti-Ki-67 immunocytochemistry (brown)

and Feulgen-thionin for DNA (blue). Compared with regular thionin-only staining, however,

thionin intensity was noticeably weaker and reaction conditions needed to be re-optimized.

Antibodies were diluted 1:100, antigen retrieval conditions were 10.5 minutes in pH6 citrate

buffer, and the microscope image was obtained under 40X objective.
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Figure 2.
Aborted double staining test in which HL-60 slides were treated first with an aborted ICC

protocol, placing the slide into PBS after the step indicated. Slides were then subjected to

Feulgen-thionin staining the next day. Control slide had no ICC steps performed

whatsoever. Two slides were stopped after antigen retrieval, but were hydrolyzed for

different durations during Feulgen staining, as indicated. All other Feulgen-stained slides

were hydrolyzed for 20 minutes. Antibodies were diluted 1:100 and antigen retrieval

conditions were 10.5 minutes in pH6 citrate buffer. In cultured HL-60 slides, the Ki-67

positivity rate is too low to significantly alter IOD means and CVs. Error bars show standard

deviations.
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Figure 3.
A typical DNA histogram of Ki-67-negative cells taken from a patient who was negative for

dysplasia. Double staining was used to identify and remove Ki-67-positive cells. Cells were

binned according to DNA index, where a value of 1.0 corresponds to the mean of the diploid

peak.
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Figure 4.
Receiver operating characteristic (ROC) curve of the performance of the diploid-exceeding

rate in detecting high-grade dysplasias (as defined in the text). Areas under the curve (AUC)

were 0.73 and 0.74 (trapezoidal rule) for double stained and thionin-only cytospins,

respectively.
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Figure 5.
ROC curve comparing the use of Ki-67-positivity rate and double staining for detecting

high-grade dysplasias. Double staining performed better, with an AUC of 0.73, compared to

0.67 for Ki-67 alone.
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Figure 6.
Microspectrophotometry data measured from spots of oxidized DAB chromogen deposited

on a slide, before and after thionin staining, compared with thionin-stained HL-60 nuclei.

Even in the absence of cells, deposited DAB chromogen reacts with thionin, giving a

characteristic shoulder in the microspectra.
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Table I

Patient specimens classified by conventional cytology and histopathology. Highlighting and italicized font

denote those cases classified as positive for high-grade dysplasia. All others were treated as negative.

Cytology Histology

Negative Atypia/HPV LG-SIL/CIN1 HG-SIL/CIN2+ Total

Negative/atypia 7 11 1 5 24

LG-SIL 0 0 2 6 8

HG-SIL 0 0 5 8 13

No diag 0 3 0 1 4

Total 7 14 8 20 49
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