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Abstract: Whole slide imaging (WSI) can be used to quantify multiple responses within tissue sections during
histological analysis. Feature Analysis on Consecutive Tissue Sections (FACTS®) allows the investigator to
perform digital morphometric analysis (DMA) within specified regions of interest (ROI) across multiple serial
sections at faster rates when compared with manual morphometry methods. Using FACTS® in conjunction with
WSI is a powerful analysis tool, which allows DMA to target specific ROI across multiple tissue sections stained
for different biomarkers. DMA may serve as an appropriate alternative to classic, manual, histologic
morphometric measures, which have historically relied on the selection of high-powered fields of views and
manual scoring (e.g., a gold standard). In the current study, existing preserved samples were used to determine if
DMA would provide similar results to manual counting methods. Rodent hearts (n = 14, left ventricles) were
stained with Masson’s trichrome, and reacted for cluster of differentiation 68 (CD-68). This study found no
statistical significant difference between a classic, manual method and the use of digital algorithms to perform the
similar counts (p = 0.38). DMA offers researchers the ability to accurately evaluate morphological characteristics
in a reproducible fashion without investigator bias and with higher throughput.

Key words: digital pathology, digital analysis, digital morphometric analysis, whole slide analysis, whole slide
quantitative analysis

INTRODUCTION

Whole slide imaging of glass microscope slides and the
subsequent use of computer-aided quantitative analysis has
been growing in popularity with use of digital imaging and
its ability to create images with resolutions from 0.25 to
0.62 μm/pixel (Wang et al., 2007; Huisman et al., 2010;
Lofgren et al., 2011). With standardization and long-term
archiving of medical records, digital images will become an
integral part of the electronic health record (Crowley et al.,
2000). Current FDA-approved diagnostic applications of
digital morphometric analysis (DMA) are widely and routi-
nely used by drug pharmaceutical companies, such as in the
realm of cancer tissue markers (Mulrane et al., 2008; Rocha
et al., 2009; Daniel et al., 2011).

The advantages of using DMA has applications outside of
pharmaceutical research and testing and can be adopted and
customized for uses within basic or translational research.
There are immediate, translatable benefits for the development
and use of DMA: telepathology consultation, the use of tech-
nology for pathology consultation across great distances, and
quantitative analysis of the entire tissue section in research
applications in order to provide a quantitative component
to diagnostic pathology (Potts et al., 2010; Hipp et al.,
2011; Nassar et al., 2011; Al-Janabi et al., 2012). Performing
DMA across an entire slide provides the investigator with a

semi-automated, reproducible method to evaluate histology
more quickly with higher throughput capabilities (Feldman,
2008; López et al., 2008; Klapczynski et al., 2011; Nassar et al.,
2011). DMA reduces analysis time, generates quantitative data,
and allows for reproducibility because the exact parameters
and assumptions can be used across every sample in a parti-
cular study with no inter-investigator bias (Feldman, 2008;
López et al., 2008; Słodkowska et al., 2010; Klapczynski et al.,
2011; Nassar et al., 2011; Webster & Dunstan, 2014).

In the current study, DMA was performed to demon-
strate that quantitative computational analysis and digital
morphometric counts can be used as a reliable morphometric
tool compared with classical manual counting methods. For
this comparison, manually stained samples were selected
because they contain inherent variability and differences in
positive staining and non-specific background staining.
This was important for the current comparison considering
that many automated analytical tools have difficulty in dis-
criminating subtleties that the human eye can detect. In this
fashion, the current morphological comparisons (e.g., DMA
versus manual methods) may be considered a rigorous
and conservative approach where manual methods may be
thought to be superior to automated methods due to inherent
sample variability. Therefore, manual staining methods were
selected to demonstrate the successful use of DMA on a
wide range and variety of manually or auto-stained slides
(Weinstein et al., 2009; Potts et al., 2010). Two automated
morphology tools were used, Feature Analysis on Consecutive
Tissue Sections (FACTS®) and DMA, to compare against two*Corresponding author. rskellar@des-company.com
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human investigators using traditional manual counting
methods (Potts et al., 2011).

MATERIALS AND METHODS

Slide Scanner
All glass slides were digitally scanned using the Aperio CS
slide scanner using a 20× Olympus objective. At 20× mag-
nification, the Aperio scanner provides a digital image with a
resolution of 0.5 μm/pixel (Aperio, Vista, CA, USA).

Tissue used for Morphometric Assessment and
Histology
Samples of infarcted left ventricular tissue (n = 14) from a
male Sprague–Dawley rat model were formalin fixed and
paraffin embedded. The tissues were sectioned at 6 µm and
subsequently processed for staining and immunohis-
tochemistry. In order to determine the specific area of
infarct, the tissues were stained with Masson’s trichrome.
The infarct was identified by the large collagen deposition,
which stains a distinct bright blue (Saraswati et al., 2010;
Segura et al., 2011). Serial sections were also reacted with
cluster of differentiation 68 (CD-68; Serotec, clone ED1,
Raleigh, NC, USA) used at a final dilution of 1:100. The
primary antibody was visualized using a secondary antibody
with a peroxidase reaction product recognition system
(Universal mouse kit; Dako Inc., Carpinteria, CA, USA).
Tissues were then counterstained with methyl green to
identify background nuclei (Kellar et al., 2011). CD-68 is
a protein that is expressed in the cytoplasm of activated
macrophages and was selected for this analysis because of the
high specificity of the antibody in damaged myocardium and
the resulting punctate cytoplasmic staining pattern (Doussis
et al., 1993; Kellar et al., 2011). This provides a distinct and
clear positive signal for both DMA and human investigator
evaluation. All staining and immunohistochemistry reac-
tions were performed by hand, which created tissues with
varying degrees of background staining.

Annotations (Digital Image Mark-Up)
For this validation study, FACTS® was used to ensure
all measurements occurred specifically within the area of
infarct. FACTS® is a commercial algorithm developed by
Flagship Biosciences (Westminster, CO, USA) histological
and image analysis processes that allows quantitative
multiplexing of histopathology tests (Potts et al., 2011).
Using a reference slide to determine specific areas of interest,
a region of interest (ROI) was created and transferred across
semi-serial slides that were stained to determine specific
histological features. Each slide contained two sections of the
ventricles; therefore, sections on each slide were not exact
serial sections, but were ∼10 µm apart. This allowed the
analysis to be performed within the specified ROI on each
subsequent slide, in this case specifically in the area of
scarring within the infarct of the myocardium. FACTS® has
the ability to change angles and size. It is nearly impossible to
mount a tissue section in exactly the same conformation
when creating serial or semi-serial slides.

The scarred myocardial tissue was encircled using an
inclusion pen marker to identify the ROI. This annotation
was transferred across to the target slides. In this case, the
annotations were transferred to samples reacted with CD-68.
Once the area to be analyzed was correctly transferred to the
CD-68-reacted serial section of the infarcted tissue, a grid
map was placed inside the annotated area (Fig. 1).

This grid program allowed the user to specify the size of
the grids used. The program placed a grid map into the
specified area of inclusion. For this study, a grid of 100 × 100
pixels was used, which is 400.2 µm2. Next, a random number
generator was used to identify ten random grid boxes
(400.2 µm2) for analysis. Once the grid boxes were identified,
they were numbered one through ten. The counts were
performed only within these ten identified grids. In order for
a specified grid to be used for counts it must have met the
following requirements: all four corners of the grid had to be
in contact with tissue and no folds or other tissue artifacts
could be within the grid space. If a randomly chosen grid
did not meet the criteria a new grid was chosen at random.

Figure 1. Illustration of the Feature Analysis on Consecutive Tissue Sections (FACTS®) process being used across
tissue sections. a: The trichrome stained slide was used to accurately determine the area of the infarct within the rodent
left ventricle. b: The specific infarct area was transposed onto a cluster of differentiation 68 (CD-68) reacted heart.
c: The grid was placed within the area determined by the trichrome stained section.
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Nuclear counting algorithm V9 (Aperio) was then used to
analyze the same grids.

Human Investigator Counts
Two investigators independently performed counts of
CD-68+ stained macrophages in each of the ten grids
identified. All fragments and whole cells, positive for CD-68
IHC were counted. This was a required inclusion criteria as
this antibody has high specificity to activated tissue macro-
phages. The count data was reported as counts per grid: the
number of active macrophages present in a 400.2 μm2 area.

Digital Algorithm
Nuclear Image Analysis v9 (Aperio; Fig. 2) is a cellular
counting algorithm, which uses input factors based on cellular
profiles. CD-68+ cell parameters were defined by adjusting
digital values including nuclear size, roundness, compactness,
and elongation. These parameters are adjustable to assist the
user with determining the appropriate amount of cellular
segmentation. The user can adjust the color values based on
the staining of interest. For example, the user can use an “eye
dropper” tool, which allows the user to choose specific colors
and gradients of color to use as the “positive stain” being
measured and the background stain. The “eye dropper” tool
then provides the user with a break-down of the color into its
red, blue, and green components. In the algorithm set-up, the
user can also change the threshold method in order to deter-
mine how the algorithm identifies the edges of the cell. This
uses the colors that the user inputs and changes the way the
algorithm segments the cell. There is an “amplitude threshold”,
which adjusts according to the mean intensity of all the pixels
and automatically thresholds to one sigma above the mean.
The edge thresholdmethod automatically adjusts the threshold
according to the mean of edge pixels; it uses an edge finding
method to identify the edge pixels and averages these values to
determine the threshold. The manual threshold method uses
an upper and lower limit set by the user to eliminate any
unwanted background, but it will not automatically adjust
to compensate for any lighter or darker staining between
slides. The current study used the edge threshold method.

The algorithm was adjusted using the parameters identified
in the Aperio user’s guide (http://tmalab.jhmi.edu/aperiou/
userguides/IHC_Nuclear.pdf).

Statistical Analysis
An analysis of variance (ANOVA) was performed with a
Tukey’s HSD post hoc using JMP Pro 10 (SAS, Cary, NC,
USA). Statistical significance was set at p< 0.05.

RESULTS

The average number of CD-68+ cells in 14 unique infarcted
myocardium samples from a rodent model were counted by
each human investigator and the DMA (see Fig. 3 for a
comparison of the counts on one of the samples and see
Fig. 4 for a graphical representation of all 14 samples). These
data demonstrate that all three analytical methods (the two
investigators and the computational algorithm) resulted in
similar values from ten fields of view from each sample. No
statistical difference was seen using an ANOVA statistical
comparison (n = 14; p = 0.38).

DISCUSSION

Traditionally, manual cell counting has been performed to
analyze histological specimens and currently represents
the gold standard (Jara-Lazaro et al., 2010). Significant techno-
logical advances are now available for the analysis of histo-
logical specimens that may be less accurate than manual
methods, but may afford advantages for the researcher. These
advances may help to improve and maximize effectiveness of
whole slide analysis while allowing for higher throughput dur-
ing analysis for larger studies (see Table 1). The use of DMAhas
the same effectiveness as historical manual methods while also
providing the researcher a more objective analysis by removing
subjectivity through the elimination of inter-investigator biases.

In analysis of pathology samples, manual methods
represent the central dogma, which includes use of photo-
micrographs of a selected number of high-powered fields of
view and performing visual or digital measurements across
these images (Kidd et al., 2001; Cole et al., 2007; Fujimoto
et al., 2007). These manual methods can introduce bias

Figure 2. Representative image of the nuclear counting algorithm. a: Histological section reacted with cluster of
differentiation 68 (CD-68) to be analyzed. b: Representative image with the false color mark-up of the same section
identified as a. Yellow = low intensity, Orange = moderate intensity. Scale bar is 60 µm.
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within the data analysis because the investigator may be
unintentionally drawn to areas (or focus on areas) that have a
high concentration of stain (or are absent of stain) within
high-powered fields of view (Hsu et al., 2003; Evans et al.,
2008; Nasser et al., 2011). Therefore, the true morphometric
result of the staining within a sample may not be analyzed,
and instead only a narrow area may be evaluated and
reported as representative of the sample.

In this study, we report the results of a narrow area of
the tissue sample being analyzed (ten random fields of view)
using two different methods: a classic manual counting
method was compared with DMA. This comparison was
performed to validate that digital morphometry methods
can deliver results similar to well-accepted manual counting
methods. Most studies have numerous design parameters
that are equally as important as accurate counting. For
example, consistency in analysis can vary during manual

methods when evaluations are performed over extended
periods of time or by multiple investigators. Investigators
may perform manual evaluations over extended periods of
time when data collection is at discrete long-term time-
points, or in larger studies the manual analysis may extend
for days, weeks, or months. Furthermore, inter-investigator
bias can significantly impact the consistency of data analysis.
With manual methods it is common for more than one
investigator to perform measurements and counts. Additional
precautions and planning can be taken to average out any
differences between the investigators; however, in many labs
the individual researchers and staff can change. Depending on
how these individuals were trained, they may each interpret
the histology, positive stain, or morphology characteristics
differently. Computational whole slide analysis removes these
biases by performing consistent measurements with the same
initial design inputs across all samples being analyzed from

Figure 3. Representative images of the ten random fields identified on Sample no. 8 reacted with cluster of differentia-
tion 68 (CD-68). The table contains the counts of each of the investigators as well as the digital morphometric analysis
(DMA) counts.
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one study to another, even over extended periods of time. A
significant advantage of performing DMA is that the investi-
gator receives a more comprehensive overview of the whole
tissue sample being analyzed versus traditional manual
methods that are currently used. The analysis can be per-
formed across the entire sample rather than only focusing on a
specific number of fields of view; therefore, providing better
feedback to the investigator about the sample as the ROI.

In this study, we focused on specific fields of view, to validate
the results to well accepted manual methods. However, in our
lab we now routinely use whole slide digital analysis for our
morphometry evaluations.

In the current study, we demonstrate that digital algo-
rithms can be used as an appropriate alternative to tradi-
tional manual methods. These novel methods can be
valuable in studies with large sample sizes, multiple stains of

Figure 4. Graphical representation comparing the counts of cluster of differentiation 68 (CD-68) activated macro-
phages between two scientists and the nuclear counting algorithm (computer) across ten fields of view within the area
of infarct within the left ventricle of a rodent.

Table 1. Representative Table of the Amount of Time in Hours Required to Perform Analysis Both Manually and using DMA, Given the
Mentioned Assumptions.

Manual Methods DMA

Number of
Slides in Study

Investigator
no. 1 (10 Fields

of View)

Investigator
no. 2 (10 Fields

of View)
Total

Analysis Time
Whole

Slide Scanning
Algorithm
Calibrationa DMA

Total
Analysis Time

100.0 16.7 16.7 33.3 3.3 1.0 3.3 7.7
500.0 83.3 83.3 166.6 16.7 1.0 16.7 34.3
1000.0 166.7 166.7 333.3 33.3 1.0 33.3 67.7
5000.0 833.3 833.3 1666.7 166.7 1.0 166.7 334.3
10000.0 1666.7 1666.7 3333.3 333.3 1.0 333.3 667.7

It is evident that there is a great deal of time saved even in a smaller 100 slide study between the two methods.
Assumptions: staining methods whether manual or automated result in similar amount of processing time. Manual, Investigators conduct morphometry
analysis in a blinded fashion. Manual, 1 field of view = 1min of morphometry counting, analysis and statistics. DMA, whole slide scanning = 2 min per slide
with a 20× objective using Aperio Scan Scope XT (120 slide cartridge). DMA, quad core processor = 2 min per slide. DMA, entire slide analyzed rather than
only ten fields of view.
aAlgorithm calibration can typically be reduced if the tissue staining is consistent e.g. by employing automated staining and if the calibration is being performed
by experienced imaging scientists.
DMA, digital morphometric analysis.
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IHC, long-term or multiple time points of data collection,
large sample archival needs, fluorescent immunohis-
tochemistry that can fade over time (digital scanning
preserves the original signal), and when numerous or new
researchers are analyzing histological results.

CONCLUSIONS

DMA gives investigators a novel measurement tool to eval-
uate histological features and characteristics that are high-
lighted microscopically. The use of digital analysis has been
well described in pharmacological drug discovery markets
for several years without yet being widely adopted into the
research or academic communities who conduct basic or
translational research and routinely use histomorphometry
as an outcome measure of their experiments. The validation
of this algorithm should provide a basis for continued
research and exploration on how to better leverage digital,
high throughput techniques to improve research outcomes.
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