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Abstract: Although availability of automated platforms has

proliferated, there is no standard practice for computer-assisted

generation of scores for mRNA in situ hybridization (ISH)

visualized by brightfield microscopic imaging on tissue sections. To

address this systematically, an ISH for peptidylprolyl isomerase B

(PPIB) (cyclophilin B) mRNA was optimized and applied to a

tissue microarray of archival non–small cell lung carcinoma cases,

and then automated image analysis for PPIB was refined across 4

commercially available software platforms. Operator experience

and scoring results from ImageScope, HALO, CellMap, and De-

veloper XD were systematically compared with each other and to

manual pathologist scoring. Markup images were compared and

contrasted for accuracy, the ability of the platform to identify cells,

and the ease of visual assessment to determine appropriate

interpretation. Comparing weighted scoring approaches using H-

scores (Developer XD, ImageScope, and manual scoring) a cor-

relation was observed (R2 value=0.7955), and association be-

tween the remaining 2 approaches (HALO and CellMap) was of

similar value. ImageScope showed the highest R2 value in com-

parison with manual scoring (0.7377). Mean-difference plots

showed that HALO produced the highest relative normalized

values, suggesting higher relative sensitivity. ImageScope

overestimated PPIB ISH signal at the high end of the range scores;

however, this tendency was not observed in other platforms.

HALO emerged with the highest number of favorable ob-

servations, no apparent systematic bias in score generation com-

pared with the other methods, and potentially higher sensitivity to

detect ISH. HALO may serve as a tool to empower teams of

investigative pathology laboratory scientists to assist pathologists

readily with quantitative scoring of ISH.
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Routine tools for biochemical interrogation of formalin-
fixed paraffin-embedded (FFPE) tissues include histo-

logical special stains (histochemistry), immunohistochemistry
(IHC), and DNA in situ hybridization [(F)ISH].1–4 Recently,
technological improvements in methodologies to detect
mRNA in FFPE tissues have also allowed transcript
assessments to become routine in investigative pathology
laboratories. The new advances include use of a modified
branched DNA technology that allows for in situ amplifi-
cation of target-specific signals with single-molecule sensi-
tivity. The mRNA hybridization is usually visualized with
colored chromogens by brightfield microscopy and has been
referred to as ISH, chromogenic ISH, or ISH visualized by
brightfield microscopy.5–8 Along with the ability to perform
moderate-throughput ISH on automated staining plat-
forms,9–11 the implementation of tissue microarrays (TMAs)
has enabled pathology laboratories to reliably assess tran-
script localization and abundance in hundreds of specimens
or cases per run.8,12 With substantial increases in throughput,
computer-assisted image analysis has emerged as an im-
portant tool to enhance pathologists’ assessments of stained
FFPE slides.13 Automated image analysis promises to allow
comparisons over large numbers of samples with the main
benefits including minimal contact time and objectivity of
identical analysis parameters applied to each sample.
Although several studies have implemented ISH on FFPE
tissues with automated image analysis for quantification,14–16

there is currently no established standard practice for gen-
erating ISH-based image analysis data to allow comparisons
among samples.

With a large number of software tools available,
complexity of image analysis ranges from simple quanti-
fication of amount of a single chromogen within a
microscopic field to identification of individual cells and
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quantification of multiple signal types per cell in a whole
tissue section. There has been a proliferation of software
tools in recent years. These included multiple free open-
source tools, such as ImageJ,17–19 sophisticated platforms
with analysis packages designed to suit specific image
analysis tasks, such as Tissue Studio, and HALO,20 as
well as commercial fee-based image analysis services.
With increasing complexity, these tools require greater
expertise of the user to interpret and ensure the quality of
the data. To date, little has been published to assist in this
decision process of choosing an image analysis platform
for ISH data sets or for generating appropriate output for
follow-up statistical analyses.

Cyclophilin B, an enzyme primarily located in the
endoplasmic reticulum that regulates protein folding, espe-
cially of type I collagen, has diverse roles in processes such as
reduction-oxidation, inflammation, viral infections, and
apoptosis.21–25 The gene encoding cyclophilin B, peptidyl-
prolyl isomerase B (PPIB), is conserved among eukaryotes.23

It is expressed in diverse tissue types leading to its use as a
housekeeping gene for normalization in gene expression
studies,26 although expression levels can vary across tis-
sues.27 With a focus on preclinical and translational path-
ology, archival cases in TMA format were obtained of non–
small cell lung carcinoma (NSCLC), a disease that exhibits a
range of histologic and molecular subtypes,28 and an auto-
mated PPIB ISH assay was applied. Here, a systematic
evaluation of multiple image analysis methodologies for
analysis of PPIB ISH is reported, with comparison to
manual pathologist evaluation, to determine the approach
that best balanced sensitivity and ease-of-use over a broad
range of staining intensities and patterns—characteristics
which are amenable to routine implementation of image
analysis in an investigative pathology laboratory.

MATERIALS AND METHODS

Cell Line Preparation
Cell lines MOLT-4 (acute lymphoblastic leukemia)

and Calu-1 (lung-pleura, epidermoid carcinoma) were
obtained from ATCC (Manassas, VA). UACC-62 (mel-
anoma) was obtained from the National Institutes of
Health (Bethesda, MD). All lines were grown in 175 cm2

tissue culture treated flasks in humidified incubators set to
371C and in 5% CO2. Growth medium for all lines was
supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin-glutamine. Calu-1 cells were
grown in McCoy’s 5a media, and the other lines were
grown using RPMI 1640. Cells were collected using
0.25% (wt/vol) trypsin-0.5mM EDTA solution, and
pelleted by centrifugation at 350g, then fixed in 10%
neutral buffered formalin and placed on a rocker for 24
hours. Histotechnological preparation of cell lines was
completed as previously described.29

Quantitative PCR
Relative PPIB mRNA expression in cell lines was

confirmed by standard quantitative polymerase chain reaction
(qPCR) methods. FFPE blocks of each cell line were

sectioned into 10mm curls. For each line, 2 curls were pooled
into a 1.5mL tube and RNA was isolated using the RNeasy
FFPE Kit (Qiagen, Valencia, CA), including incubation with
DNaseI for 15 minutes. Total RNA concentration was de-
termined using the Qubit 3.0 fluorometer (Thermo Fisher
Scientific, Waltham, MA), and the Qubit RNAHS Assay Kit
(Thermo Fisher). Reverse transcription reaction was per-
formed using the SuperScript VILO cDNA synthesis kit
(Thermo Fisher). Briefly, 4mL 5�VILO reaction mix, 2mL
10�Superscript enzyme mix, 9mL nuclease-free water and
5mL sample RNA were incubated at 251C for 10 minutes,
421C for 60 minutes, and finally 851C for 5 minutes. qPCR
reactions were performed in triplicate on each cell line
for both PPIB (Life Technologies by Thermo Fisher,
Hs00168719_m1), and ACTB (beta-actin, Hs00357333_g1) as
a control. For each qPCR reaction, the following mixture was
made: 1mL of 20�Gene Expression Assay, 10mL of 2�Fast
Advanced Master Mix, 4mL of cDNA, and 5mL of nuclease-
free water. Reactions were cycled on a ViiA 7 (Thermo
Fisher): 501C for 2 minutes, 951C for 10 minutes, and then 40
cycles of 951C for 15 seconds, 601C for 1 minutes. The Ct

values for PPIB were then averaged and normalized to the Ct

of ACTB for relative abundance.

Human Tissue Specimens and Ethical
Considerations

A human NSCLC TMA comprising 111 patients was
made from tissue blocks collected by a standard operating
procedure that considered tissue preservation (TriStar
Technology Group, Rockville, MD). Clinical data were
reviewed by a team of pathologists and oncologists. Details
of ethical considerations that were followed by TriStar,
clinicopathologic information, and TMA construction
methods were all previously reported.10 To further refine the
original pathologic diagnoses from the contributor and to
more specifically classify various NSCLC cases into ad-
enocarcinoma versus squamous cell carcinoma, additional
FFPE sections from the TriStar NSCLC TMA were stained
for a 4-marker lung diagnostic panel (TTF-1, p63, CK7, and
CK5/6) in a CLIA-certified laboratory. On the basis of the
immunopathologic findings on specialty review of these
markers (A.N.), each case was confirmed or reassigned a
final histopathologic subtype of NSCLC (Table, Supple-
mental Digital Content 1, http://links.lww.com/AIMM/
A174 which shows diagnoses). Cases with inadequate tumor
or missing or damaged cores were excluded from evalua-
tion, resulting in 75 evaluable cases. Use of human tissues in
this study followed standard operating procedures of TriS-
tar, and considered informed donor consent, Institutional
Review Board/Ethics Committee approval, patient ano-
nymity, compliance with current international and Euro-
pean Union regulations, as described previously.10 FFPE
sections of cell line and tumor blocks were cut (4mm) and
lifted onto adhesion slides. Slides were allowed to dry and
then baked at 601C for 0.5 to 1 hours before staining.

IHC
A commercially available rabbit polyclonal anti-

body against recombinant human cyclophilin B (PAB20
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616, Abnova Corporation, Walnut, CA) was selected for
immunohistochemical evaluation of samples. All IHC was
performed on an automated slide staining system (Bond III;
Leica Biosystems Inc., Buffalo Grove, IL). Briefly, the
following steps were performed at ambient temperature,
including buffer rinses as appropriate between each step:
deparaffinization, rehydration, heat-induced epitope retrieval
(ER1, pH 6.0, Leica Biosystems) at 1001C for 20 minutes,
3% peroxide block for 5 minutes, PowerVision Super Block
(Leica Biosystems) for 10 minutes, primary antibody for
30 minutes at 0.075mg/mL on cells or 0.12mg/mL on tissues,
horseradish peroxidase for 8 minutes (Bond Refine HRP
Polymer; Leica Biosystems), chromogenic 3, 30-dia-
minobenzidine substrate (DAB) for 10 minutes, and hema-
toxylin counterstain for 5 minutes. Slides were dehydrated
using an Autostainer XL (Leica Biosystems) and cover-
slipped per routine procedures. For negative controls, a
rabbit IgG (I-1000; Vector Laboratories, Burlingame, CA)
was applied at 0.12mg/mL in place of the cyclophilin B
antibody (Fig., Supplemental Digital Content 2, http://links.
lww.com/AIMM/A175).

Brightfield ISH
Slides were loaded on the Bond RX (Leica Bio-

systems), and deparaffinization, rehydration, and pre-
treatment using EDTA buffer solution (ER2, pH 9; Leica
Biosystems) were performed at 1001C for 15 minutes. An
RNAscope 2.0 LS Brown reagent kit (Advanced Cell
Diagnostics, Hayward, CA) was used for detection of
mRNA. Briefly, protease was applied for 15 minutes at
401C and then peroxide was applied for 10 minutes.
RNAscope 2.0 LS probes (Advanced Cell Diagnostics:
PPIB, 313907; or DapB, 312037) were hybridized at 401C
for 2 hours. The signal amplification steps were per-
formed per manufacturer’s instructions for amplification
steps 1 to 6, with the addition of a 2� saline sodium
citrate stringency wash performed after step 1. DAB and
hematoxylin were applied as part of a modified Bond
Polymer Refine Detection kit (Leica Biosystems). Slides
were dehydrated using an Autostainer XL and cover-
slipped per routine procedures.

Manual Interpretation and Scoring of In Situ
RNA Expression

In situ RNA expression signal appeared as
individual or aggregated dots as previously described.30

Cases were evaluated on Olympus brightfield microscope
and scored by a Board-certified anatomic pathologist
(A.N.), using a manual semiquantitative in situ mRNA
scoring scheme developed in our laboratory,14 based on
the determination of proportions of neoplastic cells fea-
turing 0, 1+, 2+, 3+, and 4+ expression of brown dots
as follows: <50% area of the cell showing discrete PPIB
in situ RNA dots as 1+, 50% or >cell area showing
discrete dots without any confluence as 2+, confluence of
PPIB in situ RNA dots in part of the cell as 3+ and
confluent PPIB in situ RNA expression dots involving the
entire cell as 4+. A final PPIB in situ RNA H-Score
(manual) was calculated as the sum of all scores repre-

senting various expression levels (1+, 2+, 3+, 4+)
multiplied by the respective percentage of cells at each
expression level. The final manual PPIB in situ RNA
score for an individual case ranged from 0 to 400.

Imaging and Image Analysis
Images were obtained as high-resolution digital

scans (Scanscope XT; Aperio Technologies, Vista, CA) at
both �200 and �400 original magnification for ISH and
�200 for IHC. Scans of ISH at �200 were subjected to
automated PPIB in situ RNA expression scoring evalua-
tions using commercial software platforms with ISH-
specific packages: (i) ImageScope from Aperio (Leica
Biosystems), (ii) HALO from Indica Labs (Corrales,
NM), (iii) third-party ISH analysis service using CellMap
by Flagship Biosciences (Westminster, CO), and (iv)
Developer XD from Definiens (Cambridge, MA).

Area analysis using Positive Pixel Count (version 9)
on ImageScope (version 12.0) assessed relative area of
DAB staining. The default positive pixel counting algo-
rithm parameters were used for detecting DAB by cate-
gorical intensity: hue value, 0.1; hue width, 0.5; color
saturation threshold, 0.04; intensity of weak positives
highest value, 220; intensity of weak positives lowest
value and intensity of (moderate) positives highest value,
175; intensity of (moderate) positives lowest value and
intensity of strong positives highest value, 100; intensity
of strong positives lowest value, 0; intensity, not positive
highest value, �1. A positive pixel-based H-Score was
reported to summarize the area values as 100� (% of cells
weak positive)+200� (% moderate positive)+300� (%
strong positive) on a scale of 0 to 300.

PPIB ISH analysis using HALO (version
1.90.286.3048) ISH algorithm (version 1.2) used these
parameter settings: image zoom, 1; positive signal stain,
0.271; detect cells, false; cell radius, 5; signal contrast
threshold, 0.76; spot segmentation aggressiveness, 0.95;
signal size, 2.1. ISH signal was captured as average signal
(dots) per mm2 of tissue area.

Using CellMap, a custom and proprietary ISH al-
gorithm, the average number of dots per cell was reported
for each case for the entire core. An empirically de-
termined reference dot size was used to separate dot ag-
gregates into a representative number of dots. CellMap
methods have been published in detail previously.31

Using Developer XD (version 2.4.2) to assess cells, a
custom ruleset identified individual cells based on staining
and shape of nuclei. The ruleset characterized DAB
staining as individual granules and confluent granules,
based on size and color. Each cell was characterized on a
scale from 0 to 4+. Cells with more than two thirds of
their area covered by confluent granules were classified as
4+. Cells with at least 1 confluent granule were 3+. Cells
with at least half of their area covered by either granule
type were 2+. Cells with at least 1 granule were 1+. Cells
with no granules were 0. When a cell matches criteria
from more than 1 class, the higher class was assigned. An
H-Score summarized the individual cell scoring as
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100� (% of cells at 1+)+200� (% 2+)+300� (%
3+)+400� (% 4+) on a scale of 0 to 400.

Statistical Methods
Data were subjected to linear regression analysis

and plotted in a scatterplot matrix showing regression line
and confidence intervals (JMP 12.1.0; SAS, Cary, NC),
and coefficients of determination (R2) were determined
and shown added to the matrix. Data were normalized by
scaling all patients between 0 and 1 per analyses, cali-
brating to a scale of 0 to 300, and then were subjected to
Bland-Altman analysis (Prism, version 7.00; GraphPad
Software, La Jolla, CA) after confirmation of a Gaussian
distribution. Mean-difference plots were generated, 95%
limits of agreement were included on plots, and bias for
each comparison was determined by calculating the
average of the differences in scores between any 2 analyses
and indicated in a plot matrix. Best fit lines were included
in each plot to highlight anomalies.

RESULTS
Analysis of PPIB mRNA is commonly used as a

control in gene expression studies. In our hands, variable
mRNA and protein expression patterns were observed
with a wide dynamic range across multiple tissue types
including interspecimen variability among patients in a
single cohort. As such, PPIB was selected as an ideal gene
to assess methods for image analysis in NSCLC. First,
using an automated staining platform to reduce
variability, an in situ hybridization assay was optimized
to detect PPIB mRNA in FFPE tissues. The in situ
hybridization is visualized with a chromogenic stain
by brightfield microscopy (ISH). Briefly, 3 human tumor
cell lines were selected that were determined to
express mRNA at roughly a 1:4:14 ratio by qPCR
(Fig. 1A). Consistent with qPCR, the protein levels of
cyclophilin B showed low or strong diffuse cytoplasmic
immunoreactivity in the predicted moderate and high
expressers, respectively. The low expresser showed no
immunoreactivity. The PPIB hybridization signal fell in
line with these observations demonstrating discrete dot-
like signal in the moderate expresser and strong signal in
the predicted high expressing line (Fig. 1B). There was no
hybridization signal in the predicted negative cell line.
Similarly, the PPIB ISH signal showed consistent staining
patterns with IHC in human FFPE colorectal carcinoma
and lung squamous cell carcinoma tissues (Fig. 1C).
Expression was mainly localized to tumor cell cytoplasm,
with a variable amount of staining in stromal cells.
Control ISH was negative using a probe against a bac-
terial gene, DapB, which encodes a protein in the lysine
synthesis pathway.

The optimized PPIB ISH assay was applied to a
cohort of NSCLC primary tumors in TMA format. PPIB
hybridization patterns in tumor cells were heterogenous
ranging from high and diffuse signal to low signal (Fig. 2).
Signal appeared as discrete dots, mainly in the tumor cell
cytoplasm. In the tumor stroma, many cases exhibited
moderate expression with some cases showing no signal.

With the variability of PPIB expression in NSCLC
in mind, characterization of the heterogeneity using
automated image analysis evolved into an objective
comparison of different image analysis platforms. To
formalize the analytical approach, a single PPIB-stained
TMA slide was selected and subjected to manual scoring
performed by an anatomic pathologist using the glass
slide directly under the microscope. The same glass slide
was also scanned at �200 to produce a high-resolution
digital image and used to generate output scores from
4 different platforms as described in the methods (Fig. 3):
(i) positive pixel count-defined H-Score using Image-
Scope, (ii) mean signal (dots) per mm2 using HALO, (iii)
mean signal (dots) per cell using CellMap, and (iv) a
custom Developer XD ruleset to define an H-Score (Ta-
ble, Supplemental Digital Content 1, http://links.lww.
com/AIMM/A174 which shows raw output). Each ap-
proach was optimized to represent the ISH signal based
on visual assessment, without calibration to a standard or
to expected values. Each had unique output parameters
and units, which were transformed to allow for direct
interplatform comparisons (Fig., Supplemental Digital
Content 3, http://links.lww.com/AIMM/A176 which
shows a graph for normalized PPIB ISH values for each
case).

To assess performance of each automated analysis
initially, a representative core was selected based on manual
observations for low, moderate, or high ISH signal
(Fig. 4A). Markup images from each analysis were com-
pared for accuracy, the ability of the platform to identify
cells, the ease of visual assessment to determine appropriate
interpretation, and whether the complexity of the markup
was informative (Figs. 4B–E). Briefly, there was a wide
variety in the ability of the platforms to determine tissue
regions, identify cells, and segment TMAs. Also varied were
requirements for software installation, ease-ofuse of soft-
ware, algorithm customization options, and the relative
simplicity of interpreting markup images. A summary of
observations for each platform is shown in Table 1.

To compare the numerical output of the algorithms, a
scatterplot matrix of the 5 different scoring approaches was
generated. The Pearson correlation coefficients from linear
regression resulted in R2 values ranging from 0.4599 to
0.9506 (Fig. 5A). The 2 approaches with the highest cor-
relation were the Developer XD H-score output and the
ImageScope positive pixel count (0.9506), and the lowest
was the manual H-score and the average count per cell
using CellMap (0.4599). ImageScope showed the highest R2

value in comparison with manual scoring (0.7377).
Comparing only the weighted (ie, the percentage of cells
that exhibited a particular amount of positivity, multiplied
by a coefficient relative to chromogenic intensity) scoring
approaches using H-scores (Developer XD, ImageScope,
and manual scoring), the average R2 value was 0.7955
(range: 0.6981 to 0.9506), whereas the R2 value between the
2 approaches that considered dots per cell or unit area
(CellMap vs. HALO) was slightly less at 0.7356.

To assess if a platform would show bias in repre-
senting ISH, the differences in scores between any
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2 platforms over the range of expression values from low
to high were plotted. This analysis was used to highlight
potential anomalies introduced by a platform such as
overestimation or underestimation of the signal across
the range of scores, or to point out the tendency to

overestimate or underestimate the signal at one end of the
range scores. The comparison with the highest R2 value
by linear regression (Developer XD vs. ImageScope) also
showed the narrowest range of 95% limits of agreement
of differences in scores [63.23 (�31.48 to +31.75)] out of

Cyclophilin B IHC PPIB ISH Control ISH

Cyclophilin B 
IHC

B MOLT-4 Calu-1 UACC-62

PPIB ISH

C

A

Colon
adenocarcinoma

Lung
squamous cell

carcinoma

FIGURE 1. Development of PPIB ISH and comparison with protein expression. A, MOLT-4, Calu-1, and UACC-62 cells were
profiled for mRNA abundance by qPCR. SD are shown for n = 3 technical replicates. B, Each cell line was processed into formalin-
fixed paraffin-embedded blocks and subjected to cyclophilin B IHC and PPIB ISH. Inset, magnified view of a positive Calu-1 cell. C,
Serial sections from a colonic adenocarcinoma and a lung squamous cell carcinoma reveal comparable expression of PPIB at
protein (IHC) and RNA (ISH) levels. A negative control ISH (DapB) showed no background signal. Original magnification: �200
for IHC, �400 for ISH. Black bars = 100 mm. Slides were counterstained with hematoxylin (blue). Negative controls for IHC are
shown in Supplemental Digital Content 2 ( http://links.lww.com/AIMM/A175). IHC indicates immunohistochemistry; ISH, in situ
hybridization.
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an average of 106.49, Fig. 5B). The largest range of 95%
limits of agreement was 115.41 for HALO versus Im-
ageScope. The largest bias was �3.667 for manual H-
score versus CellMap with the scores biased toward
CellMap, that is CellMap reported higher normalized
values than manual H-scores. However, the value of the
bias was in favor of HALO (ie, normalized scores
from HALO were of higher relative value) for any com-
parison including HALO, which could be attributed to
increased sensitivity of the platform or to the ability of the
software to recognize individual or aggregated dots for

the platform accurately. CellMap, Developer XD, Im-
ageScope, and finally manual scoring followed in order of
higher to lower average normalized scores.

ImageScope positive pixel count compared with
CellMap, HALO, and Developer XD showed a tendency
of higher score estimation as the mean of the normalized
scores increased, as opposed to comparison with the
manual H-scores which showed the opposite tendency—a
lower score estimation as the mean of the normalized
scores increased compared with all other methods (best-fit
lines, Fig. 5B). The remainder of the comparisons showed

H&E PPIB ISH

A

B

C

FIGURE 2. Heterogenous PPIB expression patterns in human non–small cell lung carcinoma. A, Squamous cell carcinoma, high
and diffuse PPIB expression in tumor cells with frequent confluence of the fine brown PPIB RNA dots and relatively lower to
moderate expression in stromal cells. B, Another example of squamous cell carcinoma with moderate PPIB RNA expression in both
tumor and stromal cells. C, Adenocarcinoma (lepidic pattern) with low PPIB RNA expression in tumor cells, low to focal PPIB
expression in tumor stromal cells. Original magnification: �200 for H&E, �400 for ISH. Black bar = 100 mm. H&E indicates
hematoxylin and eosin stain; ISH, in situ hybridization.
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no consistent observations regarding tendencies to over-
estimate or underestimate at either end of the range of
normalized scores. Key observations from these statistical
approaches are included in Table 1.

Out of the systematic approach to comparing and
contrasting platforms for ISH quantitation, HALO
received the highest number of favorable observations,
showed no apparent systematic bias in score generation
compared with the other methods, and demonstrated
potentially higher sensitivity to detect ISH dots (Table 1).
HALO reported an average PPIB score of 0.049 dots/mm2

ranging over an order of magnitude (0.001 to 0.107 dots/
mm2). The scores exhibited a normal distribution and did
not differ significantly among histologic subtypes of
NSCLC (Fig., Supplemental Digital Content 4, http://
links.lww.com/AIMM/A177 which shows a histogram of
PPIB ISH and average signal per mm2 for each histo-
logical subtype).

DISCUSSION
The implementation of automated ISH technology

in the investigative pathology laboratory has been trans-
formative. It has allowed for assessment of messages in
FFPE tissues using analytically specific assays, which can
be rapidly developed and performed with a relatively
short turn-around time.6–8 In addition, it is valuable for
targets for which IHCs are not available for the related
proteins, often due to lack of antibody specificity when
applied to slides of FFPE tissues. As automated ISH
technology results in the increased capacity of a labo-
ratory to interrogate biomarkers on a slide, there is a need
to identify and standardize approaches for analyses. ISH

can be scored qualitatively or semi-quantitatively,7 how-
ever the manifestation of ISH chromogenic signal as
individual or aggregated, micron-scale, colored “dots” is
well suited for objective, quantitative, computer-assisted
image analysis9,30—tools that have been applied to IHCs
for many years.33,34

Compared with IHC, there is a relative dearth of
information about solutions for automated analysis of
ISH, however some have been reported recently.11,14–16,31

Bingham et al16 showed quantitative evaluation of phos-
phatase and tensin homolog mRNA in units of average
dots per cell using SpotStudio software from Advanced
Cell Diagnostics on a TMA that included 75 prostate
tumor cases. More consistent scoring for ISH than for
phosphatase and tensin homolog IHC among cores from
a single case was reported, however they also showed the
utility of ISH to describe the relative variability within a
case. Du et al15 scored programmed cell death 1 ligand
1(CD274 gene/PD-L1) ISH on TMAs comprising nearly
300 cases of meningioma using ImageScope to count
pixels, SpotStudio to determine average dots per cell, and
an open-source software named CellProfiler to determine
average dots per cell. Compared with programmed cell
death 1 ligand 1 qPCR, the algorithms showed correla-
tion coefficients of approximately r=0.60, 0.70, and 0.74,
respectively. Wang et al11 used TargetQuant, a custom
algorithm using Definiens software, to estimate the
number of erb-b2 receptor tyrosine kinase 2 (ERBB2
gene/HER2) RNA copies per cell in 154 cases of invasive
breast carcinoma. They reported 97.3% concordance
with HER2 FISH results, and propose use of ISH as a
reflex test for determining HER2 status. These 3 examples
of automated image analysis used various software-based

Stain NSCLC slide 
with PPIB ISH

Scan slide at ×200

Pathologist
manual count

ImageScope: 
Positive Pixel Count

HALO: 
ISH algorithm

CellMap:
Custom ISH

Developer XD:
Custom ISH

Output H-score Output H-score Output signal/µm2 Output signal/cell Output H-score

Perform regression and
difference plots

Compare and contrast platforms

FIGURE 3. Image analysis and platform comparison workflow schematic. ISH indicates in situ hybridization; NSCLC, non–small
cell lung carcinoma.
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Low ISH Medium ISH High ISH
A

B

C

D

E

FIGURE 4. Representative images of PPIB ISH and markup on non–small cell lung carcinoma. A, Brightfield images of high resolution
scan. B, Markup images of ImageScope positive pixel count. Blue, area with no expression; yellow, area with low expression; orange,
area with moderate expression; red, area with high expression. C, Markup images of HALO ISH algorithm. Broken black lines show
tissue boundaries with white regions excluded. Orange dots positive signal; red dots, clustered positive signals. D, Markup images of
CellMap analysis. Smaller yellow, orange, and red dots represent low, moderate, and high intensity of signal, respectively. Blue lines,
tissue boundaries; blue cells, no dots; yellow cells, 1 to 3 dots; orange cells, 3 to 5 dots; red cells, >5 dots; brick red regions, aggregated
dots. E, Markup images from Developer XD. Blue cells, negative; yellow cells, 1+ IHC score; orange cells, 2+; red cells, 3+; brick red
cells, 4+. Original magnification: �200, all panels. Black bar =50mm. ISH indicates in situ hybridization.
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approaches for ISH quantification, and all proposed that
these approaches are amenable to performing in a clinical
laboratory setting. Although ISH image analysis sol-
utions in the current study may be applicable to the
quality and workflow requirements of a clinical labo-
ratory, an effort was made to focus on the unique chal-
lenges of the investigative pathology laboratory where
encountering a variety of species, tissue types, study
endpoints, and novel targets or combinations of targets
are commonplace. In addition, workflows in an inves-
tigative pathology laboratory may involve numerous
scientists and technicians contributing to multiple proj-
ects simultaneously. These researchers may work with

multiple pathologists on a daily basis creating a matrix of
project-related interactions, which underscores the need
for systematic, standardized solutions for routine analyses
for ISH.

The limited systematic evaluation of commercially
available software in the current study determined that
HALO was best suited to meet the needs of ISH analyses
in the laboratory. The HALO user-friendly interface,
numerous optimizable parameters, options for different
scoring outputs (eg, signal per area vs. average dots per
cell), and availability of automated TMA segmentation
are features that have demonstrated benefits in projects
that reflect the current study. The option for automated

TABLE 1. Qualitative Summary of Platforms Used for Quantitative Analyses of In Situ Hybridization on Non–Small Cell Lung
Carcinoma TMA

Platform Pros Cons

Relative

Cost*

Manual No IT infrastructure required
No additional learning curve
Flexible, nuanced scoring
Can readily generate scores within a particular cell

type or morphologic region1

On the basis of expertise of the anatomic or other
pathologist, can render accurate evaluation
scores

Potential for sampling bias (eg, estimating of scores)
Needs extensive training, experience, and discipline to accurately and

reproducibly interpret and score heterogenous expression patterns
Reliability of data is in line with the level of expertise of the observer
Tendency for lower or higher estimation of scores based on observer bias

and interpathologist and interobserver (nonpathologist) differences
Generally, more time-consuming approach
Not amenable to iterative adjustments to scoring parameters
Blinding needed

NA

ImageScope Ease of end-user stand-alone software install on
operating system

Simplified and easily interpretable markup
(Figure 4B)

Offers categorical intensity scoring
Automated TMA segmentation
Algorithm execution takes only a few seconds per

core
Positive Pixel Count algorithm is free

Scores cannot be reported on a per-cell basis
Potential for overestimation of score as signal increases (Figure 5B)
Limited sensitivity optimization features
Not able to perform analyses within a particular cell type or morphologic

regionw

0

HALO Ease of end-user stand-alone software install on
operating system

User-friendly graphical interface for ease of tuning
analysis parameters

Approximately 20 parameters can be tuned for the
ISH algorithm

Ease of customizable color selection for markup
Automated TMA segmentation, fewest steps

compared with other platforms
Algorithm execution takes approximately 1min

per core
Relatively higher sensitivity without compromising

specificity (Figure 5B)
Ability to report scores on a per-cell basis count1

Classifier tool available for tissue region
segmentationw

Fee-for-service availablew

Markup appears as dots, dots do not cover all cell area and can be
misleading (Figure 4C)

Interparameter optimization options’ relationships not apparent
The number of customizable parameters may lead to inter-operator

variationw
Data organization software requires additional purchasew

$

CellMap Fee-for-service offered
Multiple options to perform analyses within a

particular cell type or morphologic regionw
Ability to report scores on a per-cell basis count

Platform not available for end-user purchase
Markup has multiple colors and multiple shapes, increasing complexity of

interpretation (Figure 4D)

$$

Developer
XD

Ability to report scores on a per-cell basis count
Flexible ruleset development for signal detection
Well trained users can segment histologic features

(eg, tumor vs. stroma)w
Fee-for-service offeredw

IT infrastructure needed to enable software on the operating system
Requires weeks of initial training, and many months of experience to

independently develop ruleset; however, additional software, such as
Tissue Studio, are available from Definiens that may assist32

Most expensive option

$$$

0, no cost; $, relatively low cost; $$, intermediate cost; $$$, relatively high cost.
*Both capital costs and operational expenses for platforms, not including manual scoring.
wThese are comments based on observations for each platform during the course of the study, but were not applicable to the data set that is presented.
IT indicates information technology; NA, not applicable; TMA, tissue microarray.
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segmentation of tissue compartments is an advantage of
the software that has proven useful in various studies
(data not shown), however for the scoring of PPIB ISH
on the NSCLC TMA, the expression patterns did not
warrant the commitment to divide the scores among
compartments. The customized approach that was
applied for ISH analysis reported scores in units of dots
per unit area as opposed to reporting on a per-cell basis.
This was partly due to some difficulty in the consistent
detection of individual cells when using the tools in the
HALO system and the amount of iterative optimization
that was required, which could be attributed to the extent
of morphologic heterogeneity among cases on the
NSCLC TMA. The observation that the normalized
scores from HALO were of higher relative value than
other image analysis platforms could be due to the sen-
sitivity of the algorithm to detect dots and represent
aggregates of dots or may be impacted from not catego-
rizing then weighting the scores. Challenges remain with
the implementation of the software, however, such as a
learning curve to interpreting markup schemes and the
potential not to recognize the dependence among
parameters (ie, how optimization of one parameter affects
another).

While scores from Developer XD and the Image-
Scope positive pixel count were most closely correlated for
ISH and tissues in this study, each could produce unique,
customized results when applied or modified for a partic-
ular study. For example, the sophisticated tissue segmen-
tation tools available in Developer XD may provide clean
identification of tissue compartments (eg, tumor vs. stro-
ma) to allow for differential biomarker assessment. In a

homogenous sample (eg, a slide of an FFPE cultured cell
line or FFPE tumor xenograft), ImageScope may be the
option that helps achieve the biomarker quantification
endpoint with the minimum user input.

The choice of PPIB as a marker to assess across
platforms was not arbitrary. PPIB has been recom-
mended for use as a type of tissue quality control; that is
if a minimal signal of PPIB ISH is observed, then a tissue
may be considered to have its mRNA appropriately
conserved. Although PPIB has been used as a reference
gene and/or used for normalization for qPCR studies in
peripheral blood samples,26,35 normalization of ISH
studies in NSCLC using PPIB are not appropriate as a
wide variation in PPIB scores was observed in the
cohort of archival NSCLC cases. Consistent with our
observations, PPIB varied within the same type and stage
of stomach cancer.36

The comparative analyses in the current study in-
cluded 4 commercially available image analysis platforms
that were selected based on their availability to the in-
vestigative pathology laboratory as well as the technical
expertise of each of the users. We do not claim these
analyses to be a comprehensive evaluation of all algo-
rithms, capabilities, and tools of each image analysis
approach that is available in today’s market. We regard
this to be a relative limitation of the study. We are aware
of some potentially valuable image analysis platform
candidates such as Visiopharm (Hørsholm, Denmark)
that is frequently used for IHC quantitation in various
tissue types.37–39 A clinical study report showed that
the Visiopharm system was used to quantify ISH by
determining pharmacodynamic responses of IL-17A
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FIGURE 5. A, Scatterplot matrix of 5 ISH scoring approaches. Red line shows linear regression with confidence interval in pink
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mRNA in the intestinal epithelium of HIV-1 patients.40 It
may be informative to compare the capabilities and per-
formance of Visiopharm to those evaluated in the present
study. Other available image analysis offerings include the
Vectra imaging system with inForm software (Perkin
Elmer, Waltham, MA)41 and MATLAB (MathWorks,
Natick, MA).42 The options for custom solutions for
analysis of ISH are sure to expand and evolve rapidly.

This study is representative of new realities of assess-
ments of tissue-based biomarker prevalence in investigative
pathology, and strategic choices for appropriate software
solutions must be made to match the goals and personnel of
each laboratory.32 In our laboratory, automated quantita-
tion is performed as a team approach combining the skills of
the scientists generating the slides, pathologist interpretation
and guidance on morphology, expertise of scientists trained
in image analysis, and in some cases include input from
statisticians. For TMAs labeled with IHC or a probe to
detect and quantify mRNA, image analysis is routine in our
laboratory. For pathologists and scientists leading ex-
perimental research, HALO may serve as an
accommodating tool to empower teams of pathology lab-
oratory scientists and technicians to contribute directly to
quantitative scoring of stained slides. However, because of
the extreme complexity of the histocytopathologic details
and significant diversity of the human tumor micro-
environment from case to case, it will be unrealistic to
expect any of the current image analysis solutions to per-
form with a uniformly high levels of accuracy and precision
without ongoing teamwork to further refine software per-
formance. Pathologists, scientists and image analysis experts
will need to continue to work together to further advance
the modern image analysis solutions to make them more
and more reliable in addressing the increasingly complex
challenges of the 21st century tissue biomarker projects in
this era of precision oncology.
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