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Abstract
Objective To evaluate the application of RNAscope in the clinical diagnostic field compared to the current ‘gold standard’ 
methods employed for testing gene expression levels, including immunohistochemistry (IHC), quantitative real time PCR 
(qPCR), and quantitative reverse transcriptase PCR (qRT-PCR), and to detect genes, including DNA in situ hybridisation 
(DNA ISH).
Methods This systematic review searched CINAHL, Medline, Embase and Web of Science databases for studies that were 
conducted after 2012 and that compared RNAscope with one or more of the ‘gold standard’ techniques in human samples. 
QUADAS-2 test was used for the evaluation of the articles’ risk of bias. The results were reviewed narratively and analysed 
qualitatively.
Results A total of 27 articles (all retrospective studies) were obtained and reviewed. The 27 articles showed a range of low to 
middle risk of bias scores, as assessed by QUADAS-2 test. 26 articles studied RNAscope within cancer samples. RNAscope 
was compared to different techniques throughout the included studies (IHC, qPCR, qRT-PCR and DNA ISH). The results 
confirmed that RNAscope is a highly sensitive and specific method that has a high concordance rate (CR) with qPCR, qRT-
PCR, and DNA ISH (81.8–100%). However, the CR with IHC was lower than expected (58.7–95.3%), which is mostly due 
to the different products that each technique measures (RNA vs. protein).
Discussion This is the first systematic review to be conducted on the use of RNAscope in the clinical diagnostic field. 
RNAscope was found to be a reliable and robust method that could complement gold standard techniques currently used in 
clinical diagnostics to measure gene expression levels or for gene detection. However, there were not enough data to suggest 
that RNAscope could stand alone in the clinical diagnostic setting, indicating further prospective studies to validate diagnostic 
accuracy values, in keeping with relevant regulations, followed by cost evaluation are required.
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1 Introduction

1.1  The Developmental History of RNAscope

Gene expression involves transcription of DNA into mes-
senger RNA (mRNA) followed by translation of mRNA to 
protein. Other important RNA molecules, such as micro-
RNAs and long non-coding RNAs, can also play a role in 

Key Points 

RNAscope is a novel technology that can be used to 
measure gene expression (RNA).

RNAscope could be used as a complementary technique 
alongside existing procedures to enhance the diagno-
sis of disease that occurs as a result of abnormal gene 
expression, for example to confirm any unclear results 
from gold standard methods.

For RNAscope to be used as a tool to diagnose disease, 
further research is required to fully validate the tech-
nique so that it complies with regulatory standards and 
to assess cost implications for the health service.
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regulating gene expression and thus form a pivotal fin-
gerprint in tracking cellular changes that occur in cancer 
and common syndromes, such as intestinal brush border 
lactase deficiency [1, 2]. Despite the abundance of RNA 
molecules within cells, and their importance as prognostic 
tools in cancer research, the development of methods to 
detect mRNA molecules has been relatively delayed com-
pared to the other biomarkers, namely DNA and proteins. 
The reason for this delay is primarily due to the instability 
of RNA molecules, which means that they can be degraded 
rapidly before detection. This has greatly impacted the 
discovery and monitoring of the aforementioned diseases 
by RNA levels [3–5].

Several techniques such as Northern blotting, microar-
rays, quantitative reverse transcriptase polymerase chain 
reaction (qRT-PCR), digital or quantitative real time PCR 
(qPCR), and traditional RNA in situ hybridisation (ISH) 
were developed over the last five decades to measure RNA 
molecule levels. However, these technologies have limita-
tions. For example, Northern blotting and PCR-based tech-
niques require RNA extraction— RNA molecules might be 
lost during this process. Furthermore, Northern blotting 
and PCR techniques are unable to determine the locali-
sation of gene expression within cells/tissue. Traditional 
RNA ISH, which uses digoxigenin (DIG) or radioactive 
probes, was developed to detect RNA molecules internally 
based on branched DNA (bDNA) method and principle [3, 
6]. However, a major limitation of traditional RNA ISH 
is that it cannot detect other than highly expressed genes, 
for example H19 (an imprinted maternally expressed tran-
script), because of the high degree of non-specific bind-
ing (lack of specificity) and resultant background noise 
(poor sensitivity) [3, 7]. Given these limitations, in 2012 
RNAscope was introduced by Advanced Cell Diagnostics 
(ACD), Inc. as a novel improved technology of traditional 
RNA ISH [7, 8].

1.2  RNAscope Technique

1.2.1  Underlying Principle of the Technology

Similar to traditional RNA ISH, RNAscope is based on 
the basic principle that RNA probes can be designed to 
detect a particular RNA of interest by hybridising to its 
complementary sequence inside the cell (the cytoplasm 
in the case of mRNA molecules). In contrast to traditional 
ISH, where a single RNA sequence is conjugated with 
a label such as digoxigenin or a fluorophore, RNAscope 
uses a pair of ‘Z’ probes to detect the RNA of interest [9]. 
These ‘Z’ probes are comprised of three elements—the 
lower region that hybridises to RNA molecules, the spacer 
(linker) sequence that connects the lower region with the 

‘Z’ probe tail, and the tail that binds to the pre-amplifier 
sequence (Fig. 1A) [3]. Once the bottom of the double ‘Z’ 
probes (RNA-specific sequence) bind to their target RNA 
sequence inside the cell, signal amplification is achieved 
through a series of sequential processes (Fig. 1B) [3]. 
Firstly, the pre-amplifiers attach to their binding sites at 
the top of each double ‘Z’ pair. Secondly, multiple ampli-
fier sequences bind subsequently via complementary base 
pairing to the pre-amplifier sequence. Finally, labelled 
probes, which can be either chromogenic or fluorescent, 
conjugate to their specific sites on the amplifier molecules.

The unique design of the ‘Z’ probes constitutes the main 
reason for the high specificity of RNAscope, which can reach 
100% [3, 10]. The assay requires ‘Z’ probes to form a dimer 
on the target RNA sequence so the pre-amplifier can bind, 
and the amplification cascade can start. The features of the 
‘Z’ probe design are that it: (1) allows for single molecule 
detection, (2) facilitates recognising very short molecules 
and thus partially degraded molecules and samples, and (3) 
makes off-target binding very unlikely and thus suppresses 
background noise. The high sensitivity of RNAscope, which 
can also reach 100%, is due to the mechanism of the ampli-
fication process [3]. The unique process of signal amplifi-
cation contributes significantly to the high sensitivity and 
specificity levels for RNAscope. Each RNA molecule should 
be hybridised to 20 ‘Z’ dimers (pre-amplifier). Each pre-
amplifier in turn attaches to 20 amplifiers, which can subse-
quently be attached by 20 labelled probes per amplifier. This 
process results in up to 8,000 times signal amplification as 
400 labelled probes will attach to each dimer.

1.2.2  Overall Workflow

The RNAscope workflow starts with slide preparation, 
which should be performed according to the type of tissue 
being used: formalin fixed paraffin embedded (FFPE) tis-
sues (most commonly), tissue microarrays (TMA), fresh 
frozen tissues, or fixed cells [10, 11]. Prepared slides then 
proceed through three key steps where the main principle 
of RNAscope is applied: permeabilization, hybridization 
and signal amplification. Moreover, these three key steps 
can be performed automatically as part of an automated 
RNAscope workflow [10]. The workflow process ends with 
the visualisation of results using a bright-field or fluorescent 
microscope (depending on the probe type) and slides can be 
digitally scanned to facilitate quantification of the results, 
which can be performed either manually or by using a suit-
able computer software application [3, 12] (Fig. 1C).

1.2.3  RNAscope Controls

RNAscope quality is validated and assessed using positive 
and negative controls [10, 13]. The negative control probe 



21Evaluation of RNAscope Technique for Gene Expression in Clinical Diagnostics

utilises the bacterial gene dapB (dihydrodipicolinate B. 
subtilis reductase) to confirm the absence of background 
noise, as it is a gene that should not be present in any animal 
samples. On the other hand, a positive control is required 
to validate the detection of a signal resulting from expres-
sion of a gene that should be present in the tissue, such as 

a house-keeping gene. The positive control also acts as a 
measure of the tissue integrity—its failure to be detected 
would indicate degradation of RNA molecules. The most 
commonly used positive control is PPIB (peptidylprolyl 
isomerase B), which is employed for target genes that have 
moderate expression levels (10–30 copies per cell) [13, 14]. 
Polr2A (RNA polymerase II subunit A) is used for genes 
with a low level of expression (3–15 copies per cell). UBC 
(Ubiquitin C) is generally used for highly expressed genes (> 
20 copies per cell), but can also be utilised for target genes 
with moderate expression [14].

1.2.4  Analysis of RNAscope Results

The analysis of RNAscope results involves quantification of 
the number of labelled dots within the tissue [8]. Each dot 
represents one RNA molecule, and thus the number of dots 
is indicative of the number of RNA molecules present—
this is the critical factor to evaluate. However, it is note-
worthy that sometimes, like in the case of highly expressed 
housekeeping genes, the dots can be found in clusters, which 
makes them difficult to distinguish separately. It is also 
important to highlight that the intensity and size of each dot 
reflects the number of double Z probes (as opposed to the 
number of transcripts) that are bound to the target molecule 
and thus will vary.

Scoring of RNAscope staining can be done either manu-
ally or by using computer software [8]. For manual scoring, 
standards are suggested by the manufacturer, where sev-
eral regions on the slide should be quantitated in order to 
obtain a comprehensive result. Several computer software 
programs have been developed to read, analyse and quan-
tify RNAscope results such as Halo, QuPath and Aperio 
software [15]. Using these programs requires scanning the 
whole slide comprehensively—images of the slide should 
be taken from at least three directions [8]. Halo is one of the 
gold standard programs that analyse ISH image results quan-
titatively. It is an adaptable platform with various advan-
tages, including: scalability, powerful analytic capabilities 
and high processing speed, which are applicable for both 
TMA and FFPE slides [16, 17].

1.2.5  RNAscope Features

It is noteworthy that RNAscope can be used to assess het-
erogeneity between cells as it detects individual transcripts 
in a single cell. Furthermore, multiplex analysis can be per-
formed to detect several genes within a single slide by using 
multiple probes with multiple channels—unique probes can 
be designed for each specific target, with each probe having 
a specific colour [18]. Additionally, RNAscope can be used 
in conjunction with immunohistochemistry (using either 
chromogenic or fluorescent detection) on the same tissue 

Fig. 1  The elements of ‘Z’ probes. A The constituents of ‘Z’ probe 
dimers are: (1) the lower region that comprises 18–25 bases per 
each ‘Z’ probe; (2) linker sequence; (3) the tail that comprises 14 
bases per each ‘Z’ probe. This figure panel was created with Pow-
erpoint using data from Wang et  al. [3]. B The sequential steps of 
RNAscope involve: (1) binding of double ‘Z’ probes to a complemen-
tary sequence; (2) attachment of pre-amplifier to double ‘Z’ pair tail; 
(3) binding of amplification molecules (amplifiers) to pre-amplifier; 
(4) attachment of the labelled probes to their specific sites on the 
amplifiers. This figure panel was created with Powerpoint using data 
from Erben and Buonanno [8] and Wang et al. [3]. C The presented 
flow-chart illustrates the RNAscope workflow process and highlights 
which parts can be automated (steps 2, 3 and 4). This figure panel 
was created with Powerpoint using data from [3, 10–12]
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section as opposed to adjacent sections to allow the simul-
taneous detection of RNA and protein within the same tissue 
section [19]. Figure S1 (A–D) in the Electronic Supplemen-
tary Material (ESM) illustrates key features of RNAscope 
that are represented by results analysis.

1.3  Current Applications of RNAscope

Since its introduction in 2012, RNAscope has been used 
widely to study gene expression in the context of basic sci-
entific research studies in diverse areas such as neurosci-
ence, stem cells and developmental biology [12, 20, 21]. 
Furthermore, RNAscope has been applied in retrospective 
studies of clinical samples from non-infectious (e.g., can-
cer) and infectious (e.g., human papillomavirus (HPV) and, 
of great current interest, COVID-19) disease states [12, 
20–23]. Interestingly, Neau et al. [24] have also highlighted 
the potential for integrating RNAscope to the biopharma 
field as a follow-up after gene expression analysis in the 3D 
culture process of organotypic cells, which is a vital tool 
in toxicology assessments and drug discovery. They also 
indicated that RNAscope has a promising future to be part 
of a comprehensive approach in tandem with omics data to 
assess histopathological samples. It is important to high-
light that RNAscope can also be used in combination with 
other techniques such as microarray and immunohistochem-
istry (IHC) in a complementary way to confirm the results 
through producing data that cannot be achieved by IHC and 
microarray [10, 25].

1.4  Diagnosis of Disease Based on Analysis of Gene 
Expression

1.4.1  ‘Gold standard’ Techniques and Their Limitations

Monitoring and analysis of gene expression is essential for 
the clinical diagnosis of a variety of diseases including can-
cers, infections (viruses, bacteria), cardiovascular, inflam-
matory, neurological and many more [2]. The currently used 
‘gold standard’ methods for analysis of gene expression in 
clinical diagnostics have some challenges and drawbacks 
that need solutions and improvements. As mentioned earlier, 
traditional RNA ISH, which has been developed over the last 
40 years, has several limitations and is a time-consuming 
method that requires complex procedures [3]. While conven-
tional PCR and PCR-based methods provide robust informa-
tion regarding absolute gene expression with a high degree 
of specificity and sensitivity, they do not provide spatial 
information of gene expression within cells or tissues [21].

IHC detects protein content via the use of specific anti-
bodies that recognise a protein of interest [26, 27]. IHC is 
considered to be a cost-effective and robust method and is 
commonly used in the diagnostic setting, for example to 

detect E6/E7 proteins in HPV-driven cancers [28]. How-
ever, suitable antibodies for a protein of interest may not be 
commercially available and, thus, would have to be devel-
oped. Antibodies are available for only 25% of the human 
proteome, and new antibody development takes between 6 
months to more than 1 year. This prolonged process impacts 
the detection of novel biomarkers or genetic signatures that 
are discovered as part of the clinical research process [26]. 
Another key limitation for IHC relates to antibody standardi-
zation. Promising antibodies that are used in the research 
field are not standardized, which can result in variability in 
the observed staining between studies [27]. Although anti-
bodies that are used for IHC in the clinical diagnostic setting 
are standardized, the process to achieve standardization is 
lengthy, time consuming and expensive. A final limitation 
for IHC staining is that it lacks sensitivity for the target pro-
tein of interest in some cases, making it difficult to evaluate 
cases at the borderline of the limit of detection [29, 30].

1.4.2  Potential Advantages and Disadvantages of Using 
RNAscope in Clinical Diagnostic Testing

RNAscope has many advantages that indicate its potential 
to be utilised in clinical diagnostics [7, 21]: in principle, (1) 
it can detect the expression of any gene from any genome, 
which makes it suitable for diagnosis of infectious diseases 
[30]; (2) it can detect low levels of gene expression that 
exist inherently or due to tissue degradation as seen in clini-
cal FFPE material [12]; (3) it has very high sensitivity and 
specificity [30]; (4) it provides both a quantitative level of 
gene expression and spatial information regarding where the 
gene is expressed within the tissue [7]; (5) RNAscope can 
be used in combination with IHC in the same tissue sec-
tion to detect both RNAs and proteins that are implicated 
in disease diagnosis [19]; (6) the design and preparation of 
the required probes is relatively short at just 3 days to 2 
weeks (Personal Communication from Andreas Rossbach, 
Advanced Cell Diagnostics (ACD)); (7) it can be performed 
in multiplex format to detect more than one gene (up to three 
genes) simultaneously within the same tissue [7], which in 
turn allows for different cell populations to be distinguished 
from each other [3]; and (8) RNAscope can be carried out 
in a high throughput manner and is suitable for automation 
[7]. Collectively, the incorporation of RNAscope into the 
clinical diagnostic field could have a significant impact on 
the diagnosis of many diseases.

The main drawbacks of the RNAscope technique, how-
ever, are the cost and workflow duration. There are large 
variations in costs for RNAscope among countries but using 
the UK as an example, the cost is estimated at around £65 
per slide in comparison to £11 for IHC per slide (Personal 
Communication from CRUK Beatson Institute histology 
department). Also, according to University College of 
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London (UCL), $48 is required for the analytical process 
per each RNAscope stained slide [31]. Additionally, using 
the Leica Bond Rx autostainer, the required time for a full 
run of RNAscope (30 slides) is around 9 h as compared to 
approximately 3 h for IHC. However, the manual protocol 
for RNAscope could be completed in a working day, taking 
approximately 6.5–7 h as compared to about 3 h for IHC 
(Personal Communication from CRUK Beatson Institute 
histology department).

1.5  Research Objective and Strategy

The primary objective of this systematic review is to assess 
RNAscope performance compared to the existing ‘gold 
standard’ technologies that are currently used for gene 
expression analysis (qPCR, qRT-PCR, RNA ISH and IHC) 
and gene detection (DNA ISH). To that end, this systematic 
review focuses on literature that has compared RNAscope 
to one or more of the existing techniques in human samples. 
The main criteria for comparison between RNAscope and 
the available technologies encompasses the concordance 
rate, sensitivity and specificity. In addition, this systematic 
review discusses some aspects and steps that are required to 
validate RNAscope for clinical diagnostic testing.

2  Methodology

Two reviewers (S.A. and S.S.) independently conducted 
the database searching, screening and data extraction from 
the identified articles in accordance with the Preferred 
Reporting Items for Systematic Review and Meta-Analysis 
(PRISMA) guidelines [32].

2.1  Database Search

Initially, a population, intervention, comparable group, out-
come and study design (PICOS) strategy was planned and 
followed to produce a robust research question and develop 
the required criteria for inclusion of eligible studies [33]. 
The population (P) in our study refers to human samples. 
The goal of this review was to measure multiple outcomes 
that related to diagnostic accuracy (with no condition to 
have all of them in the same article), thus the outcome was 
excluded. The included domains were the intervention group 
(I) indicated by the tested technique (RNAscope), the com-
parable group (C), which refers to the various techniques 
that are being used as the ‘gold standard’ techniques (immu-
nohistochemistry (IHC), Northern blotting, microarray, 
qPCR, qRT-PCR and DNA ISH), and the study design (S), 
to include only articles that were primary scientific experi-
mental research studies.

Literature searching for this systematic review was per-
formed in four databases: CINAHL (Cumulative Index to 
Nursing and Allied Health) (EBSCOhost), Web of Science, 
Medline and Embase. The last conducted search was on 
24 November 2020. The search was conducted in all the 
databases using the same key terms, Boolean operators and 
strategy; however, different wildcards, truncation, phrase 
searching and adjacency tools were used in accordance 
with guidelines for each database (Tables S1–S4, ESM). As 
RNAscope is a very recent method, it did not apply under 
any specific MeSH (Medical Subject Headings) term under 
RNAscope and RNA ISH terms.

2.2  Literature Screening

The first stage of assessing the articles available in data-
bases was screening for the search terms in the title, abstract 
and keywords. The exclusion criteria were as follows: (1) 
studies published before 2012, (2) studies published in lan-
guages other than English, (3) the study objective was not 
to compare RNAscope to other technique/s, (4) the title and 
abstract do not include any of the included methods, (5) the 
intended meaning of RNA ISH was traditional RNA ISH 
rather than RNAscope, and (6) the samples used were non-
human samples. Inclusion criteria were to retain any study 
that was conducted after 2012 that had full-text access that 
compared RNAscope to one or more of the ‘gold standard’ 
techniques, and the study aim was to evaluate the compari-
son of the methods.

2.3  Data Extraction and Quality Assessment

The results were extracted from the selected articles and 
tabulated under five main sections in accordance with the 
Cochrane Collaboration template [34]—general informa-
tion, comparable techniques, methods, results and conclu-
sions. The extracted data were collated and re-tabulated into 
three main tables: concordance rate and measures of diag-
nostic accuracy (sensitivity and specificity) of RNAscope 
(Table 1); the types of cancer tissues and genes that were 
studied (Table  S6, ESM); and general information and 
details relating to the RNAscope methodology employed 
(Table S7, ESM).

The aim of this systematic review was to assess a new 
diagnostic technique (RNAscope). Therefore, QUADAS-2 
(Quality Assessment of Diagnostic Accuracy Studies) 
was selected to assess the quality and applicability of the 
included studies [35]. This method appraises the quality of 
four key criteria in the studies—sample selection, index test, 
reference standard, and flow and timing—by using several 
guiding questions in each domain. A modified version of the 
standard QUADAS-2 template (ESM 1) was used in this sys-
tematic review to evaluate each study. Specific cut off points 
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were defined to assess the total risk of bias as follows: (1) the 
total risk was considered ‘low’ when three or four out of four 
domains were low risk, (2) a rating of ‘some concerns’ was 
given when two of the domains have a high or unclear risk of 
bias, and (3) overall risk was considered ‘high’ when three 
or four out of four domains had a high or unclear risk of bias.

2.4  Data Synthesis

Data were synthesized and the results were reviewed and 
analysed in a qualitative and narrative manner to answer 
the main research question. Meta-analysis could not be per-
formed because of: (1) the heterogeneity of samples, com-
parable groups, obtained outcomes and (2) insufficient data 
being reported in included articles with respect to important 
parameters required for meta-analysis, including sensitivity, 
specificity, false positives, false negatives and concordance 
rate.

3  Results

3.1  Article Selection (Flow‑Chart Results)

Using four different databases, a group of 16,457 articles 
was identified by the literature searching strategy. A total 
of 4,884 articles remained after the exclusion of published 
articles before 2012. After duplicates were removed, 4,011 
titles were screened to end up with 581 articles. Based on the 
eligibility criteria, a further 490 articles were excluded after 
abstracts were screened. Finally, full-text screening led to 
the selection of 27 articles to be included in this systematic 
review (Fig. 2A).

3.2  Quality Assessment—Risk of Bias (RoB)

The quality of each of the included studies was assessed 
using QUADAS-2 tool. Ten out of the 27 articles (37%) were 
classified to have some concerns in the risk of bias (RoB) 
assessment (Table S5). The majority of high and unclear 
risk of bias results were concentrated in the sample selec-
tion criteria and reference standard domains, whereas the 
index test and flow and timing domains had the lowest RoB 
assessment (Fig. 2B).

3.3  Study Characteristics

3.3.1  Techniques

Table 1 and Fig. 3 represent the main data extracted from 
the selected articles. The publication dates extended from 
2013 to 2020. All the selected articles compared RNAscope 

technique to one or more of the current gold standard tech-
niques. The main ‘gold standard’ method compared to 
RNAScope was IHC, as evident by 11 articles (40.7%) that 
compared it to IHC only, and 15 articles (#1, 3, 4, 8–10, 12, 
13, 24, 25, 27) (55.6%) that compared it to IHC and other 
techniques simultaneously (#2, 5–7, 11, 14–22, 26).

In addition to RNAscope, two gold standard techniques 
were used in seven studies, where five studies compared 
RNAscope to both IHC and fluorescent ISH (FISH) or DNA 
ISH (#6, 14, 18, 20, 22), and the other two studies compared 
RNAscope to both IHC and qPCR (#2, 17). Five studies com-
pared RNAscope to three techniques; IHC, FISH and qPCR 
(#5, 7, 15, 16, 19), whereas one study compared RNAscope 
to four techniques, including IHC, qPCR, Chromogenic ISH 
(CISH) and dual ISH (#26). The remaining article compared 
RNAscope with duplicated techniques other than IHC, 
namely real-time DNA and qRT-PCR (#23) (Fig. 3A).

3.3.2  Tissues

26 out of 27 of the included studies (96.3%) used cancer 
tissue samples, out of which head and neck squamous cell 
carcinoma (HNSCC) was the most studied cancer type (in 
eight articles) (29.6%) (#5–8, 17, 19, 21, 23). Lung cancer 
was the second most common cancer type studied (in five 
articles) (18.5%) (#4, 9, 10, 18, 24) (Fig. 3B, C). Only one 
article studied CMV and EBV viruses obtained from inflam-
matory cases (#20). Although RNAscope is used to measure 
all types of RNA molecules, only mRNA was measured in 
all of the included articles.

3.3.3  Genes Studied and Biomarkers

The genes that were included in the selected articles were 
next scrutinised. Interestingly, ten articles (37%) focused on 
E6/E7 transcripts of HPV in HPV driven cancers (HNSCC, 
squamous cell carcinoma (SCC), and anogenital neopla-
sia) (#5–8, 15–17, 19, 21, 23). Several markers related to 
immune checkpoints, including programmed cell death 
ligand (PD-L1) (#4, 9, 10, 25) and B7-H3 and B7-H4 (#13), 
were also assessed. Another three papers investigated prog-
nostic receptors in breast cancer, including epidermal growth 
factor receptor, HER-2 (#11, 26) and the nuclear hormone 
receptor, Erα (Estrogen receptor α) (#27). Two studies eval-
uated glycoproteins with prognostic values, like Podoplanin 
(PDPN) (#3) and glypican3 (GPC3) and glutamine syn-
thetase (GS) (#1). Other genes studies included: the tumour 
suppressor genes, PTEN (phosphatase and tensin homolog) 
(#2) and SPARC  (secreted protein acidic and rich in cysteine) 
(#12). The remaining four articles evaluated MDM2, ana-
plastic lymphoma kinase (ALK), MYB, Napsin A (the aspar-
tic protease) and TTF1 (Thyroid Transcription Factor 1) 
genes, respectively (#14, 18, 22, 24) (Fig. 3C, Table S6).
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3.3.4  Methods of Staining and Quantifications

Automated RNAscope was used in 11 studies (40.7%) (#4, 
8–10, 13, 14, 16, 20, 22, 23, 26). RNAscope was con-
ducted in a mixed way (manual and automated) in one 
article (3.7%) (#6). Full manual RNAscope was used in 
the remaining 15 articles (55.6%) (#1–3, 5, 7, 11, 12, 
15, 17–19, 21, 24, 25, 27). The method for quantifica-
tion was automated in four studies (#2, 10, 21, 26), mixed 
manual and automated in one study (#25), and manual in 
the remaining 21 studies. The method of quantification 
was unclear in one study (#7). Although only five studies 
used the automated scoring system, none of them used the 
same software. SpotStudio from ACD was the software of 
choice for Bingham et al. (#2); QuPath was used by Hum-
phries et al. (#10); Rooper et al. (#21) carried the analysis 

out using ViewRNA program; Tretiakova et al. (#25) used 
web-based Spectrum Plus digital slide manager; and cus-
tom software was used by Wang et al. (#26).

3.3.5  RNAscope Controls

In terms of positive controls that were employed, four 
studies (14.8%) used UBC (#2, 16, 17, 23), while 14 stud-
ies (51.9%) used PPIB (#1, 5, 8, 10, 12, 13, 15, 18–20, 
22, 24, 27). One study (3.7%) used Polr2A in tandem with 
UBC as the positive controls (#26). Three out of the eight 
remaining articles (11.1%) used appropriate controls with-
out mentioning the probe that was used (#6, 9, 21). How-
ever, the last five articles (#3, 4, 11, 14, 25) (18.5%) did 
not mention the use of any positive control in their studies. 
With regard to negative controls, dapB was used in 16 (#1, 

Fig. 2  PRISMA flow diagram 
and assessment of risk of bias. 
A The presented flow-chart 
outlines and summarizes the 
main research steps that were 
taken in the sequential selection 
of the articles included in the 
systematic review, including 
an explanation of the exclusion 
criteria for each step. Adapted 
from PRISMA [32]. B The pre-
sented bar-chart illustrates the 
percentage of studies for each 
RoB level within each domain 
for the included studies as deter-
mined using QUADAS-2 tool. 
Green represents a low risk, yel-
low represents an unclear risk, 
and red represents a high risk
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2, 5, 8, 10, 12, 13, 15–17, 19, 20, 23, 24, 26, 27) (59.3%) 
of the included articles. Appropriate controls were used 
in three (#6, 9, 21) (11.1%) of the 11 remaining articles, 
but without the mention of the specific probes. The last 
eight articles (#3, 4, 7, 11, 14, 18, 22, 25) (29.6%) did not 
mention the use of negative control in their studies. Chro-
mogenic probes were used in 25 articles (92.6%) (#1–25), 
while two articles (7.4%) used the florescent probes (#26, 
27) (Table S7, ESM).

3.4  Concordance Rate (CR)

The CR was stated and extracted from 16 of the included 
articles (59.3%) (#4–8, 11–13, 15, 17, 18, 20, 23, 25–27). 
Fourteen papers (#4–8, 11–13, 17, 18, 20, 25–27) estimated 
CR of RNAscope with IHC, out of which IHC was co-com-
pared to another technique in six (#7, 11, 17, 18, 20, 26) of 
the 14 studies. Five articles (#7, 11, 15, 17, 26) calculated 
CR against PCR. Although one study evaluated several tech-
niques compared to RNAscope, the CR of RNAscope was 
reported against PCR method only (#15). Four of the 16 
studies (#7, 11, 18, 26) calculated CR of RNAscope against 

DNA ISH or FISH among other techniques used in these 
studies. A high level of variability in CR (58.7–95.3%) was 
reported in the studies that compared RNAscope to IHC 
(Fig. 4A). However, studies that compared RNAscope to 
qPCR and DNA ISH demonstrated relatively close CR, 
within a range of 89–97.3% and 82–100%, respectively 
(Fig. 4B and C). The CR between RNAscope and qRT-
PCR was reported only in one study as 78% (#23). Silver-
enhanced in situ hybridization (SISH) technique also showed 
high concordance (90.5%) with RNAscope (#11) (Fig. 4D). 
One study reported low CR between RNAscope and IHC, 
but no numerical data was provided (#2). Similarly, two arti-
cles reported high CR between RNAscope and IHC without 
providing percentages (#2, 19).

The authors of the included studies where the CR between 
RNAscope and IHC was relatively and unexpectedly low 
(#4, 13, 20, 25) provided several possible reasons to explain 
these results. For example, Bingham et al. [29] referred to 
the existence of different mechanisms of gene regulation 
at both the transcriptional (mRNA) and posttranscriptional 
(protein) levels. Similarly, Kim et al. [43] referred to the 
possibility of inadequate translation of the required gene 

Fig. 3  Evaluation of study characteristics from the 27 articles. The 
presented pie charts illustrate: A the percentage of studies using 
specified current gold standard techniques that were compared to 
RNAscope; B the percentages of studies using samples from speci-
fied types of cancer in the included articles; C the percentages of 
studies using specified markers within the included articles. AdCC 
adenoid cystic carcinoma, BC breast cancer, CMV cytomegalovirus, 

EBV Epstein-Barr virus, ERα estrogen receptor α, HNSCC head and 
neck squamous cell carcinoma, HCC hepatocellular carcinoma, HER-
2 human epidermal growth factor receptor 2, NSCLC non-small-cell 
lung carcinoma, PDPN podoplanin, PTEN phosphatase and tensin 
homolog, PT phyllodes tumours, PD-L1 programmed death-ligand 
1, SCC squamous cell carcinoma, SPARC  secreted protein acidic and 
rich in cysteine, TTF1 Thyroid Transcription Factor 1
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into protein, which might be due to impaired post-transcrip-
tional processing of the mRNA transcript or the repression 
of translation initiation. In contrast, Tretiakova et al. [27] 
criticised the IHC technique, arguing that antibodies directed 
against PD-L1 require more standardization and validation.

3.5  Accuracy of RNAscope (Sensitivity 
and Specificity)

Although determining the sensitivity and specificity of 
RNAscope was not considered as a primary aim within 
the included studies, 15 studies (55.6%) estimated both 
sensitivity and specificity ratios (#1, 5, 6, 9, 13–15, 17–19, 
21–24, 26), and one study (3.7%) estimated only the sen-
sitivity value of RNAscope (#16). Overall, the reported 
sensitivity and specificity results were relatively high in 
all of these studies. The sensitivity values ranged between 
48 and 100%, with a median value of 94.3%, whereas the 
specificity ranged between 75 and 100%, with a median 
value of 93% (Fig. 5).

Eight out of these 15 articles also provided estimates of 
the sensitivity and specificity of the other included tech-
niques (IHC, DNA ISH, etc.) (Table S8, ESM). The sensi-
tivity of the RNAscope was reportedly similar or superior 

to the other techniques in six articles (#IHC: 1, 14, 16; 
DNA ISH: 5, 15, 16, 19; others: 5, 16, 19). However, IHC 
sensitivity outperformed RNAscope in three articles (#5, 
9, 22) (Fig. 5A). The specificity of RNAscope exceeds the 
specificity of the other techniques in five articles (#IHC: 
1, 5, 14, 22; DNA ISH: 5; others: 5, 19). On the other 
hand, the specificity ratios for IHC and DNA ISH were 
higher than RNAscope in two articles – (#9) and (#19), 
respectively (Fig. 5B).

3.6  Results and Clinical Outcomes/Diagnosis

The clinical utility of RNAscope was highlighted in some 
of the selected articles for its potential in providing accurate 
diagnosis and prognosis for certain conditions such as cancer 
and infections, particularly those that are caused by viruses. 
Nine articles (33.3%) recorded the relationship between 
RNAscope results and clinical outcomes (#1, 4–6, 9, 12, 
13, 23, 25). Bakheet et al. [36] (#1) suggested that using 
RNAscope will improve the pathological and differential 
diagnoses of hepatocellular carcinoma at early stages. Cop-
pock et al. [38] (#4) did not report any significant difference 
between the ability of RNAscope and IHC to predict patient 
survival rate (IHC predicted an average of 5.3 months; 

Fig. 4  Evaluation of the concordance rate (CR) between the results 
of RNAscope and IHC, qPCR, DNA ISH. The presented bar charts 
illustrate the CR results from: A 14 studies that compared RNAscope 

to IHC; B five studies that compared RNAscope to qPCR; C four 
studies that compared RNAscope to DNA ISH; and D two studies 
that compared RNAscope to other studies like qRT-PCR and SISH
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RNAscope predicted an average of 5.2 months). Craig et al. 
[28] (#5) demonstrated that the use of RNAscope in detect-
ing HPV is superior to IHC as it is predicted to reduce the 
false positive/negative cases by almost half; although there 
was no difference between RNAscope and DNA ISH with 
respect to ability to detect the virus. In contrast, Daneshpa-
jouhnejad et al. [46] (#6) nominated RNAscope over DNA 
ISH for the diagnostic process as it provides an interface 
with easier features for interpretation. Gafeer et al. [40] (#9) 

recommended using RNAscope in conjunction with IHC in 
the diagnostic process as it provides more accurate infor-
mation to assist in determining the patients’ eligibility to 
receive immunotherapy. Kim et al. [43] and Kim et al. [42] 
(#12, 13) did not report a significant difference between 
RNAscope and IHC in predicting the disease recurrence rate 
as this was found to be almost the same for positive cases 
using both techniques. Similarly, Schache et al. [57] (#23) 
found qRT-PCR and RNAscope to be equally good with 

Fig. 5  The sensitivity and specificity ratios of RNAscope versus other 
techniques. The presented bar charts illustrate: A sensitivity ratios 
for RNAscope (13 studies) and other techniques whose values were 
co-reported in the same studies. Top graph—IHC (co-reported in 
six studies); middle graph—DNA ISH (co-reported in four studies); 

lower graph—DNA PCR (co-reported in three studies) and B speci-
ficity ratios for RNAscope (11 studies) and other techniques whose 
values were co-reported in the same studies. Top graph—IHC (co-
reported in five studies); middle graph—DNA ISH (co-reported in 
two studies); lower graph—DNA PCR (co-reported in two studies)
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regards to predicting and discriminating patient survival 
rate as both techniques predicted the same survival rate for 
the patients. In contrast, the ability of RNAscope to predict 
patient survival rate in comparison to IHC was found to be 
unclear in the study by Tretiakova et al. [27] (#25).

3.7  RNAscope Advantages and Disadvantages

The included articles contained consideration of advan-
tages and disadvantages for using RNAscope compared to 
the other gold standard techniques, and these are summa-
rised in Table 2. The main advantage was that RNAscope 
was considered as an innovative technique demonstrating a 
high degree of accuracy and ability to detect any gene in a 
short time frame. However, the major disadvantage was cost 
because RNAscope is an expensive technique compared to 
IHC.

4  Discussion

According to the authors’ knowledge, this is the first sys-
tematic review to be conducted on the RNAscope technique 
comparing its use against gold-standard diagnostic meth-
ods. RNAscope is a relatively new technique, and while 

there are more than 500 papers that cited RNAscope [20], 
only 27 articles were identified that focused on evaluating 
RNAscope in comparison to current gold standard tech-
niques that measure gene expression levels or detect genes.

4.1  Quality Assessment

The quality assessment findings demonstrated that all the 
included articles had an overall score of low or some con-
cerns for RoB, demonstrating that this systematic review 
provides high quality data. However, it should be noted that 
personal bias can still be introduced [58].

The most affected domains with respect to RoB were 
sample selection and reference standard. The high scores 
in these domains were attributed to ambiguity related to 
sample selection (random vs. consecutive) because most 
of the samples were retrieved from biobanks or storage. 
Biobank samples might not be selected randomly or con-
secutively in the first place, which allows for potential bias. 
Articles also scored high or unclear RoB for the reference 
standard domain because RNAscope is still considered as 
a recent technique, for which a reference standard is yet to 
be developed. Each of the included articles used a different 
gold standard technique, but with variations in the proce-
dures (reagents, conditions and scoring methods) that were 

Table 2  Advantages and disadvantages of RNAscope technique

a The study numbers (Study no.) in this table are used throughout the article to refer to the papers. See Table 1 for references

Factor Study no.a

Advantages
Identify gene expression at a single-cell level within a morphological context 13, 18
Does not depend on antibodies 13
Allows the detection of mRNA as a single gene copy 12, 20
High analytical accuracy, sensitivity and specificity 1, 4, 7–9, 11,15, 17, 19–24
More reliable than IHC 3
Suppress background noise and produce better resolution than IHC 8, 15, 17, 20, 27
Reduce the risk of false-positive results 17
Its results are easy to interpret 5, 6, 8, 15, 17, 21
It is a robust and quantitative technique 11, 16, 27
It can detect tissue heterogeneity and partially degraded RNA 2, 27
Quick to perform 9, 11, 18
It can be performed automatically and manually and saves time 1, 14
Disadvantages
It is not suitable to discriminate between viral RNA transcripts and viral DNA 7
The stain will not take place well if the samples are with poor fixation quality and the cost is much higher compared 

to IHC
11

In cervical intraepithelial neoplasia (CIN) cases, the negativity of RNAscope does not guarantee the absence of 
HR-HPV

16

RNAscope was less specific differentiating AdCC from high grade basaloid sinonasal tumors 22
In the automated system, some areas in the slides need manual selection during the scoring process 26
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employed. For this technique to be adopted into the clinical 
diagnostic field, a reliable and accurate reference standard 
for RNAscope should be designed so that the test accuracy 
can be normalised. Furthermore, producing a reliable and 
accurate reference standard requires careful consideration 
of the staining and quantification of elements of RNAscope, 
a process that involves two separate procedures that should 
be evaluated separately.

Although the possibility of bias can be reduced when 
automated systems are employed in either the staining or 
the scoring stages of RNAscope assays [59], less than half 
of the included studies in this systematic review utilized 
automated systems. This might be because the goal of the 
included studies was to validate RNAscope, for which a 
manual method was used in order to fully assess all stages 
of the technique. However, during the full-text screening 
process for this systematic review, many of the recently con-
ducted articles that have used RNAscope as an experimental 
method in scientific research were noted to use either partial 
or fully automated systems. In the manual scoring method, 
no special training is required to produce reliable results 
[7]. However, manual scoring is a time-consuming method 
and at least two pathologists are needed validate the results 
[13, 25]. Automatic scoring methods are recommended over 
manual scoring, although the produced results will be robust 
either way if the proper guidelines are followed.

The quality of RNAscope was assessed through most of 
the included articles using positive and negative controls. 
Throughout this review, 14 studies used PPIB as a positive 
control, indicating that target mRNAs being studied were 
products of low and moderately expressed genes. Being 
able to accurately detect and monitor small changes in gene 
expression, including genes that are low in abundance, is 
critical with respect to the diagnosis and management of 
cancer and certain infectious diseases [2]. The high degree 
of specificity and sensitivity that is offered by RNAscope is 
highly advantageous in this regard. Furthermore, the rela-
tively high CR for RNAscope with IHC for genes that are 
expressed at low levels including HER-2 gene emphasises 
the effectiveness of RNAscope for detecting such genes.

4.2  Study Characteristics

Cancer development is caused by changes in gene expres-
sion that lead to uncontrolled and inappropriate cell growth 
[60]. It is not surprising, therefore, that almost all of the 
included articles focused on cancer [61]. A variety of cancer 
types were covered in the included studies—the majority 
of articles concentrated on HNSCC, followed by the most 
common cancers worldwide according to the World Health 
Organization (WHO) (2020 record), namely lung and breast 
cancers [62].

The E6/E7 transcripts of HPV have a critical role in the 
development of cancer as they can transform cells and they 
have the ability to deregulate important tumour suppressor 
genes, including p53, Rb and others, which leads to uncon-
trolled cell proliferation and induction of oncogenesis [63]. 
E6/E7 was identified as the most investigated target in the 
selected articles in this systematic review, as evident in ten 
articles (#5–8, 15–17, 19, 21, 23) (37%). Although HPV is 
established to contribute to the development of cervical can-
cer (in 90% of cases) [64], through this systematic review, 
HPV was tested in the context of cervical cancer in only one 
of the included articles versus nine that were in the context 
of HNSCC. In light of this observation, it is noteworthy that 
there is an increasing body of evidence for HPV infection as 
a risk factor for HNSCC [65].

One of the main hallmarks of cancer is the evasion of 
the immune system [66]. Cancer can bypass the immune 
system by modulating key immune markers that are vital in 
suppressing the host anti-tumour response, in which effector 
T cells play a vital role [67]. Programmed cell death protein 
(PD-1) and B7-H3 are key examples of such markers, and 
it is of great interest that they were studied in some of the 
included articles (#4, 9, 10, 13, 25). The presence of PD-1 
and B7-H3 are co-inhibitory to effector T-cell function—
upon the interaction of effector T cells with tumour cells, the 
presence of PD-1 and B7-H3 on the surface of tumour cells 
results in inactivation, tolerance and anergy of the effector T 
cells, leading to uncontrolled cell growth in the cancer. The 
identification of such markers has allowed for the develop-
ment of targeted therapies against these checkpoints, and 
immune checkpoint inhibition treatment has proven to be 
successful in various cancers [61]. However, treatment suc-
cess is highly dependent upon investigation of the expres-
sion of these markers in patients to determine those who 
are most likely to respond to immune checkpoint inhibition. 
RNAscope could be a highly valuable tool in this diagnostic 
process.

4.3  Concordance Rate (CR)

The CRs between RNAscope and IHC varied considerably 
across the included articles. The main reason for lack of 
concordance was attributed to the difference between RNA 
and protein content (#4, 13, 20, 25). Furthermore, Yu et al. 
[45] highlighted that protein content, but not RNA, might 
change due to gene mutations. In their study of 62 genes in 
eight cancer types, Jia and Zhongming [68] drew attention 
to post-translational processes such as phosphorylation and 
glycosylation, which can affect protein, but not RNA expres-
sion. However, the fact that proteins are produced from raw 
RNA molecules (with coding and non-coding sequences) 
that could be translated differently into several proteins [69] 
explains the relatively low CR between RNAscope and IHC.
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Interestingly, the CR between RNAscope and qPCR or 
qRT-PCR (presented in six studies) was relatively high 
(89–97.3%) compared to IHC (calculated in 14 studies). This 
is likely because RNAscope, qPCR, and qRT-PCR measure 
the same molecule, RNA. Further studies are required to 
fully evaluate RNAscope CR with IHC, qPCR and qRT-
PCR, but interestingly, it was proposed by Bingham et al. 
[29] that combining RNAscope with IHC methods might 
produce more robust results than using either technique 
alone, resulting in greater accuracy. This notion is supported 
by Kang et al. [70]. DNA ISH has also demonstrated a strong 
CR (> 82%) with RNAscope, which is not unexpected as 
RNA is directly transcribed from DNA and only a small 
amount of data might be lost [69].

4.4  The Accuracy of RNAscope (Sensitivity 
and specificity)

Regardless of the sample size, most sensitivity and specific-
ity ratios reported in this systematic review were relatively 
high, which is in keeping with other reports in the literature 
[3, 10] and suggests that RNAscope is a robust technique 
that would be suitable for the diagnostic field. Three arti-
cles that compared RNAscope to IHC reported relatively 
low sensitivity levels, but only Kim et al. [43] indicated 
the reasons for the observed low sensitivity of RNAscope 
(48.4%) compared to IHC (51.6%) might be due to: (1) the 
increased translation rate of mRNA to protein molecules, 
(2) a decrease in the elimination of activator proteins in the 
tissue, which function to increase gene transcription [71], 
and (3) small sample size introducing bias in the results.

The studies that reported a large difference in sensitiv-
ity of RNAscope compared to IHC (#1, 14) highlight the 
importance of using techniques that measure the same mol-
ecule (RNA) as a reference standard to validate RNAscope 
as opposed to techniques that measure a different molecule, 
for instance IHC, which measures protein. Since 2009, 
several techniques have been developed to measure RNA 
molecules. Single-cell RNA sequencing (sscRNA-seq) is 
the most notable of these—it has many of the advantages 
of RNAscope and is approved for clinical diagnostics [72]. 
However, none of the studies identified in the research pro-
cess of this systematic review included sscRNA-seq as a 
comparative technique to RNAscope. Also, a gene expres-
sion profiling (GEP) method that utilises either microarray 
or sequencing technologies is used to show the pattern of 
the expressed genes by measuring mRNA levels [73, 74]. 
In 2013, Handorf et al. [75] compared the accuracy of IHC 
to GEP method, and it was around 71% compared to 91%, 
respectively.

Although the reported sensitivity and specificity values 
for RNAscope are high in included articles in this systematic 
review, there is insufficient data in the included studies to 

fully evaluate the suitability of RNAscope as an independ-
ent test—further appraisal of accuracy values (sensitivity, 
specificity, positive predictive value (PPV) and negative 
predictive value (NPV)) for RNAscope as part of prospec-
tive studies is clearly needed before it can be adopted as a 
stand-alone test in the clinical diagnostic field. An impor-
tant consideration relates to the level of expression of the 
gene being detected, for example HPV E6/E7 are highly 
expressed genes and so it is not surprising that RNAscope 
recorded high specificity results for their detection [76]. 
In order to fully evaluate whether RNAscope has superior 
specificity compared to the gold standard techniques, more 
studies on RNAscope focusing on genes with low expres-
sion levels should be conducted. Furthermore, it would be 
important to evaluate RNAscope effectiveness within low-
risk populations as all the included articles in the systematic 
review relate to high-risk populations and sub-populations 
within these.

Comparing techniques that measure the same variable is 
recommended as part of the validation process for adoption 
of new techniques into the clinical diagnostic setting [77]. 
Furthermore, it is important to consider other variables in 
addition to CR and accuracy parameters as part of the vali-
dation process of a new technique, including benefit to the 
patient and test management.

4.5  Results and Clinical Outcomes

Within the included articles, ten studies reported the cor-
relation between RNAscope results and clinical outcomes. 
Five studies (#4, 12, 13, 18, 23) out of the ten did not report 
any difference on the recurrence or survival rates. Two of the 
remaining three articles (#5, 9) recommend using RNAscope 
with IHC for better diagnosis and prediction of patients’ 
eligibility for treatment with immunotherapy. One study 
(#25) indicated that there was no clear correlation between 
using RNAscope and the survival rate. The last two studies 
(#6, 26) nominated a preference for using RNAscope over 
the other techniques for better diagnosis and evaluation of 
prognosis. This was indicated by Wang and his colleagues 
[78] in 2014 where they have measured HPV E6/E7 gene 
expression levels using RNAscope to predict the status of 
oropharyngeal SCC. They found that RNAscope was a good 
predictive method. On the basis of data and evidence in the 
articles included in this systematic review, the effective-
ness of RNAscope as a prognostic tool remains to be fully 
determined and further studies are required to confirm this 
relationship.

4.6  Regulations

When introducing a new technique to the clinical diagnostic 
system, a long process of several steps should be followed to 
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validate the technique analytically and clinically in addition 
to consideration of the ethical, legal and social implications 
of the test [77]. As part of the validation process, it should 
be considered as a quantitative test, and thus its trueness 
and robustness should be evaluated. RNAscope trueness 
should be measured correctly to evaluate the predicted bias 
either systematically or proportionally, and trueness should 
be adjusted using the appropriate correction factors. The 
robustness, which is represented by the precision of the 
quantitative test, should also be validated within either the 
run, the laboratory itself, or among several laboratories [79]. 
Adhering to these steps is critical to validate RNAscope and 
thus intercalate it into the clinical diagnostic field.

4.7  Costs

Cost-effectiveness is one of the most important aspects to 
consider with regards to implementing a new technique for 
the diagnostic system. Given the high cost of RNAscope, 
an incremental cost approach should be adopted as part of 
RNAscope cost-effectiveness analysis (CEA), which con-
siders how cost relates to the potential outcome [80]. The 
incremental approach would consider how the direct costs 
(reagents (probes, staining kits, etc.) and equipment (e.g., 
specific machines and required software programs to ana-
lyse and quantify the data)) and other related costs (staff 
(including their training and recruitment) and building costs) 
would change if RNAscope were to be adopted. In the case 
of adopting RNAscope as a new technique, the outcome of 
any CEA study would recommend whether the benefits of 
implementing RNAscope would outweigh the costs of its 
introduction.

4.8  Limitations of this Systematic Review

This systematic review only included 27 studies that met 
the critera. The included studies did not all have the same 
objective. For example, some studies compared RNAscope 
to IHC alone, while some compared it to more than one 
different technique. Also, some articles involved more than 
one research question, which introduces bias during the data 
extraction process. Not all the included articles reported 
important parameters relating to test accuracy (sensitiv-
ity, specificity, PPV, NPV, concordance), which prevented 
meta-analysis and statistics from being performed and so it 
is difficult to draw firm conclusions. Ideally, the grey litera-
ture should be searched to avoid any source of bias in the 
results synthesis process. Furthermore, the bibliographies of 
relevant reviews should be searched manually. Due to time 
constraints, neither type of these searches was performed.

Another limitation of the current systematic review 
relates to publication bias, which might have been intro-
duced throughout the search strategy, data extraction, quality 

assessment or data analysis procedures [81]. With respect 
to the selection criteria, included studies were restricted to 
full text articles that were available in the English language, 
which might have excluded articles in languages other 
than English as well as unpublished data in relevant top-
ics. However, several procedures were followed throughout 
the multiple steps that were performed in generating this 
systematic review to avoid bias. For instance, the literature 
search was conducted on a large scale by using four dif-
ferent databases. Additionally, the screeding and selection 
criteria were comprehensive as they included all possible 
groups. Furthermore, the quality of the included articles 
was assessed using the QUADAS-2 tool to ensure the high 
quality and accuracy of the included articles. One limitation 
relating to the quality assessment tool (QUADAS-2) that 
might have introduced some bias is that RNAscope is still a 
new technique, and thus, no reference standard was available 
at the time this systematic review was conducted. For this 
reason, a new criterion was produced in the QUADAS-2 tool 
to avoid having many articles with a high RoB in the second 
domain (index test).

5  Conclusion

In conclusion, this systematic review is considered the 
first conducted review in this field. All the included arti-
cles focused on validating RNAscope against (an)other 
technique(s). This review demonstrated that RNAscope 
is a promising and accurate technique, as exemplified by 
high degrees of sensitivity and specificity. The authors of 
this study would recommend the adoption of RNAscope 
as a complementary method in the clinical field to confirm 
unclear results from other techniques, as it offers advantages 
and solutions for the current challenges of gold standard 
techniques. However, further studies comparing RNAscope 
to scRNA-seq and qRT-PCR techniques are needed to fully 
assess the effectiveness of RNAscope so it can be incorpo-
rated as a fully independent method to diagnose gene expres-
sion disorders. To validate the high specificity of RNAscope, 
more studies concentrating on low expressed genes should 
be conducted. Furthermore, diagnostic accuracy values of 
the technique should be evaluated in prospective studies to 
obtain firmer conclusions regarding sensitivity and specific-
ity ratios. Finally, many validation steps (analytically, clini-
cally and logistically) are needed to assess RNAscope more 
broadly and profoundly, and thus to apply it to the clinical 
diagnostic field.
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