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Introduction: Human epidermal growth factor receptor 2 (HER2) amplification is present in 

almost 15%–20% of breast cancer tumors, making it an important parameter for testing. The 

present study was designed to evaluate a chip-based digital PCR (dPCR) system for assessing 

HER2 amplification from formalin-fixed paraffin-embedded breast carcinoma tissue and to 

compare this system with immunohistochemistry (IHC) and fluorescence in situ hybridiza-

tion (FISH). 

Materials and methods: A total of 84 breast carcinoma tissue samples were analyzed by 

IHC, FISH, and chip-based dPCR in a blinded manner. 

Results: All nine IHC-positive and 35 IHC-negative samples had equivalent results with dPCR, 

taking an amplification ratio threshold of 1.8 as a positive result. Of the 40 IHC equivocal samples, 

10 were assessed as positive, 27 as negative, and three as equivocal by dPCR. 

Conclusion: These results demonstrate that chip-based dPCR is suitable for HER2 amplifica-

tion detection in formalin-fixed paraffin-embedded samples in a clinical setting, providing the 

advantages of superior turnaround time, cost-effectiveness, and increased precision with absolute 

quantification compared with conventional tests such as FISH and IHC. This methodology was 

especially beneficial in tissue samples with low DNA concentration.
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Introduction
Approximately 15%–25% of breast tumors exhibit human epidermal growth factor 

receptor 2 (HER2) amplification,1 and this is the primary driver mutation in such cases. 

Over the past several years, given the overall benefit from trastuzumab in patients who 

are HER2 positive, testing for HER2 has become one of the essential initial tests for 

patients with breast cancer, along with ER (estrogen receptor) and PR (progesterone 

receptor) expression testing (Piccart-Gebhart et al).2

The most commonly used techniques for the identification of HER2 expression 

include immunohistochemistry (IHC), chromogenic in situ hybridization (CISH), and 

fluorescence in situ hybridization (FISH). The American Society of Clinical Oncology 

(ASCO) and the College of American Pathologists (CAP) have updated the clinical 

testing guidelines in 2013 to improve HER2 testing accuracy by IHC, CISH, and FISH.3 

IHC, CISH, and FISH are currently the recommended tests for identification of HER2 

overexpression, with FISH testing being utilized in cases where the IHC is equivocal. 

However, IHC and FISH both have limitations. The main concerns with IHC are the 

sensitivity and specificity of HER2 antibodies, inter-observer variations, intra-tumor 
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heterogeneity, and tumor fixation.4,5 The main concerns 

with FISH tend to be its subjectivity, labor-intensive nature, 

expense, and the need for operator experience.6,7

Over the past few years, various studies have demon-

strated the utility of real-time PCR in determining HER2 

status from formalin-fixed paraffin-embedded (FFPE) 

tissue.8–11 Real-time PCR potentially has higher sensitivity 

and reliability compared with the other methods, and can 

quantitate across a vast dynamic range. However, the main 

limitation in using real-time PCR tends to be the availability 

of standardized controls and the effects of minor variations 

on the final result. Moreover, there are concerns regarding 

tissue dilution by normal background and PCR inhibition 

secondary to formalin-based processing of these samples. 

As a result, over the past few years, digital PCR (dPCR) has 

been increasingly explored in research settings to determine 

HER2 status in cases of an indeterminate IHC result. The 

main advantage of dPCR has been its ability to accurately 

quantitate absolute copy numbers without requiring standards 

or routine calibration, given its utilization of Poisson statis-

tics.12 In addition to this, the inherent dilution of samples in 

dPCR enables significant dilution of inhibitors. Moreover, 

the decreased dependence on PCR efficiency makes this an 

extremely suitable technology for complicated samples such 

as those for which HER2 testing is generally performed.

Various dPCR technologies are available, including the 

microfluidic chamber-based BioMark dPCR, droplet-based 

dPCR, and the RainDrop high-resolution dPCR system. 

However, all the aforementioned technologies have relatively 

high acquisition costs or running costs. The introduction of 

the chip-based QuantStudio 3D dPCR system, with its low 

acquisition cost, compatibility with existing TaqMan assays, 

and relative ease of use, may help to increase the use of dPCR 

technology in medium-throughput laboratories. In the present 

study, we aim to assess the clinical utility of a chip-based 

dPCR system in evaluating HER2 amplification levels from 

FFPE tissue in comparison with IHC, using FISH as a con-

firmatory test in the routine workflow of a medium-volume 

testing laboratory.

Materials and methods
Study plan and patient cohort
A total of 84 samples that were diagnosed as breast carci-

nomas by our histopathology department were subjected to 

HER2 and ER/PR testing by IHC over a span of 10 months. 

These samples were simultaneously sent to the molecular 

genetics department for the analysis of HER2 amplification 

by chip-based dPCR and to the cytogenetics department for 

HER2 analysis by FISH, irrespective of the IHC results. 

Researchers in the molecular genetics department were kept 

blinded from the results of the IHC and FISH tests until the 

end of the study and vice versa. The histopathology and 

cytogenetics departments had access to each other’s results, 

including those for FISH and IHC. The study plan is out-

lined in Figure 1. This project was approved by the Human 

Ethical Committee of Gujarat University, Ahmedabad (GU/

HEC-015/16) in 2016. FFPE blocks were obtained from 

the patients after they had signed written informed consent 

forms.

IHC
IHC for HER2 protein analysis was performed on 4 µm tis-

sue sections, which were deparaffinized followed by antigen 

retrieval by exposing the epitope. This was performed using 

a BioGenex antibody, clone EP3, on a Leica Bond Max 

automated immunostainer. The sections were studied and 

the tumor was scored as per CAP criteria (ASCO, 2013) for 

HER2. Positive and negative controls were used for the IHC 

HER2 interpretation. The overall turnaround time from initial 

histopathological diagnosis to IHC diagnosis was 48 hours.

Figure 1 Study design for HER2 testing by IHC, QuantStudio 3D dPCR, and FISH.
Abbreviations: HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry; dPCR, digital PCR; FISH, fluorescence in situ hybridization; FFPE, formalin-
fixed paraffin-embedded.
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FISH
FISH was performed on all samples, regardless of their IHC 

status. FISH was performed as per the standard protocols 

described by MetaSystems (Tissue FISH MetaSystems, Alt-

lussheim, Germany). The FISH probes used for HER2 and 

CEP17 were XCyting Locus-Specific probes for solid tumors 

(D-6010-100-OG). Copy numbers of HER2 and CEP17 from 

at least 20 randomly selected nuclei from different areas 

were counted, and the HER2/CEP17 ratio was calculated as 

per ASCO/CAP guidelines (ASCO, 2013). The turnaround 

time from initial histopathological diagnosis to FISH diag-

nosis was 72 hours (Figure 2). Results were interpreted as 

positive, negative, or equivocal based on the HER2/CEP17 

ratio. Samples with a ratio of less than 2.0 and average gene 

copy number of less than 4 were considered to be negative, 

while samples with a ratio less than 2.0 but average gene 

copy number between 4 and 6 were considered equivocal. 

Samples were also considered positive if the average gene 

copy number was 6 or more, or the HER/CEP17 ratio was 

greater than 2.0.

DNA extraction for dPCR
Initially, tumor foci in breast cancer samples were marked 

using hematoxylin and eosin-stained slides by the histopa-

thology department’s post-initial histopathological diagnosis. 

DNA extraction was performed after macrodissection from 

the corresponding 5–10 µm thick FFPE tissue sections 

using a Roche High pure FFPE DNA isolation kit as per 

the manufacturer’s instructions. The DNA concentrations 

of the samples were quantified using a Qubit 3.0 fluorom-

eter (Thermo Fisher Scientific) and varied from 0.8 ng/µL 

to 80 ng/µL. All samples were deemed suitable for further 

processing by dPCR. The turnaround time for dPCR was 24 

hours (Figure 2).

QuantStudio 3D dPCR
The basic fundamentals of dPCR involve partitioning a 

sample for several individual reactions. It is then possible 

to calculate copy numbers using Poisson statistics with the 

following equation, where P is the number of PCR-positive 

partitions; N is the total number of partitions; V
p
 is the parti-

tion or droplet volume; and D is the dilution factor, combining 

both the factor used to dilute the DNA during PCR prepara-

tion and the factor used to further dilute the DNA with the 

PCR master mix (Dong et al).13

	
T

D

Vp

P

N
=
−

× −










ln 1 	 (1)

Probe selection
The primary probes that were used in FISH for HER2 

testing included reference probes on chromosome 17. 

However, for dPCR, the reference probe was designed to 

target the RNAase P gene, given the stability of this region 

Figure 2 Comparison of processing time for FISH and dPCR.
Abbreviations: FISH, fluorescence in situ hybridization; dPCR, digital PCR; FFPE, formalin-fixed paraffin-embedded.

Sample received (slide and block)

Slide preparation and processing by FISH Block processing by dPCR

FFPE extraction and DNA quantification 
[3.0–3.5 hours]

dPCR chip loading [15–30 minutes]

dPCR thermal cycler [3.0 hours]

Chip image and software analysis [30 minutes]

Average time to report [24 hours]

Prehybridization [30–40 minutes]

Hybridization [overnight]

Post-hybridization and imaging [25 minutes]

Average time to report [around 3 days]

Reagent preparation time (pretreatment and
deparaffinization) [2.0–2.5 hours]
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as indicated by previous datasets.14 Moreover, the testing 

guidelines for FISH suggest utilizing the individual copy 

numbers of the HER2 gene in cases of polysomy of the 

entire chromosome 17. However, as this is not technically 

possible in dPCR, the RNAase P probe on chromosome 

14 helps to negate this limitation in the case of a chromo-

some 17 polysomy.15

The FFPE DNA samples were loaded onto chips with 

approximately 20,000 wells each, using the QuantStu-

dio 3D dPCR chip loader, in a mixture consisting of 2X 

QuantStudio 3D dPCR master mix, 20X ERBB2 TaqMan 

assay (Cat#Hs00817646_cn, Thermo Fisher Scientific), 

and 20X RNase P TaqMan Assay (Cat#4403326, Thermo 

Fisher Scientific), as recommended by the manufacturer.15 

The concentration of the input DNA was adjusted to 10 ng/

µL or less by appropriate dilutions in order to obtain a copy 

number of the target regions in the range of 200–2000 cop-

ies/µL where possible. For samples where the initial DNA 

concentration was <10 ng/µL, no dilutions were performed. 

The chips were sealed and loaded onto a ProFlex 2x flat PCR 

system (Thermo Fisher Scientific) and cycled according to 

the following instructions: 96°C for 10 minutes, followed by 

39 cycles of 60°C for 2 minutes and 98°C for 30 seconds, 

and a final extension at 60°C for 2 minutes. Chip images 

were captured using a QuantStudio 3D PCR instrument and 

further analyzed using the QuantStudio 3D analysis suite 

cloud software. Negative control chips were also run every 

day to ensure that no contamination was present during these 

experiments.

Analysis of dPCR Data
The ratio of HER2 copies/µL to RNase P copies/µL was 

calculated for final assessment. Raw signal data from the 

instrument were obtained in the form of net positive and net 

negative wells per target on the testing chip. These numbers 

were then converted into copies/µL based on Poisson statistics 

that allow the calculation of the initial number of targets from 

the number of positive and negative partitions.

Statistical analysis
All the statistical analysis was performed using the MedCalc 

software and Microsoft Excel. Statistical significance was 

set at p<0.05.

Results
HER2 assessment by IHC
A total of 84 FFPE samples were analyzed by IHC, with 35 

samples testing negative (0, 1+), nine samples testing posi-

tive (3+), and 40 considered to be equivocal (2+) (Table 1). 

These 84 samples were also subjected to FISH and dPCR 

evaluation in parallel.

HER2 assessment by dPCR
One of the common issues faced while analyzing dPCR data 

is setting appropriate thresholds to delineate between true 

negative and true positive data points, which are determined 

based on the fluorescence cutoff values in individual parti-

tions. While analyzing several other targets, especially viral 

specimens, members of our laboratory noted that consider-

able effort is required to determine appropriate thresholding 

prior to utilization of an assay.16 However, it was interesting 

to note that when utilizing the assays referenced in this study, 

the automatic thresholding parameter of the QuantStudio 

3D was sufficient to call a final result. This was confirmed 

by a manual review of the data, which delineated positive 

wells with no significant overlap. The final data analysis and 

automated calling were performed on the QuantStudio 3D 

analysis suite of software. The final output of the software 

was in the form of copies per microliter. Results were inter-

preted as positive, negative, or equivocal based on the ratio 

of the HER2 copies/µL and the RNase P copies/µL only. No 

other criteria were used. The threshold for a positive sample 

was set as a ratio of 2.0. Samples with a ratio of less than 1.8 

were considered negative, while samples with a ratio between 

1.8 and 2.0 were considered equivocal. These thresholds 

were based on approximately 50 control samples that were 

processed prior to this study (data not shown).

Table 1 Results of QuantStudio 3D dPCR with respect to IHC data

IHC score Number of  
patients

dPCR results

Mean HER2/RNase  
P ratio

Minimum HER2/RNase  
P ratio

Maximum HER2/RNase  
P ratio

0 26 0.801 0.2311 1.505
1+ 9 1.163 0.718 1.721

2+ 40 2.256 0.210 14.707

3+ 9 6.997 3.032 15.395

Abbreviations: dPCR, digital PCR; IHC, immunohistochemistry; HER2, human epidermal growth factor receptor 2.
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FFPE samples from all 84 patients were analyzed by 

QuantStudio 3D dPCR. The mean HER2/RNase P ratio 

of all samples was 2.196 (range: 0.210–15.395). Based on 

aforementioned thresholds, 62 samples were negative, three 

equivocal, and 19 positive. The mean HER2/RNase P ratio of 

the negative samples (n=62) was 0.955 (range: 0.210–1.767).

dPCR and IHC
All tumors with an IHC score of 0 or 1+ had a dPCR ratio of 

less than 1.77 (Figure 3). All the IHC negative and positive 

samples were concordant with dPCR. Of the 40 IHC equivo-

cal samples, 27 were assessed as negative, three as equivocal, 

and 10 as positive by dPCR (Table 2). HER2 expression levels 

as measured by IHC and dPCR for negative, equivocal, and 

positive samples are shown in Figure 5.

Of the 40 IHC equivocal samples, FISH results could not 

be obtained in six samples owing to suboptimal sample quality. 

Of the remaining 34 IHC equivocal samples, 23 were assessed 

as negative, three as equivocal, and eight as positive by dPCR.

dPCR and FISH
All samples that were assessed as positive by dPCR were 

also positive according to FISH, and those that were assessed 

as negative by dPCR were also negative according to FISH. 

The three IHC equivocal samples that were assessed as 

equivocal by dPCR (HER2/RNase P ratio >1.8 but <2.0) 

were also equivocal according to FISH (HER2/CEP17 ratio 

>2.0, average HER2 copy number between 4 and 6). These 

Figure 3 Distribution of HER2 dPCR results according to HER2 IHC data.
Note: The two horizontal lines in the graph indicate PCR equivocal range of 1.8–2.0.
Abbreviations: HER2, human epidermal growth factor receptor 2; dPCR, digital PCR; IHC, immunohistochemistry.
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Table 2 HER2 distribution by IHC and dPCR

HER2 score 
(IHC)

dPCR result

Positive Negative Equivocal Total

Positive (3+) 9 0 0 9

Equivocal (2+) 10 27 3 40

Negative (1+) 0 9 0 9
Negative (0) 0 26 0 26
Total 19 62 3 84

Abbreviations: HER2, human epidermal growth factor receptor 2; IHC, 
immunohistochemistry; dPCR, digital PCR.
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three IHC equivocal samples had dPCR HER2/RNase P 

ratios of 1.822, 1.835, and 1.839, respectively, and FISH 

HER2/CEP17 ratios of 1.97, 1.95, and 1.92, respectively 

(for all samples, the FISH HER2/CEP17 ratio was less than 

2.0 but the average gene copy number was between 4 and 6). 

In addition, one of the IHC equivocal samples, which had a 

dPCR ratio of 1.76, had a FISH HER2/CEP17 ratio of 1.64, 

reinforcing our dPCR cutoff ratio of 1.80.

In eight samples (10.25%), the FISH results were difficult 

to score owing to suboptimal hybridization, poor tissue qual-

ity, or insufficient tissue, and therefore were excluded. In the 

remaining 76 samples, where FISH results were valid (three 

equivocal, 12 positive, and 61 negative) and compared with 

dPCR results, the correlation coefficient was r=0.92, p<0.01 

(95% CI: 0.88–0.95; Figure 4).

Discussion
In the current work, we evaluated the ability of a chip-based 

dPCR system to accurately detect HER2 amplification from 

84 FFPE tissues utilizing a HER2/RNase P ratio. The data 

obtained showed good concordance with IHC and FISH 

results. Among the 84 samples, 40 were equivocal with IHC. 

FISH analysis failed owing to suboptimal signals in eight 

samples, and valid results were obtained from 32 samples. 

For the eight samples where FISH was unable to give valid 

results, dPCR was able to provide analyzable data with all 

quality check parameters being satisfied. Even in cases where 

FISH was not possible because of insufficient tissue, dPCR 

was successful, owing to its extremely low tissue and DNA 

requirements. The average failure rate of FISH was around 

9%, which is in concordance with previous reports.17–19 

Both FISH and IHC are labor-intensive procedures that can 

result in decreased performance.20 Moreover, they are also 

subjective techniques.21 Consequently, there has been a need 

for a practical alternative method for accurate HER2 ampli-

fication reporting in patients. dPCR is quicker than FISH 

and requires significantly less hands-on time (Figure 1). As 

shown in Figure 1, the overall turnaround time in dPCR is 

greatly improved compared with FISH. In addition, dPCR 

was successful with reduced tissue content in our study, 

enabling a significantly improved testing success rate. Most 

importantly, the use of dPCR enables objective and consistent 

interpretation of results.

It should also be noted that IHC is utilized to determine 

protein expression in HER2, and that both IHC and FISH are 

dependent on subjective evaluation of images. By contrast, 

Figure 4 Correlation of values obtained by FISH HER2/CEP17 ratio and dPCR HER2/RNase P ratio in 76 samples.
Note: The two methods showed high Pearson correlation (r=0.925, p<0.001).
Abbreviations: FISH, fluorescence in situ hybridization; HER2, human epidermal growth factor receptor 2; dPCR, digital PCR.
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dPCR evaluates the quantification of the HER2 gene using 

an automated pipeline. In FISH, the HER2/CEP17 ratio 

is calculated using a dual probe targeting the centromeric 

region of chromosome 17, ie, CEP17 with a HER2 probe. 

Polysomy of chromosome 17 is a known limitation of this 

FISH probe, which may result in elevated CEP17 and thus 

an inaccurate ratio when following older guidelines. As a 

result, the new ASCO/CAP guidelines (2013) recommend 

reporting based on the absolute amplification count of HER2 

as noted in individual cells. However, this particular guide-

line cannot be applied to dPCR owing to the lack of direct 

cellular visualization. In previously documented data and 

application notes of Thermo Fisher Scientific, the RNAase P 

region has been found to be extremely stable in terms of copy 

Figure 5 HER2 expression levels were evaluated by IHC and dPCR in FFPE tissue.
Notes: (A) IHC scoring negative 0 (negative) with dPCR ratio of 0.40 (negative); (B) IHC scoring negative 1+ (negative) with dPCR ratio of 1.00 (negative); (C) IHC scoring 
2+ (equivocal) with dPCR ratio of 1.82 (equivocal); and (D) IHC scoring 3+ (positive) with dPCR ratio of 15.39 (positive).
Abbreviations: HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry; dPCR, digital PCR.
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number variations, and this region has been used previously 

in studies involving assessment of HER2 amplification.15 As 

a result of this, the RNAase P region on chromosome 14 was 

chosen as a reference probe in this study, as well as in other 

recent experiments.15,22 The average HER2 copy number 

was approximately calculated in this experiment using the 

HER2/RNase P ratio. If the ratio is >0 but <0.5, the expected 

HER2 copy number will be approximately 1 copy/diploid 

genome. Likewise, if the ratio is 1:2 or 2:3, the final HER2 

copies will be around 3–4 or 4–6 copies, respectively, per 

diploid genome. The cutoff for a positive result in dPCR 

was considered to be 2, as the ratio calculation appeared to 

be extremely similar to that of FISH in that range. A ratio 

of 1.8–2 was considered equivocal, primarily because it is 

extremely difficult to determine the exact copy number in that 

range. Interestingly, for the three dPCR equivocal samples 

(HER2/RNase P ratio ~1.8), where the HER2 copies were 

approximately 3.6 copies per diploid genome, FISH and IHC 

testing also gave equivocal results.

Furthermore, the average tumor cellularity that was 

obtained from each tissue with macrodissection in the present 

study was about 70%–80%, which is a suitable percentage for 

the proper assessment of HER2 amplification from tumor tis-

sue, without the hindrance of contamination by normal cells. 

Representative areas in the tumor sections with a high per-

centage of malignancy were initially examined and marked 

by a pathologist. The smallest possible section was taken 

from this area to avoid normal cell contamination. Although 

this is a relatively high tumor burden, the amount of sample 

required for dPCR is extremely low if sufficiently enriched.

Identifying copy number variations accurately in research 

as well as in clinical settings has been a challenge over the 

past several years. With its absolute quantification abilities, 

dPCR is emerging as a powerful technique to study copy 

number variations for routine screening in a diagnostic setting 

because of its ability to measure even a small fold change 

in copy number variations with high precision. In this study, 

we have published the first dataset showing that dPCR with 

FFPE samples is an affordable and efficient technology with 

clear benefits for use in a clinical setting. Current ASCO/

CAP guidelines for HER2 testing recommend FISH and IHC 

as the most appropriate techniques; however, dPCR should 

also be considered as a technique for absolute HER2 copy 

identification.

An important aspect to be considered while developing 

new guidelines for HER2 is the background normal tissue. 

We initially suspected that dPCR would be affected by normal 

background tissue due to its inability to analyze a single cell. 

However, our data suggest that the benefit obtained from 

targeted manual microdissection along with low sample 

input requirements is enough to offset this limitation. This 

would allow for more specific testing without the utilization 

of expensive technologies such as laser capture microdissec-

tion. The data obtained from this study suggest that all IHC 

equivocal samples could likely be tested by DPCR instead 

of FISH. This would enable accurate absolute quantifica-

tion and also allow for objective data analysis, which could 

greatly streamline guideline development. Moreover, given 

the minimum hands-on time in this methodology, there is 

significant benefit from low manpower requirements and 

greatly reduced analysis time. In addition to all the above-

mentioned advantages, this method offers a 1-day turnaround 

and possible implementation with low setup costs compared 

to expensive FISH laboratories, thus encouraging much wider 

utilization of this technique.
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