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Abstract
miRNAs have shown promise as potential biomarkers for acute myocardial infarction (AMI).  However, the current used quantitative 
real-time PCR (qRT-PCR) allows solely for relative expression of nucleic acids and it is susceptible to day-to-day variability, which has 
limited the validity of using the miRNAs as biomarkers.  In this study we explored the technical qualities and diagnostic potential of 
a new technique, chip-based digital PCR, in quantifying the miRNAs in patients with AMI and ischaemia-reperfusion injury (I/R).  In a 
dilution series of synthetic C elegans vs 

vs
ST-elevation myocardial infarction (STEMI) and 20 patients with stable coronary artery disease (CAD) patients after percutaneous 
coronary intervention (PCI), we used qRT-PCR and multiplexed chip-based digital PCR to quantify the serum levels of miRNA-21 and 
miRNA-499 as they have been validated in AMI in prior studies.  In STEMI, I/R injury was assessed via measurement of ST-segment 

vs P vs 
P

vs P vs P<0.0001).  There 
was no association between miR-21/499 levels and ST-R post-PCI.  Our results show that the chip-based digital PCR exhibits superior 
technical qualities and promises to be a superior method for quantifying miRNA levels in the circulation, which may become a more 
accurate and reproducible method for directly quantifying miRNAs, particularly for use in large multi-centre clinical trials.
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Introduction 
micro-RNAs (miRNAs) are small non-coding RNAs (~22 
nucleotide-long) involved in the post-transcriptional 
regulation of genetic expression via alteration of messenger 
RNA translation[1].  miRNAs are known to be released into 
the circulation in both physiological and pathological states[1].  
Given their proposed physiological roles, as well as their 

remarkable stability in the circulation, miRNAs have become 
attractive candidates as novel biomarkers[2].  In recent years, 
a variety of miRNAs have demonstrated potential as possible 
biomarkers for myocardial damage[2-4].  Of particular interest 
for this study are miRNA-21 and miRNA-499.  miRNA-21 is 
known to have a plethora of functions in health and disease, 
specifically involved in both enhancing the function of 
stem and progenitor cells in AMI and contributing to post-
AMI fibrogenesis and cellular hypertrophy[5-7].  miRNA-499 
is found in myocardial and skeletal muscle, and has been 
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physiologically linked to cardiac differentiation and I/R 
injury[8-10].  Both miRNAs have been validated as upregulated 
in AMI, and miRNA-499 has even shown potential as a 
biomarker in I/R injury[11-16].  Despite showing promise, a 
number of issues have arisen which have limited the validity 
of using these and other miRNAs as biomarkers[17].  Foremost 
amongst these limitations is the current method for quantifying 
miRNAs, quanti tat ive real - t ime PCR (qRT-PCR) [18].   
qRT-PCR allows solely for  relative expression of nucleic 
acids and it is susceptible to day-to-day variability, limiting 
its ability to be used as a diagnostic medium or in validating 
miRNAs in large multi-centre clinical trials[18].  Digital PCR 
is an end-point analysis, which is able to absolutely quantify 
nucleic acids directly within a sample by partitioning a sample 
into mutliple smaller reactions, whereby each division may or 
may not contain a nucleic acid[19].  Current methods to allow 
for this include multi-well plates, capillaries, oil emulsions 
and arrays of miniaturised chambers[19].  Digital PCR has 
thus far exhibited a number of unique advantages over qRT-
PCR, including decreased variability, increased day-to-
day reproducibility and superior sensitivity[20-22].  It can be 
proposed that with these advantages, digital PCR would offer 
greater comparability and hence greater utility as a diagnostic 
machine and in large multi-centre clinical trials.  

At current, there are a number of comercially available digi-
tal PCR systems, each utilising a different method to achieve 
absolute quantification.  QuantStudio® 3D digital PCR is a 
relatively novel method of digital PCR, which loads a PCR 
sample onto a microchip, partitioning the sample across 20 000 
reaction wells, essentially allowing 20 000 separate PCR reac-
tions to take place[23].  The QuantStudio® system uses a Pois-

negative wells to allow for absolute quantification, without 
need for referencing to a standard control[23].  A small number 
of studies have demonstrated its promising use as a robust 
tool for quantitative analysis of nucleic acids for a wide range 
of biomedical applications[22-25].  At current there is little evi-
dence with regard to the technical precision of this system, 
and to the best of our knowledge, none examining its use in 
diagnosing AMI with validated miRNAs.  This project aims 
to address the current limitations of using miRNAs as valid 
biomarkers for AMI and reperfusion injury, and to explore the 
role of chip-based digital PCR in quantifying these miRNAs.

Materials and methods
Synthetic oligonucleotide dilution series of C.elegans-miR-39 
A dried 5’-phosphorylated synthetic oligonucleotide for 
Caenorrhabditis elegans-miR-39 (C.elegans-miR-39) (Integrated 
DNA Technologies) (5’-phos-UCACCGGGUGUAAAU-
CAGCUUG-3’), with a known starting concentration of 7.6 
nmol was centrifuged dry before being diluted in molecu-
lar grade Tris-EDTA buffer (Thermo Fisher Scientific) to 

performed for C.elegans-miR-39.  Each diluted sample 

-
tocol using the C1000 TouchTM Thermal Cycler (BioRad) 
at 16°C for 30 min, 42°C for 30 min, 85°C for 5 min and 
were then held at 4°C.

For qRT-PCR, 7.67 /well nuclease-free water, 10 /
well universal PCR master mix and 1 /well of a spe-
cific 20× hydrolysis primer/probe (Applied Biosystems, 
Inc.  ID: 000200) were combined and partitioned into 
18.67 /well with 1.33 /well RT product.  Each sam-
ple was prepared in duplicate.  Samples then underwent 
a 20  qRT-PCR protocol using the C1000 TouchTM Ther-
mal Cycler (BioRad) at 95°C for 10 min, 95°C for 15 s and 
60°C for 60 s, before being repeated for 39 more cycles 
and held at 4°C.  All qRT-PCR data was analysed using 
CFX ManagerTM (BioRad).  

For chip-based digital PCR, 1.525 /well nuclease-free 
water, 7.25 ® 3D supermix (Ther-
moFisher) and 0.725 /well 20× specific hydrolysis 
primer/probe were combined before being partitioned 
into 9.5 /well with 5 /well RT product.  Thereaf-
ter, 14.5  of each sample were loaded onto a chip and 
transferred to the ProFlexTM 2× Flat PCR System (Ther-
moFisher) and underwent thermal cycling set for 14.5  
at 96°C for 10 min, 60°C for 2 min, 98°C for 30 s, with the 
cycling being repeated for 39 more cycles, with a final 
extension at 60°C for 2 more minutes and then held at 10 
°C.  Chips were then read by the QuantStudioTM 3D Digi-
tal PCR Instrument (ThermoFisher).

The technical qualities of chip-based digital PCR versus 
qRT-PCR were compared statistically by a number of 
methods.

The coefficient of variation was calculated by the fol-
lowing equation:

CV%= Standard deviation/Mean

The CV% was calculated for each dilution of the oligo-
nucleotide for chip-based digital PCR.  Values with no-call 

.
Before calculating the CV% for each diluent in qRT-

PCR, the Ct values were converted to absolute copies 
using the Pfaffl analysis[26]:

R = Etarget

Where Etarget 

Etarget = -1 + 10(-1/slope)

The control for the Pfaffl equation was calculated by 
calculating the mean of the highest concentration (i.e.  

), and comparing that to each sample.  
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Each sample could then be converted to absolute copies 
by the following equation: 

Absolute copies= R×2500

The qRT-PCR data could then be analysed for CV% and 
compared with the absolute quantification determined by 
chip-based digital PCR.  Reduction in CV% for each diluent 
across each day was calculated by the equation:

Difference in CV% = (CV%qRT-PCR - CV%chip-based digital PCR)/
(CV%qRT-PCR)

testing[27], removing successive diluton points until the P-value 
was >0.05 (Prism Version 5.0c software).  The limit of detec-

[28]:

blank blank low 

blank= mean of negative controls

blank = standard deviation of negative controls 

low=standard deviation of the lowest concentration measurements

concentration tested that remained above or equal to both the 

dilution series was assessed using the r-value for the line 
of best fit (GraphPad Prism v5.0).  

Values of quantification are presented as log trans-

and linearity were calculated according to the absolute 
quantification reported.

Patient population 
In this single-centre prospective study, peripheral venous 
blood was obtained from 24 STEMI patients and 20 patients 
with stable CAD enrolled between October 2013 and August 
2015.  Blood was obtained 4.75 (IQR: 3-7) h after PCI.  Patients 
with STEMI as evidenced by ST-elevation >0.1 mV in at least 
two contiguous leads were included in this study.  Major 
exclusion criteria included previous heart failure (known 

-
lation consisted of 44 patients.  The protocol of this study 
conforms to the ethical guidelines of the 1975 Declaration 
of Helsinki and was henceforth approved by the insti-
tutional ethical commitee of the Universitätsklinikum 
Freiburg (CF16/1546-2016000808).  Written informed 
consent was obtained from all patients.

Percutaneous coronary intervention
PCI was performed with standard catheters.  All STEMI 
patients received aspirin (minimum of 250 mg) and an ADP 
receptor blocker (prasugrel 60 mg, ticagrelor 180 mg or clopi-
dogrel 600 mg).  Unfractionated heparin (5000 U) was admin-
istered prior to angiography.  Eptifibatide was given at the 

discretion of the cardiologist.  

miRNA extraction
Before undergoing miRNA extraction, all serum samples were 

5 C.elegans-miR-39 
to act as an endogenous control.  Serum samples underwent 
miRNA extraction according to the manufacturer’s instruc-
tions (Qiagen).

Reverse transcription, qRT-PCR and Quantstudio® 3D Digital PCR 
Samples underwent reverse transcription, qRT-PCR and 
chip-based digital PCR according to the above-mentioned 
protocols.  Every sample also underwent separate RT 
and qRT-PCR and chip-based digital PCR for C.elegans-
miR-39 to act as an endogenous control.  Chip-based digi-
tal PCR was performed multiplexed by using a mastermix 

well Quantstudio® 3D supermix (ThermoFisher), 0.725 

primer set for either hsa-miR-21-5p or hsa-miR-499-5p 

hydrolysis probe and primer set for C.elegans-miR-39 VIC 
labelled (ThermoFisher; ID: 000200).  We then normalised 
the data across samples using a median normalisation 
procedure (normalisation factor = median value of all 
C.elegans-miR-39 measurements/C.elegans-miR-39 value 
for the given sample)[26].

Ischaemia-reperfusion injury
ECGs were analysed within the STEMI group both before 
and 2.25 h (1.5–3.5) after PCI.  In keeping with prior studies, 
we used Schröder’s criteria and defined ST-segment resolu-

[29-31]. Patients who fulfilled 

suffered significant I/R injury.  Four of the STEMI patients 
had to be excluded from analysis, due to a lack of required 
ECGs in the hospital’s database.

Statistical analysis 
Continuous variables are presented as mean±standard 
deviation (SD) if found to follow a Gaussian distribution 
according to a D’Agostino-Pearson omnibus normality test, 
or as median and interquartile range if found to follow a non-
Gaussian distritbution.  Normally distributed variables were 
compared using the Student’s t-test and non-normally distrib-
uted variables using the Mann-Whitney U test.  Categorical 
variables are presented as percentages.  A Chi-square analysis 
was performed to compare categorical variables.  

A receiver operating characteristic (ROC) analyis was per-
-

sis being the area under the curve (AUC).  
miR-21/499 levels between STEMI patients deemed to have 

suffered I/R  injury compared to those who reached adequate 
reperfusion were compared using a Mann-Whitney U test, and 
ROC analyses were performed for each miRNA.  
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Analyses for correlations between clinical characteristics and 
miR-21 and miR-499 levels were performed by Pearson analysis 
for parametric data or a Spearman test for non-parametric data.

A P
for all analyses except for the analysis of correlation.  This par-
ticular analysis involved multiple comparisons, thus requiring 
correction via Bonferroni’s method.  This set the new statisti-

P-value at 0.0029 for the correlation analysis.  
All analyses were performed using Graph Pad Prism v5.0 

Results
Dilution series of synthetic C.elegans-miR-39
Chip-based digital PCR demonstrated a lower coefficient of 

variation between most dilution points (Figure 1A).  Chip-
based digital PCR had an average CV% of 8.9%, compared 
to an average CV% of 46.3% for qRT-PCR, culminating in an 
average decrease in CV% of 70.7%.  Chip-based digital PCR 
also demonstrated greater linearity, with an r2 of 0.9969 com-
pared to an r2 of 0.9787 for qRT-PCR (Figure 1B).  

Finally, chip-based digital PCR demonstrated a superior 

Through absolute quantification, we noted measurements 
by chip-based digital PCR corresponding to 57.6% of the 
expected copy number.

Patient characteristics
The patient population consisted of 73% men and the aver-

Figure 1.  
detection (LOD), limit of quantification (LOQ) and lower limit of linear range (LLLR) for a dilution series of C.elegans-miR-39 performed in 

r2-value). 
Data are presented as mean±SD  (C) LOD, LOQ and LLLR for qRT-PCR and chip-based digital PCR.
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age age across all patients was 65.7±SD 13.4 years.  Table 1 
presents the baseline characteristics of STEMI and stable CAD 
groups.  A higher level of the cardiac biomarkers CK and cTnT 
at peak were demonstrated in STEMI patients.  STEMI patients 

-
tide.  Stable CAD patients were more likely to be overweight.  

characteristics.  

Chip-based digital PCR for the diagnosis of AMI
Chip-based digital PCR demonstrated superior sensitivity and 

Figures 2 and 3).

differences in median levels between stable CAD and STEMI 
 vs ; P=0.0300), whereas 

 vs 
; P=0.2273).  

 vs ; P -
 vs ; P=0.0011 for chip-based digital PCR).  

A ROC analysis showed that chip-based digital PCR better 
vs AUC 0.6083 

for qRT-PCR), but not for miR-499 (AUC of 0.7813 vs AUC of 
0.8417 for qRT-PCR).  No single miRNA analysed was able to 
outcompete peak cTnT in diagnostic utility (AUC of 0.9432 for 
cTnT).

Negative and non-template controls for each miRNA 
were run on chip and did not show any positive results.

Chip-based digital PCR for the diagnosis of ischaemia-reperfusion 
injury
Neither chip-based digital PCR nor qRT-PCR were able to 

-
els between patients deemed to be successfully reperfused 
and those who suffered I/R injury (Figure 4).  A ROC analysis 
demonstrated that miR-499 was most accurately able to differ-

Table 1.  Main patient characteristics.

Characteristic All Patients (n=44) STEMI Patients (n=24) Stable CAD Patients (n=22)  P-value 

**

***

***

***

Number of coronaries affected

Diseased coronary

***

***

Time blood taken after PCI (h) 5±2.7  5.4±3 4.5±2.2  0.3279

coronary intervention. **P<0.01. ***P<0.001.
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entiate successful reperfusion from having relevant reperfu-
sion injury (AUC of 0.7467, supplementary Figure S1).  

Correlation analysis
Table 2 displays the correlation analyses for main clinical 
data for miR-21 and miR-499.  After Bonferroni’s correction, 
the only clinical correlations to reach statistical significance 
included a positive correlation with miR-499 with CK as quan-

digital PCR alone.  In a subgroup analysis in STEMI patients 
comparing miR-499 levels to eptifibatide use, those who 
received eptifibatide had significantly higher miR-499 levels 

vs P
use demonstrated a significantly positive correlation with 
miR-499 levels (r=0.1668; P=0.0476).  These results are shown 
in supplementary Figure S2.

Discussion
-

lutely quantify nucleic acids within a biological sample[19].  
Given its reputed advantages over traditional qRT-PCR, digital 
PCR could be a superior method for the detection of miRNAs 
for both diagnostic purposes and in validating miRNA expres-
sions in large multi-centre studies.  The recently developed 
Quantstudio® 3D digital PCR is one of a number of digital 

in order to partition a sample into 20 000 reaction wells, 
[23].  Other currently 

available systems favour an oil-emulsion droplet generation 

few studies investigating the use of chip-based digital PCR 
system in quantifying miRNAs, and, to the best of our knowl-
edge, none that have investigated its utility for diagnosing 
AMI or reperfusion injury with miRNAs.  With this report, we 

Figure 2. 
between stable CAD and STEMI groups with corresponding P-value for qRT-PCR (blue) and chip-based digital PCR (red) as calculated by a Mann-Whitney 

under the curve values.  (C) Median and IQR of all measurements by qRT-PCR and chip-based digital PCR for miRNA-21 for STEMI patients and patients 
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of miRNAs using a combination of both synthetic oligonucle-
otides and validated human cardiovascular miRNAs extracted 
from patient serum for AMI and reperfusion injury.  For 
patient samples we used a multiplexed PCR protocol combin-
ing the normalistion miRNA (C.elegans-miR-39) and the target 
miRNA.  

in a dilution series of synthetic C.elegans-miR-39
In a dilution series of synthetic C.elegans-miR-39, chip-based 
digital PCR demonstrated lower variability, higher linear-
ity and superior sensitivity compared to qRT-PCR.  Through 
absolute quantification, we observed that the copy numbers 
actually detected were lower than the numbers that were 
expected.  This has been demonstrated in a number of other 
papers examining absolute quantification as a method for 
PCR, and is most likely due to suboptimal reverse transcrip-
tion[21, 23].  Ultimately, chip-based digital PCR demonstrated 

superior technical characteristics indicating that it could 

miRNAs.  

patients compared to patients with stable CAD
Both miR-21 and miR-499 were found to be significantly 
dysregulated in STEMI patients compared to patients with 
stable CAD as quantified by chip-based digital PCR.  miR-
21 levels were found to decrease in STEMI patients by both 
PCR systems.  This is in contrast to other studies, which have 
shown that miR-21 levels increase in the circulation as a result 
of infarction[11, 12].  This might be explained by the difference 
between the times blood was taken in past studies compared 
to this study.  Past studies have analysed blood at the time 
of admission, whereas this study analysed blood 5±SD 2.7 
h after PCI11, 12].  It is therefore possible that miR-21 levels 
could decrease below normal levels according to its kinetics, 
or decrease as a result of therapeutic success.  According to a 

Figure 3.  
between stable CAD and STEMI groups with corresponding P-value for qRT-PCR (blue) and chip-based digital PCR (red) as calculated by a Mann-Whitney 

under the curve values.  (C) Median and IQR of all measurements by qRT-PCR and chip-based digital PCR for miR-499 for STEMI patients and patients 
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murine model, both Dong et al and Gu et al demonstrated that 
-

32, 33]

et al revealed that long-term elevation in miR-21 levels is del-
eterious to post-infarct repair, contributing to left-ventricular 

[34].  Given the above 
information and the knowledge that miRNAs have endocrine-
like roles, it is feasible that miR-21 levels are released during 
the acute phase of AMI, possibly via the rupture of necrotic/
apoptotic cardiomyocytes, while after successful reperfu-
sion, and the offset of cardiomyocyte death, miR-21 might 

repair, hence leading to a decrease in serum levels.  However, 

patients and potentially animal experimentation.  miR-499 
levels, on the other hand, were found to increase in STEMI 
patients, which is consistent with the current literature[12, 14, 

16].  In past studies, miR-499 has shown as much as 80 to 3×105-
fold differences between AMI and control groups[12, 16].  In this 
study, qRT-PCR and chip-based digital PCR only demon-
strated approximately 21 and 4-fold difference between mean 
values respectively.  The reason for this may once again be 
due to the time blood was drawn, this being post-PCI, whereas 
the aforementioned studies analysed blood at admission.  In 
Chen’s study of miR-499 kinetics, there was a 58% decrease 
in miR-499 levels 24-h post-PCI and 48% lower levels in those 

Figure 4.  

test.  (B) ROC analysis of miR-21 and miR-499 levels in diagnosing I/R injury.

Table 2.  Correlation analysis for miRNA-21 and miRNA-499.

 miRNA-21  miRNA-499
                              Characteristic qRT-PCR Chip-based digital PCR qRT-PCR Chip-based digital PCR

Age P=0.5259 P=0.2925 P P
DM P P=0.2331 P=0.6590  P
Smoking P P=0.4722  P P
Aspirin P=0.6604 P=0.3315  P P=0.2205
Clopidogrel P=0.5949 P=0.9036  P=0.0566 P=0.0966
Prasugrel P=0.0947 P P=0.0045 P=0.0073
Ticagrelor  P=0.4132 P=0.4364  P=0.1547  P

P=0.5161  P P=0.0933 P=0.0012
Rivaroxaban P=0.1663 P=0.3014 P=0.6577 P=0.6067 
Statin  P=0.4476  P=0.5391  P P
Creatinine  P P=0.0429 P P=0.6690
CK P=0.0045 P=0.0367  P<0.0001 P=0.0027
cTnT P=0.0471 P P P=0.2136
CK-MB P=0.0071 P P=0.2151 P=0.0004
CRP P P=0.7150 P P

P P P=0.1492 P
Time blood taken for miRNA analysis after PCI (h)  P=0.5272 P=0.6715  P=0.0142 P
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who received PCI compared to those who did not[14].  There-
fore, the lower levels found in our study may be due to thera-
peutic reperfusion and might also be a marker of therapeutic 
success.  This evidence also gives credence to the hypothesis 
that miR-21 levels decrease after PCI indicating therapeutic 
intervention.  

from stable CAD patients for miRNA-21, but not for miRNA-499
For miRNA-21, chip-based digital PCR, unlike qRT-PCR, 

and exhibited superior sensitivity and specificity as demon-
strated by ROC analysis, giving clinically relevant evidence 
to its diagnostic potential.  Conversely, for miR-499, qRT-
PCR reached superior significance.  This discrepency might 
be explained by the fact that miR-499 is normally expressed 
at levels below the limit of detection of qRT-PCR[13, 14].  This 
was verified in our experiments, whereby qRT-PCR only 
detected miR-499 in 45% of patients with stable CAD and 83% 
of STEMI patients, whereas chip-based digital PCR was able 
to quantify levels in 100% of the patients analysed, even at 
low concentrations.  Our experiments on synthetic C.elegans-
miR-39 also agreed with past studies that demonstrated supe-
rior sensitivity for detecting miRNAs using digital PCR[21, 35].  
Therefore, this system might be a better reflection of actual 
miRNA-499 levels, and might be better able to quantify both 
this miRNA and others that are normally expressed at mini-
mal levels within the circulation.  However, this needs to be 
validated in larger studies.  Ultimately, chip-based digital PCR 
exhibited promising potential for quantifying miRNA-21 and 
miRNA-499 levels for analysis in cardiovascular biology.  We 
demonstrated that Quantstudio® 3D digital PCR is a robust 
system with clinical diagnostic potential and technical quali-
ties for use in large multi-centre miRNA studies.  

Chip-based digital PCR did not demonstrate increases of 
miRNA-21 or miRNA-499 in ischaemia-reperfusion injury
In our study, neither miRNA-21 nor miRNA-499 demonstrated 

499 as measured by chip-based digital PCR showed the great-
est trend, which is in keeping with past studies that suggested 
a role of miRNA-499 in cardiac I/R injury[10].  A study with 
a larger patient cohort utilising other markers of reperfusion 
injury is required.

necrosis markers
In a correlation analysis miR-499 demonstrated a significant 
positive correlation with both peak CK and CK-MB levels as 
measured by chip-based digital PCR.  Both CK and CK-MB 

AMI[36-39].  This indicates that miR-499 possibly has similar util-
ity.  miR-499 presents itself as a particularly interesting bio-
marker for AMI.  miR-499 is normally expressed at low levels, 
and has high myocardial specificity[13,14].  Furthermore, past 

studies have demonstrated significant increases in miR-499 

reperfusion[12-14,16].  We therefore propose that miR-499 might 
-

tic marker.  However, further studies are needed looking at 

the infarct in order to validate this hypothesis.  It must also be 
mentioned that there was a positive correlation between miR-
499 and eptifibatide use.  This is most likely explainable by 
the fact that only patients with STEMI received eptifibatide, 

population.  Furthermore, in a subgroup analysis, those who 
received eptifibatide had significantly higher miR-499 lev-
els, and eptifibatide use was positively correlated with miR-

the treating cardiologist.  As per the 2017 European Society of 
Cardiology guidelines for STEMI, GP IIb/IIIa inhibitors such 
as eptifibatide should be reserved for bailout if there is evi-

thrombotic complications[40].  Consequently, it can be argued 
that miR-499 levels were higher in more complicated STEMI 
cases, giving further evidence to miR-499’s validity as a clini-
cally interesting biomarker for AMI.

Limitations
Despite demonstrating promising technical qualities and 

has a number of limitations.  In the synthetic dilution series 
we detected absolute copy numbers lower than the copy num-
bers expected, possibly suggesting suboptimal assay design 
and/or reverse transcription.  Furthermore, the patient cohort 
was relatively small and there was no healthy control group.  

miRNA-499 failed to reach significance in association with 
reperfusion injury.  Furthermore, only one surrogate marker 
of reperfusion injury was assessed, this being ECG post PCI.  
Other markers such as cardiac MRI must be integrated into 
future studies.  Moreover, a true association between miRNA-

directly assessed, as these parameters were not analysed.  
Finally, we only compared qRT-PCR to one method of digital 
PCR, this being the Quantstudio® 3D system.  This was suf-

further studies comparing a variety of digital PCR methods 
-

and further investigation into the physiology of miRNA-21 
and miRNA-499 must be undertaken.

In conclusion, we have demonstrated that chip-based digital 
PCR has a number of promising characteristics allowing its 
potential use as a more accurate method for validating miRNA 
levels, particularly in large multi-centre clinical trials.  Chip-
based digital PCR exhibited low variability, high linearity and 
remarkable sensitivity and showed promise as a diagnostic 
instrument.  These results warrant further investigation and 
validation in larger more comprehensive studies.  Neverthe-
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less, this relatively novel instrument has shown potential as a 
more accurate and reproducible method for quantifying miR-
NAs in the circulation.  
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