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PCR efficiencies of the same gene 
in compared samples must be 
similar



What if the efficiencies are NOT
similar?
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Estimation of error due to efficiency 
dissimilarity

constant CT, different efficiencies
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Do reference genes compensate for 
different efficiencies between samples?

Not always
Target and reference gene might have different 
amplification efficiencies Etarget gene ≠ Eref. gene
Difference in E between target and reference 
gene (∆E) doesn’t stay constant but differs from 
sample to sample – interaction.
∆ E = Etarget gene – Eref. Gene
∆ Esample 1 ≠ ∆ Esample 2
i.e. Interaction Sample*Sequence



Interaction Sample*Sequence

SAMPLE 1 SAMPLE 2

Target TargetReference Reference

E=1.80  < E=1.81
∆E=-0.01

E= 1.85 > E=1.79
∆E=0.06

n=10n=10n=10n=10



versus

versus

versus
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The ideal solution: quantification by 
sample specific amplification
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The signal from 
the detectable 
region is 
extrapolated  
and used to 
draw 
conclusions 
about the initial 
amount of 
DNA.
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Where is the problem in efficiency 
estimation?

Early signal is hidden in the noise 
Modeling the background signal
Where on the amplification curve the 
efficiency should be estimated?
Variable Signal / DNA proportion



0.1

1

10

100

0 5 10 15 20 25 30 35 40

Noise > Signal

Departure 
from 
background

Threshold (e.g. SDM)

Lo
g-

tra
ns

fo
rm

ed
 s

ig
na

l

cycle

Relevant observations

Where to estimate efficiency by 
exponential model?



What model to fit
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DNA amplification
y = a * Ecycle

y0

Signal amplification
γ = γ 0 + α * εcycle + δ
γ – Signal
γ 0 – Background signal
α – Signal by DNA
ε – Efficiency
δ - noise



Constant background
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Linear background
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Non-linear background
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Where to fit?
Number of points fitted
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Where to fit?
Noise effect
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Where to fit? Effect of noise
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PCR kinetics
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Summary

Efficiency decreases as the reaction 
progresses.
Is PCR exponential or logistic process ?
How to evaluate amplification efficiency 
in early cycles?



SYBR Green Signal might not be 
proportional to DNA amount

…And might thus 
cause inaccurate 
efficiency 
estimation.Dye/base-pair

Late 
cycles

Early 
cycles

Signal

Dye/ DNA



Do the efficiency estimation 
methods deliver their 
promise? 

Is the estimated efficiency precise 
enough? 

How close is the estimated efficiency 
to the efficiency calculated from the 
standard curve?

What can we do with the estimated 
efficiency?



Comparison of different 
efficiency estimation methods
• 53 standard curves, 8-21 samples each (mean= 

14.4, median=15)

• Total: 762 samples 

• R2 > 0.99

• Minimal span of dilution - 256 fold

• Most common span of dilution – 104 or larger



Compared methods

• Tichopad et al., NAR 31(20): e122
• Ramakers et al., Neurosci. Lett., 339, 62–66 

(LinRegPCR)
• Peirson et al., NAR 31(14): e73 (DART-PCR)
• Wilhelm et al., BioTechniques 34, 324-32 

(SoFAR)
• Liu & Saint, Biochem. Biophys. Res. Commun. 

294(2), 347-53 (4P)



Precision

0.0580.0810.11 0.101 0.062Total

0.055*0.0980.146 0.134 0.067 iCycler
0.0440.0550.034*0.043 0.036LightCycler
0.071* 0.0760.1180.102 0.076 Rotogene

4P5SoFAR4DART3LinReg2Stand1

1Tichopad et al., NAR 31(20): e122
2Ramakers et al., Neurosci. Lett., 339, 62–66 
3Peirson et al., NAR 31(14): e73
4Wilhelm et al., BioTechniques 34, 324-32
5Liu & Saint, Biochem. Biophys. Res. Commun. 294(2), 347-53

Median SD(E) 

*Most precise efficiency estimation method on this machine
Machine producing the most precise eff for a given method



Closeness to standard curve value

-0.16-0.17-0.14*-0.15-0.33Average

0.03*-0.12-0.11-0.11-0.27iCycler

-0.26-0.06*-0.06-0.08-0.3LightCycler

-0.33-0.31-0.24*-0.26-0.47 Rotogene

4P5SoFAR4DART3LinReg2Stand1

Distance from standard curve value

*Closest efficiency estimation method on this machine
Machine producing the closest efficiency for a given eff estimation method

1Tichopad et al., NAR 31(20): e122
2Ramakers et al., Neurosci. Lett., 339, 62–66 
3Peirson et al., NAR 31(14): e73
4Wilhelm et al., BioTechniques 34, 324-32
5Liu & Saint, Biochem. Biophys. Res. Commun. 294(2), 347-53



Application 1: Quantification

N0 = No. of molecules at cycle 0
NCT = No. of molecules at threshold =109

SD = Standard Deviation
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N0 Distribution
CT=28, NCT=109, E=0.95, SD(E)= 0.035
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N0 Distribution
CT=28, NCT=109, E=0.95, SD(E)= 0.035
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N0 Distribution
CT=28, NCT=109, E=0.95, SD(E)= 0.035
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N0 Distribution
CT=28, NCT=109, E=0.95, SD(E)= 0.035

0 200 400 600 800
0.0

0.1

0.2

0.3

0.4
 n=1
 n=3
 n=5
 n=10

P
ro

ba
bi

lit
y

Copy number



Precise quantification 
based on sample specific 
efficiency requires at least 

3 PCR replicates 



Replacement of standard curve 
value

Gentle et al. 2001
Peirson et al. 2003 
Tichopad et al. 2003
Peyton et al. 2004



-0.16-0.17-0.14*-0.15-0.33Average
4P5SoFAR4DART3LinReg2Stand1

Replacement of standard curve 
value

Using inaccurate efficiency affects  the 
accuracy of quantification.
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Kinetics Quality Assessment:
Experimental design

15 sets of 5 replicate animals 
(total of 75 cDNA samples)

cDNA sample

Cycexperienced

Spread of results                           Cycexp/Hprtexp

15 sets of 5      +     15 set of 5    =    30 sets of 5

Hprtexperienced Hprtinexperienced

Cycexp/Hprtinexprienced

*Bar and Muszta, Biotechniques, 39(3), 2005, 333-340 



Efficiency spread of samples
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Will the spread of efficiencies be associated 
with the spread of results?



Variance test 
Spread of 
quantities

0.000 0.002 0.004 0.006
0

20

40

60

80 r=0.81

C
V

%
(H

pr
t/C

yc
)

S2
E_test

Critical S2
E = average of S2

E_ref from many PCR systems

Low quality sets
(high spread

of efficiencies)

Spread of 
efficiencies



Do low quality sets contain 
more outliers?

38%  (*43%)4.9% (*16%)

% of outliers in low
quality sets 
(dissimilar 

efficiencies)

% of outliers in high 
quality sets (similar 

efficiencies)

*In parenthesis – results obtained with average 
efficiency of the standard curve



Conclusions:

Sample specific efficiencies may be used:
1. For quantification, but need adjustment 

and use of replicates.
2. To replace standard curve efficiency after 

adjustment.
3. For kinetics QA.
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