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95 MDAF: Modeling Noise in Archer® NGS Data with Per-Base 
Resolution for Statistically Informed, Position-Dependent 
Variant Calling 

 

Introduction 

Routine and reliable detection of multiple mutation 
types from clinical samples by targeted NGS 
requires careful measurement of assay sensitivity 
and specificity during validation to ensure that true 
variants are distinguished from noise. Sources of 
noise include damage to the DNA sample 
(particularly in FFPE samples), chemical 
contamination, and enzymatic and sequencing 
errors. This noise becomes especially problematic 
when attempting to detect variants with low allele 
fractions (AF), such as those from ctDNA or from 
samples with low tumor cellularity. For this reason it 
is critical to define the limit of detection (LOD) for 
any variant. Ideally, the LOD for each variant would 
be experimentally established following the recently 
established Assocation for Molecular Pathology 
(AMP) guidelines, using appropriate inputs 
containing the variant (Jennings et al. 2017). Often 
sufficient samples are not available to do this and 
the cost of the experiment could be prohibitive, as 
59 samples per mutation type are required to yield 
95% confidence and reliability in the LOD (Jennings 
et al. 2017). In these cases a static sensitivity 
threshold across the panel targets is often 
established based on average sequencing 
coverage. This method can actually decrease the 
reliability of the calculated LOD, as noise varies 
considerably across genomic positions (Fig. 1) 
and within positions for different base changes.  

For example, variants can occur anywhere 
throughout CEBPA, and certain regions are known 
to have higher background noise due to high GC 
content (see CEBPA blog). TP53 also contains a 
GC-rich region that is prone to sequencing errors. In 
these cases, if the static sensitvity threshold is set to 
include most true positive variants in the GC-
regions, then specificity is lost as false positive 
variants will also be included at certain base 
positions (Fig. 1, left panel). On the other hand, if 
the static sensitivity threshold is set to exclude false 
positives in the GC-rich regions, then sensitivity is 
lost as many true positives will also be excluded at 
certain base positions (Fig. 1., right panel). 

 

Archer Analysis includes methods for reducing and 
accounting for noise in sequencing data. Each input 
molecule is ligated with a unique molecular barcode 
(MBC) prior to PCR amplification and Archer 
Analysis is able to correct PCR and sequencing 
errors by comparing PCR replicates (see MBC tech 
note). In addition, Archer Analysis can establish a 
position-specific noise profile for a panel and it uses 
this information to determine the LOD for every 
potential variant covered by the panel.     

 

 

 

for entire panel 
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noise cohort true-positive call 

Figure 1. Static sensitvity 
thresholds sacrifice sensitivity for 
specificity, and vice versa. (Left) 
Reduced specificity due to increased 
sensitvity, as the lowered static 
threshold includes false positive 
variants (noise cohort). (Right) 
Reduced sensitivity due to increased 
specificity, as the raised static 
threshold excludes true positive 
variants.  
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Results 
MBC adapters enable post-sequencing error 
correction 

Anchored Multiplex PCR (AMP�) uses MBC 
adapters and gene-specific primers for open-ended 
amplification of target regions (Fig. 2; see MBC 
tech note for more information). The MBC  

adapters are ligated prior to PCR, enabling post-
sequencing deduplication and error correction. This 
approach increases sequencing accuracy and 
enables reliable detection of low-AF variants without 
compromising specificity. Furthermore, flexible 
primer design inherent to AMP allows for increased 
coverage and depth over noisy regions of the 
genome. 

  

Figure 2. MBC-powered error correction. (A) Diagram of molecular barcode (MBC) adapter. (B) Screenshots showing sequencing 
reads with and without MBC-enabled error correction. (C) Per-variant analysis of variant AF without error correction (top) and in error 
corrected reads (bottom). Libraries of WT (blue boxes) and 0.1% AF Seraseq� ctDNA standards (red boxes) were prepared using the 
Reveal ctDNA™ 28 kit. Libraries were sequenced and analyzed using Archer Analysis.  

 

 

Molecular Barcode (MBC) adapters 
Random adapter ligation  
increases library diversity  

Sample indexes for  
multiplex identification  

Universal primer 
sites for target  
amplification 

Molecular barcodes (MBCs) enable  
single-molecule counting,  
deduplication and error correction. 

Without Error Correction 
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Variant LOD per Base Using Multisample Noise 
Modeling: 95 MDAF 
Rather than setting a static threshold, Archer 
Analysis models the noise at each position and for 
each base change to calculate the LOD with per-
variant resolution. To accomplish this, one could 
establish sensitivity and specificity using data from 
1000s of characterized samples to determine 
performance at each base position. Instead, Archer 
Analysis establishes a position-specific background 
noise profile by analyzing a small set of wild-type 
libraries, called a Normal Data Set, which still 
provides statistical confidence for somatic calls at 
ultra-low AFs. Using this approach, MBCs are 
utilized to identify unique reads within the set of 
diverse wild-type samples and background noise at 
each variant position is assessed across this sample 
set. This requires the user to prepare, sequence and 
analyze libraries from a set of inputs that are unlikely 
to contain variants of interest. The following 
practices are considerations in establishing a 
Normal Data Set: 

1) Normal inputs should be of similar quality to 
the typical input for the panel (e.g. cfDNA or 
highly fragmented cell line DNA should be 
used if the panel is intended for use with 
ctDNA) 

2) Inputs from a variety of sources (i.e. 
individuals with different ethnicities) should 
be used, as true variants with low AF will 
register as noise when setting up the Normal 
Data Set and these would be unlikely to 
share low AF variants. 

3) Normal Data Sets should be specific to 
instrument type and library preparation 
chemistry. For example, MiSeq v2 and v3 
chemistries will have different error profiles, 
each of which will be different from NextSeq 
profiles. Libraries prepared with HS-PCR will 
have different error rates than libraries 
prepared with HGC-PCR. 

4) Libraries can be sequenced on sequencing 
runs with a range of acceptable cluster 
densities, to account for variability of noise 
profiles across cluster densities. 

The background noise model is established using 
these steps: 

1) Identify base changes with unusually high AF 
and exclude them using Inter Quantile 
Range (IQR) filtering.  

2) For remaining variants: 
a. Background noise = Sum of all AOs 

(across all samples) / Sum of depth 
(across all samples) at a given position, 
on per base change basis. If AO = 0, 
background noise is assumed to be 1 / 
Sum of the depth (across all samples).  

b. The background noise calculated in (A) 
becomes the expected rate of AO 
observations per unique molecule at 
a given position. This rate is used as the 
"p" term in a binomial distribution.  

c. For a given variant, analysis can 
calculate a p value which expresses the 
probability that the noise model for that 
variant would generate the observed AF 
or greater. This assumes a binomial 
distribution with p = background noise 
and n = depth of coverage for that 
variant, compute the probability of the 
null hypothesis (p-value). The null 
hypothesis is that the number of alternate 
observations seen are due to the 
background error that was estimated.  

d. Any variant that has a low p-value will be 
considered a significant variant. (The 
recommended default p-value cutoff, or 
alpha, is .01, but this can be adjusted 
based on tolerance for false positives 
and false negatives).  

 
Once the Normal Data Set is established, the 
background noise profile can be used to determine 
the LOD of a variant in a given sample. The LOD is 
a function of the sequencing coverage of the variant 
position and the likelihood of that variant appearing 
as a result of noise. Archer Analysis expresses 
LOD as the minimum allele fraction at which a 
variant can be distinguished from the underlying 
noise at a statistical power of 0.95, referred to as 
the 95 Minimum Detectable Allele Fraction (95 
MDAF) (Fig. 3). 
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Figure 3. Position-specific noise thresholds using 95 MDAF. (A) IQR filtering to identify outliers and exclude them, as described in 
step 1 above. Points that are beyond 1.5 times the interquartile range (Q3 – Q1) plus the third quartile are excluded. (B) Plot depicting 
95 MDAF relative to MDAF and average noise at a given base position. This is the binomial distribution that results from step 2 
described above. (C) Position-specific detection thresholds maximize sensitivity and specificity. Illustration depicts position-specific 
detection thresholds, calculated by multisample analysis with per-base noise modeling described above; this approach maximizes 
sensitivity and specificity, thus increasing confidence in variant detection beyond static thresholds. 

 
 
To demonstrate this concept, one may examine 
TP53 exon 4, which contains a GC-rich region as 
indicated by the heat map in Fig. 4. Upon 
determining the position-specific noise profile and 
sequencing coverage, the 95 MDAF can be plotted 
across the exon. This analysis shows that high 
background noise is confined to a few bases within 
the GC-rich region. Therefore, variants with an AF < 
0.5% can be reliably detected across vast majority 
of the exon with the exception of these few positions 
which have a 95 MDAF of nearly 2%. 
 

Outlier Detection Statistics Calculated in Archer 
Analysis 
 
When a SNP/InDel detection job is run using a 
Normal Data Set, Archer Analysis provides several 
statistics useful in judging the position-specific 
variant detection power for a library.  
 
Analysis will provide the Normal Data Set Allele 
Fraction Outlier P Value (ND AF Outlier P Value). To 
calculate this value, Analysis first calculates the 
noise distribution for a variant based on the 

noise thresholds 
Position-specific  

noise cohort true-positive call 
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MDAF = Minimum detectable allele frequency 
95 MDAF = MDAF with power = .95  
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Figure 4. Per-variant detection sensitivity across TP53 (95 MDAF). The 95 MDAF was calculated for the least sensitive of any of 
the three possible base substitutions for each base position (blue line) across exon 4 of TP53 (accession # NM_000546). By precisely 
revealing the sensitivity at each base position, the 95 MDAF shows that while the average unique coverage and therefore sensitivity 
would be lower in the GC-rich region (coverage shown in grey, GC-rich region shown in red), only a few base positions within the GC-
rich region have considerable noise. Therefore, the remaining base positions that are above the per-base noise threshold exhibit 
increased sensitivity for variant detection within this region.  
 
 
frequency at which it was observed in the Normal 
Data Set. It then calculates the probability that the 
observed variant AF could have been generated by 
noise given that noise distribution. So a low ND AF 
Outlier P Value indicates that a variant is unlikely to 
have been generated by noise. An example is 
shown in figure 5. In this example we observed two 
variants, each with an AF of 1.5%. One variant was 
observed rarely in the Normal Data Set, indicating 
that this variant will rarely be observed as a result of 
noise (Fig. 5A). In this case, the variant is very 
unlikely to be observed with an AF greater than 
0.2% as a result of noise, so the observed AF of 
1.5% has a low ND AF Outlier P Value. The other 
variant was observed often in the Normal Data Set, 
indicating that reads containing the variant will often 
arise as a result of noise (Fig. 5B). In this case, on 
average a 1.1% AF variant is expected as a result of 
noise, so it is fairly likely that an AF of 1.5% would 
be observed for this variant because of noise. In this 
case the variant is given a high ND AF Outlier P 
Value. By filtering variants based on the ND AF 
Outlier P Value, the user is able to remove any 
variants that are not above the position-specific 
noise for a panel. 
 

The 95 MDAF value provided by Analysis can be 
used to evaluate the likelihood that a given variant is 
NOT present above a given AF in a library. For 
example, if the 95 MDAF for a variant in a library is 
1%, this means that if the variant were present in the 

input with an AF of 1%, then there would be a 95% 
chance of detecting it at a level significantly different 
from the noise. If the ND AF Outlier P Value for the 
variant is greater than 0.05, this indicates that the 
variant was not detected at a level significantly 
above noise. Therefore if the variant was present in 
the input with an AF of ≥1%, there would be a >95% 
chance that the variant would have been observed 
at a higher AF than reported. Thus, it is unlikely that 
the variant is present at an AF ≥1%. 

 
Discussion  

Static sensitivity thresholds are often used in 
traditional LOD measurements, as sufficient 
samples are often not available to determine the 
LOD for each variant of interest. For example, 
recently published AMP guidelines demonstrated 
that in order to reach 95% reliability and 95% 
confidence in the LOD, 59 samples per mutation 
type must be analyzed. However, because the noise 
varies across genomic positions, the static threshold 
approach can actually decrease the reliability of the 
calculated LOD. Rather, Archer Analysis models the 
noise at each position and for each base change to 
calculate the LOD with per-variant resolution. This 
approach requires that the user analyze a small set 
of wild-type libraries, called a Normal Data Set, 
which still provides statistical confidence for somatic 
calls at ultra-low AFs. Archer Analysis expresses 
LOD as the minimum allele fraction at which a 
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variant can be distinguished from the underlying 
noise at a statistical power of 0.95, referred to as the 
95 Minimum Detectable Allele Fraction (95 MDAF). 

95 MDAF enables precise detection of sensitivity at 
each base position, thus increasing the confidence 
of variant detection in noisy regions. 

 

 
Figure 5. Low and high noise scenarios. A low ND AF Outlier P Value (<0.01) indicates that the observed AF of the variant is unlikely 
to arise from noise alone (left). A high ND AF Outlier P Value (>0.1) indicates that the AF of the variant and the AF of the noise are so 
close that the variant cannot be distinguised from the noise and thus that variant is likely part of the noise. NDS, Normal Data Set. 
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Additional Resources 
 

For a comprehensive list of definitions of terms used in Archer Analysis, refer to the Archer Analysis 6.0 
User Manual (Document CS001.A). 
 
Learn more about MBC adapters in the following technical note: “The Use of Molecular Barcodes 
in Anchored Multiplex PCR.” Download at https://archerdx.com/company/blog/applications/technical-
note-mbc 
 
Read about the utility of 95 MDAF in CEBPA variant detection in the following blog post: “High coverage 
and noise characterization of CEBPA for sensitive and specific variant detection.” Download at 
https://archerdx.com/company/blog/applications/high-coverage-and-noise-characterization-of-
cebpa-for-sensitive-and-specific-variant-detection 

 
 
 
Notices 

 

Limitations of Use 
For Research Use Only. Not for use in diagnostic procedures. Not intended to be used for treatment of 
human or animal diseases.  
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