
Panel consists of 13 genes, >40 hotspot codons and 20 

Figure 1. Overview of target amplification and 
library preparation (A) and ecNGS labeling with
UIDs and adapter indices to construct ECCS 
using CANVAS (B). 
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Error-corrected sequencing describes a set of sequencing protocols that focus on mitigating the effects of induced errors 
in calling variants and is often used for evaluating somatic mutations associated with carcinogenesis. There are several
laboratory techniques that can be used which must also be matched with a data processing computational workflow that 
processes the specialized raw sequenci ing for the observation of 
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myeloid origin, including acute myeloid leukemia (AML), 
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Figure 5. Reproducibility of ecNGS/CANVAS is demonstrated by agreement and minimal bias 
MF measurements in replicate samples. Bland-Altman plots dep cting %bias and the 95% 

Figure 6. Agreement and correlation of MFs reported by calls compared to Q5 po 

its of agreement (LOA) for ecNGS/CANVAS replicate MF measurements (A), their respective 
MFs (n.s.) and their error-corrected consensus sequence (ECCS) depths; Wilcoxon signed-rank 
test, P < 0.0001 (B). 

CANVAS and Kennedy et al. computational workflows 
demonstrates concordance. Comparison of the agreement 
(A) and correlation (B) of reported MFs by CANVAS and 
Kennedy et al. pipelines. Spearman r = 0.8813; P < 0.0001. 
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Figure 4. Validation of ecNGS/CANVAS MF 
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(~2×10-4 for KRAS G12D and ~1×10-5 for KRAS 
G12V) (A). Paired MFs quantified by each method 
are depicted (B); Friedman test, P = 0.3932 (n.s.).
Linear regression of KRAS G12D and G12V MFs 
quantified; Spearman r = 0.8013 and 0.9536; P <
0.0001, respectively (C and D). 
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lim reference calls in lung adenocarcinoma (n = 4) and PBMC (n = signatures. Mutational spectra (normalized) (A) and corresponding dendrogram of 

) gDNAs amplified by Q5 or PFUUltra polymerase. Fisher’s the hierarchical clustering (B) of ecNGS/CANVAS reported mutations in lung 
exact test, P < 0.0001 (A) and their respective ECCS depths. adenocarcinoma (extracted by phenol chloroform; n = 3) and PBMC gDNAs 
Wilcoxon signed-rank test, P < 0.0001 (B). (extracted by salt precipitation; n = 2) amplified by Q5 or PFUUltra polymerase. 

Figure 9. MF quantitation is biased and is a function of Figure 10. Impact of depth on reported MFs is ubiquitous across sequencing studies. ECCS depth, with significant increases in measured MF 
values as depth decreases (A). With increasing depth, the Reported MFs and depth was collected from published studies that used different sequencing 
power to detect a mutant molecule increases. We postulate techniques and depth measurements (A). The impact of this bias could be substantial if quality
the probability to call a mutant is disproportional to calling a metrics, such as depth criteria, are not assured, especially in the case when implementing a 
wild-type, resulting in progressively lower MFs as depth threshold cutoff for mutation calling as demonstrated in (B). 
increases. This is demonstrated by comparing the number of 
non-reference calls, MFs (Ba) and ECCS depths (Bb) of 4 
independent libraries combined prior to the CANVAS pipeline
(Pre CANVAS) to that of the data manually merged after the
CANVAS pipeline (Post CANVAS). Interestingly, we find a 
strong proportional bias in MFs pre- and post-CANVAS, with
the bias increasing as MF values increase (C). 

Sample names in (A):
•Replicate libraries (Replicate_1 - Replicate_4)
•50% random downsampling (Replicate_1_50% -
Replicate_4_50%)
•Independent MFs combined manually after the CANVAS 
pipeline (Post_CANVAS_Combined)

*Pearson r = -0.3968 •Combining the raw sequencing data prior to the CANVAS 
P < 0.0001 pipeline (Pre_CANVAS_Combined) 

ify mutations from amplicon-based sequencing methods with single or dual-end UIDs and unequal lengths of UIDs. 

ing of artifactual variants by comparing read 1 and read 2, and by deriving consensus from the entire read as an entity before counting variants at each position. 

ly measures MFs by comparison to other MF quantitation methods, replicate measurements, a standard curve test, and comparison to a previously published 
low. ecNGS/CANVAS also showed better performance with Q5 than with PFUUltra polymerase. 

ecNGS/CANVAS demonstrated an effect of depth on MF results, which is ubiquitous across sequencing studies and techniques. This bias has largely been under-appreciated in low-
frequency ecNGS studies, indicating the need for incorporating depth criteria in the quality metrics in ecNGS studies, and ideally, statistical and mathematical modeling approaches to 
mitigate this bias. 

Future applications for the ecNGS/CANVAS myeloid neoplasm-associated hotspot mutation panel include: 1) discovery of predictive marker(s) of risk in cancer patients undergoing 
chemotherapy, 2) an early indicator of genotoxic risk in Phase I clinical trials, 3) a predictive and/or prognostic marker of risk in diseases of autoimmunity, aging and inflammation, 
and/or 4) a surveillance tool for somatic mutation in induced pluripotent stem cell culture models. 

ng data to highly accurate consensus sequences, allow
smaller effect sizes between a control set and an exposed or treated set of samples. The current report of CANVAS 

quely barcoded DNA libraries of synthesized sequences in known amounts and previous
c DNA (gDNA) and the computational workflow that uses mostly standard sequencing software tools to 

or errors introduced during PCR, library preparation and sequencing. Mutant fracti
itro constructed standards to represent ratios of 10-1, 10-2, 10-3, 10-4, and 10-5 for a set of 

ood-based cancer driver mutations and gDNA of samples previously evaluated with ACB-PCR and ddPCR were 
also prepared and sequenced. The performance of CANVAS was evaluated using both the results of the mutant fraction

es and by compar son of the gDNA evaluation to the quantitative range of ACB-PCR and ddPCR (10-1 to
10-5). The target amplification adds molecular tags to both ends of target sequence and the CANVAS program takes 
advantage of these unique identifiers to provide highly accurate counts of sequences. The logic of CANVAS removes the 

ion of unidentifiable nucleotides (“N”) by comparing sequences with the same UID as whole words rather than 
etters, making it less noisy and using less computational time. The results show this method accurately evaluates 

the abundance of mutations at each position over the range of 10-1 to 10-5 as determined using the constructed mutant 
fraction samples and comparison to results obtained from orthogonal methods. Application to future avenues of research 
include iPSC-derived biologic product safety assessment, and blood-based biomarkers of risk for cancer (e.g. therapy-
related or after Phase I clinical tr als) and noncancer diseases of aging and inflammation. 
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CANVAS 
Quantitative measurement of low f sease-associated gene Figure 2. CANVAS Computational Workflow 

Table 2. Comparisons between the CANVAS and commonly 
used Kennedy et al. pipeline. 
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