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Standards and Guidelines for Validating Next Generation Sequencing Bioinformatics Pipelines

M“MTU:TI: - CRAM format specification version 3.0;
m(;mm.' http://samtools.qithub.io/hts-specs/CRAMv3.pdf
samples) . 1
i VCEF,; https://samtools.github.io/hts-specs/VCFv4.3.pdf
FASTQQC sttt o Genomic VCF Conventions,
https://sites.google.com/site/gvcftools/home/about-
Processed BAM gvcf/gvcf-conventions
e The Sequence Ontology Genome Variation Format
Version 1.10, https://github.com/The-Sequence-
Ontology/Specifications/blob/master/gvf.md
SNV Indels Complex indel

The Human Genome Variation Society, Human Genome
l Variation Society (HGVS) Simple Version 15.11. 2016,
http://varnomen.hgvs.org/bg-material/simple

False-Positive Filter

MAF Mutation Annotation Format;
https://docs.gdc.cancer.gov/Encyclopedia/pages/Mutation
Annotation_Format_TCGAv2/

Advanced |1 Variant [
HGVS annotation — Snhoatian interpretation > Clinical report
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Standards and Guidelines for Validating Next Generation Sequencing Bioinformatics Pipelines

AMP Working Group Charge and Scope

This expert working group recommends factors and best practice guidelines for
analytical validation of NGS bioinformatics pipelines for detection of SNVs, indels, and
multinucleotide substitutions (delins in HGVS terminology) comprising a length of 21
bp or less from both somatic and germline human origin (herein referred to as small
sequence variants)

Limitations of This Publication

these guidelines do not address the analytical validation of bioinformatics pipelines for
large indels >21 bp in length, structural variants (inversions and translocations), gene
fusion variants and translocations, gene expression variations, epigenetic variants, copy
number alterations, and other variants not defined as SNVs or small indels (herein
referred to as large variants). Bioinformatics pipelines designed to detect large variants
may be different and less common than general purpose, small sequence variant calling
algorithms.

©2021 BGI All Rights Reserved.



2 Recommendation

Recommendation 1: Clinical Laboratories Offering NGS-Based Testing Should Perform Their Own Validation of the Bioinformatics Pipeline

Recommendation 2: A Qualified Medical Professional with Appropriate Training in NGS Interpretation and Certification Must Oversee and Be Involved in the Validation Process

Recommendation 3: Validation Must Be Performed Only after Completion of Design, Development, Optimization, and Familiarization of the Bioinformatics Pipeline and Its Components

Recommendation 4: Bioinformatics Pipeline Validation Should Closely Emulate the Real-World Environment of the Laboratory in which the Test Is Performed

Recommendation 5: Validation Should Include All Individual Components of the Bioinformatics Pipeline Used in the Analysis, and Each Component Must Be Reviewed and Approved by an Appropriately Qualified Medical Molecular
Professional and the Laboratory Director

Recommendation 6: The Design and Implementation of the Bioinformatics Pipeline Must Ensure the Security of Identifiable Patient Information and Be Compliant with All Applicable Laws at the Local, State, and National Levels
Recommendation 7: Validation of the NGS Bioinformatics Pipeline Must Be Appropriate and Applicable for the Intended Clinical Use, Specimen, and Variant Types Detected by the NGS Test

Recommendation 8: Laboratories Must Ensure That the Design, Implementation, and Validation of the Bioinformatics Pipeline Are Compliant with Applicable Laboratory Accreditation Standards and Regulations

Recommendation 9: The Bioinformatics Pipeline Is Part of the Test Procedure, and Its Components and Processes Must Be Documented according to Laboratory Accreditation Standards and Regulations

Recommendation 10: The Identity of the Sample Must Be Preserved throughout Each Step of the NGS Bioinformatics Pipeline with a Minimum of Four Unique Identifiers, Including a Unique Location Identifier within the Content of Each
Data File Read and/or Generated by the Pipeline

Recommendation 11: Specific Quality Control and Quality Assurance Parameters Must Be Evaluated during Validation and Used to Determine Satisfactory Performance of the Bioinformatics Pipeline

Recommendation 12: The Methods Used to Alter or Filter Sequence Reads at Any Point in the Bioinformatics Pipeline before Interpretation Must Be Validated to Ensure That the Data Presented for Interpretation Accurately and
Reproducibly Represent the Sequence in the Specimen, and Full Documentation of These Methods Must Be Kept as Part of the Test Documentation according to Laboratory Accreditation Standards and Regulations
Recommendation 13: Laboratories Must Include Specific Measures to Ensure That Each Data File Generated in the Bioinformatics Pipeline Maintains Its Integrity and Provides Alerts for or Prevents the Use of Data Files that Have Been
Altered in an Unauthorized or Unintended Manner

Recommendation 14: In Silico Validation Can Be Used to Supplement the Validation of the Bioinformatics Pipeline but Shall Not Be Used in Lieu of End-to-End Validation of Bioinformatics Pipelines Using Human Samples
Recommendation 15: Validation of the Bioinformatics Pipeline Must Include Confirmation of a Representative Set of Variants with High-Quality Independent Data; Appropriate Validation Metrics by Variant Type Should Be Reported
Recommendation 16: Clinical Laboratories Must Ensure the Accuracy of Software-Generated HGVS Variant Nomenclature and Annotations and Have an Alert in Place to Indicate When the Software-Generated Nomenclature or
Annotations Need to Be Manually Reviewed and/or Corrected, and Documentation of Any Corrections Must Be Maintained

Recommendation 17: Supplemental Validation Is Required whenever a Significant Change Is Made to Any Component of the Bioinformatics Pipeline

©2021 BGI All Rights Reserved.



2 Recommendation

Standards and Guidelines for Validating Next Generation Sequencing Bioinformatics Pipelines
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£ Recommendation 7

Recommendation 7: Validation of the NGS Bioinformatics Pipeline Must Be Appropriate and Applicable for the Intended Clinical Use, Specimen, and Variant Types Detected by the NGS Test

LOD and Variant Allele Fraction Reference Ranges

For an NGS bioinformatics pipeline, the LOD is represented by two data points: the minimum required depth of coverage at the variant site and the
minimum variant allele fraction, both of whichhavetobe satisfied before a variant can be positively called.

LoDt A, BERALEMIETANREMMAARRE. nRRZEQGNHRAE, TSI REITHRERGEENHRAE.

Contiguous Genetic Regions

NGS #MBCB XIS N RELSREXBARAEANENFIIER (fla, {KERME. E4 GC MERFT) . XMFIIFIER X LIRE XIS PHEFHEITR
SMFFRENERE T k. Eitt, NGS Mt ESHE MELEEXEMNFTIRENEBNIEFARIIFZHITIN, LURAMFES REXE. EOmES
BEXEE, NEERERFNSS, INBERE. BERE., (FERENEREZ. TNERBRRKRMNEFFEEEXEER, SIENFANROXE, )L
R EE R LUERR N A SFRIAEBERS . flan, BEFEEPES GC MIXE (flin, TERT BzFF CEBPA) XEMMELUNEF, HELESHREEE.
BIRHBEFEEREUESERE, REASEWERRANNREE.
MRBTAEMNFRBEHENEBRFF AT AR XL XS EFFR ST R B E PR TN ERFRIKF, SLREXHEAHIEEA R NGS MG
PRIE, MRFE, EFRLIE—MRRERQMNOBERNEFSEE.
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P(x) is the probability of x variant reads,

n ' X . — x  Xisthe number of variant reads,
P()C) = ’ P (1 — p) n is the number of total reads,
X! (f’l - .J‘C) ' p is the probability of detecting a variant allele (ie, the proportion of mutant alleles in the sample).
BENLRAERNIEEE, SNRBEMNFEALT, ALUTEREERE THReadsH D EERIZL .
BENRFERE, WESENSH, WEMNFRENIRE
o) .
o —
Determining depth of sequence. Given an allele burden of / \ pistioution of T 7= Disibuion ofF®

5% and 250 read depth, the binomial distribution of true
positives (TPs) can be calculated. Also, given a sequence
error rate of 1%, the binomial distribution of false-positive
(FP) results can also be calculated and shown to overlap the
true positive distribution. The overlap of true-positive

and false-positive distributions should be considered when B o 3
determining minimum depth of sequence needed to reliably \ o %o
detect a given allele burden
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Recommendation 7

Recommendation 7: Validation of the NGS Bioinformatics Pipeline Must Be Appropriate and Applicable for the Intended Clinical Use, Specimen, and Variant Types Detected by the NGS Test

Horizontally and Vertically Complex Variants
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An example of a horizontally complex variant in exon 19 of the EGFR gene An example of a vertically complex variant in exon 2 of the KRAS gene

Variants that Require Additional Algorithms

ATHFIEHUNER M SEFADEIGEEFXBENXENERE, ERBATREMNEZEAMEMCNRETZ LR, FEHIBESERSKENMILXT
FRRBE. B, FLT3 AMEHKEEZAMHEABNFENIRREEE S, FEEMAEATR AR EZINVFEREZEITIEN.
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s Recommendation 7

Recommendation 7: Validation of the NGS Bioinformatics Pipeline Must Be Appropriate and Applicable for the Intended Clinical Use, Specimen, and Variant Types Detected by the NGS Test

A : Minimum Number of Wet Laboratory Samples to Include in the Validation Sample Set

Z(’j)p"“’(l - =1-cL @

i=k

where

ny n!
(k] RACEERA) ®

when £ is an integer between 0 and 7,0 & nand CL is the confidence level (eg, 0.95). By
setting &= 0 (ie, 0 failures), the formula can be simplified to: p?=1—- CL

_In(l = CL)
= T ) @

ETHFENREMMESXE, HEFEARY

In(1 — 0.95
n= ne )/ln(0.95)

~ —2.996/_0.051

58.4 =~ 59

Q

LR : Minimum Number of Variants to Include in the Validation Sample Set

This is the same calculation that is used to determine the number of wet laboratory samples in valida- tion of an NGS analysis
for cancer : n = ln“‘CL)/m(p), where n is the number the confidence level of detection, and P is the probability of detection.

SNV. InDel. ERXTFF, BTMHETRENTR, WX BEE591.

©2021 BGI All Rights Reserved.



s Recommendation 7

Recommendation 7: Validation of the NGS Bioinformatics Pipeline Must Be Appropriate and Applicable for the Intended Clinical Use, Specimen, and Variant Types Detected by the NGS Test

Failure to Detect a Variant in the Validation Sample Set

MREZIMERM—NERRMHIEHRE, EFEMPZERNEBHER. REBamHMmE— M EFEVLERNZES
=, tkanfERHIGVY (Integrated Genomics Viewer ) . IRIZERE SAEAH KA FIE R 5 AN AL AR AR —
B, M pA TR TE R, BNRERESAREN, NEENREHITALE, EAMNARERSAEGHT
AEE, B FEIRKRIRS iR L 28RS
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s Recommendation 10

Recommendation 10: The Identity of the Sample Must Be Preserved throughout Each Step of the NGS Bioinformatics Pipeline with a Minimum of Four Unique Identifiers, Including a Unique

Location Identifier within the Content of Each Data File Read and/or Generated by the Pipeline

ENGSHRIZERBRITHIBRIBEER P, #NIZARC FIEMREHTS, FARXOHER
(FASTQ, sequence alignment/map/BAM, and VCF or equivalent):

1) a unigue sample identifier,

i) a unique patient identifier,

i) a unique run identifier,

iv) a laboratory location identifie

MREWEF—PEME—RNREBATLUXSER, BE SEE, PAUAXREXI=Z1EBT;
BRI HhRELIERE.

http://www.hl7.org/
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Recommendation 11: Specific Quality Control and Quality Assurance Parameters Must Be Evaluated during Validation and Used to Determine Satisfactory Performance of the Bioinformatics

Recommendation 11

Pipeline
Table 4 Recommended Quality Metrics for Clinical Bioinformatics Pipelines Table 4 Recommended Quality Metrics for Clinical Bioinformatics Pipelines
Category Use  Ouality metric Performance criteria* Used for Category Use  Quality metric Performance criteria® Used for
Preanalytical  REQ o"l“t':’f "‘JCIETEd cells that are Min Tumor samples Per variant REQ  Allele fraction Min All sample types
umar ce . .
. . Per variant REQ  Strand bias Max All sample types
Sample REQ  DNA cancentral{on M1ln. Max All sample types Per variant Opt  Haplotype bias Max All sample types
Sample REQ  DNA fragment size Min, Max All sample types Per variant REQ  Number of distinct vertical variants <2 All sample types
Sample REQ  Library DNA quantification Min All sample types at the same position -
Run metrics  REQ  Cluster density Min, Max Mpf::ﬂ;:{:i: :]:clI::J:t]:?s Per variant REQ  Number of distinct horizental =1 All sample types
. variants within a prescribed
Run metrics  REQ % of bases higher than the Min Ale:;ltr:tlEyt: E::Lllt Cluster window size (bp)
"mi“imum Pl?red score of all e P ac' OHR  Estimate of % contamination from  Max Samples for germline analysis only
another sample {optional for tumor samples)
b lled . . P _—
Run metrics  REQ [}enf;ftsipcl:xfng success (e, all Pass/fail ALl sample types when multiplexing ac' Opt  Fingerprint genotypes match NGS Yes (no requires investigation/ All sample types
. . ! . lts explanation)
lecular identifi t and d rest oo .
“m;) ul::xpre'ctgz %;&E{::EH an 15 use ac! REQ  Observed sex matches reported sex  Yes (no requires investigation/ All sample types if X/Y chromosomes
. . explanation are included in assa
identifiers detected) act Opt % of bases called that are variants  Min FJI'Ant-sm } Samples for germline :naL sis onl
Run metrics  REQ % of reads passing a minimum Phred  Min ALl sample types pt ' ol ? 5’[ Y
score criterion (eg, 99% of bases ac! Opt  SNP/indel ratio Min, Max ALI(?'.En‘:;T: W‘SLJ”"“” e
at 030 or higher) t . ! L
Read filters REQ  Mapping quality Min All sample types ac Opt  Ti/Tv ratio Min. Max All sample types
Mapping' REQ  Mean on-target coverage of reads Min All sample types (toble continues)
5 1- 3 3
Mapping REQ % ;rz;:;?itheadn t;azit;#:dcr?l‘;:amguem Min All sampla types ac’ Opt  Ratio of heterozygous/homozygous  Min, Max Samples for germline testing only
. - .. . ) variants
Mapping REQ % ::Tszsfc‘r';:c:';?;egdt:: g‘r';'eTum Min All sample types Qc’ Opt  Coverage profile compared with Goodness-of-fit test Critical for copy number analysis but
fi
Mapping' OHR % of aligned bases exceeding the Max Samples for germline analysis only controls also useful for assay QC
minimum Phred score that
N . B= T = At 3 B4+ S N == 537
s o gl e —— Max, BAHIE (BT XENERSIFEARTTEZREM
: N . N . . = = POy \ o N N o
Magping!  REQ  Mean insert size (bp) Min, Max AL sample types for hybrid capture Min, s/MEBHME (RT%E, HATIERFERACAEZTIERKD) ;
methods only v LN 3 1
Mapping' REQ % PCR duplicates Max ALl sample types using nen— NGS ’ ;Fﬁ 'f‘t,y!l“?._ ’ OHR y ﬂﬁ1§§§£\lﬁﬁ 5
amplicon-based sequencing 5] "7'IE . = /I=WAN .
Per variant REQ  Depth of coverage at variant's Min All sample types Opt’ —.l-: ’._‘_' Q3O’ Phred (EE‘E ) ;ﬁﬁj UZESQ ,Hq
_ position | QC, FRETHI; REQ, X TFiHEEMMHMABIVLE
Per variant REQ  Quality score Min ALl sample types

SNV, BZEFERTK;
Indel, fEN/MIB;

©2021 BGI All Rights Reserved.

TilTv, FEHORBEEHRIRE

Per variant Opt  Number of germline SNVs Min, Max (may have to
have separate criteria

for different ethnicities)

All sample types



A

Recommendation

Mapping' OHR % of aligned bases exceeding the Max Samples for germline analysis only
minimum Phred score that
sagree Wi i —
'Mapping' OHR  AT/GC bias Max All sample types
Mapping' REQ  Mean insert size (bp) Min, Max All sample types for hybrid capture
methods only
Mapping' REQ % PCR duplicates Max All sample types using non—
\ amplicon-based sequencing
Per variant REQ Depth of coverage at variant’s Min All sample types
position
Per variant REQ  Quality score Min All sample types
Per variant Opt  Number of germline SNVs Min, Max (may have to All sample types
have separate criteria
for different ethnicities)
Per variant REQ  Allele fraction Min All sample types
Per variant REQ Strand bias Max All sample types
Per variant Opt  Haplotype bias Max All sample types
Per variant REQ  Number of distinct vertical variants <2 All sample types
at the same position GE—
Per variant REQ  Number of distinct horizontal <1 All sample types
variants within a prescribed /
cluster window size (bp)
ac’ OHR  Estimate of % contamination from  Max / Samples for germline analysis only
another sample (optional for tumor samples)
Qc' Opt  Fingerprint genotypes match NGS Yes (no requires investigation/ All sample types
: results explanation) .
ac! Opt % of bases called that are variants ~ Min, Max Samples for germline analysis only
(optional for tumor samples)
ac! Opt  SNP/indel ratio Min, Max All sample types
ac! Opt  Ti/Tv ratio Min, Max All sample types

©2021 BGI All Rights Reserved.



s Recommendation 13

Recommendation 13: Laboratories Must Include Specific Measures to Ensure That Each Data File Generated in the Bioinformatics Pipeline Maintains Its Integrity and Provides Alerts for or

Prevents the Use of Data Files that Have Been Altered in an Unauthorized or Unintended Manner

FESMERENRE, EHITHEIEES,. HE. THEFIETEEAEGRNRFRRSH NGRS,
SLIS = ZE(F H a hash/checksum method SEHILE FRIR ST HETTER M,

MIT Laboratory for Computer - Science and RSA Data Security, Inc.,
The MD5 Message- Digest Algorithm, https://iwww.ietf.org/rfc/rfc1321.txt,last accessed September 26, 2017; or

National Institute of Standards and Technology Computer Security Resource Center, Hash Functions,
https://csrc.nist.gov/Projects/Hash- Functions/publications, last accessed September 26, 2017

©2021 BGI All Rights Reserved.



s Recommendation 14

Recommendation 14: In Silico Validation Can Be Used to Supplement the Validation of the Bioinformatics Pipeline but Shall Not Be Used in Lieu of End-to-End Validation of Bioinformatics

Pipelines Using Human Samples

AR AT AR SREBNE TN, (ERTEEBRESESHER.

5i Te Gwvs Run Ref Characterization Processes Outputs
e = am T T —
PA RE PR DF PA GU 5W PCR GV OS5 RE AL FO
454zim 454 G SE Yes Mo MNo Yes Yes Mo Mo Mo No Mo Yes Yes Mo SFF
ART lS;.éﬂgEgu G SE;.JP&P Yes Yes Yes Yes Yes Mo Mo Yes Yes Mo  Yes Yes Yes SFLT
FQ Simulators Genomic variants*
ArtificialFastqGenerator  Mumine G PE Yes Yezs Yes No No Yes Mo Mo No Mo Yes Yes MNo

and lonTorrent

FQ
BEAR 454, llumina ﬁand gEmd Yes Ne Yes No Mo MNo Yes No Mo  Yes Yes Yex No FQ MGC FL{} SNPB |nde|s IWS. ]’RA CN\"S STRS
FQ

CuReSim 454, Numina, G SE Yes Yezs No No No Yes Mo Mo No Mo Yes No MNo
30LDend BEAR Yes No Mo No Mo No Mo MNo
lonTorrent
2‘\:"0‘?:“ DMA %Eg:nd G EEL{PLEP Yes Yezs No Yes No Yes Mo Mo No Yes Yes Yes Mo FQ DWGS | M Nﬂ YES \[’ES YE'S '\rfes '\r’es NO Na
= lonT t
EAGLE 454, Numina, G SEand Yes Mo MNo Yes Yes Mo Mo Mo No Yes Yes Yes Yes FQ {D N'A' ana l}-’S IS}
PacBioc and PE
Lo s EAGLE No Yes Yes es es Yes fes MNo
FASTOSim Murmine, Geand SE Yoz Mo MNo Yes Yez No Mo Yes Mo Yez Yes Yes Mo FOQ
S0LD, PacBio M B
endllanTerren FASTOSim No Mo Yes Yes MNo Mo MNo Yes
Flowsim 454 G SEand Yes Yezs No Yes Yes Yes Mo MNo Yes Mo Yes Yes Mo SFF
PE -
GemSim 454 and Gend 5Eand Yes Mo MNo Yes Yes Mo Mo Yes No Yes Yes Yes Mo FQ G &m Slm \rres ND YES YE'S NG N o ND NO
Mumina M PE
Grinder lS:.;liuminu ﬁand SEHP'EP Yez Yes Mo Yes Mo Yez Mo Mo Yes Yes Yes Yes Mo FQ G rind er YES ND YES YES NG N O NO NO
Mazon :i:.;l‘l::‘r;i::a G EEHPLEP Yoz Yez No No Yez Yez Mo Mo HNo ez ez ez ez E)é;nd MES-CII'I ND ND \[’ES YE'S NG N o ND Nu
MetaSim 454, Numina Gend 3EPE Yes Yezs No No No Yes Mo Mo No Mo No Yes Mo FA
endSenger M endMP MNeS5M Yes Mo Mo No Mo MNo Mo MNo
MNeS5M 454 and M SEand Yes Mo MNo Yes No Mo Yes Mo No Yes Yes Yes Mo FQ
Mumina PE
phsim PacBio G ClRand Yes Yezs No No Yezs Mo Mo Mo No Mo Yes Yes Yes FQ PI RS ND ‘Tres TES \rres ‘rres N o NO NO
CC5
SRS Murmine O 5 Yes Yer No Ve Yes No Yex Mo No Yes Yes Yex No FQ ReadSim MNo Yes Yesz Yes Yes Mo Mo Mo
ReadSim E’:E:::: G SE Yes Yezs No No No Yes Mo Mo No Yes Yes Yes Mo FQ S I'm Seq Nﬂ '\r"es N o NG NG N o NO Na
simhtsd 151a.nd G SEand Yes Yezs No No No Yes Mo Mo No Mo Yes No MNo FQ
s i SIinC No No Yes Yes Mo No Yes MNo
simNGS Mumina G SEand Yes Yezs No Yes Yezs Mo Mo Mo No Mo Yes Yes Mo FQ
PE -
SimSeq Mumina G SE,PE Yes Yezs No Yes Yes Mo Mo Yes No Yes Yes No Yes B5AM wgSIm ND Yes YES' YES HG N o ND NG
and MP and
BANF
SInC Mumina G PE Yes Mo Yes Yes No Mo Mo Yes No Yes Yes Yes Mo FQ
wgsim %Eigaund G SE Yes Yezs No No No Yes Mo Mo No Yes Yes Yes Mo FQ
X5 454, Numina, G SEand M ez N M M e M M M o e fe N, FQ . . . .
S0LDand - Escalona, M., Rocha, S., & Posada, D. (2016). A comparison of tools for the simulation of genomic next-

generation sequencing data. Nature Reviews Genetics, 17(8), 459-469. doi:10.1038/nrg.2016.57
©2021 BGI All Rights Reserved.



s Recommendation 16

Recommendation 16: Clinical Laboratories Must Ensure the Accuracy of Software-Generated HGVS Variant Nomenclature and Annotations and Have an Alert in Place to Indicate When the

Software-Generated Nomenclature or Annotations Need to Be Manually Reviewed and/or Corrected, and Documentation of Any Corrections Must Be Maintained

Anormalized variant representation in a VCFfile requires that it be parsimonious and left aligned.

Fig. 1.
varians: Jeference Semence  CocoMCACACHGCC
Genome Reference : Variant Call Format #ijEﬂ'-EVquJIEEZEXTJ-%EI‘J, EHGVSEIJ%E;(TI?‘?@’)O
GGGCACACACAGGG [ FOS REF ALT .
y REF Ehe g 6 e IR RATRAIER, FEERAEMIER; BX
(@) EEF GCACA Il 3 ccaca ceoa ?E{#,E\-WH;%O
ALT GCA I
(©) REF GGCA I 2 GGCA GG
ALT GG |
(D) E; GCA . 3 GCA G

G
Open in new tab Download slide

Example of VCF entries representing the same variant. Left panel aligns each allele to the reference
genome, and the right panel represents the variant in VCF. (A} is not left-aligned (B} is neither left-
aligned nor parsimonious, (C) is not parsimonious and (D) is normalized

Adrian Tan, Goncalo R. Abecasis, Hyun Min Kang, Unified representation of genetic variants,
Bioinformatics, Volume 31, Issue 13, 1 July 2015, Pages 2202-2204,
https://doi.org/10.1093/bioinformatics/btv112
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