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Tumor mutational burden (TMB) has been recognized as a predictive biomarker for immunotherapy
response in several tumor types. Several laboratories offer TMB testing, but there is significant variation
in how TMB is calculated, reported, and interpreted among laboratories. TMB standardization efforts are
underway, but no published guidance for TMB validation and reporting is currently available. Recog-
nizing the current challenges of clinical TMB testing, the Association for Molecular Pathology convened
a multidisciplinary collaborative working group with representation from the American Society of
Clinical Oncology, the College of American Pathologists, and the Society for the Immunotherapy of
Cancer to review the laboratory practices surrounding TMB and develop recommendations for the

org. analytical validation and reporting of TMB testing based on survey data, literature review, and expert
consensus. These recommendations encompass pre-analytical, analytical, and postanalytical factors of
TMB analysis, and they emphasize the relevance of comprehensive methodological descriptions to allow
comparability between assays. (J Mol Diagn 2024, W: 1—16; https://doi.org/10.1016/
J.jmoldx.2024.05.002)
Supported exclusively by the Association for Molecular Pathology. and Society for Immunotherapy of Cancer (C.B.). The AMP 2022 Clinical
Standard of practice is not defined by this article, and there may be al- Practice Committee consisted of Jane Gibson (Chair), Steven Sperber,
ternatives. See Disclaimers for further details. Diana Mandelker, Michael Kluk, Rena Xian, David Eberhard, Navid Sadri,
The Tumor Mutational Burden Working Group of the Clinical Practice Blake Buchan, Karissa Culbreath, Donna Wolk, Elaine Gee, Sabah Kadri,
Committee, Association for Molecular Pathology (AMP), with organiza- Jack Tung, and Lauren Miller.

tional representation from the American Society of Clinical Oncology
(Solange Peters, M.D., Ph.D.), College of American Pathologists (N.I.L.),

Copyright © 2024 Published by Elsevier Inc. on behalf of the Association for Molecular Pathology and American Society for Investigative Pathology.

https://doi.org/10.1016/j.jmoldx.2024.05.002

REV 5.6.0 DTD m JMDI1425_proof m 11 June 2024 m 8:31 am m EO: JMDI-D-23-00449

63
64
65
66
67
68
69
70

72
73
74
75
76
77
78
79
80

82
83
84
85
86
87
88
89
90

92
93
94

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:larissa.furtado@stjude.org
mailto:larissa.furtado@stjude.org
https://doi.org/10.1016/j.jmoldx.2024.05.002
https://doi.org/10.1016/j.jmoldx.2024.05.002
https://doi.org/10.1016/j.jmoldx.2024.05.002
http://jmdjournal.org
https://doi.org/10.1016/j.jmoldx.2024.05.002

Furtado et al

1254 Q5 Immune checkpoint inhibitor (ICI) therapies targeting pro-
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grammed cell death protein 1 (PD-1), programmed cell
death ligand 1 (PD-L1), and cytotoxic T-lymphocyte-
—associated protein 4 (CTLA-4) have transformed the field
of oncology by providing clinical benefit to patients with
multiple cancer types.' Unlike chemotherapy and targeted
therapies that directly target tumor cells, immunotherapy
enhances the ability of a patient’s immune system to fight
against cancer cells. Unfortunately, only a subset (20% to
30%) of patients currently benefit from immunotherapy,
with varied response rates among tumor types. Furthermore,
the possibility of immune-related adverse events in patients
treated with immune checkpoint blockade and the signifi-
cant cost of the ICIs contribute to the importance of opti-
mally selecting patients for ICI therapy. As a result, there
continues to be significant interest in biomarkers that can
identify patients more likely to benefit from immunotherapy
treatments.” To date, the US Food and Drug Administration
has approved PD-L1 protein expression, microsatellite
instability/defective mismatch repair, and tumor mutational
burden (TMB) as predictive biomarkers for ICIs in patients
with cancer.”

TMB is defined as the total number of nonsynonymous
somatic mutations per megabase (Mb) of coding DNA
sequenced.® It is postulated that highly mutated tumors
produce tumor-specific epitopes or neoantigens that have a
higher chance of being recognized as nonself or foreign by
the immune system and, therefore, are considered more
amenable to treatment with ICIs." Despite contradictory
outcomes, TMB has been associated with a higher rate of
ICI treatment response and longer survival in multiple
cancer types.'* !

Currently, however, there exists variation in how TMB is
calculated, reported, and interpreted."'> Much of the vari-
ation stems from laboratory-specific assay features,
including the genomic size of the territory from which it is
calculated, gene content of the assay, whether somatic only
or paired tumor-germline sequencing is performed, algo-
rithmic components and settings of bioinformatic pipelines,
inclusion or exclusion of specific variant types from the
calculation, and other analytical methods to adjust or
normalize the data.'” Multiple pre-analytical factors may
impact TMB calculation as well."*

Beyond laboratory aspects of calculating and reporting
TMB, there is also no established standard for the inter-
pretation of TMB values, such as what values should be
considered high or actionable and whether the value or
cutoff used should be dependent on tumor type, the drug or
drug combination being considered, or the assay that was
used. Although the US Food and Drug Administration
approved pembrolizumab for the treatment of adult and
pediatric patients with unresectable or metastatic solid tu-
mors with TMB >10 mutations/Mb in 2020,>'> the number
of clinical trials assessing TMB as part of their study design
has significantly increased over the past several years
(https://clinicaltrials.gov), and these studies may use

disparate methods of calculating TMB as well as various
methods of interpreting those values.

International efforts led by Friends of Cancer Research
and Qualititssicherungs-Initiative Pathologie (Quality in
Pathology) are underway with the goal of developing ap-
proaches to standardize the measurement and reporting of
TMB across different assays.'*'® Standardization of TMB is
expected to benefit clinical molecular diagnostic labora-
tories and should facilitate the implementation of this metric
into routine clinical use. TMB standardization is also needed
for clinical trial design, to ensure that results obtained in
trials can be broadly applied and translated into clinical
practice. These efforts would also benefit oncologists and
treating clinicians, enabling them to know how to best
interpret and use TMB for patient care. As it currently
stands, it is difficult to know how TMB values translate
from one laboratory to the next, which is a significant hin-
drance to its use and the impetus behind efforts for
standardization.

In addition, validating TMB may be difficult for many
laboratories in the absence of standard guidelines and
reference samples that can be used to define ground truth. It
can, therefore, be challenging for laboratories to assess
whether their current next-generation sequencing (NGS)
panels and offerings would be suitable for TMB calcula-
tions, and what the best path forward would be for vali-
dating and bringing TMB online.

Recognizing the current challenges of clinical TMB
testing, the Association for Molecular Pathology (AMP)
convened in 2018 a multidisciplinary working group to
assess laboratory practices surrounding TMB and to develop
evidence-based recommendations for the analytical valida-
tion and reporting of clinical TMB testing. The recom-
mendations presented here are based on literature review,
survey data, and subject matter expert consensus, with a
focus on the technical aspects of TMB analysis.

Materials and Methods

Working Group Composition

AMP convened a multidisciplinary subject matter expert
working group (TMB Working Group) with representation
from the American Society of Clinical Oncology, the Col-
lege of American Pathologists, and the Society for Immu-
notherapy of Cancer. The Working Group comprised 13
participants from the United States and 1 from Europe, who
represented molecular pathologist, molecular geneticist,
pathologist, oncologist, and bioinformatician expertise and
experience in NGS testing for TMB. All TMB Working
Group members complied with the AMP conflicts-of-
interest policy, which required disclosure of financial or
other interests that may have an actual, potential, or apparent
conflict throughout the project. Funding for the adminis-
tration of this project was provided exclusively by AMP; no
industry funds were used in the guideline’s development.
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Figure 1  Preferred Reporting Items for Systematic Reviews and Meta-Analyses 2020 statement for identification of studies via databases and registers was
used to report the scoping review.”® Literature searches were performed in the PubMed* (National Library of Medicine, https://pubmed.ncbi.nlm.nih.gov, last
accessed August 17, 2023) database using a date filter of database inception to February 9, 2020, inclusive. The filtered results were combined, deduplicated,
and uploaded into Covidence software (Melbourne, VIC, Australia) to perform the literature review. Included articles were required to describe tumor
mutational burden (TMB) clinical testing, calculation, pipeline, quality control metrics, algorithms, validation, paired tumor-germline or unmatched anal-
ysis, transcript annotation, clonality, reporting, mutational signatures, immunotherapy, neoantigens, hypermutability, neo-epitopes, immune blockade
therapy, immune checkpoint inhibitors, or neoplasms. Articles were excluded if they were not performed on human samples; were not peer reviewed; were not
published in the English language; addressed cell line, preclinical, or non—tissue-based sample testing; or were a commentary, case report, conference
abstract, proceedings, or secondary source, such as a review article. Of the 28 full-text studies excluded, 15 were not in scope, 12 were of a wrong study
design, and 1 was a duplicate. The literature search was repeated for articles published from February 10, 2020, through January 30, 2023 (inclusive), and
title-abstract screened to identify articles that would support or refute the TMB Working Group’s recommendations. When necessary, a full-text review was
performed. The additional articles screened supported all recommendations; however, these articles are outside of the systematic evidence review. *PubMed
search string: (tumor mutation[All Fields] OR tumor mutational[All Fields] OR tumor mutations[All Fields]) AND burden[All Fields] OR ("immunotherapy"[MeSH
Terms] OR "immunotherapy"[All Fields]) AND ("high-throughput nucleotide sequencing"[MeSH Terms] OR ("high-throughput"[All Fields] AND "nucleotide"[All
Fields] AND "sequencing"[All Fields]) OR "high-throughput nucleotide sequencing"[All Fields] OR ("next"[All Fields] AND "generation"[All Fields] AND
"sequencing”[All Fields]) OR "next generation sequencing”[All Fields]).

All TMB Working Group members volunteered their time
and were not compensated for their involvement.

Project Scope and Limitations

The aim of this project was to develop best practice rec-
ommendations for the analytical validation and reporting for
TMB testing informed by literature review, survey data, and

The Journal of Molecular Diagnostics m jmdjournal.org

expert consensus opinion. These recommendations encom-
pass pre-analytical, analytical, and postanalytical factors of
TMB analysis that play a role in TMB calculation, analytical
validation, and reporting.

This publication does not address clinical validation or
clinical utility of a TMB assay. TMB measurement from
circulating tumor DNA is not specifically addressed here.
Specific aspects and recommendations related to NGS
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TMB Laboratory Practices Survey

A 29-question survey was developed by the TMB Working
Group to assess the current state of clinical TMB testing
practices (Supplemental Tables S1—S4). The survey
included a four-question introduction for all respondents
and then directed respondents to choose one of two tracks.
One track included 3 questions for those who indicated that
their laboratories had not implemented TMB testing at the
time the survey was completed, whereas the other track
included 22 questions for respondents who answered that
their laboratories were performing clinical TMB testing.
Three survey questions allowed respondents to choose more
than one answer. The survey was administered using the
SurveyMonkey platform (Momentive Inc., San Mateo, CA)
and was made available online to AMP members and
nonmembers from February 4, 2019, to March 25, 2019.

Systematic Literature Review

A scoping review was performed to identify published
literature describing TMB clinical testing (Figure 1).>° The
search strategy, which used a collection of keywords syn-
onymous with the concepts of TMB clinical testing,
immunotherapy, and NGS, was applied to PubMed entries
with a publication date from database inception to February
9, 2020, inclusive. Articles with a title and/or abstract
containing these keywords were loaded into the web-based
Covidence system (Melbourne, VIC, Australia) used to
manage the review process and were deduplicated.

In the first review phase (phase 1), abstracts were
reviewed in a double-blind manner by members of the TMB
Working Group, with a third member serving as tiebreaker
when needed. Included articles were required to address
either TMB clinical testing, calculation, pipeline, quality
control metrics, algorithms, validation, or paired tumor-
germline or unmatched analysis, transcript annotation,
clonality, reporting, mutational signatures, immunotherapy,
neoantigens, hypermutability, neo-epitopes, immune
blockade therapy, ICIs, or neoplasms. Articles were
excluded if they were not reporting human sample data;
were not peer reviewed; were not published in the English
language; addressed cell line, preclinical, or non—tissue-
based sample testing; or were a commentary, case report,
conference abstract, proceedings, or secondary source, such
as a review article.

Abstracts identified as potentially relevant in phase 1
were re-evaluated by a similar double-blind process in
phase 2 using the full article text. Publications meeting the
inclusion criteria in phase 2 advanced to phase 3, where a
list of predefined data elements was extracted for each
article using SurveyMonkey in a double-blind manner by
Working Group members. Discrepancies in the data

extracted were resolved through discussion and consensus
between the individuals performing data extraction. The
reviewers were divided into three groups to perform the
initial review and analysis of the evidence that was
compiled during the data extraction phase. Before publi-
cation, the literature search was repeated for articles pub-
lished from February 10, 2020, through August 10, 2023
(inclusive), and title-abstract screened to identify articles
that would support or refute the TMB Working Group’s
recommendations. When necessary, a full-text review was
performed. The additional articles screened supported all
recommendations; however, these articles are outside of
the systematic evidence review.

Development of Recommendations

The TMB Working Group met periodically by conference
call or virtual meeting to review published evidence and
draft recommendations. An in-person public feedback ses-
sion was held with attendees of a special session during the
AMP 2019 Annual Meeting. As with many other profes-
sional association volunteer-driven article projects, the TMB
Working Group’s initial timeline was then significantly
affected by the coronavirus disease 2019 (COVID-19)
pandemic. On the basis of the results of the systematic ev-
idence review, the survey, stakeholder input, and the cu-
mulative practice experience of the members of the Working
Group, the recommendation statements were developed by
expert opinion consensus of the Working Group.

A public open comment period on the 13 draft recom-
mendation statements was held from March 19, 2023,
through April 2, 2023. The public comment was adminis-
tered online via SurveyMonkey. The open comment period
was publicized via AMP society communications across
multiple outlets (eg, e-mail, member listserv announce-
ments, and social media).

The website received 1248 comments in total (agree,
agree with comment, disagree with comment, and neutral/
not applicable responses, along with 27 open comments,
were captured) (Supplemental Table S5). All draft
recommendation statements achieved between 99.1% and
84.2% agreement (agree + agree with comment). The
Working Group reviewed all comments received.
Following panel discussion, the Working Group members
determined whether to maintain the original draft recom-
mendation as is, revise it with minor language change, or
consider a major recommendation change. Resolution of
all changes was achieved by consensus of the Working
Group using a nominal group technique (rounds of e-mail,
virtual meeting discussions, and multiple edited recom-
mendations) among the group members. The final recom-
mendation statements were approved unanimously by the
group with a formal vote. The Working Group considered
the risks and benefits throughout their considered judgment
process. Formal cost analysis or cost-effectiveness was not
performed.

jmdjournal.org m The Journal of Molecular Diagnostics
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Results

TMB Laboratory Practices Survey

Fifty-seven participants from 17 countries completed the
entire survey (Supplemental Tables S1—S4). Of those, 61%
of the responses were from North America, 16% from
Europe, 14% from Asia, 5% from Australia, and 3.5% from
South America. Molecular pathology professionals (43.9%;
n = 25/57), pathologists (29.8%; n = 17/57), and clinical
laboratory directors (24.6%; n = 14/57) accounted for the
professions with the most responses, although a variety of
health care professionals and one patient advocate also
participated in the survey. Most (59.6%) of the respondents
indicated their practice setting to be university hospitals and
academic medical centers.

When asked about the status of TMB testing imple-
mentation in their laboratories, 40.4% of the survey partic-
ipants (n = 23/57) indicated that their laboratories have
implemented TMB testing, and 59.7% (n = 34/57)
answered that they were not performing testing for TMB. Of
the 34 respondents who were not performing TMB testing,
33 (97%) indicated that they planned to implement TMB
testing in their laboratories sometime in the future. In those
laboratories, TMB testing was either handled via send out
(32.4%; n = 11/34) or not routinely requested by oncolo-
gists (29.4%; n = 10/34).

The lack of standardized procedures for TMB testing and
reporting was identified as the main barrier for implementa-
tion of TMB assays by 55.9% (n = 19/34) of the respondents
who have not yet implemented TMB testing in their labora-
tories and by 26.1% (n = 6/23) of respondents who perform
TMB assays in their laboratories. Lack of (or insufficient)
evidence regarding the clinical utility of TMB testing (36.8%;
n = 21/57), lack of available TMB samples for assay
development and validation (31.6%; n = 18/57), and un-
certainties regarding TMB assay reimbursement (31.6%;
n = 18/57) were also considered to be major barriers for
implementation of TMB assays by all survey respondents.

Participants indicated that they used panel-based
sequencing and whole-exome sequencing for TMB
testing, with the number of genes included in the assay
panels ranging from 5 to 50 to >500 genes. A minority of
respondents reported performing whole-genome sequencing
(4.3%) for TMB assessment. Of survey respondents, 52.2%
of laboratories perform tumor-only testing, and 47.8%
perform tumor-germline paired testing. A variety of data-
bases were reported to be used in filtering germline poly-
morphisms, including the 1000 Genomes Project (https:/
www.internationalgenome.org/data), Genome Aggregation
Database (gnomAD; https://gnomad.broadinstitute.org),
Exome  Aggregation  Consortium  (https://gnomad.
broadinstitute.org), and dbSNP (https://www.ncbi.nlm.nih.
gov/snp) (all last accessed September 3, 2023), and
custom or in-house databases. Reported minor allele
frequency cutoffs used were 1% and 5%, although a

The Journal of Molecular Diagnostics m jmdjournal.org

subset of laboratories used lower cutoffs and/or ethnicity-
specific cutoffs. Most respondents (34.8%) indicated the
use of exonic single-nucleotide variants (SNVs) and
insertion/deletion (indel) variants for TMB calculation,
whereas exonic nonsynonymous SNV and indel variants,
exonic nonsynonymous non-hotspot SNV and indel
variants, and exonic nonsynonymous SNV variants were
used for TMB calculation by 21.7%, 13%, and 4.3% of
participating laboratories, respectively. All SNV and indel
variants, only exonic SNV variants, and exonic SNV,
indels, and splice site variants were each separately used
by 8.3% of participants for calculation of TMB.

When asked about reporting approaches, most re-
spondents (43.5%) answered that TMB was reported as the
number of mutations per megabase of sequenced territory,
13% provided a TMB value and reported whether it was low
or high based on a tumor-specific threshold, 13% provided a
TMB value and described how TMB was distributed in that
cancer type, 8.7% provided a TMB value and reported if it
was low or high based on a published TMB threshold, and
8.7% provided a TMB value along with a reference
percentile for the sequenced sample’s TMB. Mutational
signatures were also reported by 43.5% of participating
laboratories.

Literature Review

The initial literature review retrieved 760 publications
(Figure 1); however, a limited number of TMB validation
studies were identified. Overall, the systematic review
demonstrated an apparent lack of uniformity in the methods
used for TMB testing and a high degree of variability per-
taining to the presence and comprehensiveness of methodo-
logical descriptions of analytical aspects of TMB testing
between studies. Findings from the literature review are dis-

cussed in the following sections and summarized in Table 1. [T

Assay Characteristics

Across publications, a wide diversity of NGS panels were
used, with approximately twice as many studies choosing a
laboratory-developed procedure (n = 29) over a commer-
cially available panel (n = 15), with the most frequently
chosen commercial panel being from Foundation Medicine
(Cambridge, MA; n = 9).

Although several articles failed to identify the type of
sequencer used, Illumina (Illumina, Inc., San Diego, CA;
n = 27) was more commonly identified than Ion Torrent
(Thermo Fisher Scientific, Waltham, MA; n = 6). Hybrid
capture-based sequencing chemistry (n = 36) was used in
most studies, with a clear predilection for larger gene panels
(>300 genes). These larger panels made up 80% of those
used across all publications, with a preference for panels
with >500 genes (n = 23). Panel size, although not
consistently reported, showed a wide range, with the most
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Table 1

Summary of TMB Literature Review Findings

Component

Findings summary

Assay design characteristics

TMB validation studies

TMB calculation

TMB reporting

Mutational signatures

A wide diversity of assays was used for TMB testing, mostly large hybrid capture LDP panels (1—2 Mb;
>300 genes).

e Most laboratories performing panel-based TMB used existing assays for TMB implementation.
e WES was used for TMB testing in ~10% (6/50) of the studies. ~35% (8/23) of survey respondents

indicate the use of WES for TMB testing.

e DNA extraction method was inconsistently reported across studies.
e Information about paired versus unmatched sequencing and the approaches for germline variant filtering

in unmatched sequencing was not consistently reported.

~50% of survey respondents whose laboratories perform TMB testing used paired sequencing. Ap-
proaches for germline variant filtering in unmatched sequencing varied across respondents.

~60% of studies reported some orthogonal validation, which was 2:1 in silico/laboratory based.
~70% (16/23) of survey respondents reported performing orthogonal validation.

Number of validation samples used varied widely across studies.

TMB ranges and degree of concordance in validation studies were difficult to interpret.

Most studies that reported validation either performed thoracic or pan-solid tumor assays.

Most studies included only exonic mutations for TMB calculation; more studies looked only at non-
synonymous mutations versus synonymous and nonsynonymous mutations; similar findings were
observed across survey responses.

Minimum tumor content and coverage data required for TMB calculation were difficult to interpret from
studies.

~70% of survey respondents (16/23) indicated that the minimal neoplastic cellularity acceptable for
TMB testing in their laboratories was 10%—20%, which is in keeping with the reported lower LoD of their
assays used for TMB testing (LoD of 5%—10%).

Most studies that specify the mutation detection tool used for TMB calculation indicated the use of the
original version of MuTect followed by Ion Torrent commercial software.

The transcript source used for mutation annotation and the minimum overall sequencing depth needed
for TMB calculation were not reported by most studies.

Most studies used some combination of coverage, VAF, and quality score as pipeline quality control
metrics.

e The average sequencing depth of TMB assays varied across survey responses.
e Most studies reported numerical TMB values using a qualitative interpretation (eg, TMB high or TMB low)

without a percentile interpretation of the reported TMB.

Most survey participants (43.5%; 10/23) reported the number of mutations per megabase of sequenced
territory without contextual or qualitative interpretation.

Approximately half of the studies did not specify whether criteria for TMB interpretation were tumor
specific or encompassed all tumor types. For those that did, approximately half provided tumor-specific
TMB interpretations, whereas the other half provided interpretations that included all tumor types.
Mutational signature analysis was performed as an adjunct to TMB in approximately one-third of the
studies, with microsatellite instability being the most commonly detected mutational signature.
Information on approaches for mutational signature test validation and the algorithms used for
mutational signature detection was not provided in most publications.

LDP, laboratory-developed procedure (also known as laboratory-developed test); LoD, limit of detection; Mb, megabase; TMB, tumor mutational burden; VAF,
variant allele fraction; WES, whole-exome sequencing.

common choices being 1 to 2 Mb (n = 18), followed

included splice sites and one publication included all exonic

by >10 Mb (n = 5). Reporting of DNA extraction method,
paired versus unmatched samples, coding versus noncoding
regions analyzed, and single-nucleotide polymorphism
filtering databases was too inconsistent across studies to
draw definite conclusions.

TMB Calculation

Most publications (n = 29) only counted mutations in
exonic regions for TMB, whereas one publication also

and intronic regions. However, more than a quarter of all
publications (n = 13) did not report the genomic regions
analyzed for TMB. Over three quarters of publications
(n = 34) counted nonsynonymous mutations toward TMB,
whereas synonymous mutations were also included
(n = 13) in approximately a quarter of cases. Less than a
third of studies provided more granular information about
the types of variants counted, with missense mutations, in-
frame insertions/deletions, frameshift mutations, and
nonsense mutations included in decreasing order of
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frequency. Only one study reported the reference transcript
source used for variant calling.

Over three quarters of publications (» = 35) did not
provide information about the minimum tumor content or
overall sequencing depth required for TMB calculation. In
the publications where this information was reported, 20%
was the most common minimum tumor content (n = 7),
while minimum required sequencing coverages were broad,
ranging from 50% to 500, likely reflecting variable use of
whole-exome sequencing and targeted panels for TMB
measurement. No studies explicitly addressed whether
variant clonality or subclonality was considered for TMB
calculation, which would require comparison with the esti-
mated tumor content of the specimen. However, more than a
quarter of studies (n = 13) did use allele fraction as a cri-
terion for including variants in TMB.

Total coverage at a variant locus (n = 13), along with
various additional quality scores and metrics generated by
variant callers, such as quality by depth, median base
quality, and mapping quality (n = 9), were used in a subset
of publications. However, more than half of all publications
(n = 24) did not report any quality control criteria for
variant inclusion in TMB.

Similarly, more than half (n = 27) of all publications did
not report the variant calling tool used for TMB calculation.
For publications that reported the tool used, MuTect or
Mutect2 was used in more than three quarters of cases
(n = 11).

TMB Assay Validation Approach

One-third of publications (n = 15) reported validation of
TMB against an orthogonal standard, and most of these
publications (n = 12) referenced whole-exome sequencing
as the orthogonal standard. When an orthogonal testing
approach was specified, this approach was in silico only in
one-third of cases (n = 5), wet laboratory based in another
third of cases (n = 5), and occasionally used both methods
(n = 2).

The number of cases included in orthogonal studies was
highly variable, with nearly even numbers of studies using 1
to 50, 51 to 500, and >500 cases. Validation case sets were
either focused on thoracic tumors specifically or included a
broad distribution of solid tumor types.

Although some articles reported the range and distribu-
tion of TMBs that were tested in the orthogonal validation
study, these results were reported in highly variable ways
that made interpretation difficult and precluded meaningful
comparison between studies. For example, one study re-
ported “5.1 to 15 mutations/MB,” whereas another reported
“10 to 502” mutations in total, without normalization to
genomic regions covered. Another study reported only
average: 5.0 to 14.7 mutations, precluding unambiguous
interpretation, whereas several others provided graphical
depictions of TMB validation ranges but did not report
discrete numbers.

The Journal of Molecular Diagnostics m jmdjournal.org

Similarly, the degree of concordance between the TMB
assay being validated and the orthogonal standard was
difficult to assess because of variation in how agreement
was reported. However, most studies reported a correlation
coefficient, which was most likely a Pearson r value,
although this was not always specified. These values ranged
from 0.62 to 0.99, with most >0.85. No studies commented
on potential sources of bias that led to imperfect correlation
with orthogonal standards.

TMB Reporting

In most publications (n = 35), numerical TMB values were
reported using a qualitative interpretation (eg, TMB high or
TMB low), but a percentile interpretation of the reported
TMB was not provided by most articles (n = 40).
Approximately half of the publications (n = 24) did not
mention if their criteria for TMB interpretation were tumor
specific or encompassed all tumor types. For those that did,
approximately half (n = 11) provided tumor-specific TMB
interpretation, and the other half (n = 10) provided in-
terpretations that included all tumor types.

Mutational signature analysis was performed as an
adjunct to the TMB assay in approximately one-third of the
studies (n = 16), with microsatellite instability being the
most commonly detected mutation signature (n = 11). In-
formation on approaches for mutational signature assay
validation, as well as the algorithms used for mutational
signature detection, was not provided in most publications.

Recommendations for TMB Assay Validation,
Reporting, and Publications

The TMB Working Group reviewed the available published
literature on TMB assays to establish an evidence base for a
set of best practice recommendations. Findings from this
analysis emphasized the fact that conclusions about TMB
calculation, validation, and reporting are difficult to draw
from the literature because of incomplete or absent meth-
odological descriptions. The limited number of publications
addressing analytical performance characteristics of TMB
testing and the scarcity of detailed information regarding
technical aspects of TMB assay validation available in the
published studies support the need for guidance in analytical
performance assessment and reporting approaches for TMB
testing. Despite these limitations, the TMB Working Group
generated 13 subject matter expert consensus recommen-
dations that address laboratory-related validation, reporting,
and publication considerations for clinical TMB testing
(Table 2 and Figure 2).

TMB Validation Recommendations

Laboratories implementing clinical TMB testing must
follow the regulatory and accreditation requirements
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Table 2  Summary of Recommendations for Clinical TMB Validation, Reporting, and Publications

Recommendation no. Related area Recommendation

1 Testing Laboratories should validate and report the enrichment method used in the TMB assay.

2 Testing Laboratories should validate and report the size and describe the genomic regions (ie, exons,
introns, and intergenic regions) used for TMB calculation.

3 Testing Laboratories should validate TMB measurement against an orthogonal assay, and the method
of TMB calculation used by the orthogonal comparison assay should be documented.

4 Testing Laboratories should include validation samples that reflect the intended use of the TMB assay
with respect to both specimen type and representative tumor types.

5 Testing Laboratories may use reference materials to supplement but not supplant clinical samples for
TMB assay validation.

6 Testing Laboratories may use in silico validation studies to supplement but not supplant a TMB assay
wet laboratory validation.

7 Testing Laboratories should specify the sequencing mode (tumor-germline paired or somatic only)
used by the TMB assay during TMB assay validation. If somatic-only sequencing is
performed, filter settings used to remove common population variants should also be
documented.

8 Testing Laboratories should establish the performance parameters of bioinformatic pipelines used for
TMB calculation during validation.

9 Reporting Laboratories should report the assay name, version, and sequencing platform used for clinical
TMB assays.

10 Reporting Laboratories should report the name, version, properties, and/or settings of bioinformatic
pipeline software components used for TMB calculation.

11 Reporting Laboratories should report the specific types and/or categories of variants included in and
omitted from the TMB calculation.

12 Reporting Laboratories should report the sequencing mode (tumor-germline paired or somatic only)
used by the TMB assay. If somatic-only sequencing is performed, filter settings used to
remove common population variants should be provided or made available on request.

13 Publication Publications describing TMB assays intended for clinical applications, including description of

clinical validation, should include performance characteristics that would facilitate
methodological assessment.

See text for key details regarding each of these recommendations.
TMB, tumor mutational burden.

Figure 2

Validation Reporting

Size of genomic region
used for TMB calculation

Enrichment method

Sequencing mode

Orthogonal assay validation Variant caller(s) Assay name and version

In silico validation studies Sequencing platform

used for TMB testing

Number and type of validation samples

Variant types included in

Reference material TMB calculation

Publication

Recommended elements for inclusion in tumor mutational burden (TMB) validation studies and clinical reports.
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relevant for their practice setting (eg, Clinical Laboratory
Improvement Amendments, College of American Patholo-
gists, The Joint Commission, and/or European Medicines
Agency) (https://www.govinfo.gov/content/pkg/USCODE-
201 1-title42/pdffUSCODE-201 I -title42-chap6A-subchapll-

partF-subpart2-sec263a.pdf, https://www.ecfr.gov/current/
title-42/chapter-1V/subchapter-G/part-493; hitp
s:/fiwww.cap.org/laboratory-improvement/accreditation; htt
ps://www.jointcommission.org/what-we-offer/accreditation;
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri= CEL

EX%3A32017R0746, all last accessed September 7, 2023).
For this article, the recommendations that follow will
assume that a robust clinical validation for the TMB assay
is being performed by the testing laboratory.'”'® This
process includes, but is not limited to, the following.

e Defining and describing clinical TMB assay performance
characteristics (sensitivity, specificity, positive predictive
value, negative predictive value, accuracy, and concor-
dance) appropriate for the medical indication for the test;

e Defining and describing the analytical sensitivity (limit of
detection) of the TMB assay;

e Defining and describing potential sources of TMB assay
interference;

e Evaluating and addressing potential sources of result
interpretation error.

Existing recommendations for clinical NGS assay vali-
dation, interpretation, and reporting also apply to TMB
assays.'~'"” The following recommendations address spe-
cific considerations for validation of TMB clinical testing
that were considered by the Working Group as in need of
providing additional guidance.

Recommendation 1: Laboratories Should Validate and
Report the Enrichment Method Used in the TMB Assay

The scoping review and survey results demonstrated a lack
of uniformity in the panel-based methods adopted by clin-
ical laboratories for TMB assessment. The most popular
targeted enrichment approach for panel TMB measurement
is hybridization capture, although amplicon-based
sequencing is also being used.

Several analytical differences between targeted enrich-
ment technologies may influence TMB calculation, such as
different sample input and processing specifications,
chemistries, library construction methods, sequencing plat-
forms, and bioinformatic analysis pipelines.”' > For
instance, amplicon-based panel testing and whole-exome
sequencing assays have demonstrated differences in
analytical performance related to on-target alignment rates,
coverage uniformity, and variant calling in comparison with
hybridization capture methods.' ">

According to the survey results, most laboratories
implement TMB testing using an existing NGS assay. For
this reason, it is expected that in most clinical laboratories,
the beginning-to-end performance of the assay used for
TMB testing should have been previously validated

The Journal of Molecular Diagnostics m jmdjournal.org

according to regulatory requirements, accreditation criteria,
and professional guidelines,'””'® and that quality control
metrics and acceptability criteria for samples and
sequencing data have been established. However, the vali-
dation of an NGS assay must reflect its intended clinical use.
Laboratories should assess how existing bioinformatics pa-
rameters, sequencing artifacts, and assay performance met-
rics may affect TMB calculation. Reporting the type of
enrichment method used in the TMB assay in clinical re-
ports is relevant to allow comparability across assays.

Recommendation 2: Laboratories Should Validate and
Report the Size and Describe the Genomic Regions (ie,
Exons, Introns, and Intergenic Regions) Used for TMB
Calculation

The published literature contained insufficient evidence to
enable a specific recommendation for the ideal extent of
genomic sequence to interrogate to optimize the TMB
estimation. In general, the accuracy of TMB estimation
correlates directly with the extent of genomic sequencing,
with small panels causing the most error, and with minimal
error associated with either whole-exome or whole-genome
sequencing.'®?’ ' Not all publications reviewed specified
the extent of genomic sequence analyzed, but among those
that did, there was a broad range from <0.5 to >10 Mb, but
a clear modal size of 1 to 2 Mb (approximately 60% of
methods). The reasons for the high frequency of this size of
panel were not explained, but it is unlikely to have been
driven solely by TMB calculation considerations, rather
than a combination of other reasons.

Given that assay size influences TMB calculation accu-
racy, it is important to validate and report the extent of
genomic territory that is included in the TMB analysis.
However, this might not be the same as the total genomic
landscape of the assay. For example, assays that include
intron baits to enable structural variant detection or assays
that bait thousands of single-nucleotide polymorphism re-
gions across the genome to normalize copy number
assessment should not include the genomic regions associ-
ated with these baits, unless those laboratories are also
analyzing SNVs in these regions and including them in the
TMB calculation.

Recommendation 3: Laboratories Should Validate TMB
Measurement Against an Orthogonal Assay, and the Method
of TMB Calculation Used by the Orthogonal Comparison
Assay Should Be Documented

Given the myriad of laboratory and bioinformatic compo-
nents of a sequencing assay that can each affect TMB
calculation, it is not feasible to judge the analytic perfor-
mance of a TMB assay only with external reference stan-
dards (reference materials). For this reason, the Working
Group recommends that all TMB assays be subject to
orthogonal validation studies (eg, whole-exome sequencing
or large targeted panel) that measure their performance
relative to high-quality controls. In many situations, such
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controls would represent tumors analyzed by whole-exome
sequencing that are matched for the specimen types, tumor
types, and tumor content of specimens that will be analyzed
using the assay under validation. Although specimens could
be sequenced using whole-exome sequencing for the pur-
poses of validation, it is expected that reference materials
will offer the advantage of enabling statistical calibration
between laboratories to harmonize TMB measurements.””
Given the variation in design between TMB assays, it is
not expected that TMB scores from different assays will
match perfectly,”” and it will be incumbent on each labo-
ratory to ensure that the degree of concordance with
orthogonal TMB measures is high enough to ensure that
patients are appropriately classified for clinical decision-
making.

Recommendation 4: Laboratories Should Include Validation
Samples that Reflect the Intended use of the TMB Assay
with Respect to Both Specimen Type and Representative
Tumor Types

The choice of samples (eg, DNA from formalin-fixed,
paraffin-embedded tissue and/or circulating tumor DNA)
to be included in the validation of TMB assays should take
into account the type of assay being developed, as different
assays have different characteristics and sample re-
quirements. For instance, NGS panel assays are generally
designed to work with low input amounts of DNA obtained
from formalin-fixed, paraffin-embedded tissue samples,
whereas whole-exome and whole-genome sequencing usu-
ally requires higher input amounts of DNA. Targeted panels
also typically obtain deeper sequencing coverage than
whole-exome or whole-genome sequencing, which provides
panel-based assays higher analytical sensitivity for detection
of subclonal variants or variants with low allele fractions,
which is particularly relevant if subclonal variants are
included in TMB calculation.

Given the impact of tumor-cell content and DNA input on
TMB measurement,'”'” enough samples with variable
tumor purity and DNA concentration should be included in
the validation studies to assess the impact of various pre-
analytic conditions on assay performance. Estimation of
tumor cell percentage is relevant for interpreting variant
allele fractions, as low/subclonal variant allele fractions can
occur because of biological reasons: intratumor genetic
heterogeneity, proportion of cancer cells versus nonneo-
plastic tissue in a tumor sample, cancer-clone evolution, or
from pre-analytical and analytical technical artifacts. Each
laboratory should establish its own specimen acceptability
criteria based on assay coverage depth and limit of detection
studies performed during assay validation. When possible, it
is recommended to test a mix of samples at different purity
levels and DNA input amounts. Samples with variant allele
fractions near the assay lower level of detection should be
included. In addition, quality control metrics should be
established for each step of the sequencing analytical pro-
cedure to assist with interpreting sequencing findings and to

10

prevent the inclusion of artifactual variants in TMB calcu-
lation, which could reduce accuracy.

Because specimen processing and fixation conditions can
influence the quality and integrity of nucleic acids obtained
from a sample, laboratories should include in their TMB
assay validation an adequate number and representative
distribution of specimen types expected to be tested by the
assay (eg, DNA from formalin-fixed, paraffin-embedded
tissue, fresh/frozen samples, and/or circulating tumor DNA).

Considering that mutation burden varies across different
tumor types,’'” laboratories should include commonly
tested tumors in the analytical performance assessment of
their TMB assays. Including representative samples with a
broad spectrum of TMBs, particularly samples that are at or
near the clinical decision threshold, is also important for
establishing the analytical measurement range and accuracy
of the assay. Using well-characterized validation samples
representing the variant types included in the TMB calcula-
tion (eg, nonsynonymous/missense/synonymous SNVs,
indels, splice sites, or other intronic variants) is also recom-
mended, and laboratories should attempt to include variants
distributed across different genomic regions that are targeted
by the assay to broadly evaluate the performance of TMB
measurement. Each laboratory should determine an appro-
priate number of samples required to validate the perfor-
mance characteristics of their TMB assays, in particular the
linear/reportable range at the clinical decision threshold. In
the systematic literature review, information about the num-
ber of samples included in TMB validation studies was found
to be highly variable, ranging from 37 to 2908.'*'*#*~%%

Recommendation 5: Laboratories May Use Reference
Materials to Supplement but Not Supplant Clinical Samples
for TMB Assay Validation

According to the practice survey results, lack of available
samples with defined TMBs for assay development and
validation is a major hindrance to TMB assay imple-
mentation. Validation specimens can be obtained through
interlaboratory exchange of previously characterized sam-
ples, from ongoing drug trials, or from tissue repositories.
Obtaining an adequate number of well-characterized sam-
ples that span variant counts across the entire analytical
measurement range of the assay, particularly its lower limit
of clinical decision threshold, is not straightforward. Labo-
ratories may include reference materials in their TMB assay
validation studies, as a supplementary approach to standard
validation samples, to aid in the assessment of performance
characteristics of TMB assays. Multiple reference sample
sources (eg, commercially available control materials, cell
lines,””*” and known microsatellite instability positive or
POLE hypermutated) are some of the sample types that can
be used to evaluate the accuracy and precision of TMB and
to assess the analytical measurement range and lower limits
of detection of TMB assays. In addition, laboratories could
routinely include these reference materials as run-level
controls, and they could also assist with the harmonization
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and standardization of TMB measurements by different
NGS assays.

Recommendation 6: Laboratories May Use in Silico
Validation Studies to Supplement but Not Supplant a TMB
Assay Wet Laboratory Validation

Performing in silico orthogonal validation experiments of-
fers numerous advantages, including significantly decreased
time and cost for validation, the opportunity to include more
specimens than is often feasible with a full wet
laboratory—based evaluation, and the ability to validate the
bioinformatic portion of the assay in an isolated manner.
Because in silico testing typically uses aligned or unaligned
raw sequencing data as a starting input, it is possible to
analyze the exact same sequencing reads that have been
previously used to calculate TMB, eliminating the effects of
stochastic differences than can arise when a single DNA
aliquot is split between two different assays. In silico ap-
proaches for NGS bioinformatics pipeline validation and
performance assessment have demonstrated utility and
viability for clinical testing applications.*'"**

For in silico validation of panel-based TMB calculation
using pre-existing whole-exome sequencing as a starting
point, it is straightforward to restrict the whole-exome
sequencing data to only regions that overlap with the
panel-based assay for TMB calculation for comparison. For
all these reasons, it may often be desirable to perform in
silico validation of TMB calculation. However, because in
silico methods test only a portion of the total TMB assay,
they should be viewed as an adjunct to a validation that
includes both wet bench and bioinformatics performance
assessment, and not a 1replacement.18’43 In the systematic
literature review, five studies relied on purely in silico
validation, whereas only two studies used a combination of
in silico and full wet laboratory—based validation, sug-
gesting that additional attention is needed to ensure that all
parts of a TMB assay are included in a validation study.

Recommendation 7: Laboratories Should Specify the
Sequencing Mode (Tumor-Germline Paired or Somatic Only)
Used by the TMB Assay during TMB Assay Validation; If
Somatic-Only Sequencing Is Performed, Filter Settings Used
to Remove Common Population Variants Should also Be
Documented

From the survey results, approximately half of laboratories
were performing paired tumor-germline sequencing, and
half were performing somatic-only analysis. However, in
the literature review, we found this information to be
inconsistently reported. In addition, some laboratories may
assay both paired tumor-germline samples and somatic-only
samples.

Because only somatic variants have the capacity to
generate tumor neoantigens, it is important to remove
germline variants before TMB quantification. Thus, if
somatic-only sequencing is performed, filters and data
sources used to remove known population variants should

The Journal of Molecular Diagnostics m jmdjournal.org

be evaluated during assay validation and described.
Different filtering approaches and databases, as well as
different cutoffs, some of which were ethnicity based, were
reported by survey respondents but were not well described
in published reports. Given that a substantial proportion of
variants identified by somatic-only sequencing are germline
in origin, seemingly minor differences in allele frequency
filtration can have outsized impacts on final reported vari-
ants, especially for small gene panels™ and samples with
lower TMB values. A recent study demonstrated significant
discordance in TMB calculations between germline variant
subtraction, population filtering, and algorithmic approaches
applied to somatic-only sequencing data of different tumor
types obtained from a 595-gene panel assay."* Somatic-only
filtering methods tend to overestimate TMB because of the
inability of this approach to exclude completely all germline
variants,45 which can lead to tumor miscategorization and
suboptimal patient management.’”** This is especially true
for patients with ethnic ancestries that are underrepresented
in major germline variant databases. Even in gnomAD,
which contains data from >140,000 individuals, represen-
tation across ethnicities is unbalanced, with >64,000 in-
dividuals of non-Finnish European ancestry, whereas
<18,000 individuals are Latino or African/African Amer-
ican, and <10,000 individuals are East Asian.*® In somatic-
only testing, African ancestry has been associated with
higher TMB in patients across multiple studies and tumor
types, highlighting the real-world potential for variation in
TMB measurement based on ancestry.”***® For these
reasons, although routine paired tumor-germline sequencing
for TMB assessment may not be feasible in many labora-
tories, the specific method used for germline variant filtering
as well as its limitations should be properly validated.

Recommendation 8: Laboratories Should Establish the
Performance Parameters of Bioinformatic Pipelines Used for
TMB Calculation during Validation

Algorithmic strategies for variant calling vary between NGS
assays and some laboratories and may use multiple callers
and take the union of variant calls for TMB analysis. Given
the impact that variant callers have on variant
detection,****™* it is important to determine how specific
variant caller(s) and their settings may affect TMB calcu-
lation. For this reason and because TMB assay validation
should assess all individual components of the bioinfor-
matics pipeline used in the analysis, the performance of the
pipeline caller(s) on variants included in the TMB mea-
surement should be carefully assessed at various allele
fractions, tumor purities, DNA quality levels and concen-
trations, and sequencing quality conditions, and the settings
and filtering strategies for the variant callers used should be
documented and reported. For instance, it is not a customary
practice for laboratories to analyze and report synonymous
variants, but for TMB assays that include this variant type, a
thorough assessment of the pipeline’s ability to detect these
variants reliably and accurately is recommended.
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TMB Reporting Recommendations

The 2017 AMP/American Society of Clinical Oncology/
College of American Pathologists variant interpretation and
reporting guideline does not provide specific guidance on
TMB interpretation and reporting,'” as clinical TMB analysis
was just beginning to enter routine practice at the time of
publication, but the general principles of the guideline apply.
At the time of this article’s publication, the AMP/American
Society of Clinical Oncology/College of American Pathol-
ogists guideline is being updated to reflect advances in both
technology and scientific knowledge, including mutational
signatures and TMB (R. Temple-Smolkin, personal
communication). Laboratory reporting for clinical assays,
including TMB, should clearly describe any pre-analytical,
analytical, and interpretive variables pertinent to molecular
laboratory professional, pathologist, and provider under-
standing of reported results. The recommendations in the
upcoming sections identify specific elements essential to
optimal reporting of clinical TMB assays.

Recommendation 9: Laboratories Should Report the Assay
Name, Version, and Sequencing Platform Used for Clinical
TMB Assays

Reference to the specific assay used for TMB testing is
important, as an assay’s genomic coverage and analytical
methods may vary between versions. Laboratories may offer
multiple NGS assays, not all of which may report TMB.
With the pace of development and identification of genes
and genomic alterations important in cancer diagnostics,
laboratory tests and assay design may undergo updates, or
assays may be discontinued and replaced. TMB values are
not necessarily comparable between assays even within the
same laboratory; therefore, information about the specific
TMB assay used for testing may assist with interpretation of
TMB values and enable comparison between assays.

Recommendation 10: Laboratories Should Report the Name,
Version, Properties, and/or Settings of Bioinformatic
Pipeline Software Components Used for TMB Calculation
Algorithmic strategies for variant calling vary between NGS
assays, and some laboratories may use multiple callers and
take the union of variant calls for TMB analysis. Given the
impact that variant callers have on variant detection,®*9 >4
it is important to report the settings and filtering strategies
for the variant callers used in TMB calculation.

Recommendation 11: Laboratories Should Report the
Specific Types and/or Categories of Variants Included in and
Omitted from the TMB Calculation

The published literature contained insufficient evidence to
enable a specific recommendation for the variant types to
include in the TMB calculation. Most (29/32) published
methods tested only exons, whereas there was a more
balanced distribution between laboratories that did, and did

12

not, include synonymous variants in their calculations (12/
45 versus 34/45). A relatively small proportion of studies
indicated which classes of nonsynonymous variants were
included.

Enabling comparison between TMB assays, in the
absence of technical standardization, requires communi-
cation of this information as part of the report. Reports
should clearly indicate the types of variants that are
included and excluded in TMB calculation [ie, synony-
mous/nonsynonymous variants, types of nonsynonymous
variants (missense, nonsense)], variant types other than
SNVs (eg, indels), and whether pathogenic (hotspot) var-
iants in canonical oncogenes and tumor suppressor genes
are included or excluded. The variant description should
be more detailed than synonymous or nonsynonymous
variants. The criteria for inclusion and exclusion of vari-
ants on TMB calculation (eg, allele fraction, sequencing
coverage and other variant-level quality metrics, popula-
tion allele frequency filters, and exclusion of specific
variants interpreted as oncogenic drivers) should also be
documented.

Given the variation in genomic territory interrogated
across assays, the Working Group recommends reporting
TMB as a mutation per megabase value and not as a total
number of mutations identified across the NGS assay to
facilitate interpretation of TMB reports and to enable com-
parison between assay results.

Recommendation 12: Laboratories Should Report the
Sequencing Mode (Tumor-Germline Paired or Somatic Only)
Used by the TMB Assay; If Somatic-Only Sequencing Is
Performed, Filter Settings Used to Remove Common
Population Variants Should Be Provided or Made Available
on Request

Survey data showed that laboratories were approximately
split between performing paired tumor-germline sequencing
and somatic-only analysis, although this information was
inconsistently reported in the reviewed literature. Labora-
tories may additionally offer both paired tumor-germline
and somatic-only testing. As discussed in Recommendation
7, minor differences in allele frequency filtration can have a
significant impact on variants identified by somatic-only
sequencing, particularly for small gene panels™ and samples
with lower TMB values. As this approach typically over-
estimates TMB, especially in underrepresented patient
populations, appropriate tumor categorization and subse-
quent clinical interpretation and management may be
affected.””** For this reason, the sample and sequencing
mode should be clearly delineated in TMB reports.
Providing filter settings used to remove common population
variants from somatic-only sequencing on the report or
making them available on request can help inform users
about assay specifics that may impact TMB results, assist
with interpretation of TMB values, and allow meaningful
comparison between assays.
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TMB Validation and Reporting

The Working Group also recommends including a refer-
ence to the validation study used to implement the assays’
TMB calculation algorithm if one exists. An example of
what this reporting might look like is provided in the next
paragraph:

TMB was assessed using CancerPanel version 1.2.3, a
somatic-only hybrid capture—based NGS assay that in-
terrogates 1.5 Mb of exonic DNA across 550 genes. All
missense, frameshift, nonsense, and splice-site variants
identified using Mutect2 are filtered to remove variants
present at >0.1% allele frequency in any subpopulation in
gnomAD and must have an allele fraction of at least 5% and
coverage of at least 50x for inclusion in the TMB
calculation.

Optional Elements for TMB Reporting

Some data elements (eg, reference genome, transcript
source, and mutational signatures) may have a more modest
impact on TMB calculation and interpretation but provide
additional information about specific pipeline settings that
could boost reproducibility and harmonization across
studies and may provide greater context for how TMB is
clinically interpreted. Specification of a reference genome
and transcript source is fundamental to the process of calling
variants. Currently, laboratories generally used either
Genome Reference Consortium Human Build 37 or 38,
whereas numerous reference transcript sources are in use,
most commonly the National Center for Biotechnology In-
formation Reference Sequence Database and Ensembl
(https://www.ncbi.nlm.nih.gov/refseq, hittps://ensemblgeno
mes.org, both last accessed September 1, 2023). In a
comparison of the Reference Sequence Database and
Ensembl as reference transcript sources in the WGS500
project, 83% concordance was achieved across all exonic
variants using the ANNOVAR annotation tool, whereas
concordance was <50% when analysis was restricted to
loss-of-function variants.” These results suggest that the
reference transcript source can have an impact on variants
detected, which may, in turn, affect TMB calculation.

An increasing number of laboratories perform mutational
signature detection in addition to TMB measurement, with
mismatch repair deficiency being the most frequently
assessed signature. Although mutational signature detection
is formally a separate process from TMB calculation, they
both operate using the same underlying data and can be
mutually informative when interpreted in a clinical context.

TMB Publication Recommendation

Recommendation 13: Publications Describing TMB Assays
Intended for Clinical Applications, including a Description
of Clinical Validation, Should Include Performance

The Journal of Molecular Diagnostics m jmdjournal.org

Characteristics that Would Facilitate Methodological
Assessment

Improving reporting in TMB publications has enormous
potential to standardize clinical TMB assay development,
identify variables that affect assay performance, and facili-
tate assay implementation. This literature review and other
publications have demonstrated inconsistent reporting of
important clinical diagnostic assay parameters.”® Recog-
nized deficits in the literature have resulted in consensus
recommendations and/or checklists for reporting diagnostic
assays being developed by multiple groups.”””’ >’ Educa-
tion of stakeholders, funders, institutions, and journals
regarding the importance of requiring authors and reviewers
to evaluate minimum reporting requirement compliance
when clinical TMB assay studies are published is
needed.””*

Conclusion

TMB has emerged as a potential predictive biomarker for
ICI therapy. Despite the enthusiasm surrounding this
biomarker, the variety of approaches for calculating and
reporting TMB and the lack of comprehensive method-
ological descriptions regarding assay validation pose
challenges to clinical adoption. This document summa-
rizes the existing knowledge and challenges related to
TMB testing and provides consensus recommendations
on validation and reporting for TMB assays in the clin-
ical setting. The TMB Working Group recommendations
reflect the published evidence reviewed and available at
the time of writing. It is anticipated that these recom-
mendations will need to be reviewed and updated as
technological and scientific advances change. The AMP
Clinical Practice Committee is responsible for reviewing
the article within 3 years post-publication to determine if
updates are needed.
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Disclaimer

The Association for Molecular Pathology (AMP) Clinical
Practice Guidelines and Reports are developed to be of
assistance to laboratory and other health care professionals
by providing guidance and recommendations for particular
areas of practice. The Guidelines or Reports should not be
considered inclusive of all proper approaches or methods, or
exclusive of others. The Guidelines or Reports cannot guar-
antee any specific outcome, nor do they establish a standard
of care. The Guidelines or Reports are not intended to dictate
the treatment of a particular patient. Treatment decisions
must be made on the basis of the independent judgment of
health care providers and each patient’s individual circum-
stances. The AMP makes no warranty, express or implied,
regarding the Guidelines or Reports and specifically excludes
any warranties of merchantability and fitness for a particular
use or purpose. The AMP shall not be liable for direct, in-
direct, special, incidental, or consequential damages related
to the use of the information contained herein.

Disclosure Statement

To provide active management of potential perceived and/or
actual conflicts of interest (COls), a Working Group chair
without relevant conflicts was appointed, and COI disclo-
sures were requested from and/or provided by all authors
throughout all phases of the consensus manuscript devel-
opment process. A.Z. participated in the Working Group
only while employed at Memorial Sloan Kettering Cancer
Center; subsequent employment at AstraZeneca (New York,
NY) constituted an unmanageable COI, and he recused
himself from the Working Group on hire. L.L.R. partici-
pated in the Working Group only while employed at Mas-
sachusetts General Hospital; subsequent employment at
Foundation Medicine Inc. (Cambridge, MA) constituted an
unmanageable COI, and she recused herself from the
Working Group on hire. L.L.R. received honoraria for
participation in a Bristol Myers Squibb scientific advisory
board meeting. C.B. owns stock in and serves on the sci-
entific advisory boards of PrimeVax and Bio-Al Health;
received honoraria for participation in a Lunaphore scien-
tific advisory board meeting; has an ongoing advisory
relationship with Sanofi and Agilent; and received institu-
tional research support from Illumina, Inc. S.J.H. received
honoraria for participation in an AstraZeneca scientific
advisory board meeting.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.jmoldx.2024.05.002.

14

References

10.

11.

12.

13.

Fancello L, Gandini S, Pelicci PG, Mazzarella L: Tumor mutational
burden quantification from targeted gene panels: major advancements
and challenges. J] Immunother Cancer 2019, 7:183

Wang Y, Tong Z, Zhang W, Zhang W, Buzdin A, Mu X, Yan Q,
Zhao X, Chang H-H, Duhon M, Zhou X, Zhao G, Chen H, Li X:
FDA-approved and emerging next generation predictive biomarkers
for immune checkpoint inhibitors in cancer patients. Front Oncol
2021, 11:683419

Twomey JD, Zhang B: Cancer immunotherapy update: FDA-
approved checkpoint inhibitors and companion diagnostics. AAPS J
2021, 23:39

Marcus L, Lemery SJ, Keegan P, Pazdur R: FDA approval summary:
pembrolizumab for the treatment of microsatellite instability-high
solid tumors. Clin Cancer Res 2019, 25:3753—3758

Marcus L, Fashoyin-Aje LA, Donoghue M, Yuan M, Rodriguez L,
Gallagher PS, Philip R, Ghosh S, Theoret MR, Beaver JA, Pazdur R,
Lemery SJ: FDA approval summary: pembrolizumab for the treat-
ment of tumor mutational burden-high solid tumors. Clin Cancer Res
2021, 27:4685—4689

Klempner SJ, Fabrizio D, Bane S, Reinhart M, Peoples T, Ali SM,
Sokol ES, Frampton G, Schrock AB, Anhorn R, Reddy P: Tumor
mutational burden as a predictive biomarker for response to immune
checkpoint inhibitors: a review of current evidence. Oncologist 2020,
25:e147—el59

Huang X, He M, Peng H, Tong C, Liu Z, Zhang X, Shao Y, Zhu D,
Zhang J, Yin JC, Yang F, Lan C: Genomic profiling of advanced
cervical cancer to predict response to programmed death-1 inhibitor
combination therapy: a secondary analysis of the CLAP trial. J
Immunother Cancer 2021, 9:¢002223

Sakai K, Tsuboi M, Kenmotsu H, Yamanaka T, Takahashi T, Goto K,
Daga H, Ohira T, Ueno T, Aoki T, Nakagawa K, Yamazaki K,
Hosomi Y, Kawaguchi K, Okumura N, Takiguchi Y, Sekine A,
Haruki T, Yamamoto H, Sato Y, Akamatsu H, Seto T, Saeki S,
Sugio K, Nishio M, Okabe K, Yamamoto N, Nishio K: Tumor mu-
tation burden as a biomarker for lung cancer patients treated with
pemetrexed and cisplatin (the JIPANG-TR). Cancer Sci 2021, 112:
388—396

Talvitie E-M, Vilhonen H, Kurki S, Karlsson A, Orte K,
Almangush A, Mohamed H, Liljeroos L, Singh Y, Leivo I,
Laitinen T, Kallajoki M, Taimen P: High tumor mutation burden
predicts favorable outcome among patients with aggressive histo-
logical subtypes of lung adenocarcinoma: a population-based single-
institution study. Neoplasia 2020, 22:333—342

Lu C, Dong X-R, Zhao J, Zhang X-C, Chen H-J, Zhou Q, Tu H-Y,
Ai X-H, Chen X-F, An G-L, Bai J, Shan J-L, Wang Y-N, Yang S-Y,
Liu X, Zhuang W, Wu H-T, Zhu B, Xia X-F, Chen R-R, Gu D-J,
Xu H-M, Wu Y-L, Yang J-J: Association of genetic and immuno-
characteristics with clinical outcomes in patients with RET-
rearranged non-small cell lung cancer: a retrospective multicenter
study. J Hematol Oncol 2020, 13:37

Aggarwal C, Ben-Shachar R, Gao Y, Hyun SW, Rivers Z, Epstein C,
Kaneva K, Sangli C, Nimeiri H, Patel J: Assessment of tumor
mutational burden and outcomes in patients with diverse advanced
cancers treated with immunotherapy. JAMA Netw Open 2023, 6:
e2311181

Sung M-T, Wang Y-H, Li C-F: Open the technical black box of
tumor mutational burden (TMB): factors affecting harmonization and
standardization of panel-based TMB. Int ] Mol Sci 2022, 23:5097
Ramos-Paradas J, Herndndez-Prieto S, Lora D, Sanchez E, Rosado A,
Caniego-Casas T, Carrizo N, Enguita AB, Mufioz-Jimenez MT,
Rodriguez B, Perez-Gonzalez U, Gémez-Sanchez D, Ferrer I, Ponce
Aix S, Nufiez Buiza A, Garrido P, Palacios J, Lopez-Rios F, Garrido-
Martin EM, Paz-Ares L: Tumor mutational burden assessment in non-
small-cell lung cancer samples: results from the TMB(2)

jmdjournal.org m The Journal of Molecular Diagnostics

REV 5.6.0 DTD m JMDI1425_proof m 11 June 2024 m 8:31 am m EO: JMDI-D-23-00449

1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736


http://doi.org/10.1016/j.jmoldx.2024.05.002
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref1
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref1
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref1
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref2
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref2
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref2
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref2
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref2
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref3
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref3
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref3
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref4
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref4
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref4
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref4
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref5
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref5
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref5
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref5
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref5
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref5
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref6
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref6
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref6
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref6
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref6
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref6
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref7
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref7
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref7
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref7
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref7
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref8
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref8
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref8
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref8
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref8
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref8
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref8
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref8
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref8
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref9
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref9
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref9
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref9
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref9
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref9
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref9
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref10
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref10
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref10
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref10
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref10
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref10
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref10
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref11
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref11
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref11
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref11
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref11
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref12
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref12
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref12
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref13
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref13
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref13
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref13
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref13
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref13
http://jmdjournal.org

1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798

TMB Validation and Reporting

14.

15.

16.

17.

19.

20.

21.

22.

harmonization project comparing three NGS panels. J Immunother
Cancer 2021, 9:¢001904

Stenzinger A, Endris V, Budczies J, Merkelbach-Bruse S, Kazdal D,
Dietmaier W, Pfarr N, Siebolts U, Hummel M, Herold S, Andreas J,
Zoche M, Togel L, Rempel E, Maas J, Merino D, Stewart M,
Zaoui K, Schlesner M, Glimm H, Frohling S, Allen J, Horst D,
Baretton G, Wickenhauser C, Tiemann M, Evert M, Moch H,
Kirchner T, Biittner R, Schirmacher P, Jung A, Haller F, Weichert W,
Dietel M: Harmonization and standardization of panel-based tumor
mutational burden measurement: real-world results and recommen-
dations of the quality in pathology study. J Thorac Oncol 2020, 15:
1177—1189

Marabelle A, Fakih M, Lopez J, Shah M, Shapira-Frommer R,
Nakagawa K, Chung HC, Kindler HL, Lopez-Martin JA,
Miller WHJ, Italiano A, Kao S, Piha-Paul SA, Delord J-P,
McWilliams RR, Fabrizio DA, Aurora-Garg D, Xu L, Jin F,
Norwood K, Bang Y-J: Association of tumour mutational burden
with outcomes in patients with advanced solid tumours treated with
pembrolizumab: prospective biomarker analysis of the multicohort,
open-label, phase 2 KEYNOTE-158 study. Lancet Oncol 2020, 21:
1353—1365

Merino DM, McShane LM, Fabrizio D, Funari V, Chen S-J,
White JR, Wenz P, Baden J, Barrett JC, Chaudhary R, Chen L,
Chen WS, Cheng J-H, Cyanam D, Dickey JS, Gupta V, Hellmann M,
Helman E, Li Y, Maas J, Papin A, Patidar R, Quinn KJ, Rizvi N,
Tae H, Ward C, Xie M, Zehir A, Zhao C, Dietel M, Stenzinger A,
Stewart M, Allen J: Establishing guidelines to harmonize tumor
mutational burden (TMB): in silico assessment of variation in TMB
quantification across diagnostic platforms: phase I of the Friends of
Cancer Research TMB Harmonization Project. ] Immunother Cancer
2020, 8:e000147

Jennings LJ, Arcila ME, Corless C, Kamel-Reid S, Lubin IM,
Pfeifer J, Temple-Smolkin RL, Voelkerding KV, Nikiforova MN:
Guidelines for validation of next-generation sequencing-based
oncology panels: a joint consensus recommendation of the Associa-
tion for Molecular Pathology and College of American Pathologists. J
Mol Diagn 2017, 19:341—-365

. Roy S, Coldren C, Karunamurthy A, Kip NS, Klee EW, Lincoln SE,

Leon A, Pullambhatla M, Temple-Smolkin RL, Voelkerding KV,
Wang C, Carter AB: Standards and guidelines for validating next-
generation sequencing bioinformatics pipelines: a joint recommen-
dation of the Association for Molecular Pathology and the College of
American Pathologists. ] Mol Diagn 2018, 20:4—27

Li MM, Datto M, Duncavage EJ, Kulkarni S, Lindeman NI, Roy S,
Tsimberidou AM, Vnencak-Jones CL, Wolff DJ, Younes A,
Nikiforova MN: Standards and guidelines for the interpretation and
reporting of sequence variants in cancer: a joint consensus recom-
mendation of the Association for Molecular Pathology, American
Society of Clinical Oncology, and College of American Pathologists.
J Mol Diagn 2017, 19:4—23

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,
Mulrow CD, Shamseer L, Tetzlaff JM, Akl EA, Brennan SE, Chou R,
Glanville J, Grimshaw JM, Hrébjartsson A, Lalu MM, Li T,
Loder EW, Mayo-Wilson E, McDonald S, McGuinness LA,
Stewart LA, Thomas J, Tricco AC, Welch VA, Whiting P, Moher D:
The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. PLoS Med 2021, 18:e1003583

Akolkar D, Patil D, Srivastava N, Patil R, Datta V, Apurwa S,
Yashwante N, Dhasarathan R, Gosavi R, John J, Khan S, Jadhav N,
Mene P, Ahire D, Pawar S, Bodke H, Sahoo S, Nile A, Saindane D,
Darokar H, Devhare P, Srinivasan A, Datar R: Development and
validation of a multigene variant profiling assay to guide targeted and
immuno therapy selection in solid tumors. PLoS One 2021, 16:
€0246048

Bevins N, Sun S, Gaieb Z, Thorson JA, Murray SS: Comparison of
commonly used solid tumor targeted gene sequencing panels for
estimating tumor mutation burden shows analytical and prognostic

The Journal of Molecular Diagnostics m jmdjournal.org

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

concordance within the cancer genome atlas cohort. J Immunother
Cancer 2020, 8:¢000613

Tomlins SA, Hovelson DH, Harms P, Drewery S, Falkner J,
Fischer A, Hipp J, Kwiatkowski K, Lazo de la Vega L, Mitchell K,
Reeder T, Siddiqui J, Vakil H, Johnson DB, Rhodes DR: Develop-
ment and validation of StrataNGS, a multiplex PCR, semiconductor
sequencing-based comprehensive genomic profiling test. J] Mol Diagn
2021, 23:1515—1533

Deak KL, Jackson JB, Valkenburg KC, Keefer LA, Robinson
Gerding KM, Angiuoli SV, Datto MB, McCall SJ: Next-generation
sequencing concordance analysis of comprehensive solid tumor
profiling between a centralized specialty laboratory and the decen-
tralized personal genome diagnostics elio tissue complete kitted so-
lution. J Mol Diagn 2021, 23:1324—1333

Fenizia F, Alborelli I, Costa JL, Vollbrecht C, Bellosillo B,
Dinjens W, Endris V, Heydt C, Leonards K, Merkelback-Bruse S,
Pfarr N, van Marion R, Allen C, Chaudhary R, Gottimukkala R,
Hyland F, Wong-Ho E, Jermann P, Machado JC, Hummel M,
Stenzinger A, Normanno N: Validation of a targeted next-generation
sequencing panel for tumor mutation burden analysis: results from the
Onconetwork Immuno-Oncology Consortium. J Mol Diagn 2021, 23:
882—893

Samorodnitsky E, Jewell BM, Hagopian R, Miya J, Wing MR,
Lyon E, Damodaran S, Bhatt D, Reeser JW, Datta J,
Roychowdhury S: Evaluation of hybridization capture versus
amplicon-based methods for whole-exome sequencing. Hum Mutat
2015, 36:903—914

Bailey NG: Visualization of the effect of assay size on the error
profile of tumor mutational burden measurement. Genes (Basel) 2022,
13:432

Vega DM, Yee LM, McShane LM, Williams PM, Chen L, Vilimas T,
et al: Aligning tumor mutational burden (TMB) quantification across
diagnostic platforms: phase II of the Friends of Cancer Research
TMB Harmonization Project. Ann Oncol 2021, 32:1626—1636
Buchhalter I, Rempel E, Endris V, Allgduer M, Neumann O,
Volckmar A-L, Kirchner M, Leichsenring J, Lier A, von
Winterfeld M, Penzel R, Christopoulos P, Thomas M, Frohling S,
Schirmacher P, Budczies J, Stenzinger A: Size matters: dissecting key
parameters for panel-based tumor mutational burden analysis. Int J
Cancer 2019, 144:848—858

Garofalo A, Sholl L, Reardon B, Taylor-Weiner A, Amin-Mansour A,
Miao D, Liu D, Oliver N, MacConaill L, Ducar M, Rojas-Rudilla V,
Giannakis M, Ghazani A, Gray S, Janne P, Garber J, Joffe S,
Lindeman N, Wagle N, Garraway LA, Van Allen EM: The impact of
tumor profiling approaches and genomic data strategies for cancer
precision medicine. Genome Med 2016, 8:79

Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM, Ennis R,
Schrock A, Campbell B, Shlien A, Chmielecki J, Huang F, He Y,
Sun J, Tabori U, Kennedy M, Lieber DS, Roels S, White J, Otto GA,
Ross JS, Garraway L, Miller VA, Stephens PJ, Frampton GM:
Analysis of 100,000 human cancer genomes reveals the landscape of
tumor mutational burden. Genome Med 2017, 9:34

Endris V, Buchhalter I, Allgduer M, Rempel E, Lier A, Volckmar A-
L, Kirchner M, von Winterfeld M, Leichsenring J, Neumann O,
Penzel R, Weichert W, Glimm H, Frohling S, Winter H, Herth F,
Thomas M, Schirmacher P, Budczies J, Stenzinger A: Measurement
of tumor mutational burden (TMB) in routine molecular diagnostics:
in silico and real-life analysis of three larger gene panels. Int J Cancer
2019, 144:2303—2312

Kandoth C, McLellan MD, Vandin F, Ye K, Niu B, Lu C, Xie M,
Zhang Q, McMichael JF, Wyczalkowski MA, Leiserson MDM,
Miller CA, Welch JS, Walter MJ, Wendl MC, Ley TJ, Wilson RK,
Raphael BJ, Ding L: Mutational landscape and significance across 12
major cancer types. Nature 2013, 502:333—339

Cao J, Chen L, Li H, Chen H, Yao J, Mu S, Liu W, Zhang P,
Cheng Y, Liu B, Hu Z, Chen D, Kang H, Hu J, Wang A, Wang W,
Yao M, Chrin G, Wang X, Zhao W, Li L, Xu L, Guo W, lJia J,

15

REV 5.6.0 DTD m JMDI1425_proof m 11 June 2024 m 8:31 am m EO: JMDI-D-23-00449

1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860


http://refhub.elsevier.com/S1525-1578(24)00115-6/sref13
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref13
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref14
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref15
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref16
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref17
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref17
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref17
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref17
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref17
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref17
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref17
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref18
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref18
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref18
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref18
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref18
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref18
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref18
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref19
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref19
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref19
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref19
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref19
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref19
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref19
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref19
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref20
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref20
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref20
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref20
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref20
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref20
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref20
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref21
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref21
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref21
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref21
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref21
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref21
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref21
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref22
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref22
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref22
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref22
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref22
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref23
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref23
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref23
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref23
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref23
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref23
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref23
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref24
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref24
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref24
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref24
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref24
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref24
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref24
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref25
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref25
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref25
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref25
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref25
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref25
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref25
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref25
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref25
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref26
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref26
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref26
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref26
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref26
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref26
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref27
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref27
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref27
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref28
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref28
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref28
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref28
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref28
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref29
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref29
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref29
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref29
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref29
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref29
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref29
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref30
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref30
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref30
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref30
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref30
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref30
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref31
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref31
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref31
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref31
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref31
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref31
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref32
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref32
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref32
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref32
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref32
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref32
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref32
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref32
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref33
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref33
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref33
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref33
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref33
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref33
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref34
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref34
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref34
http://jmdjournal.org

1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922

Furtado et al

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

16

Chen J, Wang K, Li G, Shi W: An accurate and comprehensive
clinical sequencing assay for cancer targeted and immunotherapies.
Oncologist 2019, 24:e1294—e1302

Fang W, Ma Y, Yin JC, Hong S, Zhou H, Wang A, Wang F, Bao H,
Wu X, Yang Y, Huang Y, Zhao H, Shao YW, Zhang L: Compre-
hensive genomic profiling identifies novel genetic predictors of
response to anti-PD-(L)1 therapies in non-small cell lung cancer. Clin
Cancer Res 2019, 25:5015—5026

Hatakeyama K, Nagashima T, Urakami K, Ohshima K, Serizawa M,
Ohnami S, Shimoda Y, Ohnami S, Maruyama K, Naruoka A,
Akiyama Y, Kusuhara M, Mochizuki T, Yamaguchi K: Tumor
mutational burden analysis of 2,000 Japanese cancer genomes using
whole exome and targeted gene panel sequencing. Biomed Res 2018,
39:159—167

Wang Z, Duan J, Cai S, Han M, Dong H, Zhao J, Zhu B, Wang S,
Zhuo M, Sun J, Wang Q, Bai H, Han J, Tian Y, Lu J, Xu T, Zhao X,
Wang G, Cao X, Li F, Wang D, Chen Y, Bai Y, Zhao J, Zhao Z,
Zhang Y, Xiong L, He J, Gao S, Wang J: Assessment of blood tumor
mutational burden as a potential biomarker for immunotherapy in
patients with non-small cell lung cancer with use of a next-generation
sequencing cancer gene panel. JAMA Oncol 2019, 5:696—702
Kohsaka S, Tatsuno K, Ueno T, Nagano M, Shinozaki-Ushiku A,
Ushiku T, et al: Comprehensive assay for the molecular profiling of
cancer by target enrichment from formalin-fixed paraffin-embedded
specimens. Cancer Sci 2019, 110:1464—1479

Esposito Abate R, Cheetham MH, Fairley JA, Pasquale R, Sacco A,
Nicola W, Deans ZC, Patton SJ, Normanno N: External quality assess-
ment (EQA) for tumor mutational burden: results of an international IQN
path feasibility pilot scheme. Virchows Arch 2023, 482:347—355

Peng R, Lin G, Li L, Li J: Development of a novel reference material
for tumor mutational burden measurement based on CRISPR/Cas9
technology. Front Oncol 2022, 12:845636

Furtado LV, Souers RJ, Vasalos P, Halley JG, Aisner DL,
Nagarajan R, Voelkerding KV, Merker JD, Konnick EQ: Four-year
laboratory performance of the first College of American Pathologists
in silico next-generation sequencing bioinformatics proficiency
testing surveys. Arch Pathol Lab Med 2023, 147:137—142

Davies KD, Farooqi MS, Gruidl M, Hill CE, Woolworth-
Hirschhorn J, Jones H, Jones KL, Magliocco A, Mitui M, O’Neill PH,
O’Rourke R, Patel NM, Qin D, Ramos E, Rossi MR, Schneider TM,
Smith GH, Zhang L, Park JY, Aisner DL: Multi-institutional FASTQ
file exchange as a means of proficiency testing for next-generation
sequencing bioinformatics and variant interpretation. J Mol Diagn
2016, 18:572—579

Duncavage EJ, Coleman JF, de Baca ME, Kadri S, Leon A, Routbort M,
Roy S, Suarez CJ, Vanderbilt C, Zook JM: Recommendations for the use
of in silico approaches for next-generation sequencing bioinformatic
pipeline validation: a joint report of the Association for Molecular Pa-
thology, Association for Pathology Informatics, and College of Amer-
ican Pathologists. ] Mol Diagn 2023, 25:3—16

Parikh K, Huether R, White K, Hoskinson D, Beaubier N, Dong H,
Adjei AA, Mansfield AS: Tumor mutational burden from tumor-only
sequencing compared with germline subtraction from paired tumor
and normal specimens. JAMA Netw Open 2020, 3:¢200202

Anaya J, Sidhom J-W, Cummings CA, Baras AS: Probabilistic
mixture models improve calibration of panel-derived tumor muta-
tional burden in the context of both tumor-normal and tumor-only
sequencing. Cancer Res Commun 2023, 3:501—509

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J,
Wang Q, et al: The mutational constraint spectrum quantified from
variation in 141,456 humans. Nature 2020, 581:434—443

Brawley OW, Luhn P, Reese-White D, Ogbu UC, Madhavan S,
Wilson G, Cox M, Ewing A, Hammer C, Richie N: Disparities in
tumor mutational burden, immunotherapy use, and outcomes based
on genomic ancestry in non-small-cell lung cancer. JCO Glob Oncol
2021, 7:1537—1546

Chang H, Sasson A, Srinivasan S, Golhar R, Greenawalt DM,
Geese WIJ, Green G, Zerba K, Kirov S, Szustakowski J: Bio-
informatic methods and bridging of assay results for reliable tumor
mutational burden assessment in non-small-cell lung cancer. Mol
Diagn Ther 2019, 23:507—520

Qiu P, Pang L, Arreaza G, Maguire M, Chang KCN, Marton MJ,
Levitan D: Data interoperability of whole exome sequencing (WES)
based mutational burden estimates from different laboratories. Int J
Mol Sci 2016, 17:651

Ellrott K, Bailey MH, Saksena G, Covington KR, Kandoth C,
Stewart C, Hess J, Ma S, Chiotti KE, McLellan M, Sofia HJ,
Hutter C, Getz G, Wheeler D, Ding L: Scalable open science
approach for mutation calling of tumor exomes using multiple
genomic pipelines. Cell Syst 2018, 6:271—281.e7

Hofmann AL, Behr J, Singer J, Kuipers J, Beisel C, Schraml P,
Moch H, Beerenwinkel N: Detailed simulation of cancer exome
sequencing data reveals differences and common limitations of
variant callers. BMC Bioinformatics 2017, 18:8

Kim SY, Speed TP: Comparing somatic mutation-callers: beyond
Venn diagrams. BMC Bioinformatics 2013, 14:189

Krgigard AB, Thomassen M, Lankholm A-V, Kruse TA, Larsen MJ:
Evaluation of nine somatic variant callers for detection of somatic
mutations in exome and targeted deep sequencing data. PLoS One
2016, 11:e0151664

Xu C: A review of somatic single nucleotide variant calling algo-
rithms for next-generation sequencing data. Comput Struct Bio-
technol J 2018, 16:15—24

McCarthy DJ, Humburg P, Kanapin A, Rivas MA, Gaulton K,
Cazier J-B, Donnelly P: Choice of transcripts and software has a large
effect on variant annotation. Genome Med 2014, 6:26

Zheng F-F, Shen W-H, Gong F, Hu Z-D, Lippi G, Simundi¢ A-M,
Bossuyt PMM, Plebani M, Zhang K: Adherence to the Standards for
Reporting of Diagnostic Accuracy Studies (STARD): a survey of four
journals in laboratory medicine. Ann Transl Med 2021, 9:918
Febbo PG, Martin A-M, Scher HI, Barrett JC, Beaver JA,
Beresford PJ, et al: Minimum technical data elements for liquid bi-
opsy data submitted to public databases. Clin Pharmacol Ther 2020,
107:730—734

Altman DG, McShane LM, Sauerbrei W, Taube SE: Reporting rec-
ommendations for tumor marker prognostic studies (REMARK):
explanation and elaboration. BMC Med 2012, 10:51

Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP,
Irwig L, Lijmer JG, Moher D, Rennie D, de Vet HCW, Kressel HY,
Rifai N, Golub RM, Altman DG, Hooft L, Korevaar DA, Cohen JF:
Stard 2015: an updated list of essential items for reporting diagnostic
accuracy studies. Clin Chem 2015, 61:1446—1452

Glasziou P, Altman DG, Bossuyt P, Boutron I, Clarke M, Julious S,
Michie S, Moher D, Wager E: Reducing waste from incomplete or
unusable reports of biomedical research. Lancet 2014, 383:
267276

jmdjournal.org m The Journal of Molecular Diagnostics

REV 5.6.0 DTD m JMDI1425_proof m 11 June 2024 m 8:31 am m EO: JMDI-D-23-00449

1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984


http://refhub.elsevier.com/S1525-1578(24)00115-6/sref34
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref34
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref34
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref34
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref35
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref35
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref35
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref35
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref35
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref35
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref36
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref36
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref36
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref36
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref36
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref36
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref36
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref37
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref37
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref37
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref37
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref37
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref37
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref37
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref37
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref38
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref38
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref38
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref38
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref38
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref39
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref39
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref39
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref39
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref39
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref40
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref40
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref40
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref41
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref41
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref41
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref41
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref41
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref41
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref42
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref42
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref42
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref42
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref42
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref42
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref42
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref42
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref43
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref43
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref43
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref43
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref43
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref43
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref43
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref44
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref44
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref44
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref44
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref45
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref45
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref45
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref45
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref45
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref46
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref46
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref46
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref46
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref47
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref47
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref47
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref47
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref47
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref47
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref48
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref48
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref48
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref48
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref48
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref48
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref49
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref49
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref49
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref49
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref50
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref50
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref50
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref50
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref50
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref50
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref51
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref51
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref51
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref51
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref52
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref52
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref53
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref53
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref53
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref53
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref54
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref54
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref54
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref54
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref55
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref55
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref55
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref56
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref56
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref56
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref56
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref56
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref56
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref57
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref57
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref57
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref57
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref57
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref58
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref58
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref58
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref59
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref59
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref59
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref59
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref59
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref59
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref60
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref60
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref60
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref60
http://refhub.elsevier.com/S1525-1578(24)00115-6/sref60
http://jmdjournal.org

	Recommendations for Tumor Mutational Burden Assay Validation and Reporting
	Materials and Methods
	Working Group Composition
	Project Scope and Limitations
	TMB Laboratory Practices Survey
	Systematic Literature Review
	Development of Recommendations

	Results
	TMB Laboratory Practices Survey
	Literature Review
	Assay Characteristics
	TMB Calculation
	TMB Assay Validation Approach
	TMB Reporting

	Recommendations for TMB Assay Validation, Reporting, and Publications
	TMB Validation Recommendations
	Recommendation 1: Laboratories Should Validate and Report the Enrichment Method Used in the TMB Assay
	Recommendation 2: Laboratories Should Validate and Report the Size and Describe the Genomic Regions (ie, Exons, Introns, an ...
	Recommendation 3: Laboratories Should Validate TMB Measurement Against an Orthogonal Assay, and the Method of TMB Calculati ...
	Recommendation 4: Laboratories Should Include Validation Samples that Reflect the Intended use of the TMB Assay with Respec ...
	Recommendation 5: Laboratories May Use Reference Materials to Supplement but Not Supplant Clinical Samples for TMB Assay Va ...
	Recommendation 6: Laboratories May Use in Silico Validation Studies to Supplement but Not Supplant a TMB Assay Wet Laborato ...
	Recommendation 7: Laboratories Should Specify the Sequencing Mode (Tumor-Germline Paired or Somatic Only) Used by the TMB A ...
	Recommendation 8: Laboratories Should Establish the Performance Parameters of Bioinformatic Pipelines Used for TMB Calculat ...

	TMB Reporting Recommendations
	Recommendation 9: Laboratories Should Report the Assay Name, Version, and Sequencing Platform Used for Clinical TMB Assays
	Recommendation 10: Laboratories Should Report the Name, Version, Properties, and/or Settings of Bioinformatic Pipeline Soft ...
	Recommendation 11: Laboratories Should Report the Specific Types and/or Categories of Variants Included in and Omitted from ...
	Recommendation 12: Laboratories Should Report the Sequencing Mode (Tumor-Germline Paired or Somatic Only) Used by the TMB A ...

	Optional Elements for TMB Reporting
	TMB Publication Recommendation
	Recommendation 13: Publications Describing TMB Assays Intended for Clinical Applications, including a Description of Clinic ...


	Conclusion
	Acknowledgments
	Disclosure Statement
	Supplemental Data
	References
	Disclaimer


