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ABSTRACT	 As an emerging biomarker, tumor mutational burden (TMB) has attracted increasing attention from clinicians in predicting the 
efficacy of tumor immunotherapy. Currently, TMB is detected primarily by whole-exome sequencing or targeted panel sequencing 
on high-throughput sequencing platforms. However, the lack of uniformity in detection methods, threshold settings, and reporting 
formats, as well as the significant differences in TMB values among different cancer types, have hindered the standardized application 
of this biomarker in clinical practice. This consensus focuses on the definition, standardization of detection, clinical significance, and 
limitations of TMB, and provides consensus recommendations for the clinical application of TMB in real-world practice in China. 
This consensus is aimed at helping clinicians and laboratory personnel understand the clinical significance and testing standards of 
TMB, promoting more accurate interpretation of test results, and improving patient care.

KEYWORDS	 Biomarkers; tumor mutational burden; tumor immunotherapy; targeted panel sequencing; whole-exome sequencing

Introduction
Immunotherapy based on immune checkpoint inhibitors 
(ICIs) has significantly improved objective response rates 
(ORRs) and overall survival (OS) in patients with advanced 
malignancies. However, the lack of effective population-based 
biomarkers has resulted in an overall response rate below 
20% for ICI monotherapy, which is often accompanied by 
immune-related adverse events. Therefore, an urgent need 
exists to identify accurate and reliable biomarkers for screen-
ing patients who might potentially benefit from immunother-
apy. Tumor mutational burden (TMB), defined by the number 
of tumor genetic variants, correlates with ICI efficacy. The 
concept of TMB originated from a study published in Nature 

in 2013 examining more than 7,000 specimens from 30 cancer 
types1. That study analyzed mutation profiles through whole 
genome sequencing (WGS) and whole-exome sequencing 
(WES) technologies and described the number of mutations 
per megabase (Mb) in various cancer samples. In 2015, the 
first study exploring the correlation between TMB and immu-
notherapy efficacy in non-small cell lung cancer (NSCLC) 
was published in Science2. In that study, patients with NSCLC 
with above-median TMB showed prolonged progression-free 
survival (PFS). Since then, multiple large studies have con-
firmed the predictive role of TMB in ICI treatment. In 2017, 
a study in Genome Medicine involving 100,000 patients with 
solid tumors explored the correlation between targeted cap-
ture sequencing panel and WES results for TMB detection, 
and confirmed the feasibility and reliability of panel detec-
tion of TMB3. The 2019 Chinese Society of Clinical Oncology 
guidelines and the National Comprehensive Cancer Network 
guidelines for molecular pathological testing in advanced 
lung cancer both included TMB. In 2020, the U.S. Food and 
Drug Administration (FDA) approved pembrolizumab as 
a monotherapy for patients with inoperable or metastatic 
tumor mutational burden-high (TMB-H) solid tumors that 
progressed on prior therapy. Pembrolizumab became the first 
anti-tumor drug using TMB as a biomarker to be approved 
worldwide. However, the lack of unified standards for TMB 
detection and evaluation in clinical practice markedly limits 
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its clinical application. To promote a unified understanding 
and standardization of TMB testing and its clinical applica-
tion, the East China Lung Cancer Group, Youth Committee 
(ECLUNG YOUNG, also known as the Yangtze River Delta 
Lung Cancer Collaboration Group) has developed this expert 
consensus on the clinical use of TMB, based on the character-
istics and practices in the field of thoracic oncology in China, 
and jointly formulated an expert consensus on the clinical 
application of TMB. To enable the highest possible accuracy 
and reliability of ICI treatment prediction, this consensus pro-
vides definitions for TMB, sample type, detection method, 
gene panel inclusion criteria, bioinformatics analysis methods, 
threshold setting, and the clinical significance of TMB testing. 
Additionally, the expert group provides opinions regarding the 
selection of various efficacy prediction biomarkers including 
TMB in tumor immunotherapy. The recommendation grades 
were used in the principles and methods for developing the 
ECLUNG consensuses/guidelines4.

TMB definition

Consensus 1: TMB is defined as the average number of 
somatic nonsynonymous mutations contained in a specific 
genomic region per megabase. TMB reflects not only tumor 
genomic mutations but also neoantigen production ability, 
which is associated with immunotherapy efficacy. However, 
TMB evaluation is affected by a variety of factors, and clar-
ifying the scope of its use for precise application is impor-
tant (strongly recommended).

TMB, the number of somatic nonsynonymous mutations 
contained in a given genomic region per Mb3,5,6, indirectly 
reflects a tumor’s ability to produce neoantigens3,7,8. When 
tumor cells undergo somatic nonsynonymous mutations, 
new antigens may be produced and recognized by the body’s 
immune system, thus triggering an immune response. TMB-H 
typically indicates that tumor cells carry large numbers of 
somatic nonsynonymous mutations and are therefore likely 
to produce cancer-specific neoantigens3,8. These neoanti-
gens are processed and loaded onto major histocompatibility 
complexes, where they are recognized by the immune system 
and trigger a T cell-mediated antitumor immune response8. 
Therefore, for some tumor types, the neoantigen burden or 
TMB is expected to be an important clinical biomarker for 
guiding ICI therapy decisions9-12. A growing body of clinical 
data suggest that patients with TMB-H cancers are relatively 
likely to benefit from ICI therapy. However, many challenges 
exist in the TMB evaluation process. A variety of factors, such 
as sample type, sample quality and quantity, genome coverage, 
sequencing platform, bioinformatics analysis procedures, and 
threshold setting, can significantly affect the evaluation process 
and experimental results13. Different types of samples, such as 
tumor tissue samples and blood samples, may have different 

TMB test results. Poor sample quality, such as low proportions 
of tumor cells or nucleic acid degradation, interferes with test 
accuracy. The number of detected mutations varies accord-
ing to genome coverage. Differences in sequencing platforms 
and bioinformatics analysis procedures may lead to bias in the 
identification and calculation of mutations. The change in the 
threshold setting directly affects the determination of TMB-
High or TMB-low (TMB-L). In addition, tumors with different 
organ and tissue origins significantly differ in the magnitude 
(i.e., mutations per megabase) and nature of TMB14. Therefore, 
clarifying TMB application scenarios and scope is important to 
ensure accurate clinical application of this biomarker for pre-
dicting the efficacy of tumor immunotherapy.

Standardization of TMB assays

Consensus 2: We recommend using recently paraffin-
embedded tumor tissue samples for TMB detection. The 
tissue to be tested should first undergo pathological qual-
ity control to ensure that it contains sufficient malignant 
tumor cells (strongly recommended).

Consensus 3: We recommend prioritizing use of nucleic 
acid extraction kits approved by the National Medical 
Products Administration (NMPA) or qualified by labora-
tory performance verification for genomic DNA extraction. 
Additionally, TMB testing laboratories should establish 
appropriate quality control standards and operating proce-
dures for DNA samples according to actual needs, and should 
strictly control the purity, concentration, and degree of frag-
mentation of DNA samples to be tested (recommended).

Consensus 4: When targeted sequencing panels are used 
for TMB evaluation, we recommend evaluating their con-
sistency with WES results. In principle, the coverage of the 
targeted sequencing panel should not be below 1.0 Mb, 
and the minimum effective sequencing depth is 200×. We 
recommend that targeted sequencing panels for TMB test-
ing maximally cover the patient’s other molecular genetic 
information, including driver mutations that could guide 
targeted therapy, positive predictors of immunotherapy 
associated with the development of gene variants, and possi-
bly negative predictors of immunotherapy (recommended).

Consensus 5: For TMB detection based on targeted 
sequencing panels, WES should be used as the gold stand-
ard. Additionally, somatic mutations that affect protein 
coding should be included, and somatic mutations with 
a detection mutation frequency >5% should be ensured 
to achieve accurate, stable TMB detection values. The ICI 
efficacy follow-up database should be used to standardize 
genome alignment and mutation detection algorithms. 
We recommend using control samples or Chinese popu-
lation databases to rule out germline variants (strongly 
recommended).
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Consensus 6: Significant differences exist in TMB values 
among cancer types, and the threshold should be deter-
mined according to the clinical efficacy of ICIs, to maxi-
mize the identification of patients who might potentially 
benefit from ICI treatment. Importantly, TMB thresholds 
vary among targeted sequencing panels and detection sys-
tems (recommended).

Consensus 7: In addition to focusing on TMB calcula-
tion principles and values, the TMB report should inter-
pret the significance of immunotherapy for specific cancer 
types. Systematic evaluation of mutations in various driver 
genes detected by the panel is also necessary to comprehen-
sively interpret patients’ tumor biological characteristics. 
Application of the Molecular Tumor Board (MTB) for clin-
ical decision-making is strongly recommended (strongly 
recommended).

Principles of sample collection and processing

In clinical practice, tissue TMB (tTMB) testing is widely used, 
whereas the accuracy of blood TMB (bTMB) testing requires 
further verification15. Therefore, this consensus primarily 
establishes principles for TMB sample collection and process-
ing according to the published literature and consensus.

Specimen types and recommended requirements for 
TMB testing

(a)	 �Formalin-fixed, paraffin-embedded (FFPE) tumor tis-
sue: FFPE tissue is a commonly used specimen type in 
TMB testing. We recommend using 10% neutral for-
malin fixative solution for FFPE tissue. The volume of 
the fixation fluid should be more than 10 times that 
of the sample tissue. The optimal fixation time is ap-
proximately 24 h for surgical specimens and 12 h for 
needle biopsies. For TMB evaluation, recent tissue 
blocks within 3 years, preferably within 1 year, or paraf-
fin sections prepared within 6–8 weeks, with a section 
thickness of 4–5 μm, are recommended5,10. At least 5 
sections are necessary for surgical tissue specimens. A 
minimum of 10 sections is necessary for biopsies or 
small specimens. The tissue specimen should contain 
at least 200 viable tumor cells, or 10% of the tumor, to 
ensure sufficient material for testing and quality con-
trol. Insufficient numbers of tumor cells can affect the 
accuracy of the test results. If necessary, techniques 
such as microdissection can be used to enrich the tu-
mor cell population or remove necrotic tissue, thereby 
enhancing the sensitivity of TMB detection, depend-
ing on patient consent.

(b)	 �Fresh tumor tissue: Fresh tissue, although usable, is 
not routinely recommended, because of difficulties in 
assessing the tumor cell proportion13. Frozen sections 
can be used for initial quality control. For surgical 

specimens, a minimum of 10 mg (approximately the 
size of a grain of rice) is required. For biopsies or small 
specimens, at least one piece of tumor tissue that is 
visible to the naked eye is needed. Importantly, the 
accuracy of TMB detection and calculation is affected 
by the proportion of tumor cells, and FDA-approved 
TMB assays require a tumor cell proportion of at least 
20%16-19.

(c)	 �Normal control: Most TMB assays require a normal 
control to provide and filter out germline variation 
information  20 . Normal tissue or peripheral blood can 
be used as a control. If a peripheral blood sample is 
used as a control, 2 – 5 mL EDTA anticoagulated pe-
ripheral blood should be collected. After collection, 
the sample should be gently inverted and mixed 8 – 10 
times to prevent blood clotting. We  recommend that 
specimens be transported to the testing laboratory at 
a low temperature of 4 ° C and processed within 2 h to 
avoid hemolysis. If processing is not possible within 2 
h, or long-distance transportation is required, we rec-
ommend storing or transporting samples at room tem-
perature in a dedicated cell-free DNA collection tube. 

(d)	 �Lesion selection: Both the primary tumor lesion and 
distant metastatic lesion tissue can be used for TMB 
evaluation  21 . Given tumor heterogeneity, several 
studies have explored the detection of TMB in paired 
primary lesions, distant metastases, and lymph node 
metastases of lung adenocarcinoma  22 . TMB is signif-
icantly lower in lymph node metastases than in pri-
mary lesions, whereas the difference between distant 
metastases and primary lesions is relatively small. 
In addition, significant intratumoral gene mutation 
heterogeneity may be present among regions of the 
same tumor, thus potentially leading to large varia-
tions in TMB values  23 ,  24 . Currently, no studies have 
specifically explored heterogeneity in TMB samples 
and correlations with clinical outcomes. Therefore, 
we recommend preferential use of primary tumor 
lesion tissue and distant metastatic lesion tissue for 
TMB detection.   

Nucleic acid extraction and quality control
In TMB detection, nucleic acid extraction is a key step. We 
recommend using nucleic acid extraction kits that have been 
approved by the NMPA or whose performance has been val-
idated by laboratories. Nucleic acid extraction should be per-
formed in laboratories meeting the stringent requirements 
for high-throughput sequencing5,10, to ensure the quality and 
stability of nucleic acid extraction, and to prevent problem-
atic kits or laboratory conditions from affecting subsequent 
test results25. DNA purity, concentration, and fragmentation 
should be rigorously evaluated before TMB detection. The 
quality of the tumor tissue DNA library is critical. Insufficient 
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concentrations, particularly those below 5.0 nmol/L, can lead 
to inflated or TMB-L and consequently result in false-posi-
tive or false-negative results. Clinical genetic testing labora-
tories should select an appropriate platform for nucleic acid 
quality control. We recommend using micronucleic acid 
fluorescence quantification to determine nucleic acid con-
centrations, and evaluating nucleic acid fragmentation with 
agarose gel electrophoresis or a nucleic acid fragment bioana-
lyzer. The amount of nucleic acid required for TMB detection 
with large panel genetic testing is 20–200 ng, depending on 
the sequencing method. For WES-based TMB assays, we rec-
ommend a nucleic acid amount of at least 250 ng. Clarifying 
the nucleic acid requirements would help ensure test accuracy 
and reliability.

Panel design and platform selection for TMB 
assays

Method selection for TMB detection
TMB assays are important for evaluating the efficacy of tumor 
immunotherapy. Currently, 2 main methods are used, WES 
and targeted panel sequencing, each with its own advan-
tages and limitations5,10,26. WES directly sequences the entire 
exome region of the tumor genome and therefore accurately 
reflects TMB and is considered the gold standard. However, 
complexity and cost limit widespread use of WES in routine 
clinical practice27-29. Targeted panel sequencing focuses on a 
comprehensive set of tumor-associated genes, combined with 
bioinformatics algorithms, to quickly and accurately identify 
alterations in the tumor genome16,24. Several studies have con-
firmed that targeted panel sequencing results show high con-
sistency with WES results; this method therefore provides a 
viable alternative for TMB detection30,31.

Panel size in TMB detection
The size of the targeted sequencing panel is an important factor 
influencing several key metrics in TMB assessment, including 
confidence intervals, thresholds, assay sensitivity, specificity, 
and positive and negative predictive values. Different panels 
cover different genomic regions, thus resulting in variations 
in TMB values32. The Dana-Farber Cancer Institute has con-
structed large (300-gene), moderately sized (48-gene), and 
small (15-gene) panels, and has found that small panels are 
poor predictors of overall mutational load, whereas large pan-
els successfully recapitulate the WES mutational load33. Some 
research institutions have used random mutation models to 
mimic non-random mutations in real-world cancer genomes 
and intratumoral heterogeneity in public databases, and have 
found that the coefficient of variation (CV) of TMB assessed 
with targeted sequencing panels is inversely proportional to 
the square root of the panel size and the square root of the 
TMB. When the tumor TMB threshold was set to 10 mutations 

per megabase (mut/Mb), CV increased with decreasing panel 
coverage (from 4 Mb to 2 Mb, 1 Mb, 0.5 Mb, and 0.25 Mb, 
with CVs of 22%, 26%, 32%, 45%, and 63%, respectively). 
When the panel size was less than 0.5 Mb, the CV sharply rose. 
At less than 1.0 MB, TMB assessment accuracy significantly 
decreased, thus hindering effective identification of patients 
who might benefit from immunotherapy34-36. To study the 
effects of selected genes on the CV of TMB, researchers in 
Germany, the United Kingdom, and Switzerland have simu-
lated 3 panels: panel A, containing oncogenes and tumor sup-
pressor genes; panel B consisting of randomly selected genes; 
and panel C excluding oncogenes and tumor suppressor 
genes32. Analysis of The Cancer Genome Atlas (TCGA) data 
indicated a 6% greater TMB variance for panels B and C, and 
a 15% greater TMB variance for panel A, than observed with 
a random mutation model. Therefore, the panel design should 
cover a wide range of genetic elements and should not be lim-
ited to oncogenes and tumor suppressor genes. The Genomics 
Evidence Neoplasia Information Exchange, initiated by the 
American Association for Cancer Research, has analyzed real-
world TMB data from approximately 19,000 patients with 
cancer. When the TMB was 0–5 mutations per Mb, approx-
imately two-thirds of the samples could not be accurately 
assessed with small panels. Panel sizes greater than 1.0 Mb are 
therefore necessary to accurately assess TMB37. Researchers 
in the Cheng laboratory31 at Jilin Cancer Hospital have eval-
uated panels covering more than 1.0 Mb and verified 98.7% 
concordance in TMB calculations by using their OncoTOP 
algorithm and WES across 2,864 samples of 18 cancer types. 
In a study by Zhang’s team38 at Sun Yat-sen University, large-
panel-based TMB assessment findings were highly concordant 
with WES TMB detection results in lung cancer populations 
(Spearman R = 0.81). In the first one-third of the TMB-H 
population, both panel and WES TMB were predictive of the 
response to ICI therapies (PFS HR: 0.45/0.43). In an analy-
sis of 3 FDA-approved targeted sequencing panels, the panel 
with ≥1.0 Mb coverage met the clinical requirements for 
TMB evaluation. Therefore, we recommend an ideal cover-
age of targeted sequencing panels for the evaluation of TMB 
between 1.0 and 3.0 Mb39. In addition, targeted sequencing 
panels can introduce bias arising from changes in the cov-
ered genomic regions. The TMB panel should contain com-
prehensive molecular genetic information from the patient, 
such as driver gene mutations (e.g., EGFR, ALK, ROS1, RET, 
NTRK, BRAF, ERBB2, KRAS, and MET), to guide targeted 
therapy. Additionally, both positive predictors of immuno-
therapy response [e.g., deficient mismatch repair (dMMR)/
microsatellite instability (MSI), POLE, POLD1, and BRCA1/2] 
and potential negative predictors [e.g., programmed death 
receptor-1 ligand 1 (PD-L1), PIK3CA, JAK1/2, PTEN, and 
STK11] should be considered, because they are associated with 
mutation-driven mechanisms40. Rebiopsy and genetic testing 
should be minimized to avoid delays in treatment41-46.
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Sequencing coverage depth
Sequencing depth is critical for both panel-based and WES-
based TMB assays. The standard sequencing depth for WES 
is typically 100×, at which allele mutations with frequencies 
greater than 15% can be reliably detected, thus ensuring TMB 
assessment accuracy. In contrast, panels can achieve higher 
sequencing depths, thus resulting in detection of more low-
frequency variants42-44,47. To effectively increase the ability to 
detect low-frequency variants at specific loci, we recommend 
a sequencing depth of at least 200× for targeted sequencing 
combinations4. The average depth of coverage for the FDA-
approved MSK-IMPACT sequencing panel is 200×. In 2019, 
the European Society for Medical Oncology (ESMO) guidelines 
clearly stated that the depth of coverage required for accurate 
assessment of TMB should be greater than 200×13. A Chinese 
research team has shown that panel assays show higher con-
sistency with WES at 500× sequencing depths and significantly 
correlate with patient immunotherapy efficacy45-47,48.

Cost-effectiveness analyses
Targeted panels outperform WES in cost-effectiveness, with 
lower costs, higher sequencing depth, faster turnaround, and 
better coverage of disease-relevant genes, thus enhancing var-
iant detection, and conferring advantages in routine clinical 
use and large-scale screening. WES offers broader coverage 
for novel variants in complex cases but has higher costs, more 
generated data (increasing analysis expenses), and potentially 
lower gene-specific coverage. This method might save costs by 
replacing multiple sequential tests or as prices decline to near-
panel levels.

In advanced NSCLC, WGS-TMB (with cost and scope sim-
ilar to those of WES) is less cost-effective than PD-L1 test-
ing for immunotherapy selection. For WGS-TMB to achieve 
comparable cost-effectiveness to PD-L1 testing, it would 
require either a ≥24% reduction in sequencing costs or an 
improvement in TMB’s predictive value for immunotherapy 
response. Combined TMB-PD-L1 testing would require a 
40%–50% reduction in sequencing and drug costs to achieve 
cost-effectiveness comparable to that of single PD-L1 test-
ing49. Decision-tree models favor PD-L1 over TMB/no test-
ing; tissue-based TMB is the most economical TMB method 
but remains more expensive than no testing, and its economic 
value depends on its costs and utility50.

Standardization requirements for TMB 
algorithms

The core aim of the TMB algorithm is to accurately align 
and calculate somatic mutations that affect protein-coding 
sequences. To ensure high accuracy and reliability of TMB cal-
culation results, several potential problems in sequencing data 
processing and mutation analysis at the algorithm level remain 
to be solved.

Quality control of sequencing data
From the generation of raw data by the sequencing platform 
to the completion of somatic mutation detection, data typi-
cally undergo 4 critical stages: quality control, data filtering, 
genome alignment, and mutation detection. Because raw 
sequencing data often include problems such as low-quality 
readouts, linker contamination, and insertion and deletion 
errors, data quality must be evaluated through bioinformat-
ics analysis. Moreover, strict quality control standards must be 
established for parameters such as data efficiency, error rate, 
Q30, GC content, mapping rate, average sequencing depth and 
uniformity of the target region, to ensure that these problems 
do not interfere with TMB detection. Specifically, these cri-
teria include data availability of >99%, error rate <0.1%, Q20 
score >90%, Q30 score >85%, GC content of 42–55%, and 
mapping rate >95%4.

Upstream data preprocessing workflows
Standardization of upstream data preprocessing is crucial 
for ensuring the accuracy, reliability, and reproducibility of 
subsequent variant calling. Eliminating technical biases (e.g., 
sequencing errors, adapter contamination, and PCR dupli-
cates) and correcting data quality through standardized steps 
are essential to generate high-quality BAM files suitable for 
variant calling. Relevant workflows adhere to internation-
ally recognized protocols, such as GATK Best Practices and 
ENCODE standards51, while adapting to different sequencing 
types (e.g., WGS, WES, or targeted region sequencing). Key 
steps in sequence include quality control of raw sequencing 
data (FASTQ) by using FastQC to evaluate metrics such as 
the Phred quality score distribution, GC content, and adapter 
contamination rate, combined with MultiQC for aggregating 
multi-sample quality reports and defining thresholds (e.g., 
average Phred score ≥20)52; sequence trimming and filtering 
via Trimmomatic or Cutadapt to remove adapter sequences, 
trim low-quality ends (e.g., LEADING:3 or TRAILING:3), 
and filter short reads (e.g., length <36 bp) to decrease align-
ment noise53; alignment to the reference genome (e.g., hg38 
or GRCh38) with tools such as BWA-MEM (for WES) with 
specified parameters (e.g., seed length and mismatch penal-
ties) to generate SAM files; conversion of SAM to BAM format 
with SAMtools (to reduce storage), and sorting by chromo-
somal position to facilitate subsequent steps54; marking PCR 
duplicates via Picard’s Mark Duplicates to avoid bias in variant 
calling from duplicate counts; base quality score recalibra-
tion (BQSR) with GATK’s BaseRecalibrator with known var-
iant databases (e.g., dbSNP or 1000 Genomes) to correct for 
the inherent base quality biases of sequencers, thus yielding 
recalibrated BAM files; and post-preprocessing quality valida-
tion with Qualimap or GATK’s Collect HsMetrics (for WES) 
to assess key indicators (e.g., alignment rate ≥95%, duplicate 
rate <10%, and average coverage depth meeting experimental 
design) to ensure suitability for variant calling. Additionally, 
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we discuss standardization principles for reproducibility, 
including selecting tool versions (e.g., GATK 4.2.6 or BWA 
0.7.17) to avoid version-related discrepancies, transparently 
reporting parameters with clear justifications for adjustments 
(e.g., for tumor vs. normal tissues), recommending workflow 
management tools (e.g., Snakemake or Nextflow) for automa-
tion, and providing reusable scripts (e.g., via GitHub reposito-
ries) to facilitate replication54,55.

TMB algorithm and mutation analysis
After the initial filtering of raw sequencing data, a variety of 
bioinformatics analysis tools play integral roles in genome 
sequence alignment and mutation detection. Commonly 
used software for next-generation sequencing (NGS) align-
ment includes BWA55, Bowtie56, SOAP57, BFAST58, ELAND59, 
MAQ60, and SHRiMP61, among which the BWA software 
with the SMEM algorithm for alignment with the human ref-
erence genome is the most widely used. For mutation detec-
tion, commonly used algorithms include VarScan262, which 
relies on statistical methods, and Strelka63 and Mutect264, 
which are based on Bayesian models. In addition, the accel-
eration algorithm Genomic Variant Caller (GVC)65, devel-
oped with artificial intelligence (AI) technology, can adapt to 
data from various platforms through the AI model, thereby 
ensuring efficient and accurate detection results. Moreover, 
the detection speed is 4–8 times faster than that of traditional 
software, thus providing strong support for accelerating the 
application of NGS in clinical practice (Supplementary 
material).

Evaluation of TMB algorithm accuracy
Panel-based TMB detection is performed by calculating the 
number of somatic mutations in the exons covered by the 
panel divided by the exon coverage area of the panel. However, 
a discrepancy exists between calculated TMB values and TMB 
values obtained through WES detection66-69. Tumor purity 
is a non-negligible factor in the calculation of TMB values. 
Anagnostou et  al.70 have found that with decreasing tumor 
purity, the frequency of somatic mutation sites also decreases. 
Correction of TMB values by tumor purity correction parame-
ters enables better differentiation of efficacy in patients treated 
with ICIs. In general, the purity of tumor cells should not be 
below 20%. When the purity of tumor cells is low, a larger 
tumor purity correction parameter is required.

Filtering out germline variants is essential for accurately 
determining TMB. Ideally, all germline variants, including 
single nucleotide polymorphisms (SNPs; population allele 
frequency ≥1%) and mutations (population allele frequency 
<1%), should be excluded from the TMB calculation, to avoid 
overestimating the TMB values. Consequently, a normal 
sample to serve as a control must often be obtained from the 
patient, most commonly by collecting paracancerous tissue or 
peripheral blood71. For example, among the 4 FDA-approved 

methods for tumor TMB detection, MSK-Impact, Omics 
Core, and PGDx elio tissue complete all filter the germline 
mutations detected in tumor samples by detecting the 
patient’s leukocyte control, to ensure that the mutations used 
to calculate the TMB are all somatic mutations. However, this 
approach not only increases the cost of testing but also poses 
ethical issues associated with germline genetic information. 
Some laboratories that have developed TMB panels capable 
of screening germline variants by using only tumor tissue 
samples, often filtered with the help of population-based 
databases, such as the Genome Aggregation Database (gno-
mAD), TCGA, Exome Aggregation Consortium (ExAC), 
1000 Genomes Project, and Single Nucleotide Polymorphism 
Database (dbSNP). However, most of these public popula-
tion databases are based on European and American pop-
ulation data, which are not fully applicable to the Chinese 
population and therefore might lead to inaccuracies in TMB 
estimation for Asian and African population. The OncoTOP 
algorithm, published by Cheng’s team31 , solves the techni-
cal bottleneck of traditional TMB detection based on paired 
samples (Supplementary material). By integrating mul-
ti-dimensional information such as CNV, MSI, and SNP and 
mutation frequency, the algorithm achieves ultra-high-ac-
curacy germline variant identification and TMB calcula-
tion without control samples. Moreover, the algorithm was 
developed completely on the basis of a Chinese population 
database and therefore has wide application prospects31. 
Therefore, we recommend using control samples (periph-
eral blood or normal tissue) to remove germline variants 
when determining somatic mutations in TMB or to optimize 
germline variant filtering by laboratory-constructed Chinese 
population databases or algorithms71,72.

Exploration and clinical application of TMB 
thresholds

Distribution of TMB across cancer types
In a WES analysis of 27 tumor types based on TCGA data-
base, the median nonsynonymous mutation frequency 
among tumor types significantly differed, by more than 
1,000-fold. The TMB in pediatric tumors was low, at approx-
imately 0.1 mut/Mb, whereas some patients with malignant 
melanoma and NSCLC had more than 100 mut/Mb1. In 
addition, high heterogeneity in TMB values was observed 
among patients with the same cancer type. In malignant 
melanoma and lung cancer, the TMB values ranged from 
0.1 to 100 mut/Mb across patients, and a DNA-targeted 
sequencing study based on a pan-cancer cohort of 10,000 
patients has yielded similar results73. A Chinese team has 
found similar results in a sample of 2,864 cases from 18 can-
cer types, with differences in the distribution of TMB among 
different cancer types45.
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TMB threshold
The median TMB and its range markedly differ across can-
cer types11. A fixed TMB threshold may capture a higher pro-
portion of TMB-H patients with cancer types with inherently 
higher TMB levels but a lower proportion of TMB-H patients 
with cancer types with lower TMB levels. Therefore, a uni-
fied screening strategy should be applied for all cancer types. 
Specifically, cases ranking in the top 20% are defined as the 
TMB-H group. However, the TMB-H thresholds identified 
across different cancer types substantially vary, from 4.4 to 
52.2 mut/Mb11. Consequently, establishing cancer type-spe-
cific thresholds for defining TMB-H will be essential.

The classification of TMB-H thresholds should not be based 
solely on population distribution, and whether this classifica-
tion can correctly indicate immunotherapy efficacy is the key 
criterion34. Budczies et  al.34 have used the WES TMB results 
from TCGA database as a reference standard and set the cut-
off value of TMB at 199 mut/Mb. Correspondingly, panel-based 
TMB thresholds were defined for 10%–12% of the population 
with lung adenocarcinoma and 17%–19% of the population 
with lung squamous cell carcinoma (LUSC). The retrospective 
FIR, BIRCH, and POPLAR studies initially used the Foundation 
One LDT method based on genomic DNA targeted sequencing, 
with thresholds of either 9.9 mut/Mb or the top 75% of the pop-
ulation. These thresholds partially distinguished populations 
benefiting from ICI treatment45. However, 2 prospective clini-
cal trials, CheckMate 568 and CheckMate 227, using the paral-
lel-validated FoundationOne CDx assay, identified 10 mut/Mb 
as the optimal TMB threshold for predicting immunotherapy 
efficacy in NSCLC74. In addition, a Chinese team led by Liang45 
has found that patients with lung cancer with TMB > 10 mut/
Mb had a higher benefit rate from ICI treatment compared to 
those with TMB ≤ 10 mut/Mb. Zou’s team46 has indicated that 
patients with melanoma whose TMB exceeds 8 mut/Mb have 
the highest benefit rate of ICI treatment, and Lin’ s team found 
that patients with gastric cancer with TMB exceeding 8 mut/Mb 
have significantly higher ORR in ICI treatment than those with 
TMB ≤ 8 mut/Mb75. Therefore, the clinical efficacy of ICIs is the 
best criterion for determining the TMB threshold.

Methods frequently used for TMB detection
Since TMB was first identified as a potential predictive bio-
marker for immunotherapy efficacy, multiple testing lab-
oratories and companies have developed TMB detection 
solutions. Internationally recognized commercial panels 
include TEMPUS (648 genes, 2.4 Mb genome coverage), 
Guardant OMNI (550 genes, 2.2 Mb genome coverage), Caris 
SureSelect XT (592 genes, 1.6 Mb genome coverage), and 
F1CDx (324 genes, 1.1 Mbgenome coverage), as well as insti-
tutionally validated platforms such as MSK-IMPACT (468 
genes, 1.2 Mb genome coverage) from the Memorial Sloan 
Kettering Cancer Center and OncoPanel (447 genes, 1.3 Mb 
genome coverage) from the Dana-Farber Cancer Institute. 

In China, several providers offer similar commercial tests, 
including GenePlus (1,021 genes, 1.6 Mb genome coverage), 
Burning Rock (520 genes, 1.26 Mb genome coverage), and 
Geneseeq (425 genes, 1.26 Mb genome coverage)76. Notably, 
Geneseeq’s large gene panel has been approved by China’s 
NMPA for TMB testing in formalin-fixed tissue samples from 
patients with EGFR/ALK-negative non-squamous NSCLC. 
However, significant discrepancies exist in TMB definitions 
across experimental and bioinformatics methods (Table 1). 
For instance, F1CDx incorporates synonymous mutations and 
short intronic indels into TMB calculations, whereas these 
features are typically excluded by other algorithms. Emerging 
evidence suggests that indels might generate novel open read-
ing frames capable of producing immunogenic neoantigens; 
therefore, intronic region analysis and indel inclusion might 
potentially enhance TMB estimation accuracy. Nevertheless, 
F1CDx’s lack of paired germline sequencing risks overesti-
mating TMB because of incomplete germline variant filtering. 
In contrast, the FDA-approved MSK-IMPACT platform uses 
matched blood sequencing to eliminate germline variants and 
focuses solely on somatic exonic mutations across approxi-
mately 500 cancer-related genes. These methodological heter-
ogeneities highlight the challenges in achieving reproducible 
TMB measurements across testing platforms.

Recommendations for TMB report templates

Information to include in TMB reports
(a)	 �Basic information: Information should include the 

examinee, including name, sex, age, clinical and 
pathological diagnosis, genetic testing history, fam-
ily medical history, and clinical treatment history; 
sample information, including sample type, date of 
collection, collection institution, and date of receipt 
by the testing laboratory; and descriptions of the pro-
ject, including the assay method, platform used, assay 
range (e.g., number of genes and panel size), library 
construction method, and reference genome used.

(b)	 �Test results: Information should include the total num-
ber of somatic coding mutations, TMB value, tumor 
type, TCGA database ranking, and summary of the 
interpretation of results.

(c)	 �Interpretation of results: Information should include 
TMB evaluation, such as mutation type, minimum 
detection frequency, and consistency with WES, as 
well as interpretation of the results, including whether 
a clear threshold statement is present. For the various 
immunotherapies, relevant thresholds and clinical tri-
al evidence should be clearly stated.

(d)	 �Signature: Testing technicians and auditors are re-
quired to sign. The final report must be reviewed by a 
qualified physician or authorized signatory who holds 
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a senior title or MD degree, has a background in pa-
thology, has at least a master’s degree, and has received 
relevant training.

(e)	 �Limitation description: The limitations of TMB in clin-
ical applications should be explained, with full consid-
eration of factors such as tumor type, sample type, the 
testing panel, and relevant clinical research results.

In summary, we recommend that TMB reports document the 
above information in detail for clinical use. Information on the 
recommended report template is presented below (Table 2).

Recommendations for clinical interpretation of 
TMB reports

We recommend interpreting TMB results according to the 
specific indications and therapeutic agents. Samstein et  al.11  
have demonstrated that the TMB thresholds for benefit from 
immunotherapy vary across cancer types. For example, in 
IMvigor210, a clinical trial of atezolizumab for bladder cancer, 
the TMB threshold detected by the FoundationOne product 
was ≥16 mut/Mb17. In the clinical trial BIRCH/FIR for NSCLC 
treatment, the TMB threshold detected by the Foundation One 

product was ≥13.5 mut/Mb in first-line patients and ≥17.1 
mut/Mb in second-line patients. The TMB threshold in the 
POPLAR clinical trial was ≥15.8 mut/Mb77. In the CheckMate 
012 study of nivolumab combined with ipilimumab for 
patients with NSCLC, the CheckMate 032 study for small cell 
lung cancer (SCLC), and the CheckMate 038 study for malig-
nant melanoma, the TMB thresholds detected by WES were 
≥307 mut/Mb, ≥248 mut/Mb, and ≥100 mut/Mb78, respec-
tively. Therefore, as a biomarker for predicting ICI efficacy, the 
TMB threshold for companion diagnostic products of differ-
ent drugs has relatively limited reference value. A unified TMB 
threshold should not be used to assess the therapeutic effects 
of different ICIs on patients.

Clinical significance of TMB

Consensus 8: TMB, an emerging independent predictor of 
ICI therapeutic efficacy, is associated with the efficacy of 
monotherapy or a combination of 2 ICIs in multiple tumor 
types, and has been demonstrated to be a predictive marker 
for pan-cancer immunotherapy efficacy. TMB testing is 

Table 1  Commonly used TMB assessment products in China and other countries

TMB type Biospecimen Laboratory/
institution

Panel name Number of genes 
covered

TMB region 
covered (Mb)

Total region 
covered (Mb)

Types of exonic 
mutations 
included in TMB 
estimation

Tumor-based 
TMB

Paired tumor and 
blood samples

Memorial Sloan 
Kettering Cancer 
Center

MSK-IMPACT 468 1.14 1.53 Nonsynonymous

Tumor-based 
TMB

Paired tumor and 
blood samples

TEMPUS TEMPUS Xt 648 2.40 2.40 Nonsynonymous

Tumor sample 
only

Tumor sample 
only

Caris Life Sciences SureSelect XT 592 1.40 1.60 Nonsynonymous, 
synonymous

FoundationOne 
CDx

324 0.80 2.20

Tumor sample 
only

Tumor sample 
only

Dana-Farber Cancer 
Institute

OncoPanel 447 1.30 1.94 Nonsynonymous

Blood-based 
TMB

Blood sample 
only

Guardant Health GuardantOMNI 500 1.00 2.15 Nonsynonymous, 
synonymous

Tumor-based 
TMB

Paired tumor and 
blood samples

GeneseeQ Co GENESEEQ 
PRIME

425 1.00 1.26 Nonsynonymous

Tumor-based 
TMB

Paired tumor and 
blood samples

Geneplus Co OncoD 1,021 1.00 1.60 Nonsynonymous

Tumor-based 
TMB

Paired tumor and 
blood samples

Burning Rock 
Biotechnology

OncoScreen Plus 
520

1.00 1.26 Nonsynonymous

TMB, tumor mutational burden.



Cancer Biol Med Vol 23, No 2 February 2026� 229

recommended for patients with solid tumors that have 
progressed on prior standard therapy for whom no better 
alternative therapy is available, particularly patients with 
pre-relapse TMB-H, to help expand the population benefit-
ing from immunotherapy. In cases in which tumor tissue is 
difficult to obtain or the amount of tumor tissue in paraf-
fin-embedded samples is insufficient, blood may be consid-
ered for bTMB evaluation based on circulating tumor DNA. 
However, the value of bTMB must be clarified by more pro-
spective studies (recommended).

Consensus 9: TMB is a validated predictive biomarker for 
the efficacy of pan-cancer immunotherapy. However, the 
level of evidence currently varies across cancer types. We 
recommend using TMB in cancers that have been widely 
studied and validated (recommended).

tTMB

TMB has been well established in several studies as a pre-
dictive biomarker of ICI efficacy in the treatment of solid 
tumors10,16-18. In 2014, Snyder et al.7 first reported TMB as a 
potential biomarker for ICIs in melanoma. Subsequently, the 
predictive value of TMB in predicting the response to pem-
brolizumab (an anti-PD-1 antibody) was validated in patients 
with advanced NSCLC2.

In the CheckMate 568 study, which evaluated the efficacy 
of nivolumab in combination with ipilimumab in metastatic 
NSCLC, higher tumor tTMB (≥10 mut/Mb) was associated 
with higher ORR (44% vs. 12.0%) and longer PFS (7.1 vs. 2.6 
months)9. In the prospective CheckMate 227 trial, PFS was 
significantly longer in patients with NSCLC with TMB-H (≥10 
mut/Mb) than in patients with TMB-L (7.2 vs. 5.5 months; OR 
0.58; 95% CI 0.41 to 0.81; P <0.001), independently of PD-L1 
expression levels13. However, the efficacy of TMB-guided 
monoclonal antibodies is limited, because nivolumab mono-
therapy showed a trend toward improved outcomes in patients 
with TMB-H, whereas no significant benefit was observed in 
patients with TMB-L. In LUSC, an important NSCLC subtype 
whose genomic characteristics are distinct from those of lung 
adenocarcinoma, TMB also serves as a predictive marker of 
immunotherapy efficacy13. In a CheckMate 227 subgroup 
analysis, nivolumab plus ipilimumab, compared with chemo-
therapy, significantly prolonged PFS in patients with TMB-H 
(≥10 mut/mb), including those with LUSC13. The CheckMate 
9LA study confirmed that nivolumab plus ipilimumab and 
short-course chemotherapy resulted in significantly longer 
PFS and OS in patients with TMB-H LUSC than in patients 
with TMB-L79. Beyond NSCLC, the efficacy of TMB and 
immunotherapy has been demonstrated in other cancer types. 
TMB-H has been associated with immunotherapy efficacy in 
SCLC, head and neck, breast, and colorectal cancers23,24,80. In 
the CheckMate 275 study, nivolumab-treated patients with 
urothelial carcinoma with TMB-H (≥13 mut/Mb) had higher 

ORR and longer PFS/OS than patients with TMB-L81. In the 
KEYNOTE-158 study, which included 10 tumors (e.g., SCLC 
and endometrial cancer), pembrolizumab-treated patients 
with tTMB-H (≥10 mut/Mb) had a higher ORR than patients 
with TMB-L (29% vs. 6%)82. On the basis of those results, the 
FDA approved pembrolizumab as a monotherapy for patients 
with advanced TMB-H (≥10 mut/mb) unresectable and/
or metastatic solid tumors that progress after standard ther-
apy. For patients with cancer of unknown primary (CUP), 
TMB testing can help guide treatment decisions. Historical 
data have indicated that approximately 10%–20% of patients 
with CUP have TMB-H83. In a study by Maria et al.,26 in 31 
patients with CUP treated with nivolumab plus ipilimumab, 
the TMB-H (≥12 mut/Mb) patients had a significantly higher 
ORR than the TMB-L patients (60% vs. 7.7%), thus suggesting 
that patients with CUP with TMB-H are more likely to have a 

Table 2  Consensus template for clinical TMB reporting 
components

Section Content to include

Basic information Patient information, including name, sex, age, 
clinical and pathological diagnosis, genetic 
testing history, family medical history, and 
clinical treatment history

Sample 
information

Sample type, adequacy, and quality metrics

Assay details Platform, panel/exome, coverage (Mb), and 
approval status

Variant types Types included (e.g., nonsynonymous SNVs or 
indels)

Filtering criteria Allele frequency, read depth, and germline/
artifact filtering

Control/
reference

Reference genome and matched normal/in 
silico controls

TMB value Mutations per megabase (mut/Mb) and panel 
size

Confidence 
intervals

95% CI or prediction limits

TMB thresholds High/low cut-off and clinical interpretation

Quality 
assurance

QC metrics and validation status

Additional 
findings

Actionable mutations, MSI status, and other 
biomarkers

Interpretation of 
TMB

TMB assessment regarding mutation type, 
minimum detection frequency, and concordance 
with WES

Signature and 
description of 
limitations

Explanation of limitations of TMB in clinical 
applications
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favorable response after receiving ICIs. However, the predic-
tive value of TMB in clinical applications varies across studies. 
In the KEYNOTE-021 and KEYNOTE-189 studies, TMB was 
not associated with ICI efficacy in combination with chemo-
therapy84,85; therefore, the predictive role of TMB may vary 
by treatment regimen and tumor type. In Chinese cohorts, 
TMB’s predictive role has also been validated. A study by 
Tian’s team86 at Sichuan University has suggested significant 
improvements in ORR in patients with advanced NSCLC with 
TMB ≥8  mut/Mb and higher immune diversity than those 
with TMB <8 mut/Mb. A team led by Zhang38 at Sun Yat-sen 
University has demonstrated a significant increase in PFS in 
patients with advanced NSCLC with TMB-H (HR: 0.43–0.45). 
In the future, further in-depth research is needed to optimize 
the clinical application of TMB and better provide guidance 
for the treatment of patients with cancer (Table 3).

bTMB

With advances in liquid biopsy technology, assessing bTMB 
provides a new avenue for predicting response to immuno-
therapy and dynamically monitoring treatment changes in 
patients with difficult tissue specimen access24,112. The use of 
circulating tumor DNA to detect bTMB has an advantage of 
high sequencing coverage. In a retrospective study in patients 
with NSCLC treated with atezolizumab, patients with bTMB 
≥16 mut/Mb experienced prolonged PFS with this therapy24. 
In addition, combined screening with PD-L1 expression anal-
ysis enables more accurate screening of patients who have 
achieved prolonged PFS and OS from treatment. In a recent 
study of advanced NSCLC at Union Medical College Hospital, 
patients with high bTMB have been found to benefit from 
ICIs and to potentially achieve better prognostic outcomes 
with combined testing of other blood parameters48. In the 
TRACELib002 study conducted by Lu’s team40 at Shanghai 
Chest Hospital, patients with bTMB ≥16 mut/Mb had a median 
OS of 24.5 months after immunotherapy, which was signifi-
cantly longer than the 14.6 months observed for patients with 
bTMB <16 mut/Mb. However, studies have also shown that 
although bTMB and tTMB are correlated, most of the muta-
tions detected by each method are inconsistent. Moreover, this 
heterogeneity becomes more pronounced with greater inter-
vals between tissue and blood sample collection112. Currently, 
the clinical value of bTMB has not been fully clarified, and fur-
ther in-depth exploration will be necessary in future research.

Current limitations and future directions of 
bTMB

bTMB is a promising non-invasive surrogate for tTMB, 
yet its clinical implementation is hampered by substantial 
technical and biological hurdles. Contemporary trials and 

meta-analyses are actively examining its utility as a predictive 
biomarker for immunotherapy response. Findings have high-
lighted both its potential and limitations. Notable limitations 
include suboptimal concordance with tTMB—concordance 
that is highly contingent on technical variables such as cell-
free DNA input, sequencing depth, and maximum somatic 
allele frequency113-115. Insufficient cell-free DNA yield or 
inadequate sequencing depth frequently results in poor corre-
lation and false-negative outcomes, particularly in early-stage 
malignancies or tumors with low shedding propensity114,115. 
Additionally, the absence of standardized bTMB thresholds 
and the varying cut-off values used across investigative plat-
forms and studies obscure clinical interpretation and impede 
cross-study comparability91,114,116-118. Biological confound-
ers, including low tumor burden, intratumoral heterogeneity, 
and clonal hematopoiesis, further introduce biases leading to 
bTMB underestimation or overestimation, thus compromis-
ing its reliability as a biomarker114,115,118. Economically, the 
high sequencing depth required for accurate bTMB quanti-
fication elevates costs, although emerging evidence suggests 
that targeted panels might mitigate expenses without sacrific-
ing analytical accuracy91,114,119.

The MYSTIC trial, B-F1RST trial, and meta-analyses have 
prospectively evaluated bTMB as a predictive biomarker for 
immunotherapy and demonstrated its potential as well as 
needs for assay optimization and further validation91,117,120-122. 
Future advancements in this field are expected to involve 
multiple fronts, such as (1) assay optimization and harmoni-
zation, including refinement of panel design; enhancement of 
bioinformatics pipelines; and standardization of thresholds to 
increase reproducibility and clinical translatability114,115,116,118; 
(2) integration with complementary biomarkers, e.g., PD-L1 
expression, genomic aberrations, and immune microenviron-
ment signatures, to augment predictive precision for immuno-
therapy response; (3) implementation of dynamic monitoring 
via serial bTMB measurements, to enable real-time surveil-
lance of treatment efficacy and disease progression116,118; and 
(4) expansion of large-scale prospective trials and meta-anal-
yses115,116,118,122. In summary, bTMB has emerged as a com-
pelling minimally invasive biomarker for immunotherapy 
stratification, yet its clinical integration necessitates resolu-
tion of technical, biological, and standardization challenges. 
Sustained efforts in trial advancement and harmonization 
will be critical to its successful translation into routine clinical 
practice.

Evidence of TMB in various cancer types

TMB has been incorporated into multiple guidelines as a pre-
dictive biomarker for immunotherapy efficacy in solid tum-
ors (Table 3). In an exploratory analysis of the CheckMate 026 
trial comparing nivolumab monotherapy vs. platinum-based 
chemotherapy as a first-line treatment for PD-L1-positive 
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(≥5%) NSCLC, patients with TMB-H (>243 mutations/
exome) achieved the highest ORR and longest PFS with 
nivolumab88. The phase III CheckMate 227 trial prospec-
tively evaluated nivolumab plus ipilimumab vs. chemother-
apy in patients with TMB-H (≥10 mut/Mb), as assessed by 
FoundationOne CDx, and indicated significantly improved 
PFS under combination therapy vs. standard chemotherapy 
in patients with TMB elevation, although no OS benefit was 
reported10. In SCLC, the CheckMate 032 study confirmed 
that TMB-H patients (>248 mutations/exome) treated with 
nivolumab monotherapy or nivolumab-ipilimumab com-
bination therapy exhibited higher ORR and longer PFS/
OS than patients with TMB-L8. In melanoma, the phase III 
IMspire150 trial demonstrated that atezolizumab combined 
with vemurafenib and cobimetinib significantly improved 
PFS vs. placebo, vemurafenib, and cobimetinib in patients 
with BRAF V600-mutant TMB-H (≥10 mut/Mb) cancer101. 
Similarly, in the CheckMate 067 trial evaluating nivolumab 
alone or combined with ipilimumab vs. ipilimumab mono-
therapy, TMB-H (≥50th percentile) was associated with sig-
nificantly improved clinical outcomes across all 3 treatment 
arms98. Growing evidence supports TMB’s predictive value 
for immunotherapy benefits in other tumor types, includ-
ing urothelial carcinoma81,107, head and neck cancer23, and 
gastrointestinal cancers (including microsatellite-stable tum-
ors)105,123. On the basis of these findings, the KEYNOTE-158 
study investigated the association between high tTMB (≥10 
mut/Mb by F1CDx) and immunotherapy outcomes across 10 
tumor types82. Among 790 patients, only a small subset (n = 
102, 13%) met TMB-H criteria. The most common TMB-H 
tumor types included SCLC (33%), cervical squamous cell 
carcinoma (16%), and anal squamous cell carcinoma (14%). 
TMB-H patients showed superior ORR and PFS to TMB-low 
patients (ORR: 29% vs. 6%; 12-month PFS: 26% vs. 13%). 
These data led to FDA approval of pembrolizumab mono-
therapy for patients with TMB-H (≥10 mut/Mb) solid tumors 
that progress after prior therapies, for whom no alternative 
treatment options are available. Although KEYNOTE-158 
supported pembrolizumab use in cancers with ≥10 mut/
Mb, the therapy remains ineffective for some tumor types; 
therefore, a single TMB threshold cannot universally identify 
responders across all cancers (Figure 1).

Limitations of clinical applications 
and future exploration

Consensus 10: TMB has high heterogeneity among can-
cer types and has limitations in predicting immunother-
apy effectiveness. We recommend combining TMB with 
other biomarkers to aid in judging the potential benefits of 
immunotherapy (recommended).

Limitations in clinical applications

TMB has many limitations in clinical applications. Although 
multiple studies have shown a positive correlation between 
TMB and ICI efficacy, in some tumor types, a low TMB 
may also indicate benefit from ICI therapy. For example, in 
patients with recurrent glioblastoma, a very low mutational 
burden is an important feature indicating benefit from PD-1/
PD-L1 blockade therapy124. CD8+ T cell infiltration of tum-
ors underpins favorable response to immunotherapy, yet in 
one study, CD8+ T cell counts were not found to be elevated 
in all cancers with TMB levels, and the ORR of patients with 
TMB-H tumors did not reach 20% in cancer types (e.g., breast 
cancer, prostate cancer, and glioma) in which CD8+ T cell 
levels were not significantly associated with neoantigen bur-
den (ORR = 15.3%, 95% CI 9.2 to 23.4, P = 0.95)19. In addi-
tion, owing to factors such as the immunosuppressive tumor 
environment and poor immune cell infiltration, TMB-H 
might not be suitable as a predictor of efficacy in all cancer 
immunotherapies125,126.

TMB values significantly differ among cancer types. Cancers 
associated with chronic mutagen exposure, such as lung cancer 
and melanoma, typically have a high TMB, whereas leukemia 
has a low TMB. The KEYNOTE-158 study has demonstrated 
a durable monotherapy benefit of pembrolizumab in patients 
with TMB ≥10 mut/Mb; however, cancer type representa-
tion was limited, and some common cancer types, such as 
colorectal cancer, were not included in the study. Moreover, 
a single TMB threshold is not applicable to all tumor types. 
TMB-H may be associated with high microsatellite instability 
in colorectal cancer. Schrock et al.21  have estimated an optimal 
predictive threshold of 37–41 mut/Mb for TMB-H in patients 
with high microsatellite instability metastatic colorectal can-
cer treated with ICIs. Therefore, a reasonable TMB threshold 
should vary depending on the tumor type127.

Moreover, the spatiotemporal heterogeneity of TMB is a 
major challenge in clinical applications. In a study by Kazdal128, 
using a targeted sequencing panel to sequence multiple regions 
of lung adenocarcinoma and calculate TMB values, 30% of 
patients showed TMB differences among regions within the 
same tumor, and the maximum absolute TMB difference 
was 14.13 mut/Mb. Moreover, the TMB values changed over 
time. In an analysis of pre- and post-treatment paired data in 
63 patients, TMB-L levels showed 73% concordance between 
primary and metastatic lesions, and only 1 of the 2 primary 
TMB-H lesions (50%) remained TMB-H after treatment  
(P = 0.32)36.

Combined use of TMB with other biomarkers

Although TMB has emerged as an independent biomarker for 
immunotherapy response, combining TMB assessment with 
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Criteria for applicable
populations:

Advanced solid tumors that have progressed
after standard treatment.

No targeted therapy options available.
Intended to receive immunotherapy (ICI).
Cancer of unknown primary (CUP).

Not recommend TMB assessment

Tumor sample
available

At least one
criterion met

Consider bTMB
No

Recommended

FFPE Fresh tumor tissue

Surgical
tissue

Biopsy
tissue

Biopsy
tissue

Surgical
tissue

RecommendedStrongly recommended

At least 10 mg;
20% of

the tumor

At least one
piece of tumor

tissue; 20%
of the tumor

QC

Yes

WES Targeted sequencing
 panels

Platform Sequencing
depth ≥ 100×

Mutation
frequencies ≥ 15%

Panel size ≥ 1.0
Mb; sequencing
depth ≥ 200×

RecommendedStrongly recommended

Panel TMB validated against WES

Only tumor tissue

Use control samples' results to
remove germline variants

Use algorithm developed
based on the Chinese
population database

Evaluation of the TMB
Somatic mutation ≥ 1%;

tumor purity ≥ 20% or tumor purity correction

Remove germline variants

TMB value and results (TMB-H/-L) Clinically validated TMB threshold

Driver mutation profiling Signature and limitation description

Clinical TMB reporting

Not met

Recommend TMB
assessment

Recommend prioritizing alternative
guideline-recommended treatment

or biomarker assessment

TMB reporting cutoff for stratification across different cancer types

NSCLC
TMB-H: ≥ 10 mut/

Mb

GC/melanoma
TMB-H: ≥ 8 mut/

Mb

Urothelial carcinoma
TMB-H: ≥ 13 mut/

Mb

SCLC
TMB-H: ≥ 10 mut/

Mb

Other
TMB-H: ≥ 10 mut/

Mb

Clinical assessment of patients
may consider testing for TMB

Thickness of
4–5 μm;
at least 5

sections; 10%
of the tumor

Thickness of
4–5 μm;

at least 10
sections; 10%
of the tumor

Type of
tissue

Nucleic acid extraction: NMPA-approved/lab-validated
 nucleic acid extraction kits

Including common
driver genes

(EGFR/ALK/KRAS)

Quality control of sequencing data:
Q30 ≥ 85%; GC content: 42%–55%; mapping rate ≥ 95%

Had normal control (paracancerous
tissue or peripheral blood)

Recommend prioritizing detection panel-validated cutoffs
from relevant cancer clinical trials

Figure 1  Flowchart of TMB testing, including sample preparation, quality control standards for sequencing data, TMB analysis principles, 
and key factors for TMB result reporting.
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other biomarkers might be used to further stratify patients 
for clinical decision-making and potentially overcome sev-
eral inherent limitations of using TMB alone as an ICI bio-
marker. Several biomarkers have been investigated alongside 
TMB, including PD-L1 expression, tumor-infiltrating lym-
phocytes, RNA gene expression profiles, blood-derived neu-
trophil-to-lymphocyte ratio (dNLR), and HLA variations 
(Table 4).

Generally, TMB and PD-L1 expression show weak but pos-
itive correlations131,132. However, this association may vary 
across tumor types131,132. Because both are potential inde-
pendent predictors of immunotherapy efficacy, patients with 
tumors with elevated TMB and high PD-L1 expression levels 
might derive greater therapeutic benefits. In the CheckMate 
026 study among patients with advanced NSCLC, those with 
TMB-H (≥243 somatic missense mutations/exome) and a 
PD-L1 tumor proportion score (TPS) ≥50% demonstrated 
the highest radiographic response probability to nivolumab, 
whereas patients with low/intermediate TMB and low PD-L1 
expression (1–49%) showed the lowest ORR88. Subsequent 
randomized clinical trials, including KEYNOTE-010, 
KEYNOTE-042, IMpower 110, CheckMate 227, and MYSTIC, 
reported similar findings indicating improved outcomes with 
ICIs in patients exhibiting both TMB-H and PD-L1 expres-
sion133,134. However, variable definitions of TMB-H across 
those studies and uncertainty regarding optimal integration of 
these 2 biomarkers for predicting immunotherapy efficacy in 
NSCLC remain unresolved.

Beyond PD-L1 expression, TMB-H is often associated with 
elevated neoantigen burden and CD8+ tumor-infiltrating 
lymphocytes, and consequently, immunotherapy responsive-
ness19,135. In a recent pan-cancer analysis, in cancer types in 
which CD8+ T-cell levels positively correlate with neoantigen 
load (e.g., melanoma, lung, and bladder cancers), TMB-H cor-
related with a 39.8% ICI ORR, a value significantly higher than 
that observed for TMB-L (OR: 4.1, P <0.0001). In contrast, in 
cancers lacking this relationship (e.g., breast cancer, prostate 
cancer, and glioma), TMB-H tumors showed a lower ORR 
than observed in TMB-L tumors (OR: 0.46, P = 0.02)135. These 
data suggest that TMB’s predictive accuracy partly depends 
on baseline immune cell infiltration levels, which vary across 
cancer types.

Emerging evidence highlights how germline and somatic 
HLA variations determine antigen presentation and can-
cer susceptibility to ICIs. Integrating HLA status with TMB 
might therefore enhance predictive capabilities. Somatic 
HLA-I loss of heterozygosity (LOH) exhibits a nonlinear 
relationship with TMB, thus suggesting alternative immune 
evasion mechanisms in TMB-H tumors136. In an ICI-treated 
non-squamous NSCLC cohort, intact HLA-I has been associ-
ated with significantly prolonged OS (HR: 0.65, P = 0.01), and 
outcome prediction improved in combination with TMB137. 
Studies on germline HLA polymorphisms have yielded mixed 
results: HLA-A*03 correlates with attenuated OS (HR: 1.48 per 

allele, P <0.001) across ICIs137, whereas HLA-B44 supertypes 
are associated with prolonged OS, and HLA-B62 subtypes/
somatic HLA-I LOH are associated with poor outcomes138. 
However, in a meta-analysis of 17 pembrolizumab trials (n 
>3,500), germline HLA profiles alone were insufficient to pre-
dict pembrolizumab efficacy, thus underscoring the complex-
ity of HLA contributions to immune responses139.

dNLR has emerged as a clinically accessible biomarker 
reflecting systemic inflammation-host immunity balance. 
A recent study has demonstrated that combining TMB with 
dNLR enhances predictive accuracy. Patients with high dNLR 
(top 20th percentile) and TMB-L (below median) showed the 
poorest outcomes, whereas those with low dNLR (bottom 80th 
percentile) and TMB-H (above median) achieved the highest 
ORR and survival, thus suggesting dNLR/TMB integration 
might optimize PD-(L)1 therapy selection140.

Gene expression profiles (GEPs) and immune cell sig-
natures are gaining traction as predictive tools. In a retro-
spective analysis of CheckMate 066/067 trials in melanoma, 
the highest ORR was observed with nivolumab (75.0%) and 
nivolumab-ipilimumab (66.7%) in patients with TMB-H and 
an elevated 4-gene inflammatory signature (CD274/CD8A/
LAG3/STAT1), whereas 27.6% was observed with ipilimumab 
alone98. Similarly, biomarker analyses across 22 tumor types in 
pembrolizumab trials have indicated the highest response like-
lihood in tumors with TMB-H plus elevated T-cell-inflamed 
GEP or PD-L1 expression110,111.

Collectively, these findings highlight the promise of com-
bining TMB with complementary biomarkers, including 
PD-L1 expression, MSI status, immune infiltration, HLA var-
iations, neoantigen landscape, and ploidy, to refine immuno-
therapy response prediction. Comprehensive multi-biomarker 
evaluation might guide treatment decisions, identify optimal 
beneficiaries, and advance personalized cancer care.

International vs. Chinese guidelines for TMB 
assessment

A comparative analysis of TMB assessment guidelines 
revealed both alignment and divergence between the Chinese 
consensus and major international standards, including those 
from ASCO, ESMO, FDA, and collaborative initiatives such as 
Friends of Cancer Research and QuIP (Table 5).

Regarding aligned consensus points, the International 
Consensus and the Chinese Expert Consensus are highly con-
sistent, with core alignment in the following 5 aspects. First, 
both emphasize the urgent need for standardization of TMB 
testing, by clearly stating that TMB calculation, reporting, 
and analytical validation must be uniformly standardized to 
ensure consistency and reliability of results across laboratories 
and platforms15,68,69,141. Second, both recognize WES as the 
gold standard for TMB detection, while acknowledging that 
targeted NGS panels are more clinically practical alternative 
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solutions. The international consensus indicates that 1–2 Mb 
is a common coverage range for panels, whereas the Chinese 
consensus further specifies that panel coverage must be ≥1.0 
Mb (because coverage <1.0 Mb significantly decreases accu-
racy); moreover, both indicate that the gene content and cov-
erage range of panels must be sufficient to generate reliable res
ults;15,68,69,141. Third, both prioritize FFPE tumor tissue as the 
testing sample and indicate that the tumor cell content of sam-
ples must meet standards—with the threshold implicitly set at 
≥20% in the international consensus and explicitly specified in 
the Chinese consensus—while also recommending strict qual-
ity control for DNA purity, concentration, and fragmentation 
degree. Fourth, both recommend detailed reporting of experi-
mental parameters (including panel name/version, sequencing 
platform, and library construction method), types of variants 
included/excluded (e.g., whether nonsynonymous mutations 
or insertions/deletions are included), germline variant filter-
ing criteria, and reference bases (e.g., reference genome ver-
sion) to improve testing transparency and the comparability 
of the results.15,68,69,141. Fifth, both recognize that TMB cutoffs 
require clinical validation. Although both clearly state that 
cutoffs vary by cancer type and testing platform, both oppose 
the use of a unified pan-cancer TMB cutoff15,68,69,141.

However, significant differences in key technical details 
and regulatory practices persist between guidelines. In terms 

of bioinformatics and variant filtering, the international con-
sensus recommends relying on international public databases 
(e.g., gnomAD or 1000 Genomes) for germline variant filter-
ing, and only mentions general variant calling tools such as 
MuTect/Mutect2, but does not address the limitations of pop-
ulation-specific databases or recommend tumor purity correc-
tion for TMB values. The Chinese consensus clearly indicates 
that international databases “are dominated by European pop-
ulations and are not suitable for the Chinese population,” thus 
emphasizing the need to use laboratory-built Chinese popu-
lation databases or dedicated algorithms (e.g., the OncoTOP 
algorithm) to achieve high-precision germline filtering (with-
out a need for paired tumor-normal samples). Simultaneously, 
the Chinese consensus recommends tumor purity correction 
for TMB values (which is necessary when the purity is <20%, 
to avoid underestimation/overestimation) and explicitly 
includes somatic variants with a detection frequency >5% to 
ensure accuracy141. In terms of practical clinical standards, 
the Chinese consensus focuses more on implementation 
details. First, it recommends use of nucleic acid extraction 
kits approved by the NMPA or verified by laboratories, and 
clearly specifies a DNA concentration ≥5.0 nmol/L. Second, it 
explicitly specifies the sequencing depth (≥200×), and it lists 
domestic panels approved by the NMPA or commonly used 
in clinical practice, including recommending panels covering 

Table 4  Studies on the combined use of TMB with other biomarkers

Refs. Setting Other marker Cut-off of other 
marker

TMB cut-off ORR of TMB-L ORR of TMB-H

97 NSCLC PD-L1 ≥50% ≥19.00 mut/Mb 28.10% 56.50%

1%–49% 18.70% 50.00%

<1% 8.70% 46.70%

88 NSCLC PD-L1 ≥50% ≥243.00 mut/exome 34.00% 75.00%

1%–49% 16.00% 32.00%

129 Pan-cancer NLR Low (bottom 80%) Median or above 24.10% 38.30%

High (top 20%) 16.80% 23.40%

130 Pan-cancer CD8+ T cells Positive ≥10.00 mut/Mb 15.30% 39.80%

Negative 23.40% 15.30%

98 Melanoma CD8+ T cell score High Median or above 43.80% 72.20%

Low 16.70% 40.00%

109 Pan-cancer GEP High ≥102.50 mut/exome 11.00% 37.00%

Low 0.00% 12.00%

98 Melanoma GEP High Median or above 53.90% 75.00%

Low 22.20% 54.60%

dNLR, blood-derived neutrophil-to-lymphocyte ratio; GEP, gene expression profile; NSCLC, non-small-cell lung cancer; ORR, objective 
response rate; PD-L1, programmed cell death-ligand 1; TMB, tumor mutational burden.
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both driver genes for targeted therapy (e.g., EGFR and ALK) 
and positive/negative predictors of ICI efficacy (e.g., PD-L1 
and STK11). In contrast, the international consensus only 
mentions methodological differences between hybrid capture 
and amplicon sequencing, without specifying such practical 
standards. In terms of regulatory endorsement, in the inter-
national practice described in the international consensus, 
the U.S. FDA has approved specific TMB testing products 
(e.g., FoundationOne CDx) as companion diagnostic tools 
for pan-cancer ICI therapy; the corresponding regulatory 
practice in the Chinese consensus is that, although the NMPA 
has approved some domestic panels (e.g., Geneseeq PRIME) 
for TMB testing in specific cancer types (e.g., EGFR/ALK-
negative non-squamous NSCLC), unlike the FDA, it has not 
yet approved pan-cancer TMB companion diagnostic prod-
ucts, thus resulting in differences in regulatory pathways com-
pared with international practices109.

Future exploration

Despite extensive discussions regarding the variability of 
TMB-H thresholds, primary data validating the efficacy 
of proposed cutoffs specifically in Chinese patient popula-
tions remain lacking. To establish reliable, clinically rele-
vant TMB-H thresholds for specific tumor types, large-scale, 
prospective, multicenter studies should be conducted across 
China. These studies should enroll patients with diverse tumor 
types, use standardized TMB assessment methods (including 
WES and validated large gene panels), and correlate TMB val-
ues with clinical outcomes (e.g., response to immunotherapy, 
PFS, and OS). This approach would help identify tumor-spe-
cific TMB-H cutoffs applicable to the Chinese population that 
can predict treatment efficacy.

Research has indicated significant differences in the dis-
tribution of TMB and optimal cutoffs across cancer types 
(e.g., the median TMB in most solid tumors among Chinese 
patients is 4–6 mutations per megabase, and higher values are 
observed in colorectal cancer and lung cancer)46. Therefore, 
validation studies must be stratified by tumor type to ensure 
clinical relevance.

Communicating TMB results and 
their significance to patients

Effectively communicating TMB results is critical for patient 
selection, education, and informed consent in the context of 
immunotherapy. Given the complexity and evolving nature 
of TMB as a biomarker, clinicians must ensure that patients 

understand both the potential and limitations of TMB-
guided treatment decisions. Key considerations in this com-
munication include (1) clarifying the fundamental nature of 
TMB, specifically, that it quantifies the number of mutations 
in tumor DNA and might predict responsiveness to certain 
immunotherapies, and (2) elucidating its predictive utility, 
including that although TMB-H can indicate elevated like-
lihood of ICI benefit, it does not ensure a response, because 
outcomes are influenced by multiple additional factors15,142. 
An equally important consideration is addressing limitations 
and uncertainties, such as the lack of standardization in TMB 
testing, discrepancies between tissue- and blood-based assays, 
and the ongoing need for validation of cut-offs and methods. 
Furthermore, TMB results should be contextualized within 
the broader framework of other biomarkers (e.g., PD-L1 
expression)15,142, tumor type, and available treatment options. 
Practical aspects, including the turnaround time for TMB test-
ing, the potential need for repeat biopsies, and implications for 
treatment timing, must also be discussed. Finally, supporting 
informed consent requires ensuring that patients understand 
the potential benefits, risks, and uncertainties associated with 
TMB-guided therapy, to facilitate shared decision-making.
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