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Abstract Intra-tumor heterogeneity, variation between
individual tumor cells within a patient’s tumor, is increas-
ingly seen as a critical mechanism underlying treatment re-
sistance and therapeutic failure. Despite this growing
awareness, few methods to assess intra-tumor heterogeneity
exist outside the research laboratory, especially in the ab-
sence of a known marker. Mutant allele tumor heterogeneity
(MATH) is a novel, non-biased, quantitative method to
assess genetic heterogeneity based on tumor next generation
exome sequencing. The quantitative aspect of MATH has
allowed it to be verified as an actionable biomarker in a
retrospective HNSCC data set with available exome se-
quencing and clinical data. In addition, it was also capable of
stratifying patient outcome after controlling for other high-
risk features such as p53 mutation, HPV status, and advanced
tumor stage. Future work will explore the predictive power
of MATH in larger data sets such as The Cancer Genome
Atlas and examine the underlying cellular mechanisms re-
sponsible for intra-tumor heterogeneity.
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Introduction

Oncologists and tumor biologists have long been concerned
about intra-tumor heterogeneity as a source of variability in
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tumor behavior resulting in worse clinical outcome (Fig. 1).
Consistent with this concern, several recent studies have
documented a worrisome role for intra-tumor heterogeneity
in tumor development, metastasis, and treatment resistance
[1]. Pathologists also share these concerns, although few
tools or clinical guidelines exist on how to address intra-
tumor heterogeneity as part of routine pathological tumor
tissue evaluation. To date, few studies have documented an
important role for intra-tumor heterogeneity in treatment
resistance and clinical outcomes, and those were often based
on the use of known markers as part of traditional FISH and
immunohistochemical analysis [2].

Consequently, there have been no large-scale studies on
the prognostic importance of intra-tumor heterogeneity on
outcome in any type of cancer. The major reason for this
gap in knowledge is that methods typically used for intra-
tumor heterogeneity research [3] would be difficult to in-
corporate widely in clinical research or practice, and are
not readily available to the practicing pathologist. For ex-
ample, pre-identified markers of tumor subpopulations [4,
5] may not generalize well across tumor types and would
be difficult to standardize and quantitate. Further, their
incorporation would require significant advances in the
application of imaging and imaging processing techniques,
as well as the creation and validation of guidelines and
criteria for scoring and reporting results [6, 7]. Other ap-
proaches, involving the separate analyses of multiple por-
tions from single tumor [8] or single-cell analysis [9, 10]
would be difficult to scale up for studies of hundreds of
tumors, and face many of the same challenges just de-
scribed for pre-identified markers.

Even when intra-tumor heterogeneity is recognized, it is
unclear how to stratify patient’s tumor specimens into
clinically significant subgroups [11], and consequently intra-
tumor heterogeneity is often ignored and rarely reported.
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Fig. 1 Intra-tumor heterogeneity as a source of treatment failure.
Different tumor subpopulations are represented by colored circles that
are either sensitive (S) or resistant (R) to therapy. The homogeneous
tumor is depicted as containing few subpopulations, while the
heterogeneous tumor is depicted as containing significantly more.
Note that the red (R) subpopulation in the heterogeneous tumor is
resistant to therapy and enriched after treatment failure. Implied in the
figure is the central premise that a heterogeneous tumor with a larger
number of subpopulations is more likely to possess a population
resistant to therapy

Therefore, it has not yet been possible to incorporate in-
formation about intra-tumor heterogeneity into clinical trial
design and decision-making. The magnitude of this problem
is further compounded by the great interest and need to
identify patients who are potential candidates for targeted
therapy, where high intra-tumor heterogeneity may directly
confound tumor cell treatment response [12].

The proliferation of next generation sequencing (NGS)
strategies and their application to different tumor types,
including head and neck squamous cell carcinoma
(HNSCC) [13] has created a previously unexplored op-
portunity to first develop [14] and then assess [15] a novel
marker of genetic intra-tumor heterogeneity, Mutant allele
tumor heterogeneity or MATH.

Mutant Allele Tumor Heterogeneity (MATH)

MATH is a quantitative assessment based on NGS of tumor
and matched normal DNA as described [14]. NGS provides
the percentage of sequencing reads showing a tumor-
specific mutation at each genomic locus, the mutant-allele
fraction. Typically, a genomic locus mutated early in the
clonal evolution of a tumor will be shared among later-
arising subclones and consequently will have a higher
mutant-allele fraction than a locus mutated later in clonal
evolution, which will often just be restricted to one or a few
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Fig. 2 Schematic outline of Mutant Allele Tumor Heterogeneity.
Homogenous (fop) and heterogeneous (bottom) tumors containing
normal (ABC) or mutant (abc) alleles, were subject to NGS and their
mutant allele fraction (MAF) determined as part of MATH analysis
before plotting their idealized MAF distributions (revised and
modified schematic of data previously presented in [14])

subclones. Consequently, heterogeneous tumors containing
genetically distinct subclones will have a wide distribution
of mutant-allele fractions among genomic loci-bearing
somatic mutations. MATH, the normalized width of this
distribution, provides a quantitative measure of this con-
sequence of intra-tumor heterogeneity. A schematic out-
lining the basic tenets of MATH is shown in Fig. 2, where
idealized low (top) and high (bottom) heterogeneity tumors
are presented. It is important to note that a heterogeneous
tumor will have a broader distribution, shorter peak, and
lower median mutant-allele fraction when compared to
more homogenous tumors, as shown in the idealized dis-
tributions. This is readily seen in three representative dis-
tributions of mutant-allele fractions of HNSCC specimens
from published NGS data reflecting low, medium, and high
MATH scores (Fig. 3).

MATH and Clinical Outcome in HNSCC

The development of a quantitative measure of differences
between tumors that reflect intra-tumor heterogeneity
based on NGS of bulk tumor DNA allowed us to look at
MATH, high-risk markers and clinical outcome among
patients with HNSCC [14, 15]. As a first step we looked at
the relationship of MATH to several established markers of
outcome in HNSCC; cigarette smoking as measured by
pack-years, presence of p53 mutation, and HPV status. In
all three cases, higher tumor MATH values were associated
with the poor outcome classification of these three markers.
Cigarette exposure, in addition to being a major cause of
HNSCC, is associated with worse outcomes, with each
pack-year of cigarette use resulting in a 1 % increase in the
hazard ratio for relapse or death. MATH was positively
associated with cigarette pack-years, with a 1.1 MATH unit
increase per 10 pack-years. The p53 tumor suppressor
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Fig. 3 Representative mutant allele distributions from three
HNSCCs. Note that a heterogeneous tumor with a high MATH score
(right panel) will have a broader distribution, with a shorter peak and

protein has a well-established tumor suppressor role in
HNSCC, and as a result is a common target for inactiva-
tion, usually through inactivating “disruptive” mutations
that ultimately interfere with DNA binding. High MATH
scores were positively associated with p53 mutation, con-
sistent with the relationship of p53 mutation to poor out-
come in HNSCC in numerous studies. Increasingly, high-
risk HPV infection is directly responsible for a large and
growing number of HNSCC cases. These patients are
usually younger, lack traditional risk factors and have
improved outcomes when compared to their HPV-negative
counterparts [16]. In this data set, HPV status was based on
aligning sequencing reads to the HPV genome followed by
PCR confirmation [13]. Here MATH scores were sig-
nificantly lower in the HPV-positive tumors when com-
pared to the HPV-negative cases, suggesting these tumors
are more homogeneous. This likely reflects the role of the
E6 and E7 viral oncogenes targeting the p53 and p16-pRb
tumor suppressor pathways for disruption, rather than the
need to accumulate inactivating mutations overtime. Im-
portantly, the association of MATH scores and HPV status
was independent of the presence of p53 mutations, since
HPV-positive tumors are often wild type for p53.

A direct assessment of the impact of MATH on clinical
outcome was first performed when the clinical data from
Stransky et al. became available for analysis [15]. In this
retrospective analysis of 74 HNSCC patients from a single
institution, high MATH scores (a MATH value above the
median) were found to be significantly associated with
shorter overall survival (hazards ratio, 2.5; 95 % confi-
dence interval, 1.3-4.8).

Ongoing analysis based on data from The Cancer Gen-
ome Atlas (TCGA) that contains open-access clinical and
exome NGS data on HNSCC, has provided an independent
validation data set for testing the relationship of MATH to
outcome. Our preliminary analysis suggests that similar to
our earlier work, high MATH is associated with decreased
survival among the 305 HNSCC patients from 14 TCGA
institutions. In addition, the increased representation of
HPV-positive HNSCC in this larger TCGA data set also
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lower median mutant allele fraction, when compared to a homoge-
nous, low MATH tumor (shown is revised and modified data that was
previously presented in [14])

allowed us to determine that MATH adds prognostic in-
formation beyond that provided by HPV status and other
standard prognostic variables. For example, a high MATH
score was also found to be associated with poor outcomes
in other high-risk patients, such as those with p53 mutation
(Fig. 4a) or advanced nodal stage (Fig. 4b), where MATH
could further stratify outcome.

Discussion

In our analysis, high intra-tumor heterogeneity as assessed
by MATH analysis is associated with markers of poor
outcome and decreased overall survival among HNSCC
patients. This result suggests that the level of heterogeneity
itself, as represented by MATH, can serve as an important
biomarker. Here tumors with higher MATH scores are
more heterogeneous and consequently statistically more
likely to contain subclones that are resistant to therapy. It is
important to emphasize that a heterogeneous tumor is just
more likely to possess a resistant subclone when compared
to a more homogenous tumor. It is possible that a highly
heterogeneous tumor could be sensitive to therapy and a
homogenous tumor resistant, however the likelihood is
very low. For example, in our prior analysis [15] the
chance that HNSCCs with MATH scores >40 (representing
30 % of tumors) would be sensitive to treatment was <5 %
(Fig. 5).

Intra-tumor heterogeneity represents an important chal-
lenge to overcome in the clinical care of the cancer patient
[17]. The resistant subclones likely found in heterogeneous
tumors are capable of tumor repopulation and tumor pro-
gression, even if there was an initial response to therapy.
Incorporation of MATH into clinical care has the potential
to stratify patient tumors into specific response categories,
allowing treatment to be tailored to the level of hetero-
geneity present. Low MATH tumors would be excellent
candidates for either treatment de-escalation to minimize
toxicity, or for targeted therapy where the homogeneity of
the tumor may suggest the presence of an oncogene
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Fig. 4 MATH can further stratify high-risk HNSCC patients. a Sur-
vival of high-risk HPV negative patients with mutant p53 can be
further stratified by MATH analysis. b Survival of high-risk HPV
negative patients with N1-3 nodal status can be further stratified by
MATH analysis. Data based on ongoing analysis of 305 patients from
the HNSCC TCGA data set ([14], unpublished data)

addiction pathway. High MATH tumors would remain
problematic, although the prognostic value of MATH could
provide important insights regarding the likely outcome of
traditional treatment, and consequently could be used to
recruit and stratify high-risk patients into specific clinical
trials.

Scientifically, further insight into the true source of in-
tra-tumor heterogeneity needs to be gained and the relative
contributions of the two competing models of tumor evo-
lution (cancer stem cell versus clonal evolution) defined
[18]. However, specific approaches to targeting intra-tumor
heterogeneity are beginning to be discussed. Clinical
strategies to target intra-tumor heterogeneity must at their
core address and reverse Darwinian forces [19]. In tradi-
tional chemotherapy, the fit cells of a tumor are targeted as
the proliferative population, with the subsequent selection
of the slower growing resistant cells. Two novel
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Fig. 5 Predicting outcome with MATH. Use of the receiver operat-
ing characteristic curve and specified MATH cutoff value allows the
outcome of a subset of patients to be predicted with high specificity
(revised and modified schematic of data initially presented in [15]).
Selection of specific MATH cutoffs of >40 (red) or <22 (green)
allows treatment outcome to be predicted with >95 % specificity in
50 % of patients

approaches to target these slow growing cells include
Metronomic therapy [20], where chemotherapy is delivered
more frequently at a lower dose, and Adaptive therapy
[21], which attempts to turn the cancer into a chronic
condition by maintaining a fit population of chemotherapy
sensitive cells. Alternate strategies which also demonstrate
promise include the identification of novel shared trunk
mutations for targeted therapy through the use of phylo-
genetic analysis within a branched evolution model [22],
and immunotherapeutic approaches that take advantage of
the tremendous diversity of the immune response to target
tumor antigens [23]. Finally, one potential source of intra-
tumor heterogeneity, genomic instability, may be targeted
directly through the use of checkpoint inhibitors [24].

Conclusion

The role of intra-tumor heterogeneity in treatment resis-
tance is increasingly being recognized as a major barrier to
curative cancer therapy. MATH, a quantitative measure of
genetic intra-tumor heterogeneity based on NGS of bulk
tumor, represents an unbiased way to characterize intra-
tumor heterogeneity without assessing specific genes or
their protein products. The relationship of MATH to
clinically important variables and treatment outcome sup-
port the use of MATH as a quantitative biomarker to assess
intra-tumor heterogeneity. In our analysis, high intra-tumor
heterogeneity as assessed by MATH analysis was associ-
ated with decreased survival among HNSCC patients. With
NGS expected to soon play a significant role in clinical
oncology, MATH should provide a simple way to incor-
porate intra-tumor heterogeneity into clinical trial design,
treatment selection, and the care of the HNSCC patient.
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