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Abstract
Objectives—Differences among cancer cells within a tumor are important in tumorigenesis and
treatment resistance, yet no measure of intratumor heterogeneity is suitable for routine application.
We developed a quantitative measure of intratumor genetic heterogeneity, based on differences
among mutated loci in the mutant-allele fractions determined by next-generation sequencing
(NGS) of tumor DNA. We then evaluated the application of this measure to head and neck
squamous cell carcinoma (HNSCC).

Materials and Methods—We analyzed published electronically available NGS results for 74
HNSCC. For each tumor we calculated mutant-allele tumor heterogeneity (MATH) as the ratio of
the width to the center of its distribution of mutant-allele fractions among tumor-specific mutated
loci.

Results—Intratumor heterogeneity assessed by MATH was higher in 3 poor-outcome classes of
HNSCC: tumors with disruptive mutations in the TP53 gene (versus wild-type TP53 or non-
disruptive mutations), tumors negative versus positive for human papillomavirus (even when
restricted to tumors having wild-type TP53), and HPV-negative tumors from smokers with more
pack-years of cigarette exposure (with TP53 status taken into account).

Conclusion—The relation of this type of intratumor heterogeneity to HNSCC outcome classes
supports its further evaluation as a prognostic biomarker. As NGS of tumor DNA becomes
widespread in clinical research and practice, MATH should provide a simple, quantitative, and
clinically practical biomarker to help evaluate relations of intratumor genetic heterogeneity to
outcome in any type of cancer.
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INTRODUCTION
Differences among cancer cells within a tumor are important in disease progression,
metastasis, and treatment resistance, with heterogeneous tumors more likely to have
developed a subpopulation that is therapy-resistant or metastasis-prone.1, 2 A measure of this
intratumor heterogeneity might provide clinically significant information. Unfortunately, the
techniques used to establish the importance of intratumor heterogeneity—such as examining
intratumor distribution of pre-identified markers,3–5 extensive tumor dissection,3, 4, 6, 7

isolating and analyzing individual nuclei,3, 5, 8 and ultradeep sequencing of mutations9–are
difficult to translate from research studies to the clinic.

We propose a way to use results of next-generation sequencing (NGS), expected to be
applied soon in clinical oncology, to obtain a measure of intratumor genomic heterogeneity.
Genomically distinct subpopulations of cells in a tumor lead to differences among mutated
loci in terms of the fraction of sequence reads that show a mutant allele.9 The distribution of
mutant-allele fractions among loci thus provides a straightforward measure of one type of
intratumor heterogeneity, called mutant-allele tumor heterogeneity (MATH). MATH
represents a consequence of multiple cell populations in a tumor, while avoiding the
practical and theoretical difficulties of trying to identify and enumerate them directly. Using
published NGS results on head and neck squamous cell carcinoma (HNSCC),10 we show
that MATH is high in each of three poor-outcome classifications of HNSCC.

MATERIALS AND METHODS
Clinical data and NGS exome-sequencing results (approximately 1% of the genome, at 150-
fold mean sequence coverage) for 74 HNSCC, and data on genomic copy-number alterations
(CNA) for 55 of these, were imported from Supplementary Tables 6, 10 and 11 of Stransky
et al.10 into R.11 Each tumor’s MATH value was calculated from the median absolute
deviation (MAD) and the median of its mutant-allele fractions at tumor-specific mutated
loci:

Calculation of MAD followed the default in R, with values scaled by a constant factor
(1.4826) so that the expected MAD of a sample from a normal distribution equals the
standard deviation.

Following Poeta et al.,12 we scored TP53 mutations whose predicted protein products were
truncated or had altered charge or polarity of an amino-acid residue in the L2 or L3 binding
domains as disruptive. Splice-site mutations were also scored as disruptive. HPV status was
based on reported PCR results.10 Significance was taken at p < 0.05 in 2-sided tests.

RESULTS
Calculating MATH from NGS results

MATH is the ratio of the width to the center of the distribution of mutant-allele fractions
among tumor-specific mutated loci. The basic idea is illustrated in Fig. 1A for an idealized
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situation with heterozygous loci, no CNA, and no normal tissue. A heterogeneous tumor will
tend to have a wider distribution of mutant-allele fractions among loci, centered at a lower
fraction, than a homogeneous tumor. The width of the distribution captures diversity among
loci arising from different cell populations. Taking the ratio of the width to the center
provides a first-order correction for the presence of normal tissue in the tumor, because the
multiplicative factor correcting total cell numbers for normal-cell numbers appears in both
the numerator and the denominator. Robust measures of the width and the center, the MAD
and median, are used to minimize the influence of outlier loci (e.g., low-fraction loci with
less precise values, and high-fraction loci common to most cell populations or with CNA
favoring the mutant allele). Supplementary Text provides details on the relation of
distribution width to patterns of mutation sharing among cell populations and CNA, the use
of robust measures, and how the ratio of MAD to median corrects for normal tissue.

MATH ranged from 19 to 55 (dimensionless units) among 74 HNSCC. Distributions of
mutant-allele fractions and the corresponding MATH values are shown for 3 cases in Fig.
1B. CNA data available for a subset of 55 samples showed little influence of CNA on
MATH. More than 90% of mutated loci had genomic copy numbers within 0.5 log2 units of
normal, so that MATH values were similar whether calculated from all mutated loci (as in
data presented here), only from loci having low CNA, or from mutant-allele fractions
corrected for local CNA (Supplementary Text; Supplementary Figs. S1, S2; Supplementary
Table S1).

MATH and mutation rate
Although intratumor heterogeneity and mutation rate are different concepts, it was possible
that tumors with high mutation rates would simply have greater intratumor heterogeneity.
This was not the case. MATH was not related to overall mutation rate, conventionally
expressed as the number of mutated loci per MB of sequenced DNA,10 as illustrated by the
3 examples in Fig. 1B and by a plot of MATH versus the number of mutated loci (Fig. 1C).
MATH thus represents a different aspect of tumor biology than the mutation rate itself.

As MATH is calculated from single-molecule DNA sequence reads, the precision of MATH
values depends on sampling of loci and of mutant vs. reference alleles. We estimated the
associated standard deviation (SD) of the MATH value for each tumor by bootstrap
resampling from all sequence reads at mutated loci (median, 12,600 reads per tumor). At the
median of 92 mutated loci per sample, the SD was 4 units; the SD decreased with the square
root of the number of mutated loci (Fig. 1D). Thus the precision of determining MATH is
better in samples with higher mutation rates, even though MATH values themselves are not
related to mutation rate.

High intratumor heterogeneity in 3 poor-outcome classifications of HNSCC
Using MATH as a measure of intratumor heterogeneity, we examined the relationship of
heterogeneity to 3 variables whose importance has been established clinically in HNSCC:
disruptive TP53 mutations,12, 13 human papillomavirus (HPV) status,14, 15 and increasing
exposure to cigarette smoke.16

First, we examined the relation of intratumor heterogeneity to mutations in the TP53 gene.
The role of the p53 protein as guardian of the genome17 suggests a general hypothesis that
TP53 mutations would lead to increased intratumor heterogeneity. Nevertheless, the
multiple roles of p53 and the different functional consequences of different types of
mutations18 mean that not all TP53 mutations might influence heterogeneity. In HNSCC,
only a subset of TP53 mutations, called “disruptive,”12 is related to worse outcome, while
patients with non-disruptive mutations have similar outcomes as those with wild-type
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TP53.12, 13 We thus tested the hypothesis that disruptive rather than non-disruptive TP53
mutations are associated with greater intratumor genetic heterogeneity in HNSCC.

Consistent with this hypothesis, disruptive mutations in TP53 were specifically related to
higher MATH values. MATH was higher in HNSCC having disruptive TP53 mutations than
in those with non-disruptive mutations (p = 0.038) or wild-type sequence (p = 0.008), but
did not differ between tumors having non-disruptive mutations and wild-type TP53 (p =
0.93; Fig. 2).

Second, we examined the relation of intratumor heterogeneity to HPV status. HPV infection
contributes to a large and growing number of HNSCC cases,15 with HPV-positive HNSCC
usually discovered at a younger patient age, having a lower overall mutation rate,10

exhibiting fewer large-scale genomic copy-number changes,19 and typically having better
outcomes than HPV-negative tumors.14, 15 With the p53 and p16-pRb tumor suppressor
pathways inactivated by HPV gene products,20 somatic mutations silencing these pathways
are not needed before development of invasive tumors. The less extensive history of
mutation and selection in HPV-positive than in HPV-negative tumors at time of presentation
leads to the hypothesis that HPV-positive tumors would have less intratumor heterogeneity.

Consistent with this hypothesis, MATH was lower in HPV-positive than in HPV-negative
cases (p = 0.011; Fig. 3, left versus center). To rule out a simple explanation based on the
lack of TP53 mutations in these HPV-positive tumors,10 we also restricted analysis to
tumors having wild-type TP53. There was still a significant difference in MATH between
HPV-positive and HPV-negative cases having wild-type TP53 (p = 0.047; Fig. 3, center
versus right).

Third, we examined the relation of intratumor heterogeneity to cigarette use. Exposure to
cigarette smoke not only is a mutagenic risk factor for HNSCC but also is associated with
worse outcome following therapy, with each pack-year of cigarette use increasing the hazard
ratio for relapse or death by 1%.16 Increased exposure to mutagens as measured by pack-
years, generating clonal subpopulations of cells thought to underlie progression and field
cancerization in HPV-negative HNSCC,21 would be predicted to lead to greater intratumor
heterogeneity.

Consistent with this hypothesis, MATH was significantly associated with cigarette pack-
years, among smokers having HPV-negative tumors, when TP53 mutation status was taken
into account (Table 1). Each 10 extra pack-years was associated with an increase of 1.1
MATH units in a tumor.

Note that for classifications of HNSCC by each of these clinical variables, the class having
the highest heterogeneity as assessed by MATH values was also the class associated with
the worst outcome. Intratumor heterogeneity as measured by MATH values thus is
associated with clinically significant aspects of tumor biology, consistent with worse
outcomes for more-heterogeneous tumors, although a relation of MATH to patient outcomes
within each of these classifications remains to be established.

DISCUSSION
The relation of MATH to clinically important variables and the simplicity of calculating
MATH from NGS results support evaluation of MATH as a biomarker of intratumor
heterogeneity in studies of treatment outcomes, both in HNSCC and in other cancers. In
contrast to the extensive tumor dissection or single-cell analysis used in studies that identify
cell populations, MATH has a unique combination of advantages for routine application. It
does not require fresh tissue; it is a quantitative measure available whenever tumor and
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matched normal DNA can be sequenced by next-generation methods. Unlike methods that
analyze pre-selected markers, MATH is based on whatever mutations NGS identifies, at a
genomic resolution much finer than provided by karyotyping, CGH, or SNP arrays. MATH
implicitly incorporates CNA and includes an inherent correction for the normal tissue
inevitably present in a tumor.

Future work will need to establish the relation of MATH scores to individual patient
outcomes, not just to outcome classes, in survival models that take into account the diversity
of tumor types and treatment regimens in HNSCC. (Clinical treatments and outcomes were
not published for the data set examined here.10) For even if high intratumor heterogeneity is
generally associated with worse outcomes, the specific relation of high heterogeneity to
outcome may differ among combinations of tumor types with surgical, radiological, or
chemotherapeutic treatments. The NGS data being collected for the Tumor Cancer Genome
Atlas project22 might be used for retrospective analysis of MATH in HNSCC, provided that
clinical annotations are sufficiently detailed. Prospectively, MATH could be included as a
candidate biomarker in clinical studies and trials. MATH could similarly be evaluated in
cancers other than HNSCC. Translational research that combines analysis of MATH with
studies on the mechanisms that lead to intratumor heterogeneity may point the way to
clinical strategies that specifically target heterogeneous tumors.

Our results with this HNSCC data set provide important guidance for such work on
evaluating and extending MATH as a prognostic biomarker. First, the relation of the
precision of MATH values to the number of mutated loci (Fig. 1D) means that broader
genome coverage than provided by exome sequencing, such as targeted capture of non-
exonic sequences or whole-genome sequencing, might improve heterogeneity analysis of
HPV-positive OPSCC, which typically have low numbers of mutations,10 or of cancers that
have lower mutation rates than HNSCC. Second, given the difficulties in distinguishing true
mutations with low mutant-allele fractions from sequence-read errors, the criteria for
identifying tumor-specific mutated loci must be consistent among tumors whose MATH
values are being compared. Third, although explicitly including information on locus-
specific CNA did not provide advantages over MATH calculated directly from mutant-allele
fractions in these HNSCC (Supplementary Table S1), this issue must be reassessed in future
applications.

With its emphasis on overall genetic diversity regardless of which genes are mutated,
MATH should provide an important complement to analysis of mutations or expression of
specific genes in tumors. The heterogeneity measured by MATH could also be much more
consistent among different portions of a tumor than are the sets of mutated loci themselves.
For example, although 2 regions of a single renal-cell carcinoma sequenced in depth by
Gerlinger et al.7 differed substantially in terms of specific mutated genes, the MATH values
of these regions were highly similar (based on loci with mutant-allele fractions > 0.01 in
their Supplementary Table 3, MATH values were: region R4, 25.6; region R9, 25.9). Thus
assessment of MATH might be less sensitive to the tumor-sampling problems that can
fundamentally limit identification of specific gene profiles,7 and should allow assessment of
heterogeneity per se separately from mutation or expression profiles as risk factors. We
suspect that tumors with high MATH, as an overall measure of genetic diversity, will be
those most likely to harbor clinically significant subpopulations of cells even if those
populations are not directly represented in the analyzed sample.

Direct comparison of MATH with individual outcomes following uniform treatment will
ultimately determine whether this measure of intratumor genetic heterogeneity provides a
clinically useful biomarker in HNSCC and other cancer types. For example, tumors with
higher MATH may have more diverse populations of cells prone to metastasis and treatment
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failure than their less-heterogeneous counterparts. Similarly, genetically diverse tumors with
higher MATH may be those most likely to exhibit a poor response or relapse earlier
following targeted therapy. Analysis of MATH will be straightforward in these studies, as
NGS of tumors becomes more widespread in research and clinical practice.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Mutant-allele tumor heterogeneity
A, Heterogeneity among mutant-allele fractions. Top, Three heterozygous loci (mutant
alleles: lower-case a, b, c) in an idealized homogeneous tumor (left) or in a tumor having 2
populations (40/60 cell ratio, right), processed for sequencing. Middle, Mutant-allele
fractions in DNA are 0.5 for all loci from the homogeneous tumor (left) or loci with shared
mutations in the heterogeneous tumor (right), versus one-half of the cell fraction for
population-specific mutations. Bottom, sampling in single-molecule sequencing smoothes
the distributions, illustrated for 100 sequence reads at each of many such loci. The
distribution of mutant-allele fractions from the heterogeneous tumor is wider (larger MAD)
and has a lower median than for the homogeneous tumor. The ratio of the width to the center
of the distribution (MATH = 100 * MAD/median) is thus larger for the heterogeneous
tumor. B, Distributions of mutant-allele fractions among tumor-specific mutated loci for 3
HNSCC having similar numbers of mutated loci (top to bottom: 98, 102, 96 loci). Circles
are mutant-allele fractions for individual loci. Curves are kernel density estimates from the
R densityplot function (lattice package; default parameter values), with y-axes scaled so that
the area under each curve equals 1. Each tumor’s MATH value is shown with a standard
deviation (SD) estimated by bootstrap resampling; see text. C. Lack of relation between
MATH and the number of tumor-specific mutations, a measure of overall mutation rate.
Kendall rank correlation, p = 0.21. D, Relation of bootstrap-estimated SD of MATH
determinations to the number of mutated loci among 74 HNSCC. r2 = 0.86.
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Fig. 2. Relation of MATH to TP53 mutation status in HNSCC
Boxplots (thick horizontal lines, medians; whiskers to farthest points within 1 interquartile
range of box) and individual MATH values (circles) for HNSCC grouped by TP53 mutation
status. p-values are for Wilcoxon rank-sum tests.
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Fig. 3. Relation of MATH to HPV status in HNSCC
Boxplots and individual MATH values as in Fig. 2 for HNSCC grouped by HPV status. All
HPV-negative cases on the left; HPV-negative cases having wild-type TP53 on the right.
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Table 1
Relation of MATH to disruptive TP53 mutation and pack-years in cigarette smokers with
HPV-negative HNSCC

Bivariate linear model of MATH against disruptive TP53 mutation status (versus any other TP53 status) and
cigarette pack-years (as continuous variable) for 51 HPV-negative tumors from cigarette smokers. F-test, p =
0.004.

MATH relation to: Coefficient p-value

Disruptive TP53 7.64 0.004

Pack-years 0.11/yr 0.033
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