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A BSTRACT
Detection of somatic mutations from late stage solid tumors is a critical part of cancer treatment. Although tumor content is
used as a convenient parameter to measure efficacy of detection, it fails to include two basic factors: the lower limit of detection
(LLOD), and the ratio of the mutant and wild type allele frequencies. Recently, the detection of somatic mutations has expanded
to liquid biopsy, early stages of cancer and population screening, which all generally carry lower copy numbers of somatic
mutations compared to late stage tumors. With the growing importance of these mutations for targeted chemotherapy and other
clinical applications, there is a need re-evaluate the efficacy of detection of somatic mutations. Hence, a new algorithm, Detection
Index (DI), is proposed to standardize the efficacy of all molecular methods and is applicable to all types of clinical samples. DI
is based on two basic determinants: lower limit of detection of the mutant allele, and the ratio of the copies of the mutant allele to
that of the wild-type. The benefits of DI include (a) standardization of methods detecting somatic mutations so that laboratory
reports will have a uniform interpretation related to clinical picture, and (b) the flexibility to use appropriate amounts of DNA and
assay conditions to achieve desired DI.
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1. I NTRODUCTION
There are a number of cancer-specific somatic mutations,
some of which are targets for specific chemotherapies. Others are used for guiding selection of drugs and prognosis.
Somatic mutations are tested for in a variety of heterogeneous cell sample types, including solid tumors, liquid
biopsy, mammalian cell culture, stool, urine, saliva, cerebrospinal fluids, lung lavage, gastric, and tissue and/or organ
transplants.[1–9] Further, the genetic variants could be single
nucleotide polymorphism, multiple mutations, deletion, addition of nucleotides, epigenetic changes (e.g. Methylation),
gene expression, splice variants and copy number variations
of all the above genetic variants.[10–13]
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Targeted chemotherapy is a standard treatment in late stage
cancer and is reliant on the detection of specific somatic mutations.[14] Presently, tumor content from a formalin fixed
paraffin embedded tissue (FFPE) is widely used as a measure
of efficacy of detection for two practical reasons: (a) tumor
content is a part of the routine histological analysis, and
(b) the DNA for detection is extracted from FFPE slides.[15]
Thus, tumor content became a choice of convenience to score
the efficacy of detection. With continued uncontested usage,
the concept of tumor content gained acceptance in scientific
publications as “sensitivity” defined as the percentage ratio of cancer cells to normal cells. Since adequate human
DNA can be extracted from blood samples and the fact that
the allele frequency of the mutant and wild type allele is
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equal, neither the Lower limit of detection (LLOD) nor allele competition are then considered in evaluating efficacy
of detecting germline mutations. At the same time, the efficacy of molecular methods detecting pathogens is based on
LLOD. In contrast, detection of somatic mutations has two
challenges; detecting at lower copy numbers, and detecting
in the presence of a large number of wild type alleles. Use
of tumor content accounts for part of the latter. Although
tumor content can be a convenient parameter, it falls short of
an accurate measure of detection for two reasons:
(1) LLOD. Detection of the intended analyte is determined
by the ability of the assay to detect a minimum amount
of the analyte in a patient sample matrix that carries
both mutant and wild type alleles, referred to as the
lower limit of detection.[17] Somatic mutations, especially the ones that are associated with targeted
chemotherapy, have been well studied; the molecular pathways established and supported by numerous
clinical studies. Hence, the presence of actionable somatic mutations is considered a “pathological” factor.
Further, detection of actionable somatic mutations is
a qualitative test; it should be expected to detect at
as minimum a number of copies as possible, which
guarantees LLOD as a legitimate base for evaluating
efficacy of detection.
(2) Tumor content assumes that the cancer cells carry two
copies of mutant alleles and wild type normal cells
carry two copies of wild type alleles. However, incidence of somatic mutations among the transformed
cells could be either heterozygous (single copy) or homozygous (two copies).[16] Although there could be
such an allele variation in FFPE extracts, analytical
validation for regulatory requirements uses heterozygous status of the mutant allele. Hence, in evaluating
allele competition, it is more appropriate to use the heterozygous status of the mutant allele with three times
copies of the wild-type allele (one from the cancer cell
and two from the wild type) rather than tumor content which implies two copies of mutant alleles and
two copies of wild type allele. Further, different detection platforms, including Sanger sequencing, have
their own analytical validation, with specific cut-offs
of tumor content and DNA input for their respective
assay output.[18–21] Such procedural variations among
the assays could lead to non-uniformity of laboratory
results, which could in turn make clinical correlation
more difficult for desired treatment outcome.
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for identification, where target specific primers and probes
are supposed to bind to their respective templates. However,
such binding is also affected by ionic concentrations, temperature etc.[22, 23] Use of total nucleic acid extracts from
clinical samples such as tumor biopsy could create reaction
conditions that allow for the possibility of cross binding,
where the primers specific to the mutated allele could bind to
the wild-type allele and vice versa. Therefore, the efficacy of
detection of the target mutant alleles depends on the relative
competitiveness of the mutant allele and wild-type allele to
their respective specific primers/probes. The tumor content
is a measure of the mere relative number of the transformed
cells to that of the non-transformed cells and is a false measure of the competitiveness of mutant and wild-type probes
and/or primers to respective alleles. The true measure of the
competitiveness will be the ratio of the number of copies of
mutant allele to that of wild type in the sample that competes
for its specific primers and/or probes.
Since tumor content does not reflect the molecular competitiveness in the reaction, there is a need for a new way to
evaluate efficacy that is based on true determinants of detection. Further, detection of somatic mutations is expanding
to clinical sample types such as liquid biopsy, population
screening and early stage cancers, which could carry low
numbers of copies of mutations.[24, 25] Hence, there is a necessity for more sensitive tests to address new emerging
clinical needs. To have both the present and the more sensitive assays on the same playing field, there is a need for a
new evaluation parameter. This manuscript outlines a new algorithm, Detection Index (DI), that reflects the true measure
of efficacy of detection.

2. M ATERIALS AND METHODS
It is summarized that two basic factors that determine the
efficacy of detection of the mutant allele are:
(1) The number of copies of mutant alleles in the reaction.
The fewer number of copies of mutant allele needed
for detection, the more efficient the assay.
(2) The number of copies of wild-type alleles in the reaction. The assay that detects the mutant allele in the
presence of higher number of copies of wild-allele, the
more efficient the assay.

Polymerase chain reaction (PCR) is an integral part of companion diagnosis and is performed in an optimum reaction
volume to avoid nonspecific amplification, while at the same
time to be effective in amplifying the intended target DNA.
The importance of the ratio of the number of copies of mu- However, for practical reasons, present companion diagnosis
tant alleles to that of the wild type is explained as follows; is performed in small volumes (5 µl - 20 µl), which could
Molecular methods use primers for amplification and probes compromise the overall assay.[15] Since reaction volume is
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variable, for evaluation purposes, it is more appropriate to
have (1) and (2) per µl.
Now that the two determinants have been characterized, one
could combine them into an algorithm, DI. The fewer the
number of copies of the mutant allele necessary for detection,
the more efficient the assay. Hence the efficacy of detection
is inversely proportional to the number of copies of mutant
allele/µl. Further, the assay is more efficient if the ratio
of mutant: wildtype alleles is lower; hence DI is inversely
proportional to the ratio of the mutant: wildtype alleles.

3. R ESULTS AND DISCUSSION
On this basis, a DI algorithm is derived as follows:

Copies of Mutant Allele/µl =

2018, Vol. 8, No. 2

DIHet = (1/MC) × (1/Ratio of MC: WC)
Somatic mutations could be either heterozygous or homozygous and for evaluation purposes we propose the heterozygous scenario. Hence it is assumed that in tumor biopsy samples, the wild type alleles will be three times that of the mutant alleles. MC is the number of copies of mutant allele/µl
and WC is the number of copies of wild type allele/µl and
the detection index is denoted as DIHet .
Calculation of DI requires only two data points, the tumor
content and the amount of DNA used per reaction. Both
the number of copies of the mutant allele/µl and wild-type
allele/µl can be calculated using:

Amount of DNA×290×%tumor content
Reaction volume(µl)×100

Copies of Wildtype allele/µl =

(Amount of DNA×290×%tumor content)+[(Amount of DNA×290×100−%Tumor content)×2]
Reaction volume(µl)×100

Note: 1 ng of human DNA contains 290 haploid copies; tumor content is not the same as the ratio of mutant allele to
Amount of DNA in ng.
that of the total wild-type alleles.
Table 1. Varying tumor content with 40 ng of DNA in 20 µl
reaction volume
% Tumor
content

Copies of
Mutant
allele/ul

Copies of
Wildtype
allele/ul

% Allele
Ratio #

DI

1

5.8

1,154

0.5

3,448.28

2

11.6

1,148

1.0

862.07

5

29.0

1,131

2.5

137.93

10

58.0

1,102

5.0

34.48

20

116.0

1,044

10.0

8.62

30

174.0

986

15.0

3.83

40

232.0

928

20.0

2.16

50

290.0

870

25.0

1.38

60

348.0

812

30.0

0.96

70

406.0

754

35.0

0.7

80

464.0

696

40.0

90

522.0

638

45.0

100
#

580.0

580

50.0

Detection of somatic mutations is not a standardized procedure; hence there are variations in all key steps including
DNA extraction (sample preparation). These variations also
include using varying numbers of FFPE sections per assay,
and varying thickness (5 mm-10 mm) of the FFPE sections,
thus resulting in varying amounts of DNA input per reaction.
With the increasing amount of DNA per assay, the association between DNA input and ratio of the wild-type allele is
disproportionate (see Figure 1c).
Table 2. Varying DNA with 5% tumor content in 20 µl
reaction volume
DNA
input

Copies of
Mutant
allele/ul

Copies of
Wildtype
allele/ul

% Allele Ratio
(M:W) #

DI

0.54

10

7

282.75

2.5

551.72

0.43

20

15

565.50

2.5

275.86

0.34

30

22

848.25

2.5

183.91

40

29

1,131.00

2.5

137.93

50

36

1,413.75

2.5

110.35

60

44

1,696.50

2.5

91.95

75

54

2,120.63

2.5

73.56

90

65

2,544.75

2.5

61.3

100

73

2,827.50

2.5

55.17

250

181

7,068.75

2.5

22.07

500

363

14,137.50

2.5

11.03

750

544

21,206.25

2.5

7.36

1000

725

28,275.00

2.5

5.52

(Copies of mutant alleles / copies of total wildtype alleles) × 100

The algorithm is illustrated in detail with the following scenarios.
(1) As shown in Table 1, with a fixed amount of DNA (e.g.
40 ng) input, while there is a proportional correlation of tumor content and the percent allele ratio at low tumor content,
both depart disproportionately at higher tumor content (see
Figure 1a). A similar pattern is found when tumor content is
compared to the mutant alleles (see Figure 1b). Hence, the
Published by Sciedu Press
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Table 3. Detection Index of Companion Diagnostics Tests
Method

Regulatory

Platform

Mutation

DNA
(ng)

% Tumor
content

Mutant
allele/µl

Wild
allele/µl

% Allele
Ratio (M:W)

DI

Foundation One
CDX (a)

FDA

NGS

EGFR -L858R

50

2.1

15.2

1435

1.05

62.55

Foundation One
CDX (a)

FDA

NGS

EGFR -Del

50

5.1

37.0

1413

2.55

10.61

Foundation One
CDX (a)

FDA

NGS

EGFR -T790M

50

2.5

18.1

1432

1.25

44.14

Foundation One
CDX (a)

FDA

NGS

Braf V600E

50

2

14.5

1436

1.00

68.97

Foundation One
CDX (a)

FDA

NGS

Kras G12/G13

50

2.3

16.7

1433

1.15

52.15

Oncomine™ Dx
Target Test (a)

FDA

NGS

EGFR -L858R

10

8

11.6

278

4.00

21.55

Oncomine™ Dx
Target Test (a)

FDA

NGS

EGFR -Del

10

6

8.7

281

3.00

38.31

Oncomine™ Dx
Target Test (a)

FDA

NGS

Braf V600E

10

12

17.4

273

6.00

9.58

Paraxis™

FDA

NGS

Extended Ras
panel

50

5

36.3

1414

2.50

11.03

Cobas (a)

FDA

Real time
PCR

Braf V600E

125

5

90.6

2828

3.11

3.55

Cobas (a)

FDA

Real time
PCR

50

5

29.0

1131

2.50

13.79

Cobas (a)

FDA

Real time
PCR

50

5

36.3

1414

2.50

11.03

THxID (a)

FDA

Real time
PCR

Braf V600E

20

80

232.0

348

40.00

0.11

Pyrosequencing

LDT

Sequencing

EGFR T790M

30

50

217.5

653

25.00

0.18

ddPCR

LDT

PCR

Braf p.V600E

30

50

217.5

653

25.00

0.18

SNapShot

LDT

Primer
extension

Braf p.V600E

30

50

217.5

653

25.00

0.18

TumorplexMutiGEN

LDT

Sequencing
(ASMS)

Braf p.V600E

2.5

1

0.15

29

0.50

13793.10

Kras
(G12D,G13D,
G12V)
EGFR ( L858R,
Del747-A750,
T790M)

(a) FDA- https://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/InVitroDiagnostics/ucm301431.htm

(2) With fixed DNA input per assay (40 ng) and with varying tumor content, the number of copies of mutant allele/µl
varies from 5.8 copies/µl to 580 copies/µl (see Table 1). On
the other hand, with fixed tumor content (5%) per assay and
varying amount of DNA input, the number of copies of mutant allele/µl varies from 7 copies/µl to 725 copies/µl (see
Table 2). Hence, an assay capable of detecting positives (29
copies of mutant allele/µl) with 40 ng of DNA at 5% tumor
content will report a sample that carries 50 mutant copies/µl
as positive, whereas the assay that is capable of detecting
(348 copies/µl) with 40 ng of DNA at 60% tumor content
will report the same sample as negative. Similarly, an assay capable of detecting somatic mutations with 5% tumor
content and 50 ng of DNA could only detect in a sample
28

that has more than 36 mutant allele/µl. Therefore, this same
assay would report a sample with 5% tumor content using
10 ng of DNA as negative. Hence, having tumor content
as a measure of accuracy could lead to false negatives, resulting in patients being prevented from receiving beneficial
targeted chemotherapy. These examples show that there are
discrepancies among methods determining the efficacy of
detection based on the tumor content or the amount of DNA
input alone.
(3) Two sets of DI are shown (see Tables 1 and 2), one with
40 ng of DNA input with varying tumor content where the
Detection Index decreases with increase in tumor content,
and the other with varying DNA input at 5% tumor content
where the DI decreases with an increase in DNA input. With
ISSN 1925-4067
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this interactive table for a desired detection index, one could
determine either the amount of DNA needed if tumor content
is known or vice versa.
(4) Examples of DI values are shown in Table 3. These
include (a) DI values of FDA approved companion diagnostics tests, and (b) DI values of several laboratory developed
tests (LDTs). Although the amount of DNA and tumor content vary among LDTs, DI values were calculated using
commonly used amounts (30 ng of DNA with 50% tumor

2018, Vol. 8, No. 2

content) (see Table 3). Realtime PCR uses labeled probes for
identification. To distinguish the target signal from the background noise, there is a need to have high mutant allele/µl.
Hence, they tend to have very low DI. Since NGS is designed
to detect many markers per reaction, the DNA input is relatively high, increasing the copies of mutant allele/µl, and
lowing the DI. The Braf p. V600E/K Tumorplex assay uses
1ng of DNA with 1% tumor content where the mutant allele
copies are low, that in turn increases the DI to 13793.10.

Figure 1. Correlation between different factors of the FFPE sample. 1a. The allele ratio does not proportionately increase
with tumor content. 1b. Mutant allele does not proportionately increase with tumor content. 1c. Although at low
concentration wild type allele correlates with DNA input, at higher DNA concentration they do not
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The choice of targeted chemotherapy depends on the detection of specific somatic mutations; hence the detection of
respective somatic mutations becomes very critical, carrying
the burden of accuracy for patients fighting for recovery. The
proposed Detection Index helps the laboratory to provide
more accurate results that will help the clinicians to improve
treatment. Just like in clinical chemistry (e.g. determination
of blood sugar), use of Detection Index will enable companion diagnosis to define its limit of efficacy using two data
points. Operating within such a limit will eliminate potential
false negatives or false positives of the test. Since Detection Index is a true scientific evaluation of the tests, clinical
data interpretation and improved treatment strategies can be
adopted.
Amount of DNA =

2018, Vol. 8, No. 2

freedom over the design of the assay. For example, once the
desired Detection Index is decided, one could determine the
amount of DNA input based on the tumor content.

4. C ONCLUSION
The increasing clinical importance of somatic mutations calls
for second look at the efficacy of detection. Tumor content
has been a convenient but crude evaluation criterion that fails
to accommodate basic factors of detecting mutant alleles in a
heterogeneous cell population. Hence a new criterion, DI, is
proposed that is based on fundamental scientific determinants
in detecting somatic mutations in a clinical heterogeneous
cell population.

Copies of Mutant Allele×100
290×%tumor contents

C ONFLICTS OF I NTEREST D ISCLOSURE
Hence, with the interactive DI table, the end user has the The author declares that there is no competing interest.
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