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ABSTRACT

Purpose: DNA analysis by NGS has become important to direct the clinical care of cancer pa-
tients. However, NGS is not successful in all cases, and the factors responsible for test fail-

ures have not been systematically evaluated.
Materials and methods: A series of 1528 solid and hematolymphoid tumor specimens was

tested by an NGS comprehensive cancer panel during 2012—2014. DNA was extracted
and 2x101 bp paired-end sequence reads were generated on cancer-related genes utiliz-

ing Illumina HiSeq and MiSeq platforms.
Results: Testing was unsuccessful in 343 (22.5%) specimens. The failure was due to insuffi-

cient tissue (INST) in 223/343 (65%) cases, insufficient DNA (INS-DNA) in 99/343 (28.9%)
cases, and failed library (FL) in 21/343 (6.1%) cases. 87/99 (88%) of the INS-DNA cases had
below 10 ng DNA available for testing. Factors associated with INST and INS-DNA failures
were site of biopsy (SOB) and type of biopsy (TOB) (both p < 0.0001), and clinical setting of
biopsy (CSB, initial diagnosis or recurrence) (p < 0.0001). Factors common to INST and FL
were age of specimen (p < 0.006) and tumor viability (p < 0.05). Factors common to INS-
DNA and FL were DNA purity and DNA degradation (all p < 0.005). In multivariate anal-
ysis, common predictors for INST and INS-DNA included CSB (p = 0.048 and p < 0.0001) and
TOB (both p < 0.003), respectively. SOB (p = 0.004) and number of cores (p = 0.001) were
specific for INS-DNA, whereas TOB and DNA degradation were associated with FL (p = 0.04

and 0.02, respectively).
Conclusions: Pre-analytical causes (INST and INS-DNA) accounted for about 90% of all failed

cases; independent of test design. Clinical setting; site and type of biopsy; and number of

cores used for testing all correlated with failure. Accounting for these factors at the time of

tissue biopsy acquisition could improve the analytic success rate.
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1. Introduction

Molecular testing by NGS approaches in clinical oncology has
become a cornerstone in clinical care of cancer patients with
recurrent or metastatic disease. Areas of NGS applications in
clinical patient care include disease diagnosis (Doyle et al,,
2014; Frederick et al., 2014; Sehn et al., 2014), identification
of therapeutic targets in different types of cancer (Cottrell
et al,, 2014; Frampton et al., 2013; Hagemann et al., 2015; Kris
et al., 2014; Pritchard et al., 2014; Tsimberidou et al., 2012),
improvement of risk-stratification which can guide the selec-
tion of treatment (Marcucci et al., 2014), and detection of min-
imal residual disease (Martinez-Lopez et al., 2014). Achieving
such clinical goals requires successful testing, but as with
any testing method, the analysis is unsuccessful in a subset
cases. However, the factors responsible for NGS test failures
in the setting of oncology cases have not been systematically
evaluated. Thus, in the current study we evaluated the char-
acteristics of specimens submitted for molecular oncology
testing by NGS, and identified major factors associated with
failed NGS testing for pre-analytic and analytic reasons.

2. Materials and methods
2.1. Regulatory approval

This study was approved by the Washington University Hu-
man Studies Committee.

2.2. Clinical samples and testing methodology

The cohort of cases in this analysis consisted of consecutive
clinical tumor samples submitted to Genomics and Pathology
Services at Washington University School of Medicine
(GPS@WUSTL) between March 1, 2012 and May 13, 2014 for
the Comprehensive Cancer Gene Set testing by NGS. NGS
testing was ordered by oncologists to direct clinical patient
care (i.e., not on an experimental or investigational basis, or
as part of a research protocol). The test uses targeted hybrid-
capture sequencing on an Illumina platform of formalin-
fixed paraffin-embedded (FFPE) tissue specimens, bone
marrow biopsies, or peripheral blood (Cottrell et al., 2014).
All samples were reviewed by a board-certified surgical
pathologist to mark tumor areas to be used for testing; pathol-
ogist review included estimation of tumor cellularity, hetero-
geneity, and tumor cell viability within the selected areas.
DNA was extracted from FFPE and/or fresh-frozen tissues us-
ing a QIAamp DNeasy blood and tissue kit (Qiagen, Valencia,
CA). DNA purity was assessed by measuring DNA absorbance
with NanoDrop at both 260/280 nm and 230/260 nm. DNA con-
centration was measured by Qubit fluorometer (Life Technol-
ogies, Carlsbad, CA) and a total of 2 ul of DNA, regardless of
concentration, was then electrophoresed on an agarose gel
to determine the level of DNA degradation. Library prepara-
tion and DNA sequence analysis using I[llumina platforms
then proceeded as described (Cottrell et al., 2014).

NGS testing was considered successful when high quality
DNA sequence results were obtained that met laboratory

quality metrics (Cottrell et al., 2014), regardless of findings in
the reports issued for the cases (i.e., regardless of whether or
not the sequence variants that were detected indicated a spe-
cific targeted therapy). Test failure was classified into three
categories: insufficient tissue available for testing (INST)
when insufficient tumor tissue was available for DNA extrac-
tion (generally, tumor sample less than 2 mm in greatest
dimension; tissue less than 10% tumor, or tumor less than
10% viability); failure due to insufficient DNA (INS-DNA)
when DNA extraction yielded less than 100 ng DNA; and fail-
ure during library preparation (FL) when the libraries gener-
ated did not meet specified quality metrics (i.e., pre-
hybridization product size was between 230 and 300 bp by
analysis on Agilent Bioanalyzer HS chip and at least 500 ng
of the ligated product was available for hybridization). When
the pre-hybridization product was less than 500 ng but there
was additional DNA available from the original tissue nuclei
acid extraction, library generation was attempted again; if
no more DNA was available but there was still tumor tissue
available, DNA extraction and library generation were attemp-
ted again. Library generation was considered a failure if initial
and repeat attempts failed to produce 500 ng of the pre-
hybridization product.

Data were collected on pre-analytical variables during the
pathologist review step and included clinical setting of bi-
opsy (CSB, specifically at the time of primary diagnosis
versus at the time of relapse/progression); type of biopsy
(TOB); age of biopsy material; site of biopsy (SOB); the lesion
type of biopsy (LTOB, specifically primary tumor or metasta-
tic lesion); the tissue processing procedure; the tumor cellu-
larity, heterogeneity and cell viability within the selected
tumor area; and the number of cores in the biopsy (where
relevant). Biopsies were of six types, excisional biopsy (EX),
fine needle aspirate (FNA), core biopsy (CB), laproscopic bi-
opsy (LB), endoscopic biopsy (EB), and cytology specimen.
Age of biopsy material was defined as the difference in years
between the date the biopsy was obtained and the date the
NGS test was performed on the specimen. For SOB, nine sites
were considered (gastrointestinal, bone marrow, bone, lung,
liver, lymph node, pancreas, kidney, and “other” where all
other types of tumors were pooled under this category due
to low number of cases in each of these types). Tumor cellu-
larity and tumor cell viability were each defined in 10-
percentile intervals. Tumor heterogeneity (i.e., intra-
tumoral differences in cellularity, grade, architectural
pattern, and cytologic atypia) was defined as low or high.
Data were also collected on the pre-analytical variables of
DNA purity and DNA degradation as described (9).

3. Statistical analysis

Statistical analyses were performed using SPSS Statistics 22
package. Univariate association analysis of the evaluated vari-
ables and failed analysis due to INST, INS-DNA or FL was per-
formed using the Chi-square or Fisher's Exact Test for
categorical variables and the Mann—Whitney U test for
continuous variables, with a two-tailed significance level of
0.05.
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Multivariate logistic regression analyses were performed
and included successful cases, and failed cases, due to either
INST, INS-DNA, or FL. Since not all variables were captured
on all cases (e.g., number of cores used for testing, DNA purity,
and degradation were captured on cases that failed due to
INS-DNA or FL but not due to INST), and since there were
some variables that specifically contribute to failure at one
step but not the other (e.g., failure due INS-DNA vs FL), a sepa-
rate multivariate analysis was run for each failure step. The
dependent variable was the analysis outcome (successful or
failure due to either INST, INS-DNA, or FL) and the indepen-
dent variables were all variables that were significant in the
univariate analysis for each step where failure occurred. For
the multivariate models, low collinearity of the independent
variables was confirmed with all bivariate correlations less
than 0.70. Assessment of model fit indicated that the esti-
mates for SOB may be unreliable, and thus we assessed the
stability of our conclusions by removing SOB from each multi-
variate model; the conclusions were similar, thus increasing
confidence that the reported model that includes SOB accu-
rately represents the relationship between the independent
variables and the likelihood of failure.

4. Results

A total of 1528 cases were submitted for testing during the
study period. Of those, 343 (22.45%) cases failed to produce
DNA sequence that met laboratory quality metrics. Cases
failed due either to INST 223/343 (65%), INS-DNA 99/343
(28.9%), or FL 21/343 (6.1%). The failure rate due to INST or FL
increased in 2014 compared with 2012 (13.0%—20.9% for
INST, and 1%—2.3% for FL), while the failure rate due to INS-
DNA remained constant (7.2% and 7.3%). The total failure
rate was similar for the years 2012 and 2013 (about 21%) but
increased in 2014 (30.5%) as shown in Table 1.

4.1. Investigation of variables associated with failed
analysis

A total of ten variables were investigated for association with
failed analysis for NGS molecular oncology testing. These
variables are systematically measured as part of the Quality
Control/Quality Assurance (QC/QA) program for our clinical
molecular oncology testing by NGS. Table 2 lists the results
of the univariate analysis comparing these variables between
the successful cases and cases that failed due to INST, INS-
DNA or FL. TOB (p < 0.0001), SOB (p < 0.0001), and CSB

(p < 0.0001) were highly associated with failures for both
INST or INS-DNA where certain types of specimens and
certain anatomic sites were associated with higher failure
rates (Table 2), and CSB where higher failure rate was
observed in specimens obtained at the time of initial diag-
nosis (p < 0.0001). Higher tumor heterogeneity, lower tumor
viability, and younger specimen age were associated with
INST failures (p = 0.04, p = 0.033, and p < 0.0001, respec-
tively). Lower DNA purity (p < 0.005) and higher DNA degra-
dation (p < 0.0001) were associated with failures for both INS-
DNA and FL. The number of tissue cores used for testing was
specifically associated with INS-DNA failures (p < 0.0001).
Variables associated with FL included SOB (p = 0.001),
lesional type of biopsy (p = 0.022), and lower tumor viability
(p = 0.05). Type of biopsy showed a trend towards association
(p = 0.08) (Table 2).

Multivariate regression analysis was performed on INST
failures, on INS-DNA failures, and on FL failures, and included
significant variables from the univariate analysis (Table 3). Pre-
dictors for INST failures included CSB (p = 0.048) and TOB
(p = 0.003), whereas SOB showed a trend in association
(p = 0.09). Predictors for INS-DNA failures were CSB
(p < 0.0001), TOB (p < 0.0001), SOB (p = 0.004), and number of
cores used for testing (p = 0.001). The predictors for FL failures
were age of specimen (p = 0.01), TOB (0.04), and DNA degrada-
tion (p = 0.02). The predictors for INST failures explained
20.4% of variance, the predictors of INS-DNA failures explained
27.8% of variance, and the predictors for FL failures explained
33.6% of variance (Nagelkerke R Square) (Table 3).

5. Discussion

Our study systematically addresses the factors that impact
the analytic success of NGS testing of tissue specimens to
direct the clinical care of cancer patients. We evaluated
several factors that we systematically measure as part of the
QC/QA program for our clinical molecular oncology testing
by NGS, including the characteristics of the biopsy (TOB,
SOB, CSB, LTOB); the characteristics of the specimen (tumor
content, heterogeneity, tumor cell viability in the selected
areas used for testing, and age of specimen); number of cores
used for testing; type of procedure for tumor processing; and
DNA quality. The most important results of our study are
that pre-analytical causes (INST and INS-DNA) accounted for
about 94% of all failed cases, and that overall, 310/343
(90.4%) of failures were due to factors that were not dependent
on test design.

Table 1 — Failure rate by year of testing and by step of failure.

Year Insufficient tissues Insufficient-DNA Failed library Total failure Successful cases
number (%) number (%) number (%) number (%)

2012 65 (13%) 36 (7.2%) 5 (1%) 106 (21.2%) 395 (78.8%)

2013 112 (13.9%) 47 (5.8%) 11 (1.4%) 170 (21.1%) 637 (78.9%)

2014 46 (20.9%) 16 (7.3%) 5 (2.3%) 67 (30.5%) 153 (69.5%)

Total® 223 (65%) 99 (28.9%) 21 (6.1%) 343 (100%) 1185 (100%)

a Total number of cases failed at the specific step with percentage calculated as the failure at the specified step to failure for all reasons.
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Table 2 — Univariate association analysis of NGS molecular oncology analysis outcome and examined variables.

Variable Successful INST *P value Successful INS-DNA *Pvalue Successful Failed **P value
cases failures (%) cases (%) failures (%) cases (%) library (%)
“Type of biopsy <0.0001 <0.0001 0.08
Core biopsy 422 (96.6%) 15 (3.43%) 422 (88.1%) 57 (11.9%) 422 (99.1%) 4 (0.9%)
Cytology 3 (75%) (25%) 3 (100%) 0 (0%) 3 (100%) 0 (0%)
Endoscopic biopsy 68 (71.6%) 27 (28.42%) 68 (77%) 9 (23%) 68 (95.8%) 3 (4.2%)
Excisional biopsy 641 (98.3%) 11 (1.7%) 641 (99.23%) 5 (0.77%) 641 (98.5%) 10 (1.5%)
Fine needle aspirate 34 (48.6%) 36 (51.4%) 34 (70.8%) 14 (29.2%) 34 (94.4%) 2 (5.6%)
Laproscopic biopsy 6 (75%) (25%) 6 (85.7%) 1(14.3%) 6 (100%) 0 (0%)
“Site of biopsy <0.0001 <0.0001 0.001
Gastrointestinal 939 (91.2%) 9 (8.8%) 93 (97.8%) 2 (2.2%) 3 (97.9%) 2 (2.1%)
Bone marrow 38 (92.7%) 3 (7.3%) 38 (86.8%) 5 (13.2%) 38 (97.4%) 1(2.6%)
Bone 44 (746%) 15 (25.4%) 44 (84.1%) 7 (15.9%) 4 (89.8%) 5 (11.2%)
Lung 228 (73.8%) 81 (26.2%) 228 (84.2%) 36 (15.8%) 228 (98.3%) 4 (1.7%)
Liver 140 (81.4%) 32 (18.6%) 140 (87.9%) 17 (12.1%) 140 (98.6%) 2 (1.4%)
Lymph nodes 154 (87%) 23 (13%) 154 (96.1%) 6 (3.9%) 154 (100%) 0 (0%)
Pancreas 56 (88.9%) 7 (11.1%) 56 (98.2%) 1 (1.8%) 56 (98.2%) 1 (1.8%)
Kidney 68 (91.9%) 6 (8.1%) 68 (94.4) 4 (5.6%) 68 (100%) 0 (0%)
Other 361 (91.6%) 33 (8.4%) 361 (95.6%) 16 (4.4%) 361(98.6%) 5 (1.4%)
“Clinical setting <0.0001 <0.0001 0.21
of biopsy
Diagnosis 504 (82.2%) 109 (17.8%) 504 (89.7%) 58 (10.3%) 504 (98.1%) 10 (1.9%)
Relapse 664 (91.4%) 62 (8.5%) 664 (96.4%) 25 (3.6%) 664 (98.8%) 8 (1.2%)
“Primary or 0.45 0.76 0.022
metastatic lesion
Primary 597 (86%) 95 (14%) 597 (93.4%) 44 (6.9%) 597 (97.5%) 15 (2.5%)
Metastatic 519 (85%) 93 (15%) 519 (92.2%) 41 (7.3%) 519 (99.2%) 4 (0.8%)
“Tissue processing 0.89 0.09 0.50
Formalin Fixed 1046 (85.5%) 177 (14.5%) 1046 (93.5%) 73 (6.5%) 1046 (98.8%) 13 (1.2%)
Formalin fixed - 71 (84.5%) 13 (15.5%) 71 (87.7%) 10 (12.3%) 71 (93.4%) 5 (6.6%)
decalcified
Fresh 42 (87.5%) 6 (12.5%) 42 (89.4%) 5 (10.6%) 42 (97.7%) 1(2.3%)
“Heterogeneity 0.04 0.33 0.52
High 878 (95.7%) 39 (4.3%) 878 (93.7%) 59 (6.3%) 878 (98.7%) 12 (1.3%)
Low 267 (98.9%) 4 (1.1) 267 (92.1%) 23 (7.9%) 267 (98.9%) 3 (1.1%)
PAge of specimen
(n=1183)  (n=221) <0.0001 (n = 1183) (n =97) 099  (n=1183) (n = 20) 0.006
Mean Rank 717 624 640 640 599 787
Percent tumor 0.38 0.26 0.28
(n=1148)  (n=43) (n = 1148) (n = 85) (n = 1148) (n = 15)
Mean Rank 598 553 620 576 583 491
"Tumor viability 0.033 0.39 0.05
(n = 1147) (N = 43) (n = 1147) (n = 86) (n = 1147) = 15)
Mean Rank 598 542 615 646 583 428
"Number of cores <0.0001 0.17
all cases
N/A N/A (n = 969) (n = 56) (n = 969) (n = 14)
Mean Rank 525 307 493 201
"DNA purity 0<.0001 0.005
N/A N/A (n = 1156) (n = 86) (n = 1156) (n = 19)
Mean Rank 632 476 591 378
“DNA degradation <0.0001 <0.0001
Low N/A N/A 1096 (99.4%) 7 (0.6%) 1096 (98.9%) 12 (1.1%)
High N/A N/A 60 (43.8%) 77 (56.2%) 60 (89.6%) 7 (10.4%)

*p values assess the differences between successful cases and INST failures.

*p values assess the differences between successful cases and INS-DNA failures, and.

**p values assess the differences between successful cases and failures due to FL.

N = number of cases, in brackets represents the frequency.

N/A; not applicable (variable was not collected).

P values <0.05 are bolded.

a Chi-square and Fisher’s Exact Tests were used to assess differences in the frequency between failed and successful cases for the variables
studied.

b Mann—Whitney test was used to assess differences in the ranks for the variables studied between failed and successful cases.
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Table 3 — Multivariate association analysis of NGS molecular oncology analysis outcome and examined variables*.

Failure due to INST Failure due to INS-DNA Failure due to FL
Number of samples evaluated (passed vs failed) 1120 vs 38 958 vs 62 1057 vs 12
Predictor P value P value P value
Age of specimen 0.96 N/A 0.01
Heterogeneity 0.11 N/A N/A
Clinical setting of biopsy (biopsy at diagnosis 0.048 <0.0001 N/A
or relapse)

Site of biopsy 0.099 0.004 0.21
Type of biopsy 0.003 <0.0001 0.04
Tissue processing N/A N/A N/A
Primary or metastatic N/A N/A 0.24
Estimated viability N/A N/A 0.21
DNA degradation N/A N/A 0.02
DNA purity N/A N/A 0.76
Number of cores used for testing N/A 0.001 N/A
Nagelkerke R Square percent of variance 0.203 0.278 0.336

*Only significant variables from the univariate analysis were included in the multivariate analysis. N/A, variable was not included because it

was not significant in the univariate analysis. P values <0.05 are bolded.

In this study of 1528 samples submitted for testing, 343
(22.5%) failed to produce results for pre-analytic or analytic
reasons. Notably, failure in around 94% of cases was due to
what are most precisely classified as pre-analytical factors
where the failure was due to INST in 65% of cases, and to
INS-DNA in 28.9% of cases. Only 6.1% of cases failed during
the analytical phase itself, namely due to FL (Table 1). It is
interesting to note that the failure due to INST was similar
in 2012 and 2013 but it increased by 50% during 2014, while
the failure rate due to INS-DNA remained constant (Table 1);
at the same time, the percentage of cases for the three sites
of biopsy that were most associated with failure (bone, lung,
and liver) remained constant from 2012 to 2014 while the
contribution of EB and FNA biopsy types increased over the
same time span (Table 2). These findings suggest that the in-
crease in INST failure rate in 2014 was most likely due to an in-
crease of some challenging biopsy types such as EB and FNA
rather than a change in the contribution of biopsies from
anatomic sites that are associated with higher failure rates.
This result highlights the fact that while smaller and smaller
tissue specimens may still provide sufficient material for
definitive histopathologic diagnosis, the same tissue speci-
mens may not be sufficient for NGS. Clinicians need to be
aware of these results in order to plan tumor sampling proce-
dures that obtain tissue samples that meet the test regimens
for NGS as well as for histopathologic diagnosis.

Univariate analysis revealed three factors that were highly
associated with failure whether due to INST or INS-DNA.
These were TOB, SOB, and CSB, all of which were highly statis-
tically correlated (p < 0.0001). In addition, a shorter interval
from tissue collection to NGS analysis (p < 0.0001), higher het-
erogeneity (p = 0.04), and lower tumor viability (p = 0.033)
were all associated with INST failures but not INS-DNA fail-
ures. As far as TOB is concerned, when failure due to all rea-
sons was considered, core biopsies and excisional biopsies
almost always had a successful outcomes (99.3% and 96.1%,
respectively), whereas only 63.6%% and 39.4% of EB and FNA
biopsies had successful outcomes, respectively (Table 2).

Similar success rates were observed for cytology biopsies
and LB, although the number of biopsies in these categories
was limited (Table 2). The association between failure due to
INST and age of specimen (interval from specimen collection
to NGS analysis) was highly significant in the univariate anal-
ysis, however, age is no longer predictive of failure in the
multivariate after accounting for all other variables in the
model indicating that age contributes no unique information
about failure above and beyond information that the signifi-
cant variables in the multivariate model provide, e.g., TOB.
This was confirmed by the highly significant association
found between TOB and ranks of age (P < 0.000). For example,
of the successful cases, only 5.8% and 3.5% of FNA and EB bi-
opsies, respectively were <1 year old compared to 11% and
19.3%, respectively of the failed cases. Taken together, these
results clearly demonstrate the importance of biopsy size for
a successful NGS test outcome in that the smaller the size of
biopsy the higher the failure rate. Recent reports have demon-
strated the feasibility of NGS approaches for the analysis of
cytology specimens by either a hybrid capture or
amplification-based approach (Kanagal-Shamanna et al,
2014; Karnes et al., 2014), results which emphasize that it is
not the type of specimen itself but rather tumor abundance
and nucleic acid quality that are important. The latter point
was specifically addressed by one group in a study that
assessed the number of passes needed to obtain enough tissue
material for molecular genotyping of EGFR and KRAS muta-
tions in non-small cell lung cancer NSCLC patients using a
21-gauge needle, which found that four needle passes were
able to reliably obtain adequate material for molecular anal-
ysis in over 95% of patients (Yarmus et al., 2013).
Interestingly, biopsies obtained at diagnosis were twice as
likely to fail NGS testing as those obtained at relapse (26.1%
versus 12.5%, p < 0.0001) (Table 2). This association is likely
at least partially explained by the fact that, in this case series,
biopsies obtained at diagnosis were twice as likely to be EB or
FNA versus those obtained at recurrence (17.5% versus 8.4%,
respectively) (data not shown). However, it is also possible
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that tissue specimens obtained at diagnosis may have been
depleted for tumor cells due to neoadjuvant therapy, which
has recently been shown to confound molecular testing
(Dudley et al., 2015). In any event, our result again emphasizes
that surgical, endoscopic, cytology, or FNA procedures that
provide sufficient tissue for histopathologic diagnosis are
not optimized for obtaining samples that meet the specimen
requirements of NGS. This explanation also likely accounts
for the finding that INST failures had lower tumor cell viability
(Mann—Whittney test, p = 0.033) and had higher heterogene-
ity (p = 0.04) than successful cases, associations that were
not observed with INS-DNA failures.

In multivariate analysis for INST failures that assessed the
significant variables from the wunivariate analysis, TOB
remained highly significant (p = 0.003), whereas CSB and
SOB had borderline significance (p = 0.048 and p = 0.099,
respectively); the same variables remained highly significant
in the multivariate analysis for INS-DNA failures (p < 0.0001,
p < 0.0001, and p = 0.004, respectively). Not surprisingly,
INS-DNA failures had fewer number of cores used for testing,
lower DNA purity, and higher DNA degradation than success-
ful cases (all p < 0.0001) (Table 3). Since it is expected that us-
ing more cores will yield more DNA, the finding that 75.4% of
cases with successful outcome had five or more cores used for
testing (data not shown) is likewise not surprising. The predic-
tors for FL failures included shorter age of specimen (p = 0.01),
TOB (p = 0.04), and higher DNA degradation (p = 0.02) (Table 3).
These cases failed due to inability to produce enough pre-
hybridization material by PCR, most likely due to the presence
of PCR inhibitor. It is a well-known phenomenon that the effi-
ciency of PCR is decreased due to protein cross-linking
induced by formalin and the degradation of nucleic acids
which increases during storage depending on the pH value
of the fixative (Benavides et al.,, 2006; Greer et al., 1991,
Jackson, 1978).

In practice, the results of our study provide some opportu-
nities for improving the likelihood that NGS analysis of a tis-
sue specimen will be successful. By identifying factors
associated with test failure, and the rate at which failures
occur, our analysis emphasizes the differences between tu-
mor sampling for diagnosis and tumor sampling for NGS
testing. In this regard it is interesting to note that a number
of studies have demonstrated the rich clonal architecture of
malignancies (Gerlinger et al,, 2012; Renovanz and Kim,
2014; Yachida et al., 2010), an observation that suggests that
larger tumor samples are advantageous not only to increase
the probability that NGS analysis will be successful, but also
to ensure that the complexity of the tumor is well represented
in the test results. The recent demonstration that occult tissue
contamination is more likely to impact test results in
extremely small tissue samples (Sehn et al. in press) offers
yet another reason to obtain larger tumor samples for NGS.

Our results are based on a series of cases in which the NGS
testing was performed by a hybrid capture approach (Cottrell
et al., 2014). While it is well established that amplification-
based NGS assays have a lower input DNA requirement (Lin
et al,, 2014; Singh et al,, 2013; Simen et al. 2015), it is worth
noting that the INST category alone accounted for over 65%
of failures of NGS testing, and that these cases (since they
arise in the pre-analytic phase of testing) would be failures

regardless of whether a hybrid capture or amplification-
based approach was utilized.

Furthermore, of the 99 INS-DNA cases in our series, only
12/99 (12%) cases had at least 10 ng of DNA, which suggests
that 88% of INS-DNA cases would have failed NGS testing
regardless of the NGS approach (assuming that
amplification-based approaches generally require at least
10 ng input DNA). Although NGS has been described for very
low input DNA quantities (Heitzer et al., 2013; Macaulay and
Voet, 2014; Nawy, 2014), more cycles of PCR amplification
are necessary to generate enough template molecules for
sequence production whether by hybrid capture or
amplification-based approaches, which negatively impacts
both test sensitivity and specificity (Sims et al., 2014) due to
the potential for amplification bias (also known as “jackpot-
ting”) and polymerase sequencing errors during amplification
of low abundance templates. In addition, increased cycles of
PCR negatively impact the accuracy of test results due to their
generation of low complexity DNA libraries despite sufficient
DNA quantity (i.e., the information content in 1000 sequence
reads derived from one genome is quite different than the in-
formation content present in 1000 sequence reads from 1000
different genomes). Thus, changes in NGS test methods to
accommodate lower DNA inputs come at a price; the better
approach to optimize NGS test utility would be to ensure
that better quality specimens (i.e., larger tissue samples with
higher tumor viability) are submitted for testing.

Identifying factors associated with successful NGS testing
in routine clinical use will hopefully lead to changes in current
practice to eliminate aspects of tissue collection that most
often contribute to failures. Our results will also guide priori-
tization of testing by different ancillary techniques; for
example, if the available tissue material is limited and there
is a need to perform multiple tests (i.e., immunohistochem-
istry, interphase fluorescence in situ hybridization study,
and so on), other tests may be prioritized if the odds for a suc-
cessful NGS outcome are low.
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