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SPOT/Dx Pilot Reanalysis and College of American
Pathologists Proficiency Testing for KRAS and NRAS

Demonstrate Excellent Laboratory Performance
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� Context.—The Sustainable Predictive Oncology Thera-
peutics and Diagnostics quality assurance pilot study (SPOT/
Dx pilot) on molecular oncology next-generation sequenc-
ing (NGS) reportedly demonstrated performance limita-
tions of NGS laboratory-developed tests, including
discrepancies with a US Food and Drug Administration–
approved companion diagnostic. The SPOT/Dx pilot methods
differ from those used in proficiency testing (PT) programs.

Objective.—To reanalyze SPOT/Dx pilot data using PT
program methods and compare to PT program data.

Design.—The College of American Pathologists (CAP)
Molecular Oncology Committee reanalyzed SPOT/Dx pilot
data applying PT program methods, adjusting for confound-
ing conditions, and compared them to CAP NGS PT program
performance (2019–2022).

Results.—Overall detection rates of KRAS and NRAS
single-nucleotide variants (SNVs) and multinucleotide
variants (MNVs) by SPOT/Dx pilot laboratories were 96.8%
(716 of 740) and 81.1% (129 of 159), respectively. In CAP
PT programs, the overall detection rates for the same SNVs
and MNVs were 97.2% (2671 of 2748) and 91.8% (1853 of
2019), respectively. In 2022, the overall detection rate for
5 KRAS and NRAS MNVs in CAP PT programs was 97.3%
(1161 of 1193).

Conclusions.—CAP PT program data demonstrate that
laboratories consistently have high detection rates for
KRAS and NRAS variants. The SPOT/Dx pilot has multiple
design and analytic differences with established PT pro-
grams. Reanalyzed pilot data that adjust for confounding
conditions demonstrate that laboratories proficiently detect
SNVs and less successfully detect rare to never-observed
MNVs. The SPOT/Dx pilot results are not generalizable to
all molecular oncology testing and should not be used to
market products or change policy affecting all molecular
oncology testing.

(Arch Pathol Lab Med. doi: 10.5858/arpa.2023-0322-CP)

Proficiency testing (PT) constitutes a critical component
of clinical diagnostics, ensuring laboratories can identify

the biomarkers that their validated assays are designed to
detect. It is also an essential part of quality management sys-
tems designed to support continual improvements in labora-
tory performance. For these purposes, the College of American
Pathologists (CAP) Molecular Oncology Committee (Mol
Onc) has been designing and administering PT programs
for next-generation sequencing (NGS) assays since 2015.
These PT programs include genetically engineered cell lines
and in silico mutagenized sequencing data files designed to
contain a variety of mutations in multiple genes at a range of
variant allele fractions (VAFs).

In 2016, a diagnostic quality assurance pilot study was initi-
ated by the Sustainable Predictive Oncology Therapeutics and
Diagnostics (SPOT/Dx) working group to investigate the stan-
dardization of precision medicine laboratory testing. The pilot
focused on testing of RAS mutations in colorectal cancer,
which is recommended by the National Comprehensive
Cancer Network (NCCN) for advanced or metastatic disease
to determine eligibility for anti-EGFR therapy (NCCN Clinical
Practice Guidelines in Oncology, version 2.2023, April 25,
2023). The pilot was organized by Tapestry Networks, a

Accepted for publication September 11, 2023.
Supplemental digital content is available for this article. See text for

hyperlink.
From the Department of Pathology and Laboratory Medicine, Memorial

Sloan Kettering Cancer Center, New York, New York (Zehir); the
Department of Pathology, Massachusetts General Hospital, Mass General
Brigham, Harvard Medical School, Boston (Nardi); the Department of
Laboratory Medicine and Pathology, University of Washington, Seattle
(Konnick, Lockwood); the Biostatistics (Long, Souers) and Proficiency
Testing (Vasalos) Departments, College of American Pathologists,
Northfield, Illinois; Pathology and Laboratory Medicine, University of
Vermont Medical Center, Larner College of Medicine at the University of
Vermont, Burlington (Sidiropoulos); the Department of Pathology, Weill
Cornell Medicine, New York, New York (Lindeman); and the Office of
the Director, The Joint Pathology Center, Silver Spring, Maryland
(Moncur). Zehir is currently with Precision Medicine and Biosamples,
AstraZeneca, New York, New York.

The authors have no relevant financial interest in the products or
companies described in this article.

The identification of specific products or scientific instrumentation is
considered an integral part of the scientific endeavor and does not
constitute endorsement or implied endorsement on the part of the
authors, Department of Defense, or any component agency. The views
expressed in this article are those of the authors and do not reflect the
official policy of the Department of Army/Navy/Air Force, Department
of Defense, or the US government. All authors are current or past
members of the College of American Pathologists (CAP) Molecular
Oncology Committee or the CAP Genomic Medicine Committee,
except Long, Souers, and Vasalos, who are employees of the CAP.

Corresponding author: Joel T. Moncur, MD, PhD, MS, Office of the
Director, The Joint Pathology Center, 606 Stephen Sitter Ave, Silver Spring,
MD 20910 (email: joel.t.moncur.mil@health.mil).

Arch Pathol Lab Med SPOT/Dx Reanalysis and CAP PT Performance—Zehir et al 1

mailto:joel.t.moncur.mil@health.mil


private professional services company, and was primarily
supported by Amgen. The working group participants
included clinical providers, policy experts, regulators, payers,
and patient advocates.1 They sought to evaluate the feasibility
of using genetically engineered cell lines and in silico muta-
genized files, generated by methods already in use for CAP
PT programs, as adjunctive materials to improve the standard-
ization of NGS assays performed by molecular diagnostic
laboratories using laboratory-developed tests (LDTs). They
also attempted to compare the performance of NGS LDTs to
a US Food and Drug Administration (FDA)–approved com-
panion diagnostic (CDx) assay, Praxis Extended RAS Panel
(Illumina, San Diego, California), designed to identify 56 var-
iants in KRAS and NRAS for targeted colorectal cancer ther-
apy determination.

In 2021, the results from the SPOT/Dx pilot were pub-
lished.2 Although the published article reaffirmed the fea-
sibility of standardized sample preparation methods
already used by the CAP Mol Onc to evaluate the labora-
tory performance of NGS assays, the article reported
performance limitations of molecular oncology LDTs
in general, including discrepancies between the results
obtained with the NGS LDTs and those reported by the
manufacturer of the FDA-approved CDx assay. The CAP
Mol Onc identified multiple differences in the SPOT/Dx
pilot design and analysis, compared with PT programs,
that affected the results and their generalizability. Here,
we present our reanalysis of the SPOT/Dx pilot data
applying methods modeled after PT programs, highlight
design and methodologic issues that may have con-
founded the pilot study, and compare SPOT/Dx pilot
results to laboratory performance for the same variants as
assessed through the CAP PT programs that survey hun-
dreds of clinical laboratories.

MATERIALS AND METHODS

In the SPOT/Dx pilot, human cell lines (“wet” samples) with
engineered single-nucleotide variants (SNVs) and multinucleotide
variants (MNVs) in KRAS and NRAS were used to assess end-to-end
NGS test performance, and electronic sequence data files were engi-
neered with mutations (“dry” samples) used to evaluate the accuracy
of the bioinformatic algorithms (“pipelines”), as previously reported.2,3

CAP representatives participated in the Scientific Technical Working
Group and provided logistical and statistical support for the SPOT/Dx
pilot. CAP representatives were not involved with final decisions
about pilot VAFs, analyses, and reporting of results.

The variants included in the SPOT/Dx pilot are listed in Supple-
mental Tables 1 and 2 (see supplemental digital content, containing 2
tables and supplemental material). Twenty-one unique variants in
KRAS (10) and NRAS (11) were used for the pilot. A total of 14 of 17
SNVs were used 2 to 3 times each, and all 4 MNVs were used 3 times
each across the wet and dry samples. The VAFs for the dry samples
were determined by the in silico engineering process. The VAFs for
the wet samples were determined by droplet digital polymerase chain
reaction (ddPCR). Twenty-one volunteer laboratories submitted
results as part of the pilot. None of these 21 laboratories used the
FDA-approved Praxis comparator assay. The CDx was only used by
the assay manufacturer during the proof-of-concept portion of the
study, when 3 laboratories pretested the standardized samples before
they were sent to the other participating laboratories. For each variant
detected, laboratories reported the total coverage depth at that posi-
tion and the percent VAF as a whole number.

To reanalyze SPOT/Dx pilot data, the Mol Onc calculated the
mean of the reported VAFs for each variant across all participating
laboratories and used those values as the criterion standards to
determine if a given laboratory successfully identified a given variant.
This differs slightly from methods routinely used for PT programs,

which use the mean reported VAF minus 2 SDs to determine the
criterion standards. Laboratories were only graded for variants with
a calculated mean VAF at or above their laboratory’s validated limit
of detection (LOD). This differed from the SPOT/Dx pilot, which
graded participants as incorrect if they did not report a variant with
an engineered/ddPCR determined VAF at or above the reported
LOD of the FDA-approved Praxis comparator assay according to its
package insert, without consideration of the validated LOD for each
laboratory’s assay or the calculated mean VAFs.

To provide comparative results for the pilot reanalysis, we also
analyzed CAP PT program performance data for variants that were
used in the SPOT/Dx pilot. The CAP PT programs included NGS
for Solid Tumors (NGSST), NGS for Hematologic Malignancies
(NGSHM), and NGS Bioinformatics (NGSB1/2). These PT pro-
grams use the mean of laboratories’ reported VAFs minus 2 SDs
for each variant, rounded to the nearest tenth, as the criterion
standard. Laboratories are expected to detect and report variants
with criterion standard VAFs at or above their laboratory’s assay
LOD, according to Clinical Laboratory Improvement Amendments
standards.4

Figures were generated using the ggplot package (version 2.2.1,
RStudio, Boston, Massachusetts; 2016; http://github.com/tidyverse/
ggplot2/) loaded on R (version 3.4.1, R Core Team, Vienna, Austria;
2017; http://www.R-project.org/) and SAS 9.4 (SAS Institute, Cary,
North Carolina).

RESULTS

Real-World Prevalence and Allelic Frequencies of
SPOT/Dx Pilot Variants

We characterized the real-world prevalence of the variants
used in the SPOT/Dx pilot and used the American Association
for Cancer Research (AACR) Genomics Evidence Neoplasia
Information Exchange (GENIE) data set (public release v12),
specifically the colorectal cancer subset (n ¼ 14 328).5 Among
the 21 unique variants in the pilot project, only 1 mutation,
KRAS p.Gly12Asp, had a colorectal cancer patient population
prevalence greater than 1.0% (n¼ 1826; 12.72%). The remain-
ing 20 variants were present in less than 1.0% of samples from
colorectal cancer patients, indicating the rare nature of 95.2%
(20 of 21) of the variants. Of note, one-third (7 of 21; 33.3%)
of the unique variants, 3 SNVs and all 4 MNVs, have never
been reported in this large data set (Table 1).

The VAFs of the SPOT/Dx pilot samples were designed
to be at low and challenging levels. VAFs for the dry sam-
ples were engineered at 5.0% or 15.0%. Target VAFs for the
wet samples were 6.0% to 8.0%, with final VAFs deter-
mined by ddPCR to be between 5.1% and 8.6%. Of the 54
variants in the pilot, 35.2% (19) were engineered with VAFs
of 5.0%, which was equivalent to the validated LOD of
76.2% (16 of 21) of laboratories for SNVs and at or below
the validated LOD of 95.2% (20 of 21) of laboratories for
MNVs. The median engineered VAF for the wet and dry
samples in the pilot was 6.2% for both KRAS and NRAS.
For real-world comparison, in the AACR GENIE data set
the overall median VAF for variants in KRAS was 29.3%
(n ¼ 5993) and for NRAS it was 30.0% (n ¼ 601). Figure 1
demonstrates the engineered and ddPCR-determined VAFs
of the SPOT/Dx pilot dry and wet samples, respectively,
compared with the VAFs reported in the AACR GENIE data
set of 14 328 colorectal cancers.

In our review of the SPOT/Dx results, the mean VAF reported
by participating laboratories using NGS differed from the engi-
neered/ddPCR VAF for dry and wet samples, respectively (Fig-
ures 2 and 3). Overall, mean reported VAFs from NGS were
lower than engineered/ddPCR VAFs for 47 of 54 variants
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analyzed (87%). The mean VAF detected by participants
was, on average, 0.4 percentage points below the engi-
neered/ddPCR VAF for dry and wet samples combined. In
addition, the mean reported VAF for 8 KRAS SNVs (7 dry,

1 wet), 8 NRAS SNVs (all dry), 3 KRAS MNVs (2 dry, 1
wet), and 1 NRAS MNV (dry) fell below 5%. Importantly,
76.2% (16 of 21) of the participating laboratories reported a
5% VAF as their LOD for SNVs, and 95.2% (20 of 21) of labo-
ratories reported a LOD at or above 5% for MNVs. We
applied the mean reported VAF, rather than the engineered/
ddPCR VAF, as the criterion standard for determining if a lab-
oratory’s reported detection status could be included in the
variant-specific analysis.

Performance for SNVs

SNVs are the most common class of actionable mutations
of KRAS and NRAS in cancer. Using the mean reported VAF
as the criterion standard, the overall detection rate of 42 KRAS
and NRAS SNVs by pilot laboratories was 96.8% (716 of 740;
Supplemental Table 1). For 16 of the 42 SNVs in the SPOT/Dx
pilot, the detection rates increased to 100% compared with
the detection rates in the original study (Figure 4). Of these 16
SNVs, 8 involved KRAS and 8 involved NRAS. Most of these

Table 1. Variants Included in the Sustainable Predictive
Oncology Therapeutics and Diagnostics Quality Assurance
Pilot Study (SPOT/Dx) That Have Never Been Reported in
Colorectal Cancer in the American Association of Cancer

Research Genomics Evidence Neoplasia Information
Exchange Data Set of 14 328 Cases (Public Release v12)

Variant
No. of Times Used
in the SPOT/Dx

KRAS c.38_39GC.AA, p.Gly13Glu 3

KRAS c.34_36GGT.TGG, p.Gly12Trp 3

NRAS c.38_39GT.AA, p.Gly13Glu 3

NRAS c.34_36GGT.TGG, p.Gly12Trp 3

NRAS c.436G.A, p.Ala146Thr 3

NRAS c.351G.T, p.Lys117Asn 2

NRAS c.443C.G, p.Thr148Ser 1

p.Thr127Ile (n=1)

p.Ala146Pro (n=12)

p.Lys117Asn (n=20)

p.Gln61Arg (n=41)

p.Lys117Asn (n=50)

p.Ala59Thr (n=25)

p.Gln61His (n=103)

p.Gly12Asp (n=1826)
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Figure 1. Variant allele fraction (VAF) distributions of KRAS (A) and NRAS (B) variants reported in the American Association for Cancer Research
(AACR) Genomics Evidence Neoplasia Information Exchange (GENIE) data set (public access v12), which overlap with the variants included in
the Sustainable Predictive Oncology Therapeutics and Diagnostics quality assurance pilot study (SPOT/Dx). Orange and red dots indicate the engi-
neered/droplet digital polymerase chain reaction–determined VAFs of the dry and wet samples for each variant in the SPOT/Dx pilot, respectively.
Seven unique variants used in the SPOT/Dx pilot are not shown because they were never described as being present in the AACR GENIE data set
of 14328 colorectal cancers.
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SNVs (93.8%; 15 of 16) were in silico and engineered to be at
a 5% allelic fraction.

Performance for Deletion-Insertions/MNVs

MNVs consist of multiple adjacent SNVs that, according
to the Human Genome Variation Society guidelines, should
be classified as a single deletion-insertion (delins) mutation
event.6 The SPOT/Dx pilot included 12 MNVs, of which 6
were in KRAS and 6 in NRAS, representing 4 unique muta-
tions across dry and wet samples with differing engineered/
ddPCR-determined VAFs. The overall detection rate of KRAS
and NRAS MNVs by pilot laboratories was 81.1% (129 of
159). Across these variants, our reanalysis shows increased
detection rates for 7 variants compared with SPOT/Dx pilot
analysis detection rates (Figure 4), all with engineered VAFs
less than 10%. We also observed 15 instances when labora-
tories detected and reported a different mutation at the same
codon as the intended MNV for a total of 7 variants—generally
the first nucleotide of the intended MNV. This suggests bioin-
formatics pipelines at the time of the study interpreted the 2 or

3 adjacent nucleotide substitutions as separate, adjacent SNVs
rather than merging them into a single MNV.

Additional Sources of Laboratory Errors

In addition to variants not being detected (false-negative
results) and the “miscalls” (a false negative resulting from
reporting 1 variant as a different variant) reported above, other
sources of laboratory errors included variants detected below
the validated LOD but not reported, and clerical errors. Table 2
shows a summary of false-negative results for SNVs and
MNVs in relation to each laboratory’s LOD. More than half
(75 of 129; 58.1%) of the false-negative results reported in the
original pilot article were for variants with mean reported
VAFs below the laboratories’ validated LOD, which were
excluded from the reanalysis.

Table 3 shows, where possible, a breakdown of labora-
tory errors and the number of errors for each laboratory.
For both wet and dry results, the number of false-nega-
tive results in the reanalyzed SPOT/Dx data was 6.0% (54
of 899 total participant results), with 24 false negatives
for SNVs (3.2%; 24 of 740 total results) and 30 false

Figure 2. Variant allele fraction (VAF) distributions reported by
Sustainable Predictive Oncology Therapeutics and Diagnostics quality
assurance pilot study (SPOT/Dx) laboratories for KRAS single-nucleotide
variants (SNVs) and deletion-insertion (delins)/multinucleotide variants
(MNVs). The bubble plot shows SPOT/Dx participating laboratories
reported KRAS VAFs as whole numbers (x-axis) for each variant (y-axis),
shown with the amino acid change and specimen number (in parenthe-
ses) used in the SPOT/Dx study. Mean VAFs rounded to 1 decimal place
and engineered/droplet digital polymerase chain reaction (ddPCR)–
determined VAFs are also shown to the side. The bubble size is propor-
tional to the number of laboratories reporting the same VAF, which is
indicated in the bubble. Orange and blue colors are used to indicate
SNVs and delins/MNVs, respectively.

Figure 3. Variant allele fraction (VAF) distributions reported by
Sustainable Predictive Oncology Therapeutics and Diagnostics quality
assurance pilot study (SPOT/Dx) laboratories for NRAS single-nucleotide
variants (SNVs) and deletion-insertion (delins)/multinucleotide variants
(MNVs). The bubble plot shows SPOT/Dx participating laboratories
reported NRAS VAFs as whole numbers (x-axis) for each variant (y-axis),
shown with the amino acid change and specimen number (in parenthe-
ses) used in the SPOT/Dx study. Mean VAFs rounded to 1 decimal place
and engineered/droplet digital polymerase chain reaction (ddPCR)–
determined VAFs are also shown to the side. The bubble size is propor-
tional to the number of laboratories reporting the same VAF, which is
indicated in the bubble. Orange and blue colors are used to indicate
SNVs and delins/MNVs, respectively.
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negatives for MNVs (18.9%; 30 of 159 total results). Of
the 54 total false-negative results, miscalls accounted for
15 (27.8%), detected but nonreported due to VAF below
validated LOD accounted for 5 cases (9.3%), and clerical
errors (ie, transcription errors) for 12 (22.2%); for the
remaining 22 cases (40.7%), the reason for a false-negative
result could not be determined.

Comparison with CAP PT Results

Finally, we compared the results of the SPOT/Dx pilot
with results from CAP PT programs, which have been

conducted for a longer time and have been used by a larger
number of laboratories across a broader range of NGS
platforms. Although the SPOT/Dx pilot had 21 participating
laboratories, between 2019 and 2022 the number of
enrolled participants in the CAP NGSST, NGSHM, and
NGSB1/2 PT programs ranged from 252 to 393, from 147
to 225, and from 40 to 56, respectively. We summarized the
CAP PT program performance for variants that overlap
between the SPOT/Dx pilot and the CAP PT programs in
Table 4.

Overall, for KRAS and NRAS SNVs, variants were
observed across a range of mean VAFs (8.9%–45.0%),
with an overall detection rate of 97.2% (2671 of 2748).
For KRAS and NRAS MNVs, variants were observed
between mean VAFs of 9.2% to 18.9%, with a total detec-
tion rate of 91.8% (1853 of 2019). The overall detection
rate of MNVs was highest in 2022, with laboratories
detecting 97.3% (1161 of 1193) of variants across 5
MNVs. In addition to KRAS and NRAS MNVs, which are
exceptionally uncommon in colorectal cancer, CAP NGS
PT programs include MNVs that are prevalent enough to
be included in variant data sets like AACR GENIE. For
instance, BRAF c.1798_1799delGTinsAA, p.V600K is pre-
sent in 3.6% of malignant melanomas according to AACR
GENIE. In the CAP NGSST-A-2022 mailing, this MNV was
present at a mean reported VAF of 11.6% and was detected
by 98.1% (255 of 260) of participating laboratories. Similarly,
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Figure 4. Comparison of detection rates between original and new analyses. Detection rate of each single-nucleotide variant (SNV) and deletion-
insertion (delins)/multinucleotide variant (MNV) across participating laboratories in dry and wet samples for variants with different detection rates
in the original analysis and reanalysis. Colors indicate whether the data source is the original (prior) Sustainable Predictive Oncology Therapeutics
and Diagnostics quality assurance pilot study (SPOT/Dx) analysis2 (blue) or the reanalysis presented in this article (red). The y-axis labels indicate
the gene, amino acid change, the engineered VAF, and the specimen number. The number of variant-specific responses included in the original
pilot analysis and the reanalysis, respectively, are also shown to the side.

Table 2. False-Negative Results With Mean Reported
Variant Allele Fractions (VAFs) at or Above and Below
Participant Laboratories’ Limit of Detection (LOD) for
Single-Nucleotide Variants (SNVs) and Multinucleotide

Variants (MNVs)a

Variant Type

Mean Observed VAF

Total
At or Above

Participant LOD
Below

Participant LOD

SNV 24 40 64

MNV 30 35 65

Total 54 75 129
a For the SPOT/Dx pilot data reanalysis, only variants with mean reported
VAFs at or above a participant’s LOD are interpreted as false negatives.
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in the CAP NGSHM-A-2022 mailing, BRAF p.V600K was
present at a mean reported VAF of 21.6% and was detected
by 100% (158 of 158) of laboratories.7,8

DISCUSSION

The SPOT/Dx pilot aimed to assess the consistency and
accuracy of NGS LDTs across the landscape of molecular
oncology testing. The pilot authors concluded that there was,
in general, variable accuracy in the detection of genetic
variants used to identify patients for targeted therapy.2 The
pilot strengths include its inclusion of multidisciplinary stake-
holders and its focus on 2 challenging areas of molecular
testing: LOD and MNVs. However, the SPOT/Dx pilot had
multiple differences in its design and analysis compared with
established PT programs, which inflated the appearance of
variability in NGS performance and limited the generalizability
of the results.

Our analysis of the SPOT/Dx pilot results using meth-
ods modeled after established PT programs shows that,
contrary to the reported conclusions of the original
SPOT/Dx pilot, laboratory performance for KRAS and
NRAS SNVs was excellent, both in wet and dry engineered
samples. The overall detection rate for SNVs was 96.8%. The
reanalysis confirmed that MNVs, although exceptionally rare
or never observed in colorectal cancer, were detected at

lower rates than SNVs, with an overall detection rate of
81.1%.

We also assessed the performance of the SPOT/Dx pilot
variants that were also used in CAP NGS PT programs.
The CAP PT programs have evaluated hundreds of partici-
pant laboratories, have a greater diversity of platforms and
pipelines, assess laboratories at multiple time points, and
assess variants and conditions that reflect the scope of clini-
cal practice, which make the data more generalizable. CAP
PT data confirmed that NGS laboratories demonstrate excel-
lent performance identifying the KRAS and NRAS SNVs used
in the SPOT/Dx pilot, with an overall detection rate of
97.2%. CAP PT data also demonstrated that MNVs in KRAS
and NRAS are detected at an overall rate of 91.8%. The lower
rate of detection of MNVs compared with SNVs is primarily
attributable to earlier versions of bioinformatics pipelines mis-
calling MNVs as SNVs, which has improved over time. This is
supported by the higher overall detection rate of 5 KRAS and
NRAS MNVs (97.3%) in the most recently analyzed CAP
PT data from 2022. MNVs are so uncommon in colorectal
cancer (prevalence ,.007%) that an analytic false-negative
rate of 10% to 20% for these variants would result in a false
negative or a miscall in fewer than 1 in every 70 000 colo-
rectal cancer patients.5 CAP PT performance data also dem-
onstrate that a commonly encountered MNV (BRAF p.V600K)
was detected by 98.1% to 100% of CAP PT program partici-
pants in 2022.

Table 3. Summary of False Negatives by Participant for the Original Sustainable Predictive Oncology Therapeutics and
Diagnostics Quality Assurance Pilot Study (SPOT/Dx) Analysis and Reanalysis by the College of American Pathologists

Molecular Oncology Committee

Laboratory

Reanalysis of SPOT/Dx Pilot Data

SPOT/Dx Pilot Analysis

False Negatives

False Negative Reason Breakdown

False Negatives Miscallsa Miscallsa Nonreported Identified Variantsb Clerical Error Unknown

1 2 1 2 1 1

2 3 1 1

3 0 0

4 0 0

5 2 1 1 1

6 9 2 2

7 7 7 3 3

8 7 7 3 3

9 4 3 0

10 0 0

11 33 13 12 1

12 0 0

13 8 2 5 1 4

14 28 4 12 1 3 8

15 5 5 3 3

16 15 3 5 5

17 0 0

18 6 6 3 3

POC1 3 1 1 1

POC2 0 0

POC3 0 0

Total 132c 40 54 15 5 12 22
a Miscalls, that is, single-nucleotide variants instead of a dinucleotide variant or wrong nomenclature.
b Variants detected below the validated limit of detection were not reported according to laboratory policy.
c Three false-negative results were manually added after original grading in the SPOT/Dx.
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SPOT/Dx Pilot Instructions

The SPOT/Dx pilot had several methodologic and analytic
differences compared with established PT programs that may
have affected the validity and generalizability of the pilot
results. One difference was the failure to provide study partici-
pants with clear instructions. Participants were informed that:

[t]his pilot is being performed in the context of an oncol-
ogist who is treating a patient with metastatic colorectal
cancer and is considering panitumumab Vectibix therapy
for this patient. Vectibix is indicated for the treatment of
patients with wild-type RAS (defined as wild-type in
both KRAS and NRAS as determined by an FDA-approved
test for this use). Based on the sequence variants detected in
each specimen, indicate on the result form how your labo-
ratory would interpret the results in the context of testing
for Vectibix therapy by selecting a response for “Mutation
Reported.” (Supplemental Materials)

From these statements, the pilot authors expected partic-
ipants to report on the same variants with the same LOD as
the FDA-approved Praxis assay linked to Vectibix, and not
using the LOD that was validated in their laboratories,
which contradicts standard clinical laboratory regulations.4

In addition, there were no directions for reporting VAFs,
which could only be reported as whole numbers. As a
result, it is unknown whether laboratories rounded or trun-
cated the VAFs they were reporting.

Another omission in the pilot instructions was the neo-
plastic cellularity for each specimen. Laboratories routinely
use percent neoplastic cellularity to identify samples at risk
of false negativity due to low VAFs. In fact, many laboratories
will not test a sample with low neoplastic cellularity based on
thresholds determined by their validation.9 Even the FDA-
approved Praxis assay requires laboratories to reject samples
with tumor cellularity less than or equal to 50%.10 The omis-
sion of neoplastic cellularity deprived pilot laboratories of criti-
cal information they needed for quality assurance and likely
contributed to the appearance of variable performance, partic-
ularly for the large percentage of pilot samples with VAFs near
standard LOD levels. In addition, the original SPOT/Dx pilot
article stated that “[t]he cell lines in the wet samples were
nominally 100% neoplastic,” which is practically incorrect
because the ddPCR measured VAFs.2 Moreover, in clinical
practice, the clinical relevance of a variant found at an allele
fraction of 5% to 15% in a sample with 50% to 100% tumor
cellularity is unclear; such an alteration would likely represent
a subclonal alteration rather than an oncogenic driver for the
cancer as a whole. This would be unusual for RAS variants in
untreated colorectal cancer and represents a disparity between
the pilot samples and real-world patient care.

SPOT/Dx Pilot Sample VAFs

A major difference between the SPOT/Dx pilot and
established PT programs was that most of the dry and wet
samples were designed to have VAFs at or near the validated
LOD of most participants’ assays. Because of the expected
variation in VAFs detected by NGS assays,11 many laborato-
ries detected variants below their LOD and did not report
them. This design amplified minor differences in the quanti-
tative aspects of NGS versus other methods and artifactually
increased the appearance of variable laboratory performance
in the pilot.

NGS quantifies variants by counting the number of reads
containing a variant and dividing by the total number of
reads at that position.12 To be counted, the reads must align
to the reference genome. Because variants by definition differ
from the reference genome, the likelihood of variant align-
ment is lower than for reference/nonvariant sequences. Con-
sequently, the VAFs determined by NGS can be slightly lower
than VAFs engineered by in silico mutagenesis or those deter-
mined by ddPCR, which do not use alignment to a reference
genome for quantitation. The results of the SPOT/Dx pilot are
consistent with this phenomenon, with 47 of 54 dry and wet
variants (87%) having mean observed VAFs below the
engineered/ddPCR-determined VAF. The mean VAF detected
by participants was, on average, 0.4 percentage points below
the engineered/ddPCR-determined VAF for dry and wet sam-
ples combined. Although this slight difference in VAF has no
implication for clinical management, if it crosses the threshold
for an assay’s validated reportable range, it can affect whether
a variant is reported. This SPOT/Dx pilot design weakness
was also noted by Harada and Mackinnon, who stated that
using standardized samples with VAFs that are lower than
the LDT’s LODmay not accurately reflect a laboratory’s analyt-
ical performance and interpretation.13

The SPOT/Dx pilot was further confounded by the design
of the result form, which only permitted laboratories to
report VAFs as whole numbers. This also contributed to
the appearance of poor performance in the study because
it failed to differentiate between laboratories that detected
a variant just below most laboratories’ LOD (ie, 4.9%)
and 5.0%.

As previously noted, the reanalysis in the current study
used methods modeled after established PT programs. The
criterion standard for each variant was the mean VAF for
laboratories that detected the variant. This method reduces
the risk of grading laboratories based on technical differences
between NGS and the non-NGS techniques used to deter-
mine the VAF criterion standard of the engineered/ddPCR
determined samples. The fact that this small methodological
difference so dramatically altered the results of the pilot high-
lights the problem of using the engineered/ddPCR VAF as the
criterion standard, as in the SPOT/Dx pilot.

SPOT/Dx Pilot MNVs

Another important difference between the SPOT/Dx pilot
and PT programs was the inclusion of a disproportionately
high number of MNVs. KRAS or NRASMNVs are so rare that
there are no examples in the AACR GENIE dataset (public
release v12) of 14328 colorectal carcinomas, yet they comprised
nearly a quarter (12/54; 22.2%) of the variants in the pilot.5

MNVs are known to be problematic, particularly for early
versions of bioinformatics pipelines, which miscalled them as
individual and/or adjacent SNVs.14–16 Moreover, these miscalls
would still have been interpreted as variants of strong clinical
significance for therapeutic decisions, suggesting that miscalls
of specific variants may result in the same clinical therapeutic
approach, and reducing the actual impact of miscalls of these
extremely rare variants.17

The correct identification and annotation of MNVs in
colorectal carcinoma is an important opportunity for improve-
ment in bioinformatics pipelines. It also highlights the oppor-
tunity for laboratories to correctly annotate MNVs called as
separate SNVs by involving trained practitioners to directly
examine aligned sequence files, rather than relying solely
upon computational processes. The overall detection rate
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of 97.3% for KRAS and NRAS MNVs by 2022 CAP NGS PT
program participants suggests that bioinformatics pipelines
and/or practices for reviewing sequence files have already
been modified to improve MNV detection. The improvement
of MNV annotations over time has also been observed in
submissions of variant datasets to cBioPortal, further sug-
gesting that pipelines and analytical practices have been
updated to correctly annotate these variants.18 The improve-
ment in MNV detection over time also supports the value of
PT programs as part of a quality management system to help
vendors and laboratories improve and/or monitor trends
in performance.

SPOT/Dx Pilot Omissions

The SPOT/Dx pilot article omitted important information
about the underlying reasons for several of the reported
errors. The pilot article described one laboratory with 13
unacceptable results. This single laboratory made a clerical
error on the result form for this study that accounted for
12/13 of their errors and 9.3% (12/129) of the total errors
reported in the pilot article. The error was substituting deci-
mals for whole numbers when reporting VAFs (ie, reporting
5.0% as 0.05 instead of as 5). This kind of error is related to
the contrived data entry portal for this study and does not
reflect the laboratory’s routine process for reporting clinical
results.

As previously noted, many of the MNVs were miscalled
as SNVs that represented the first nucleotide of the MNV.
These miscalls could be considered annotation errors and
they accounted for 11.6% (15/129) of the errors reported in the
original article. In addition, 5/129 (3.9%) of the originally
reported errors were due to laboratories not reporting rare to
never-observed variants included in the CDx labeling but not
in their LDT. This is particularly problematic given the exis-
tence of multiple FDA-approved assays for RAS testing in
colorectal cancer that do not include the same variants as the
Praxis Extended RAS Panel CDx.19 Altogether, these report
omissions mislead readers and skewed conclusions regarding
laboratory performance, as they are more related to the design
and analysis of the SPOT/Dx pilot.

Comparisons to Companion Diagnostic

The SPOT/Dx pilot was further confounded by attempts to
compare LDT performance with the reported performance of
the Praxis Extended RAS Panel CDx. The SNVs in the valida-
tion of the CDx were at VAFs greater than 15%, whereas the
VAFs in the SPOT/Dx pilot were all 15% or less.10 In addition,
the validation of the CDx to detect MNVs was based on the
study of only 2 dinucleotide variants and did not include evi-
dence of ability to detect many of the MNVs included in the
pilot. Finally, no clinical laboratories performing the Praxis
Extended RAS Panel CDx were included in the study, pre-
cluding a direct comparison of the CDx and NGS LDTs in a
clinical setting. Given these important limitations, attempts
to compare SPOT/Dx pilot data to the reported performance
of the CDx are problematic.

Generalizability of SPOT/Dx Pilot Results

Results obtained from a small pilot study focused on one
disease with rare or never-reported variants at low VAFs can-
not be generalized to overall laboratory performance for all
types of cancer. The pilot results only reflect laboratory

performance for the study samples, which represent a minute
percentage of samples encountered in routine clinical practice.
As stated by Harada and Mackinnon,13 although the MNVs in
the pilot “. . . serve the purpose of challenging a laboratory’s
informatics pipeline, they do not simulate a real-world situa-
tion,” and the study design “. . . does not fully align with pan-
tumor genomic analysis, which most laboratories are currently
implementing.” Laboratories may even be unable to test the
types of samples included in the pilot, given that the tumor
cellularity may be insufficient based on the validated analytic
sensitivity of their NGS assays. The conclusions of the SPOT/
Dx pilot about variable accuracy in the detection of genetic
variants among some LDTs only apply to the samples with
uncommon mutations at low-level VAFs included in the pilot
and not to the performance of NGS LDTs overall.

Limitations of the Reanalysis

This study reanalyzed SPOT/Dx pilot data using analytic
methods modeled after established PT programs to address
some of the confounding variables. However, many of the
problematic aspects of the study design could not be miti-
gated. The lack of clear instructions, omission of preanalytic
quality assurance data, and failure to clearly communicate
to participants how the resulting data would be assessed
and ultimately used likely contributed to numerous false-
negative results. Similarly, the reporting of VAFs as whole
numbers likely led to the appearance of false negatives (ie,
rounding to 5% instead of reporting a result of 4.9%).

Another limitation of the reanalysis is that the methods
differed slightly from those used in established PT programs.
To calculate the criterion standard VAFs for the reanalysis, we
used the mean of each reported VAF, whereas PT programs
routinely use the mean reported VAF minus 2 SDs. The rea-
sons for the difference are 2-fold: The number of pilot labora-
tories was small, and many of the SPOT/Dx pilot variants
were engineered at or near the participating laboratories’
LOD. Using the mean VAF minus 2 SDs would have excluded
most responses in the pilot because of the known interassay
and intraassay variability in the observed VAFs. Hence, engi-
neering standardized samples with target VAFs at the LOD
will predictably result in a subset of laboratories detecting a
variant below the target VAF and LOD, as evidenced in the
variants in the pilot (Figures 2 and 3).

Lastly, 3 to 4 years elapsed between the SPOT/Dx pilot
data collection (2018–2019) and publication (2022). This
time interval limited our ability to communicate with partic-
ipating laboratories for clarification about some of the fac-
tors associated with the observed errors. For example, we
could not ask all laboratories with false-negative results if
they did not report variants that were detected below their
validated LOD. This information could have provided the
reason for at least some of the 22 unknown false-negative
results in Table 3.

CONCLUSIONS

Reanalysis of the SPOT/Dx study data with methods mod-
eled after established PT programs revealed an overall detec-
tion rate of 96.8% for SNVs and 81.1% for MNVs. The
comparison with CAP PT program data, obtained from hun-
dreds of laboratories at multiple time points, is a much more
substantial representation of laboratory practice, and it dem-
onstrated overall SNV and MNV detection rates of 97.2%
and 91.8%, respectively, with the detection rate for KRAS
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and NRASMNVs increasing to 97.3% in 2022. The reanalysis
revealed multiple design and analytic differences between the
original SPOT/Dx pilot and established PT programs, includ-
ing the lack of clear instructions to study participants, variants
engineered with VAFs at or below many laboratories’ LOD, a
disproportionately high number of rare to never-observed
MNVs, the omission of important information about the
underlying reasons for inaccurate results, and comparisons to
the reported performance of an FDA-approved CDx that was
validated under different conditions. In addition, the SPOT/Dx
pilot findings about colorectal cancer are not generalizable to
all molecular oncology testing. The conclusions of the SPOT/
Dx pilot report about variable accuracy in the detection of
genetic variants among some LDTs are limited by the pilot
study design and methods. The SPOT/Dx pilot article should
not be used as the basis to market products or change policy,
given that some of the results have multiple confounding vari-
ables and only apply to performance when testing the rare
conditions in the pilot rather than the performance of NGS
LDTs overall.

The authors thank Ellen Lazarus, MD, ELS, for editorial support.
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