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Background: Liquid biopsy offers the ability to non-invasively analyze the genome of a tumor through 
circulating tumor DNA (ctDNA) to identify targetable and prognostic genomic alterations. Few studies have 
rigorously analyzed ctDNA results and determined the fidelity with which they recapitulate the genomics 
of a sequenced tissue sample obtained from the same tumor. The clinical utility study (CUS) for the 
FoundationACT™ ctDNA assay (Foundation Medicine, Cambridge, MA, USA; NCT02620527) is a multi-
center prospective clinical study for multiple solid tumor types to compare genomic profiling of paired tissue 
and blood samples from the same patient. In this subset of the study, paired specimens from 96 patients with 
colorectal cancer (CRC) were analyzed with comprehensive genomic profiling (CGP) of the tumor tissue 
sample (FoundationOne®) and blood sample (FoundationACT™). 
Methods: Both samples underwent CGP using the hybrid capture-based Illumina Hi-Seq technology. 
Maximum somatic allele frequency (MSAF) was used to estimate the fraction of ctDNA in the sample. The 
set of genes and targeted regions common to both tumor and liquid were compared for each subject. 
Results: Among these patients, 61% were male; 74% had clinical stage IV disease, 19% had clinical stage III 
disease, and 7% had clinical stage II disease. Time between the tissue biopsy and liquid biopsy (range, 0–709 
days) had a significant impact on the positive percent agreement (PPA) between the two assays. Eighty percent 
of cases had evidence of ctDNA in the blood (MSAF >0). For all cases with MSAF >0, 171 base substitutions 
and insertions/deletions (indels) were identified in the tumor, and 79% (PPA) of these identical alterations were 
also identified in matched ctDNA samples; PPA increased to 87% for cases <270 days between the tissue and 
liquid biopsy, 95% for <90 days, and 100% PPA for <30 days. All known and likely short variants in KRAS, 
NRAS, and BRAF were analyzed independently as testing of these genes is recommended by the National 
Comprehensive Cancer Network (NCCN) for patients with CRC and have therapeutic implications. For 
NCCN genes, PPA was 80% for all time points for short variants; PPA increased to 90% for cases <270 days 
between the tissue and liquid biopsy. There was high concordance for KRAS G12X between tissue and liquid: 
overall percent agreement (97%), PPA (93%), negative percent agreement (NPA) (100%), positive predictive 
value (PPV) (100%), and negative predictive value (NPV) (96%) for the <270 day cohort.
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Introduction

Liquid biopsy using comprehensive genomic profiling 
(CGP) is becoming a more widely used diagnostic tool 
for identifying genomic alterations to guide therapy and 
prognosis. It is largely being used in patients where tissue 
may not be available or is limited, where tissue-based 
genomic testing has failed, where the patient is too ill for 
an invasive biopsy, or at disease progression. Despite the 
continued increase in the utilization of liquid biopsy, there 
remains a dearth of data on the concordance, positive 
and negative percent agreement (PPA and NPA), and the 
positive and negative predictive value (PPV and NPV) of 
NGS liquid biopsy sequencing results with those obtained 
from a tissue sample obtained and sequenced at the same 
time. As tissue-based testing has been the “gold standard” 
for clinical genomic testing, it is critical to have robust 
data to demonstrate how well liquid biopsy recapitulates 
the genomics of tumors. In addition, it is important to 
understand the appropriate clinical settings for liquid 
biopsy, as well as its limitations.

Colorectal cancer (CRC) has benefited from extended 
KRAS and BRAF testing to inform the use of anti-EGFR 
antibody therapy (1). Further, other molecular predictors of 
efficacy of anti-EGFR antibody therapy, and genomically 
matched therapies such as HER2 and ALK inhibitors, as 
well as acquired resistance alterations, have emerged as 
important diagnostic and therapeutic markers required for 
the treatment of CRC (2-4). As such, genomic profiling has 
become a well-accepted tool for the classification of patients 
as candidates for therapy. In most cases, tumor tissue is the 
preferred specimen source for CGP; in some cases, tissue 
is not available or would not be practical to obtain-liquid 
biopsy, using circulating tumor DNA (ctDNA), offers a 
viable alternative specimen for analysis. FoundationACT™ 
is a hybrid capture-based genomic profiling assay for 
ctDNA (Foundation Medicine, Cambridge, MA, USA); 

the clinical utility study (CUS) (NCT02620527) is a 
multi-center prospective clinical study for multiple solid 
tumor types designed to determine whether this ctDNA 
assay could reliably identify alterations that were detected 
in paired tissue samples from the same patient taken at 
the same or at a later time. In the subset of the study 
reported here, paired liquid and tissue biopsy samples from  
96 patients with CRC were analyzed by performing CGP 
of the tumor (using the FoundationOne® assay) and the 
blood plasma (using the FoundationACT™ assay). To our 
knowledge, this is one of the largest correlative studies of 
the genomic sequencing of matched tissue and liquid biopsy 
in CRC.

Methods

Patient population

Patients were prospectively consented and the IRB protocol 
was approved by Western Institutional Review Board 
(Protocol No. 20152817). Enrollment in the study required 
a previously performed FoundationOne® assay, and all 
paired FoundationACT™ tests were completed on blood 
plasma samples that were collected after the tumor sample 
collection and FoundationOne® testing. Liquid biopsy 
testing was done at the discretion of the clinician at variable 
time intervals after tissue sample collection (0–709 days). 
Clinical data were collected at the time of liquid biopsy 
and included stage of cancer, tissue biopsy site, metastatic 
sites, therapy before tumor biopsy, and therapy before 
liquid biopsy. Outcome data were not available. Patient 
demographics are included in Table 1.

Plasma and tissue CGP

Paired specimens from 96 individuals  with CRC 
were analyzed with CGP of the solid tumor by the 
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FoundationOne® assay and of the blood plasma sample 
by the FoundationACT™ assay. FoundationACT™ is 
the predecessor assay of current assay from Foundation 
Medicine: FoundationOne Liquid. FoundationACT™ 
detects substitutions, indels, copy number amplifications, 
and rearrangements in 62 genes and targets ~141 kbp of 
the human genome including all exons of 27 genes, selected 
exons of an additional 34 genes (133 exons), selected introns 
of 6 genes frequently involved in genomic rearrangements 
in cancer (12 introns), and the TERT promoter region that 
is recurrently mutated in cancer, as previously described (5).  
FoundationOne® includes all the targeted regions of the 
FoundationACT™ assay baitset as well as additional 
regions and genes. To accurately compare the tissue and 
liquid biopsy results, the intersection of the sequences 
targeted by both assays was used. For short variants 
and rearrangements, the analysis was done down to the 
coordinate level (i.e., the coordinates of the alteration in 
question must have been within both baitsets for it to be 
counted) and only known/likely alterations were included; 
for copy number amplifications, the comparison was done 
at gene level.

Because all the content of FoundationACT™ is included 
in FoundationOne®, all the targets of FoundationACT™ 
were included in the analysis. For FoundationOne®, only 
the content that was shared with FoundationACT™ is 

reported.
For genomic profiling of ctDNA from plasma, 20 mL of 

peripheral whole blood was collected; 20–100 ng cell-free 
DNA (cfDNA) was extracted from plasma and subjected 
to genomic profiling, with greater than 30,000× raw 
coverage, 5,000× unique coverage and approximately 3,000× 
redundant (i.e., error-corrected) coverage (6). CGP of all 
the solid tumor samples required >20% tumor content and 
was performed to a median exon coverage of ≥500× using 
the FoundationOne® assay as previously described (7).

All testing was performed in a CLIA-certified, CAP-
accredited and New York State-accredited laboratory 
(Foundation Medicine, Cambridge, MA, USA).

Determination of ctDNA content in cell-free DNA fraction

Maximum somatic allele frequency (MSAF), a method of 
estimating the fraction of tumor-derived ctDNA versus that 
of total cfDNA, was calculated for all the samples. MSAF 
was determined by calculating the allele fraction (AF) for 
all known somatic, likely somatic, and variants of unknown 
significance (VUS) substitution alterations detected on 
non-PCR-duplicate read pairs. Common and rare germline 
variants found in the ExAC database, dbSNP v135, and 
1,000 genomes database were excluded from the MSAF 
calculation. A calculated MSAF value of 0 indicates that no 
ctDNA was detected in the sample.

Statistical and data analysis

The 74 QC-passed liquid biopsy cases that had MSAF >0 
were used to determine positive percent agreement (PPA) 
to the matched tissue biopsy genomics for all short variants. 
Amplifications were excluded in the analysis as they are 
more difficult to detect in liquid biopsy and sensitivity of 
detection is dependent on tumor fraction (6).

PPA and NPA, PPV and NPV, as  wel l  as  total 
concordance between liquid and tissue biopsy were 
calculated for KRAS G12X; the remaining alterations 
in KRAS, NRAS, and BRAF were not calculated as their 
frequencies were very low. PPV was calculated as true 
positives/false positive + true positives; NPV was calculated 
as true negatives/true negatives + false negatives; PPA was 
calculated as true positives/true positive + false negatives; 
NPA was calculated as true negative/true negatives + false 
positives. Rearrangements and copy number amplifications 
were calculated separately.

Differences in MSAF and clinical variables were assessed 

Table 1 Patient demographics and report status of all cases. Failed 
cases were not included in age and stage calculations

Item Description

Gender [%]

Male 59 [61]

Female 37 [39]

Age

Median 58

Range 23–86

Stage [%]

II 7 [7]

III 18 [19]

IV 71 [74]

Number of therapies between tissue and liquid biopsy 

Average 1.70

Range 0–4
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by the Mann-Whitney U test for two-group comparisons. 
The significance of PPA difference (%) between two groups 
was determined using the comparison of proportions “N-1” 
Chi-squared test (8). All statistical tests were two-sided, and 
a P value of <0.05 was considered statistically significant.

Results

Patient characteristics

The patient demographic data are described in Table 1.  
The majority of cases were stage IV CRC (71; 74%) 
at tissue collection. Sixty-two (65%) of the biopsies 
were from metastatic sites. For all cases, tissue biopsies 
preceded blood collection and the median time between 
the tissue biopsy and liquid biopsy was 224 (range, 0–709) 
days. In terms of therapy, 36 (38%) of the subjects had 
received chemotherapy or radiation prior to the tumor 
resection/biopsy, and 86 (90%) of the patients had received 
chemotherapy or radiation therapy prior to the liquid 
biopsy. The average number of therapies between the tissue 
and liquid biopsy was 1.7 (Table 1).

Liquid biopsy quality metrics and MSAF

Ninety-two liquid biopsy cases passed all quality control 
(QC) metrics. One of the critical issues for accurately 
determining if liquid biopsy can identify the same 
alterations found in the matched tissue biopsy using NGS is 
the determination of which liquid biopsy specimens contain 
ctDNA. Therefore, only samples containing ctDNA were 
used for our analysis, while cases without detected ctDNA 
were excluded. MSAF was used for determination of the 
ctDNA fraction (9). Out of 92 cases, 18 cases (19.6%) were 
found to have an MSAF of 0, indicating that there was no 
evidence of ctDNA in the sample. It has been shown that 
ctDNA concentration can be affected by therapy, including 
the absence of or decreased ctDNA after therapy (10,11); in 
this cohort, 90% of the patients had received chemotherapy 
or radiation prior to the blood draw for the liquid biopsy. 
The median MSAF value for the liquid biopsy samples 
was 1.56% (range, 0–60.2%). MSAF was analyzed with 
respect to different sub-groups of the cohort. There was a 
statistically significant difference in MSAF between stage 
II/III versus stage IV cases [median 0.9% (n=24) vs. median 
3.1% (n=68); P=0.02 (Mann-Whitney U test)]. A similar 
observation has been made previously, where fewer early 
stage cancer cases had detectable ctDNA than advanced 

cancer cases (12).

Comparison of the genomic landscape of ctDNA and tumor 
tissue

For the 74 liquid biopsy cases that had detectable ctDNA 
(MSAF >0), the liquid biopsy hybrid capture NGS 
sequencing identified at least one genomic alteration of 
any of the 4 alteration types in 68 (92%) of the cases, 
with an average of 2.25 genomic alterations per case. For 
the matched 74 tissue cases, hybrid capture NGS tissue 
biopsy sequencing detected at least one genomic alteration 
in 72 (97%) of the cases, with an average of 2.0 genomic 
alterations per case. In the overall set of 96 matched tissue 
samples, tissue biopsy sequencing detected at least one 
genomic alteration in 88 (92%) of the cases, with an average 
of 2.1 genomic alterations per case. There were 8 cases with 
no alterations detected in the tissue or in the corresponding 
liquid biopsy cases; 4 of these cases failed QC for low 
coverage in the liquid biopsy and 4 lacked evidence of 
ctDNA (MSAF =0). In all 8 cases, tumor content was >20% 
by H&E histology analysis.

Fidelity between tissue and liquid biopsy assay in 
matched liquid and tissue for the detection of indels and 
substitutions

To determine how well  l iquid biopsy sequencing 
recapitulated the alterations identified in tissue biopsy 
sequencing, 74 matched cases that contained evidence of 
ctDNA (MSAF >0) were analyzed for PPA for the short 
variants; for KRAS G12X PPA, NPA, PPV, NPV, and overall 
positive agreement (OPA) was calculated. Only genes and 
exons covered by the tissue assay that were congruent with 
the same exons and genes in the liquid assay were included 
in the analysis. Blood samples for liquid biopsy were taken 
at various times after the tissue biopsy or tumor resection, 
and the temporal gap between the tissue and liquid biopsies 
varied from 0 to 709 days. We hypothesized that time 
between the tumor biopsy and the liquid biopsy would 
have an inverse relationship with the concordance between 
the tissue and liquid biopsy; as such, we analyzed the data 
across groups of increasing inclusions of cases with longer 
timespans between tissue and liquid biopsy (<30, <90, <180, 
<270, <360, <450, <540, and <720 days). PPA for the two 
assays in the <30 day group was 100% and in the <90 day 
group was 95%, whereas the overall PPA (<720 days) was 
79% (Tables 2,3 and Figure 1).
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In addition, we split the dataset into two groups that 
represented a shorter temporal gap (<270 days; 39 cases) 
and a longer temporal gap (≥270 days; 34 cases). The 
270 day time-point was chosen as approximately ½ the 
cases were collected <270 and the other ½ were collected 
≥270 days; with this cutoff there are sufficient numbers of 
patients in each group to derive statistically significance for 

concordance measures. Not included in these groups was 
one case where no alterations were identified in either the 
tissue or liquid biopsy. PPA at <270 days (87%) and was 
significantly higher than at ≥270 days (69%) as determined 
by a comparison of proportions “N-1” Chi-squared test 
(P=0.01, 18% difference, 3.83–31.7%, 95% CI). The 
difference in PPA between these groups could be partially 
attributed to lower amounts of ctDNA in the ≥270-day 
group, as the median MSAFs of the two groups were 
notably different (6.4% in the <270-day group vs. 2.24% 
in the ≥270-day group); however, this difference was not 
statistically significant (P=0.089, Mann Whitney U test).

We also specifically analyzed the data with respect 
to the set of gene alterations outlined in the National 
Comprehensive Cancer Network (NCCN) Guidelines: 
KRAS, NRAS, and BRAF. We included all known/likely 
short variants in these genes for analysis. This analysis 
revealed the PPA of indels/substitutions in the NCCN 
group of gene alterations was 80% (Table 4), which was 
similar to the entire set of genes included in the liquid assay 
(79%). In addition, when these groups were again split into 
two temporally distinct groups (<270 and ≥270 days), the 
PPA was higher in the <270 days group (90%) as compared 
the ≥270 days group (68%). This difference was found to be 
statistically significant by a comparison of proportions “N-1”  
Chi-squared test (P=0.03), 22% difference, 1.79–43.30%, 
95% CI). We also analyzed concordance (PPA, NPA, 
PPV, NPV, and OPA) between tissue and liquid for KRAS 
G12X for <720 and <270 days (Tables 5,6). For all cases 
(<720 days), the concordance was high: OPA (93%), PPA 
(85%), NPA (98%), PPV (96%), NPV (92%); concordance 
increased in the <270 day group: OPA (97%), PPA (93%), 
NPA (100%), PPV (100%), NPV (96%) (Table 6).

Lastly, we examined the 28 indels/substitutions that 
were only found in the tissue and not in the liquid biopsies. 

Table 2 Short variants (n=73 total patients) liquid biopsy compared 
to tissue biopsy (reference standard) all days

Variable
Tissue biopsy

+ −

Liquid biopsy

+ 103 40

− 28 –

Total 131 –

Positive percent agreement 79%

Table 3 Short variants (n=39 total patients) liquid biopsy compared 
to tissue biopsy (reference standard) <270 days

Variable
Tissue biopsy

+ −

Liquid biopsy

+ 60 20

− 9 –

Total 69 –

Positive percent agreement 87%
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Figure 1 The positive percent agreement of short variants between 
liquid biopsy and tissue biopsy over time.

Table 4 KRAS/NRAS and BRAF (n=51 patients) liquid biopsy 
compared to tissue biopsy (reference standard) all days

Variable Tissue biopsy

+ −

Liquid biopsy

+ 41 5

− 10 –

Total 56 –

Positive percent agreement 80%
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These 28 indels/substitutions were detected in 16 distinct 
tissue specimens. The median time between the tissue and 
liquid biopsy in these cases was 380 days, as compared to 
the median of the entire data set (224 days). There were  
10 instances of KRAS alterations that are predicted to 
confer reduced sensitivity to EGFR inhibitors (cetuximab 
and panitumumab) that were only seen in the tissue. These 
cases were from 9 patients including 2 with stage II, 2 with 
stage III, and 5 with stage IV CRC, and all these patients 
had received chemotherapy in the intervening time between 

the tissue biopsy and liquid biopsy (although none had 
received anti-EGFR therapy). In general, the MSAF of the 
liquid biopsies of this 9-patient KRAS-mutated group was 
low, with a median MSAF value of 0.26%. We analyzed 
the raw sequencing data on these 10 KRAS alterations, and 
interestingly, there was some evidence of a KRAS alteration 
in 3 of these cases, but the number of unique reads with 
the mutation did not meet the current thresholds for  
reporting. The other 18 alterations found in the tissue 
biopsy but not the liquid biopsy included 11 TP53 
alterations, 6 PIK3CA alterations, and 1 EZH2 alteration. 
The PI3KCA alterations were found in the two hotspots 
where 80% of PI3KCA alterations occur—the helicase 
domain of exon 9 (codon 542 and 545) and the kinase 
domain in exon 20 (codon 1047) (13).

The liquid biopsy identified more alterations than tissue 
biopsy for regions covered by both assays: 40 were unique 
to liquid, whereas 28 were unique to tissue (Figure 2). These  
40 unique liquid biopsy alterations were from 28 patients—22 
with stage IV CRC and 6 with stage III CRC. There were 
2 KRAS alterations identified (G12V and Q61H). TP53 
was found 9 times (23%), followed by 3 PI3KCA (8%), with 
several additional genes including (TERT, EGFR, MAP2K1, 
BRAF (non-V600E), IDH2, BRCA2, MYD88, CDH1, 
CTNNB1, SMO, NF1, and PTEN).

In order to determine if any of these alterations were 
acquired after anti-EGFR therapy, 12 patients were 
identified that had samples with MSAF >0 and had been 

Table 5 KRAS G12X (n=28 patients with KRAS G12X out of  
73 total patients) liquid biopsy compared to tissue biopsy (reference 
standard) all days

Variable
Tissue biopsy

+ −

Liquid biopsy

+ 23 1

− 4 45

Total 27 46

Overall percent agreement 93%

Positive percent agreement 85%

Negative percent agreement 98%

Positive predictive value 96%

Negative predictive value 92%

Table 6 KRAS G12X (n=15 patients with KRAS G12X out of  
39 total patients) liquid biopsy compared to tissue biopsy (reference 
standard) <270 days

Variable
Tissue biopsy

+ −

Liquid biopsy

+ 14 0

− 1 24

Total 15 24

Overall percent agreement 97%

Positive percent agreement 93%

Negative percent agreement 100%

Positive predictive value 100%

Negative predictive value 96%

103 4028

Tissue
(131)

Liquid
(143)

Figure 2 The image shows the distribution of alterations (indels 
and substitutions) unique to tissue biopsy (light blue), unique to 
liquid biopsy (green), and common to both (dark blue).
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treated with panitumumab or cetuximab in between 
tissue and liquid biopsy. In total, 50% (4 cetuximab and  
2 panitumumab) of these patient samples were found to 
have alterations exclusively found in the liquid biopsy result 
and, thus, likely represented acquired resistance mutations. 
A CTNNB1 mutation was found in one case, and in another 
a CDH1 mutation was identified. Both alterations have 
been previously identified in patients with resistance to 
anti-EGFR therapy (14,15). Another patient sample had 
acquired KRAS G12V and EGFR S492R mutations, both 
of which have been shown to confer resistance (16,17). 
The remaining 3 patient samples had TP53 mutations, 
which have been shown to be associated with cetuximab  
resistance (18). These data demonstrate that in some cases, 
liquid biopsy can identify acquired resistance alterations 
that are not found in the primary tumor.

Fidelity between FoundationOne® and FoundationACT™ 
in matched liquid and tissue for the detection of 
rearrangements and copy number alterations

Only 4 rearrangements were identified in the dataset, 
and these were analyzed independently from the indel 
and substitution analysis. The rearrangements identified 
included 1 alteration found in both, 1 unique to tissue, and 
2 unique to liquid biopsy. The two alterations found only in 
liquid included a BRCA1 rearrangement that did not have 
an identified partner and an EML1-ABL1 rearrangement. 
BRCA1 rearrangements have been identified in acquired 
resistance to platinum therapy (19) and this patient had 
been treated with platinum based-therapy. The ABL1-
EML1 rearrangement has been associated with T-cell acute 
lymphoblastic leukemia (20). A single patient sample was 
found to have a CDH1-TANGO6 rearrangement, which 

was only detected by the tumor assay. This rearrangement 
has been described (21), but has not been associated as a 
prognostic or therapeutic marker. The rearrangement that 
was detected by both tissue and liquid was a TP53-TP53 
intergenic rearrangement.

As liquid biopsy has shown high sensitivity for the 
detection of amplifications when the tumor fraction (MSAF) 
is >20% (5), we analyzed the dataset for amplifications in 
patient samples with MSAF >20%. There were 6 patient 
samples that each had a single amplification event. There 
was no concordance in detection of amplification events 
between tissue and liquid: 2 were found only in tissue 
(both MYC amplifications); to improve MYC amplifications 
detection in liquid biopsy, 2 additional baits covering 
SNPs in MYC have been added to the new liquid biopsy 
from Foundation Medicine (FoundationOne Liquid®). 
4 amplifications were only found in the liquid biopsy (2 
FLT3, 1 EGFR, and 1 MYC amplification); FLT3 and EGFR 
amplifications have been previously found in ctDNA as 
resistance mechanism (22).

Discussion

With the emergence of liquid biopsy as a diagnostic tool for 
clinicians to non-invasively analyze the molecular signature 
of patients’ tumors, it is critical to define how well liquid 
biopsy assays recapitulate the “gold-standard” of tissue-
based diagnostics. The study described here is one of the 
largest studies of which we are aware in CRC that directly 
utilizes tissue and liquid biopsy from the same patients for 
comprehensive genomic analysis. Here we report the high 
fidelity between liquid and tissue biopsy in the genomic 
landscape of the colorectal cohort of patients. PPA was 
dependent on time between the tissue and liquid biopsy, 
where PPA of matched tissue and liquid biopsy taken 
within 30 days of each other was 100% and at 90 days 
was 95% for all short variants in patients with detectable 
ctDNA. PPA remained high (79%) even when tissue and 
liquid biopsy were taken 2 years apart, despite multiple 
lines of intervening therapy (Figure 1). We also analyzed 
KRAS, NRAS, and BRAF (NCCN recommend genes) 
independently as these genes have been recommended to 
be tested for in CRC and have therapeutic implications. 
Overall, PPA was similar for NCCN (80%) versus all (79%) 
alterations for the entire dataset but when analyzed in the 
<270 day cohort, PPA for NCCN genes increased to 90% 
(Table 7). We also analyzed the concordance of tissue and 
liquid biopsy for KRAS G12X for PPA, NPA, PPV, NPV, 

Table 7  All KRAS/NRAS  and BRAF  short variants (n=28 
patients) liquid biopsy compared to tissue biopsy (reference 
standard) <270 days

Variable
Tissue biopsy

+ −

Liquid biopsy

+ 26 2

− 3 –

Total 29 –

Positive percent agreement 90%
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and OPA (Tables 5,6). Similarly to the other analysis, the 
<270 day cohort showed higher concordance: OPA (97%), 
PPA (93%), NPA (100%), PPV (100%), NPV (96%)  
(Table 6). The specimen in this cohort in with the single 
KRAS alteration that was not detected had a MSAF of 0.1%, 
suggesting very little circulating ctDNA.

One of the critical concerns with liquid biopsy is the 
determination of whether the blood sample contains 
ctDNA. With the use of MSAF to determine the presence 
and relative amount of ctDNA in the samples, we found 
that approximately 20% of the liquid biopsy cases had 
no detectable ctDNA (MSAF =0). This is a similar level 
of detection of ctDNA in several other CRC cohorts  
(12,23-25). To better understand the dynamics of these 
cases with no evidence of ctDNA, we analyzed the tissue-
based results, disease burden, and underlying therapy these 
patients received to determine if these factors may have 
contributed to these results. As therapy can have a large 
effect on the detection and quantity of ctDNA, we examined 
the clinical data for this variable. We found that 89% (16/18) 
of patients with MSAF =0 were on or had received therapy 
before the liquid biopsy; this was similar to the entire 
cohort (90%). In terms of disease stage, a higher proportion 
of samples with no ctDNA was present among the patients 
with lower stage disease [3 stage II (n=7, 42.9% with no 
ctDNA), 4 stage III (n=18, 22.2% with no ctDNA), and 11 
stage IV (n=71, 15.5% with no ctDNA)]. We also saw that 
the MSAF was lower in early stage disease as compared to 
later stage disease (P<0.05) and a similar observation has 
also been reported by Bettegowda (12). Last, there was 
significant heterogeneity in sample collection that could 
have complicated the interpretation of the results. We did 
examine biopsies from metastatic versus primary tumor 
independently and neither was enriched for concordance 
with the liquid biopsy. We also stratified the patients by 
chemotherapy, targeted therapy, and radiation therapy 
before either the tumor or liquid biopsy and did not find 
any statistically significant differences in concordance with 
liquid biopsy; in some of these subsets the numbers were 
small making it unlikely to identify statistical differences. 
Future studies with a larger cohort with these subgroups are 
planned to address the limitations of this study.

MSAF is also a valuable tool for determining the 
performance of the assay, as it can serve as a surrogate for 
ctDNA fraction. As the analytical sensitivity of detecting 
alterations increases at higher tumor fractions, MSAF can be 
used to stratify cases for which the probability of detecting 
alterations is high or low. Liquid biopsy has high analytical 

sensitivity at MSAF 0.25–0.5% (95.8% sensitivity and 99.8% 
specificity for base substitutions and 87.7% sensitivity and 
98.8% specificity for insertion and deletions), while tumor 
fractions below this have reduced sensitivity for detecting 
alterations (5). In 93% of the samples with ctDNA present 
(MSAF >0), MSAF was greater than 0.25%. When examining 
only cases with MSAF >0.25%, PPA between liquid and 
tissue results increased by 7% (86%) for indels/substitutions 
as compared to all cases with MSAF >0 (79%).

One of the major pre-analytical factors that affected 
concordance was time between the tumor biopsy and liquid 
biopsy. With less delay between tissue biopsy and liquid 
biopsy, the overall PPA was high for base substitutions and 
indels (100% PPA within 30 days, 95% PPA within 90 days, 
87% PPA within 270 days). PPA decreased significantly 
when the liquid biopsy was taken more than 270 days after 
the tissue sample (P<0.05, 18% difference, 3.83–31.7%, 
95% CI). In a subset analysis of each time group, the  
0–30 day group (100% PPA) and the 30–90 day group 
(88% PPA) had high PPA; the later time points had variable 
PPA ranging from 44–86%. This consistent result across 
genes and across the cohort is not surprising, as greater 
delay between tissue biopsy and liquid biopsy means that, 
on average, patients would have received longer and more 
lines of therapy, radiation, and surgery, all of which could 
select for tumor cell populations or clones with genomic 
landscapes that are significantly divergent from the cells 
assayed in the tissue biopsy. These data have implications 
for future concordance studies of tissue and liquid biopsy 
and demonstrates the need for analysis to be restricted 
to samples collected contemporaneously (<30 days apart) 
without intervening therapy in order for meaningful 
comparison analysis to be performed.

Overall, in this study we show that genomic testing of 
liquid biopsy demonstrates high fidelity to tissue-based 
genomics in CRC. PPA is dependent on samples being 
collected temporally close—when samples are collected 
less than <90 days apart, PPA is >90% and remains >79% 
overall for short variants irrespective of time (up to  
720 days) and therapy. Specific alterations (KRAS/NRAS 
and BRAF) showed similarity to tissue with a PPA of 90% 
in the <270 day cohort. The concordance of G12X was 
extremely high with overall percent agreement of 97%. 
Therefore, as liquid biopsy accurately represents the tumor 
genomic landscape of CRC, it can be a viable diagnostic 
tool for obtaining genomic information especially in cases 
where tissue is unavailable or biopsy in not feasible. This 
will become increasingly compelling as liquid biopsy 
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incorporates microsatellite instability analysis to guide 
immunotherapy use.

In cases where tumor tissue profiling is not possible, 
these results provide compelling evidence that genomic 
profiling of ctDNA in late stage CRC shows a high 
concordance with tumor tissue sequencing results and 
can be used to identify most clinically relevant alterations 
capable of guiding therapy for these patients and has fidelity 
to the genomics of the tumor. However, although liquid 
biopsy offers a non-invasive modality for the molecular 
profiling of cancers and the clinical adoption of this method 
continues to increase, additional studies are still required 
to demonstrate clinical utility. This study demonstrates 
that future studies evaluating concordance should focus 
on concurrently-collected tissue and liquid biopsy samples 
whenever possible to evaluate fidelity. In general, patients 
currently receiving therapy, those with early stage disease, 
and/or those with low tumor burden may have lower or 
undetectable levels of ctDNA; thus, reliable ctDNA testing 
in the setting of tissue concordance studies, and in clinical 
practice, may be problematic.
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