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Abstract
Background. Research grade Fresh Frozen (FF) DNA material is not yet routinely collected in clinical
practice. Many hospitals, however, do collect and store Formalin Fixed Para�n Embedded (FFPE) tumor
samples. Consequently, the sample size of whole genome cancer cohort studies could be increased
tremendously by including FFPE samples, although the presence of artifacts might obfuscate the variant
calling. To assess whether FFPE material can be used for cohort studies, we performed an in-depth
comparison of somatic SNVs called on matching FF and FFPE Whole Genome Sequence (WGS) samples
extracted from the same prostate metastatic tumor.

Results. We �rst compared the calls between FF and FFPE, showing that on average 50% of the calls in
FF are recovered in FFPE, with notable differences between variant callers. Remarkably, this overlap was
better than the overlap between different variant callers on the same sample. Inspecting the Variant Allele
Frequency (VAF), we observed that many of the calls common to FF and FFPE belonged to the same
clonal subpopulation but were detected at a lower VAF in FFPE. We also demonstrated that these calls
receive higher signi�cance scores and are often identi�ed by more than one variant caller. Based on this
observation, we propose a simple heuristic to perform reliable variant calling in FFPE samples. Our
heuristic identi�ed 3684 common calls at a F1-score of 0.83.

Conclusion. This study illustrates that when using the correct variant calling strategy, the overlap between
the FF and FFPE sample in somatic SNVs increases to such an extent that a large fraction of the calls
detected in the FFPE sample are contained in the FF sample and the number of variants unique to each
sample remains restricted. These results suggest that somatic variants derived from WGS of FFPE
material can be used in cohort studies.

Introduction
Cohort analysis in which comprehensive genomic data of large patients cohorts are being coupled with
clinical information offers a vast potential for precision oncology. So far, most large cohort studies relied
on whole exome sequencing (WES) or WGS of FF tumor material. The preservation of and access to FF
tissues can be limited. Indeed, in routine clinical practice, FF samples are rarely available due to logistic
reasons: they are di�cult to collect, prepare and are expensive to store. Optimally exploiting available
patients cohorts would therefore require collecting sequence information from FFPE samples which are
collected in routine standard of care for histopathological diagnosis. This poses a problem as DNA
extracted from FFPE specimens presents degradation such as nucleic acid fragmentation, DNA
crosslinks, abasic sites leading to localized DNA denaturation, strand breaks, and deamination leading to
C>T mutations (1–3).

Several studies have established that su�ciently high-quality DNA can be derived from FFPE material.
Although the processing and storage affect the quality of the DNA and subsequent next generation
sequencing (NGS) data (4–7), for most samples enough qualitative DNA can be collected to perform NGS
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assays in order to identify copy number variations (CNVs) and single nucleotide variations (SNVs) (8–
10). Most studies that compared somatic variants, obtained from sequencing matched FF and FFPE
samples, are based on WES. Depending on the study (11–13) an overlap between 54% and 90% was
found in somatic variants obtained from matched FFPE and FF samples. Differences in results can be
attributed to differences in studied cancer types (which might differ in intra-tumor heterogeneity) and the
fact that different variant callers and quality thresholds were used.

In this work, we performed an in-depth comparison of the degree to which somatic variants can be called
using WGS of an FF and FFPE sample extracted from the same prostate metastatic tumor. In line with
what was shown by Robbe et al. (14), we found that FFPE material can be a good proxy for an FF sample
and that a recent FFPE sample does not generate too many artifacts, at least not at the SNV level.
However, in contrast to previous studies, we show that carefully tuning and combining the results of
different variant callers can increase the overlap in variants detected between the FF and the FFPE
sample. This to such extent that almost all variants that were detected reliably in the FF sample could
also be recovered from the FFPE sample (high sensitivity) and that in addition the majority of variants
detected in the FFPE sample were also contained in the ones detected by the FF sample (high precision)
and this despite the lower effective coverage in the FFPE sample. Acquiring this combination of a high
precision but also high sensitivity shows that an FPPE sample is a useful proxy for an FF sample to
comprehensively call somatic variants.

Results And Discussion
We aimed at testing to what extent WGS of FF- and FFPE-derived material results in the identi�cation of
the same somatic variants (SNVs). Hereto, we used one FF and one FFPE sample of the same metastatic
prostate tumor. A matching blood sample, taken from the same patient, was used as a reference to
identify germline mutations. We opted for a metastatic sample as this is in general more homogenous
than primary samples, reducing differences in variant calls due to intra-tumor and sampling variation.

Quality checking showed that in the matching FF and FFPE samples a comparable number of variants
was called (Suppl. Table 1).. No particular bias towards speci�c mutational patterns was observed,
indicating the absence of prominent artifacts in the FFPE sample (Suppl. Table 1).. Both FF and FFPE
samples showed a similar average coverage (Suppl. Table 2).. To ensure that comparing the somatic
variants called from the FFPE and matching FF samples would be independent of the speci�cities of the
variant caller, we used four somatic variant callers, i.e. Strelka2, Mutect2, VarScan2 and Shimmer.

Comparison between FF and FFPE sample for each caller
All variant callers except VarScan2 were run under default settings (see Materials and Methods).. In
general, more calls were reported in the FFPE than in the FF sample, except for VarScan2 (Suppl. Fig. 1)..
Table 1 shows the overlap between somatic calls in the matching FF and FFPE samples in terms of
sensitivity and precision using the calls from the same variant caller on the FF sample as gold standard.
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Overall, variant callers have an average sensitivity and precision of respectively 50.97% and 52.41%,
meaning that 50.97% of the variants from the FF sample are also detected in the FFPE sample and
52.41% of the FFPE somatic variants are detected in the FF sample. We also report the F1-score which is
the harmonic mean of sensitivity and precision. Among the four variant callers considered in this study,
Strelka2 achieved both the highest sensitivity and precision.

To get an idea of how good the sensitivity and precision from Table 1 are, we compared the calls from
different variant callers on the same sample. In general, the difference between variant callers on the
same sample is larger than the difference between the FF and the FFPE sample (Suppl. Fig. 1 and 2)..
This implies that the choice of variant caller is at least as important as whether or not the sample was FF
or FFPE. Overall, the overlap between variant callers is low, especially for the FFPE sample (Suppl. Fig. 2)..
Shimmer agrees the least with the other variant callers, whereas Strelka2 and Mutect2 tend to mutually
agree in both the FF and FFPE samples (Suppl. Table 3 and 4)..

While the choice of variant caller turns out to play a pivotal role in the calls that are obtained, the basic
analysis above does not account for the properties of the called variants. Indeed, we will demonstrate
that the variants considered in Table 1 represent both true variants and artifacts of the variant caller,
consistently made in the FF and the FFPE sample. To assess the relevance of the calls made by each of
the callers in the overlap between the FF and the FFPE sample, we �rst assessed to what extent each of
the callers tends to reconstruct the same clonal subpopulations in both the FF and the FFPE sample and
secondly whether high con�dence calls are consistent between both sample types.

Comparison of the clonal subpopulation
Given that the FF and the FFPE sample should have a similar subclonal structure, as they derive from the
same metastatic tumor, we judged the relevance of the variants called by either method by assessing
whether they corresponded in the FF and the FFPE to the same clonal subpopulations. To visualize the
different subpopulations in each sample, we plotted for all detected variants thecoverage as a function of
the VAF and the corresponding histogram representing the distribution of the VAFs (15). Fig. 1 shows the
results for Strelka2 in both the FF and the FFPE sample. Similar �gures for the three other variant callers
can be found in the Supplementary Materials. Note that the VAF estimate of the major distributions
slightly differs between the different tools because of small discrepancies in their de�nition of the VAF
(Suppl. Fig. 3)..

According to Strelka2 (Fig. 1),, two distinct clusters of variants can be observed in the FF sample, denoted
by the blue bars in the histogram: a small cluster at a VAF of 0.05 and a larger cluster around a VAF of
0.25. In the FFPE sample, only one cluster can be observed around a VAF of 0.15. The calls that are
common to the FF and the FFPE sample are shown in orange, demonstrating that the peak at a VAF of
0.25 in FF does indeed shift to 0.15 in FFPE. Almost all variants from the largest cluster in the FF sample,
i.e. at a VAF of 0.25, are identi�ed in the FFPE sample but most of the FF calls belonging to the smaller
peak at 0.05 are not detectable in the FFPE sample.
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We observed similar results for Mutect2 with the peak representing the major cluster at VAF 0.25 in the FF
sample being shifted to a lower VAF in the FFPE sample (Suppl. Fig. 4).. For VarScan2, only a small
proportion of the variants detected at an average VAF of 0.25 in the FF is recovered in the FFPE sample
(Suppl. Fig 5).. Shimmer could barely detect the cluster of variants at VAF 0.25 in the FF and completely
misses the major cluster in the FFPE sample (Suppl. Fig. 6).. A deeper analysis shows that Shimmer
reports many somatic variants in the tumor sample that have a VAF above zero in the normal sample
(putative germline calls). This behavior is not expected and also not observed for any of the other variant
callers, explaining the poor overlap between Shimmer and the other variant callers (Suppl. Fig 6, Suppl.
Table 3 and 4).. Only keeping for Shimmer the variants with zero VAF in the normal sample �ltered those
putative germline calls and allows to better recover a cluster of variants at VAF 0.25 in the FF, but still not
in the FFPE sample (Suppl. Fig. 7)..

In addition to the cluster at VAF 0.25, VarScan2 also reports a peak of variants at an average VAF of 0.5
in the FF sample. These are likely germline variants as more than 65% of variants with VAF above 0.5 are
present in dbSNP database (Suppl. Table 5).. Except for Mutect2, which has a similar number of germline
calls above and below a VAF of 0.5, other callers reported up to 8 times more calls from dbSNP at a VAF
above 0.5. This suggests that calls reported with VAF above 0.5 are more likely to be false positives.
Indeed, most of the calls with VAF above 0.5 detected consistently in both the FF and the FFPE sample
tend to be residual germline calls.

Hence, the cluster of variants detected at VAF 0.25 likely represents the major subpopulation in the
metastatic sample. All variant callers except Shimmer could at least partially recover this subpopulation
in the FFPE sample albeit at lower VAF. This shows that the lower effective VAF in the FFPE sample is
independent of the variant caller and thus an intrinsic property of the FFPE sample. As a result, calls
common to the FF and the FFPE sample were typically reported with lower VAF in the FFPE sample
(Suppl. Fig. 8).. Imposing a zero VAF criterion in the normal sample helped Shimmer to recover the major
cluster of variants that was also recovered by the other callers, but only in the FF sample. In addition, only
a minority of calls (813) are retained of which most (604) were also reported by other callers (Suppl. Fig.
12).. This indicates that many of the calls uniquely made by Shimmer without imposing the zero VAF
criteria and reported in Table 1 are likely spurious calls, despite being consistently detected in both the FF
and the FFPE sample. For the remainder of the analysis, variants reported by Shimmer with a positive
VAF in the normal sample were �ltered.

Assessing the signi�cance levels in FFPE
To assess the relevance of the calls in the overlap between the FF and the FFPE sample, we also
compared for each caller the distributions of the signi�cance scores of the somatic variant calls detected
in the FFPE sample that were also called in the FF sample, hereby assuming that the FF sample is less
prone to artifacts and constitutes the reference as to what should be detected. Table 2 shows that calls
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reported in both samples typically have lower signi�cance scores in the FFPE than in the FF sample,
which can be explained by the discrepancies in VAF observed in Fig. 1.

In addition, the boxplots in Fig. 2 show that the FFPE calls that were also made in the FF sample, received
a relatively higher signi�cance score than FFPE calls not made in the FF sample. This shows that the
most reliable variants in the FFPE sample generally correspond to those detected in the FF sample.

For each caller, we calculated the correlation between the signi�cance levels for common calls and
compared it in FF versus FFPE. Suppl. Table 6 shows that the signi�cance levels of Strelka2 and Mutect2
are signi�cantly correlated in both FF and FFPE samples. In addition, the signi�cance levels of between
the callers themselves seems to be consistent between the FF and the FFPE sample. For Shimmer and
VarScan2, this consistency between both samples cannot be observed. Furthermore, the ranking of these
callers is consistent in the FF, but not in the FFPE sample, again indicating that these variant callers are
not performing well in the FFPE sample. A possible explanation for this could be that the underlying
hypergeometric testing procedure cannot cope with the lower VAFs present in this sample.

Relation between the subclonal structure and the signi�cance level
To investigate the relation between the major subpopulation and the signi�cance of the calls, we map for
each variant caller the 25% highest con�dence calls on the Coverage versus VAF plots. The upper panel
of Fig. 3 shows how for Strelka2 these most signi�cant calls are located around a VAF of 0.25 in the FF
and 0.15 in the FFPE sample, and hence make up the aforementioned major subpopulation that was
detected in both the FF and the FFPE sample.

For Mutect2, the majority of signi�cant calls also belonged to this cluster of variants (Suppl. Fig. 9).. For
VarScan2 and Shimmer (Suppl. Fig. 10 to 12),, a similar effect could be observed, although not as
pronounced as in Strelka2 and Mutect2. Subsequently, many of the highly signi�cant calls belong to the
major subpopulation at a VAF of 0.25 in FF and 0.15 in FFPE, such that the analysis of the signi�cance
levels and the clonal subpopulations points at the existence of a highly con�dent subset of variants,
present in both the FF and the FFPE sample.

In addition, the lower panel in Fig. 3 shows that when comparing the variants obtained from different
callers, many variants that are called by other callers are also located in the variant cluster (see also the
lower panels of Suppl. Fig. 9–12).. This is in line with the observation that for each variant caller (except
Shimmer), calls made by any of the other three variant callers in general received a higher signi�cance
especially in the FF sample (Suppl. Fig. 13 and 14).. Using two criteria, based on clonal subpopulation
(Fig. 1) and signi�cance score of the variants (Fig. 2),, we could see that calls common to the FF and the
FFPE sample tend to belong to the major subpopulation and are highly signi�cant. Importantly, the lower
panel of Fig. 3 and Suppl. Fig. 13 and 14 show that variants that are called by more than one caller tend
to satisfy these two criteria as well. In the next section, we investigated how well these calls, reported by
more than one variant caller, overlap with the calls common to the FF and the FFPE sample.
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Sensitive and precise variant calling on FF, FFPE threshold
optimization
Previous analysis also showed that at least some of the calls that were made consistently between the
FF and the FFPE sample by the same caller tend to be spurious or at least non-somatic. To assure that
only biologically relevant calls are considered, we �rst identify a highly reliable subset of calls in the FF
sample. This subset, referred to as the ground truth, can then be used to more qualitatively assess how
well each caller can recover these highly reliable calls in the FFPE sample. From our analysis above, an
ideal ground truth would consist of all highly reliable calls made in the reference FF sample that also
represent the major subpopulation in the metastatic sample. We have shown that calls made by at least
two callers tend to satisfy these criteria. Therefore, the ground truth was de�ned as the union of all calls
that were detected by at least two callers in the FF sample.

Our previous analysis also shows that the subpopulation represented by the ground truth is also present
in the FFPE sample albeit at lower effective coverage. Hence, fully recovering the subpopulation of highly
signi�cant variants from the FFPE sample will require the identi�cation of a signi�cance threshold in the
FFPE sample. Because calls in the FF sample were reported with a higher signi�cance score, the
threshold in the FFPE will typically be lower than the threshold that would be necessary in the FF sample
to capture the ground truth (Suppl. Fig. 13 and 14).. In addition, previous analysis shows that it is feasible
to set a threshold in the FFPE sample as calls common to the FF and the FFPE sample tend to have a
higher signi�cance level in the FFPE sample (see Fig. 2).. However, the lower effective coverage in the
FFPE sample complicates identifying a threshold that distinguishes the true calls from the noise (the
signi�cance distribution of noisy and true calls starts overlapping (see Suppl. Fig. 14).. We determined for
each variant caller a threshold in the FFPE sample that optimized the F1-score with the FF-derived ground
truth (i.e. that optimizes the tradeoff between precision and sensitivity in recovering the ground truth).

Table 3 shows for the different variant callers their sensitivity and precision in recovering this ground
truth. This table shows that Strelka2 and Mutect2 are performing the best in recovering from the FFPE
sample the calls that belong to the ground truth. Table 3 now quantitatively illustrates how Shimmer
underperforms on the ground truth despite calling consistently the same mutations in the FF and the
FFPE sample, which was shown in Table 1. This indicates, as was shown above, that most of the calls
made by Shimmer in the overlap between the FF and the FFPE sample are likely spurious. The same is to
some extent true for VarScan2 because of the high number of residual germline calls.

Table 3 gives an estimate of the expected overlap between the FF and the FFPE sample after optimizing
the thresholds in the FFPE sample using the ground truth based on the variants detected in the FF
sample. However, often only FFPE samples are available, such that the stringency thresholds cannot be
optimized based on observations in the FF sample. Therefore, rather than optimizing the threshold for
each caller separately, we assessed to what extent combining the output of different variant callers in the
FPPE sample allows recovering the ground truth from the FF sample.
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Table 4 shows how taking the intersection of the four variant callers maximizes the precision but comes
at the expense of losing almost all sensitivity. As discussed above, Shimmer can barely retrieve the
cluster representing the major subpopulation in the FFPE sample (Suppl. Fig. 7) and most of the calls
retrieved by Shimmer in the FFPE sample are unique (even after correcting for the so-called somatic calls
with high VAF in the normal sample). Because the intersection seems too strict and limits the sensitivity,
we considered calls reported by at least three callers. It results in a high precision but still relatively low
sensitivity in recovering the ground truth (Table 4) because VarScan2 reports less calls in the FFPE than
in the FF sample and loses many true positive calls. Using the calls returned by at least two of the four
callers in the FFPE sample drastically increases sensitivity while only slightly decreasing precision. The
performance here is even better than the performance of the best caller (Strelka2) that was obtained after
optimizing its stringency thresholds based on the ground truth. This indicates that there is de�nitely some
complementarity in the calls made by different callers. Given the lower performances of VarScan2 and
Shimmer in recovering the ground truth, one can wonder what their added value is when taking the union
of all variants that were detected by at least two callers. To assess the added value of Shimmer, we
compared the performances obtained when retaining the ‘union of all variants obtained by at least two
callers’ where Shimmer was respectively included and discarded from the ensemble of used callers (Table
5).. Omitting Shimmer from the ensemble resulted in a slightly higher F1-score while only 4 variants
belonging to the ground truth could no longer be detected.

Along the same lines, we assessed the added value of VarScan2 by comparing performances of two
ensemble consisting of Strelka2 and Mutect2 respectively with and without VarScan2 using again the
criterion being called by at least two callers (Table 5).. Compared to the situation without Shimmer,
omitting VarScan2 resulted in a slight increase in precision but came at the expense of a slight decrease
in sensitivity, 70 variants could no longer be detected by excluding VarScan2 from the ensemble strategy.
Hence, including Varscan2 allows detecting more variants common to FF and FFPE samples, but comes
with a few additional false positives.

These results show that the FFPE sample can recapitulate approximatively 80% of the highly reliable
calls detected in the FF sample, while maintaining a precision of 0.87. Taking calls reported by at least
two callers allows effectively distinguishing the true from the spurious calls in the FFPE sample,
removing the residual germline variants obtained by VarScan2 and the spurious calls made by Shimmer.
It gives an overlap with the ground truth that outcompetes the best variant caller in our hand (Strelka2,
with threshold optimized on the ground truth) in terms of both precision and recall.

The relatively low fraction of variants that are unique to the FFPE sample (539/4219) shows that in our
sample FFPE artifacts do not heavily bias the calls. The fraction of calls unique to the FF sample
corresponds to the less signi�cant calls in that sample (low VAF) and hence might, because of the lower
effective coverage in the FFPE sample, no longer detectable (false negatives). Small discrepancies
between the FF and the FFPE sample can of course also be ascribed to sampling and tumor
heterogeneity (14).
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Material And Methods

Patient and samples
For this study, a patient with isolated pulmonary recurrence of prostate cancer after initial de�nitive local
therapy was selected for who we had both FFPE and FF samples from the solitary pulmonary metastasis.
The prostatic origin of the lung metastatic adenocarcinoma was con�rmed by pathological review
(J. V. D., S. V. and K. V. D. E.). Microscopically, the pulmonary metastasis was composed of eosinophilic
tumor cells with very large pleomorphic hyperchromatic nuclei and prominent nucleoli, which exhibited a
cribriform pattern (Suppl. Fig. 15 A) with negative staining for CK7 and TTF–1 and positive PSA staining
(Suppl. Fig. 15 B, C and D);; these �ndings were compatible with metastatic prostate cancer. Two samples
from this pulmonary metastasis had been obtained, one had been stored as FFPE and one as FF. Whole
blood was collected and informed consent was obtained at time of clinical follow-up.

Pathologic quality control (QC)
For both FF and FFPE samples, 5 µm-tick haematoxylin and eosin-stained slides were prepared and
independently evaluated by two genitourinary pathologists (J. V. D. and S. V.) to determine the tumor
cellularity. For FFPE tissue, eleven adjacent 5 µm-tick sections were prepared. The �rst ten sections were
used for DNA extraction, whilst the last section served as reference to indicate a tumor-rich area suitable
for macro-dissection (more than 70% tumor cellularity). Manual macro-dissection was performed using
sterile scalpel blades. Information about input materials is displayed in Table 6.

Preparation steps and sequencing
The genomic DNA (gDNA) was extracted from the FFPE tissue using the proprietary method of Wuxi
(NextCODE SeqPlus extraction protocol) and from the FF tissue with QIAamp DNA Mini Kit (Qiagen)
according to the manufacturer’s instructions. gDNA was extracted from a 200 µL EDTA-whole blood
sample using the QIAamp® Blood Mini Kit (Qiagen) with QIAcube according to the manufacturer’s
instructions. The DNA samples were quanti�ed with a Qubit 3.0 �uorescence spectrometer (Life
Technologies, Waltham, MA USA) using a Qubit dsDNA BR assay kit. Covaris has been used for DNA
shearing. TruSeq® Nano DNA Library Prep (Illumina) has been used for library construction. The Illumina
sequencing platform HiSeqX PE150 has been used for WGS. The mean coverage was of 30X for the
blood sample and 100X for the tumor samples.

Variant calling
Quality checking obtained by running GATK Picard tools (https://broadinstitute.github.io/picard/). For
somatic variant calling, we used Strelka2 (16), Mutect2 (17), and Shimmer (18) with default settings.

https://broadinstitute.github.io/picard/
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VarScan2 (19) was run without imposing a minimal VAF threshold. To select the most reliable somatic
calls, FilterMutectCalls with default parameters was applied on Mutect2, somaticFilter to the VarScan2
output without imposing the default threshold of minimal VAF and no additional somatic �lters were
applied to Strelka2 and Shimmer output. Table 7 provides a summary of the main parameters of the four
variant callers used.

The default settings used by VarScan2 impose a threshold for the minimum VAF at 0.2 (see somaticFilter
in VarScan2’s Online Manual).. This prevents VarScan2 from detecting the low frequent variants in the
FFPE sample. To recover also these variants and hence maximize the overlap with the other callers, we
ran VarScan2 without the constraint on the minimal VAF threshold. Using this non-default setting resulted
in VarScan2detecting more variants with VAF lower than 0.2 and on overall increased the overlap in
somatic variants detected by Strelka2, Mutect2 and Shimmer on the same sample while also decreasing
signi�cantly the number of variants uniquely called by VarScan2 (data not shown).. Although we
expected intuitively that most calls obtained by VarScan2 without the VAF constraints would also be
present in calls from VarScan2 with default parameters, this appeared not to be the case (and we could
not �nd any reasonable explanation for this).

Identifying the stringency of the calls | For Strelka2 the stringency of the call was determined by the
Somatic EVS, for Mutect2 by the TLOD scores, for VarScan2 by the somatic p-values and for Shimmer by
q-values. The higher the scores were for Strelka2 and Mutect2, the more signi�cant were the variants. For
VarScan2 and Shimmer, the smaller values were the most signi�cant.

Measure to evaluate the concordance between FF and FFPE sample |The overlap between reported calls
in matching FF and FFPE samples is reported in terms of sensitivity and precision using the variants
obtained on the FF sample as gold standard. A somatic variant was considered present in both samples
if in both samples the variant was located at an identical chromosomal position, and if reference and
alternative alleles were identical.

Identifying the threshold maximizing the overlap between FF and FFPE sample |For each variant caller,
we searched for an optimal signi�cance threshold in FFPE sample to obtain the largest concordance
between samples (maximal F1-score). The screening space for the optimization of the signi�cance
threshold is displayed in Table 8.

Conclusions
In this work, we have investigated whether a metastatic FFPE sample, embedded with recent protocols
and subjected to DNA extraction using specialized procedures, can be used as a proxy for an FF sample
to call somatic variants for cohort analysis. In contrast to previous studies, which focused on comparing
the extent to which a small fraction of the most reliable variants compares between an FF and an FFPE
sample (the fraction enriched in drivers or actionable mutations) (14), cohort analysis requires that as
many true somatic variants as possible are called (high sensitivity) so that subsequent statistical
analysis over a cohort can identify driver variants. Because of the subsequent statistical analysis, cohort
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analysis can tolerate some false positives and thus allows for a less stringent precision. Using four
different variant callers (Strelka2, Mutect2, VarScan2 and Shimmer), we compared the somatic calls on
the FFPE sample to its FF counterpart. At �rst sight, each variant caller recovered about 50% of the FF
calls in the FFPE sample. Interestingly, we observed a larger discrepancy between variant callers on the
same sample than between samples using the same variant caller. This implies that the choice of variant
calling tool is at least as important as whether FF or FFPE material is being used.

Using Coverage vs. VAF plots on the FF sample, a clear subpopulation of calls was distinguishable and
was enriched in highly signi�cant calls, these were the calls we aimed to recover in the FFPE sample.
However, while many of the calls detected in the FF were effectively present in the FFPE, they suffered
from a lower effective VAF in the FFPE sample. This effect reduces the resolution of variant callers for the
identi�cation of low-VAF variants in the FFPE sample, reducing the overlap between the FF and FFPE
samples. The effect was especially prominent in variant callers that rely on hypergeometric testing, i.e.
VarScan2 and Shimmer. By choosing for each variant caller a threshold on the signi�cance level of the
identi�ed variants, the overlap between FF and FFPE can be optimized in terms of sensitivity and
precision. However, in many real-life situations, there is no matching FF sample available, and there is a
need for a good strategy to perform a precise yet sensitive variant calling. Simply taking the intersection
between the different callers, turned out to be too simplistic, as the low resolution of certain variant
callers in the FFPE sample (in this case VarScan2 and Shimmer) obfuscated the �nal intersection. Indeed,
for these two variants callers, the calls common to the FFPE sample and the FF gold standard are not
assigned a more signi�cant score. Nevertheless, when considering only calls reported by at least two
variant callers (in our hands Strelka2, Mutect2, VarScan2 and Shimmer), we obtain almost 3700 calls
present in both FF and FFPE, with an F1-score higher than 80%. Using the correct variant calling strategy,
the overlap between the FF and FFPE sample in somatic SNVs increases to such an extent that a large
fraction of the calls detected in the FFPE sample are contained in the FF sample and the number of
variants unique to each sample remains restricted. Our results indicate that somatic SNVs derived from
FFPE WGS samples can be used for cohort analysis, provided a careful variant calling strategy was used.
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Table 1. Performance measures of calls considering the FF sample as gold standard for each variant
caller.

  FF FFPE Overlap Sensitivity Precision  F1-score
Strelka2 6292 6761 4225 0.6715 0.6249 0.6474
Mutect2 10460 11815 5755 0.5502 0.4871 0.5167
VarScan2 4067 1760 883 0.2171 0.5017 0.3031
Shimmer 8109 10080 4865 0.6000 0.4826 0.5349

Table 2. Average significance score for somatic variants reported in both samples for each variant caller.

  Strelka2 Mutect2 VarScan2 Shimmer
FF 17.33 51.88 0.0024 0.0160
FFPE 14.34 26.00 0.0038 0.0166

 

Table 3. Optimized F1-scores of calls made by each variant caller considering FF sample as gold standard.

Caller - threshold FF (gold std.) FFPE Overlap Sensitivity Precision F1-score
Strelka2 – 9.5 4656 4559 3316 0.7122 0.7274 0.7197
Mutect2 – 13 4656 5658 3418 0.7341 0.6041 0.6628
VarScan2 – 0.00995 4656 1755 425 0.1045 0.2422 0.1460
Shimmer – 0.0495 4656 262 16 0.0197 0.0611 0.0298

 

Table 4. Strategies to retrieve the ground truth of calls from FF in the FFPE sample.

Reported by… (in FFPE) FF (gold std.) FFPE Overlap Sensitivity Precision F1-score
at least 1 caller 4656 16020 4155 0.8924 0.2594 0.4019
at least 2 callers 4656 4232 3684 0.7912 0.8705 0.8290
at least 3 callers 4656 340 325 0.0698 0.9559 0.1301
all 4 callers 4656 8 8 0.0017 1 0.0034

Table 5. Value assessment of Shimmer and VarScan2 in recovering the ground truth from FF in FFPE.

Reported by… FF (gold
std.)

FFPE Overlap Sensitivity Precision F1-
score

At least 2 callers (with Shimmer) 4656 4232 3684 0.7912 0.8705 0.8290
At least 2 callers (without
Shimmer)

4656 4219 3680 0.7904 0.8722 0.8293

Only Strelka2 and Mutect2 4656 4065 3610 0.7753 0.8881 0.8279

 

Table 6. Input material (in ng) per sample analyzed.
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WGS ID Sample type Input (ng)
R18044561 FFPE 500
R18044562 Blood 300
R18044563 FF 300

 

Table 7. Summary of the main parameters used for Strelka2, Mutect2, VarScan2 and Shimmer.

Strelka2 Shimmer 
Min Somatic EVS = 7 Max q-value acceptable FDR = 0.05

Mutect2 VarScan2
Min base quality score = 10

Min Phred-scaled confidence threshold = 10
Min TLOD = 5.3
Min NLOD = 2.3

Sample ploidy = 2
FilterMutectCalls:

Min MedianBaseQuality = 20
Min MedianMappingQuality = 30

Min coverage in normal, in tumor = 8, 6
Min variant allele frequency = 0.01

Max somatic p-value = 0.05
somaticFilter:

Min variant allele frequency = 0
Min read depth = 10

Min average quality = 20
Max somatic p-value = 0.01

 

Table 8. Screening space for the threshold optimization for each variant caller.

Strelka2 Shimmer 
Somatic EVS from 5 to 20 (steps of 0.25) Q-value from 0.0005 to 0.05 (steps of 0.0005)

Mutect2 VarScan2
TLOD from 0 to 200 (steps of 1) Somatic p-value from 0.00005 to 0.01 (steps of 0.00005)

Figures
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Figure 1

Clonal population detection in the FF (left) and the FFPE (right) sample using Strelka2. The upper panel
shows coverage as a function of the VAF (15), where a higher variance in the coverage can be observed
for FFPE. The lower panel shows the distribution of the VAFs. The blue distribution denotes all calls made
in that sample, while the orange distribution shows only the calls common to FF and FFPE.



Page 18/20

Figure 2

Boxplots comparing the signi�cance level of calls from FFPE reported or not in FF sample. For Strelka2
and MuTect2 a higher Somatic EVS and TLOD, means a higher con�dence in the calls, while for Varscan2
and Shimmer a lower value implies a higher con�dence.
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Figure 3

Coverage vs. VAF for somatic variants reported by Strelka2, comparing FF (left) against FFPE (right). This
plot is identical to the upper panel of Fig. 1 but with a color used to indicate the most signi�cant calls.
The upper panel shows the 25% highest con�dence calls in orange and the lower con�dence in blue. The
lower panel shows which calls are also found by other callers where blue= unique calls, orange = calls
reported by 2 callers, green = calls reported by 3 callers, red = calls reported by 4 callers.
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