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Abstract

Formalin-fixed and paraffin-embedded (FFPE) tissue biospecimens are a valuable resource for 

molecular cancer research. Although much can be gained from their use, it remains unclear 

whether the genomic and expression profiles obtained from FFPE biospecimens accurately reflect 

the physiological condition of the patient from which they were procured, or if such profiles are 

confounded by biological effects from formalin fixation and processing. To assess the 

physiological accuracy of genomic and expression data generated with FFPE specimens we 

surveyed the literature for papers investigating genomic and expression endpoints in case-matched 

FFPE and fresh or frozen human specimens using the National Cancer Institute's Biospecimen 

Research Database (http://biospecimens.cancer.gov/brd). Results of the survey revealed that the 

level of concordance between differentially preserved biospecimens varied among analytical 

parameters and platforms, but also among reports, genes/transcripts of interest, and tumor status. 

The identified analytical techniques and parameters that resulted in strong correlations between 

FFPE and frozen biospecimens may provide guidance when optimizing molecular protocols for 

FFPE use; however, discrepancies reported for similar assays also illustrate the importance of 

validating protocols optimized for use with FFPE specimens with a case-matched fresh or frozen 

cohort for each platform, gene or transcript, and FFPE processing regime. Based upon evidence 

published to date, validation of analytical parameters with a properly handled frozen cohort is 

necessary to ensure a high degree of concordance and confidence in the results obtained with 

FFPE biospecimens.
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Introduction

Routine FFPE processing of surgical, biopsy and post-mortem tissue has resulted in a large 

collection of biospecimens uniquely representing a variety of cancer stages and subtypes. In 

many instances, case-matched slides of tumor and adjacent normal tissue have been 

previously screened by a pathologist for cancer-related biomarkers, making these 

biospecimens particularly attractive for the identification of molecular changes associated 

with cancer onset and progression. However, DNA and RNA isolated from FFPE 

biospecimens are of lower quality than those obtained from fresh or frozen biospecimens, 

displaying evidence of degradation and reduced assay efficacy (1-3). Such degradation may 

be due in part to sub-optimal fixation and processing conditions or extraction methods. 

Notably, all FFPE biospecimens are not “equal,” as numerous effects on molecular analysis 

have been attributed to pre-analytical factors such as biospecimen size, the pH and 

composition of formalin, the temperature and duration of fixation, and FFPE block and slide 

storage (4). Such effects have been reported not only for DNA and RNA but for protein, 

phosphoprotein, and morphological endpoints as well (4,5). Further, DNA and RNA yield 

and quality can be adversely impacted by sub-optimal extraction methods, although optimal 

protocols are dependent upon the type of tissue and nucleic acid analyzed and the length of 

the nucleic acid fragment required (Greytak et.al., manuscript in preparation). Despite such 

challenges, genomic and gene expression data generated from FFPE biospecimens are often 

unquestionably accepted as an accurate reflection of the physiological condition of the 

patient. Literature evidence suggests, however, that analytical endpoints obtained with FFPE 

biospecimens reflect not only the physiology of the patient but a compilation of fixation, 

processing, and analytical influences. The aims of this review are (i) to assess the 

physiological accuracy of genomic and gene expression data generated with FFPE 

biospecimens across different platforms, assays, and diagnoses, and (ii) to identify analytical 

factors that can influence and maximize concordance between data generated with FFPE 

biospecimens and fresh or snap-frozen controls.

Methods

Published articles comparing genomic or gene expression analyses in case-matched FFPE 

and snap-frozen or fresh neoplastic tissue biospecimens were identified by searching the 

Biospecimen Research Database (BRD) (http://biospecimens.cancer.gov/brd), developed 

and maintained by the National Cancer Institute's Biorepositories and Biospecimen Research 

Branch. The BRD is a publicly available online database that summarizes and catalogs peer-

reviewed journal articles investigating pre-analytical variability in human biospecimens. A 

preliminary list of articles obtained from the BRD was expanded through cross-referencing 

and targeted searches of the PubMed database (pubmed.gov; National Institutes of Health). 

The primary meta-analysis resulted in the identification of 68 relevant primary research 

articles; this list was further truncated to 34 representative articles due to reference 

limitations. Inclusion criteria favored reports that (i) were published within the last 10 years, 

(ii) analyzed biospecimens procured from 5 or more patients, and (iii) used current and 

relevant platforms for analysis. Exceptions to inclusion criteria were made when novel as 

opposed to supportive findings were reported (see Supplementary Table 1). Results 

discussed below were limited to those obtained by whole genome or transcriptome analysis 
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or targeted investigation of genes or transcripts relevant to cancer research using matched 

FFPE and frozen or fresh human biospecimens.

DNA analysis of FFPE biospecimens: success rates and challenges

Analysis of FFPE biospecimens by genotyping and copy number determination would 

permit genetic evaluation of surplus and archived pathology biospecimens, which could lead 

to a better understanding of the role that genetic variants play in cancer progression. 

However, success rates with FFPE biospecimens are often lower than those reported for 

fresh or frozen biospecimens, although the extent of the effect is dependent upon the 

analytical platform. For example, in FFPE biospecimens, genotyping success (measured by 

the number of sequencing reads) was strongly correlated with matched frozen controls when 

analyzed by next generation sequencing (NGS) (r=0.82)(6). In contrast, when utilizing 

microarray analysis, FFPE biospecimens exhibited lower success rates than frozen 

biospecimens with molecular inversion probe arrays (88% versus 100%) (7) and lower call 

rates with microarrays (31.86-86.30 versus 90.07-93.99) (8). Success rates for copy number 

analysis of FFPE biospecimens differ among platforms. Rates comparable to those obtained 

with frozen biospecimens were reported with traditional sequencing (6). However, a real-

time PCR-based assay (9) and microarray (7,10) resulted in lower success rates for FFPE 

compared to frozen biospecimens. Despite robust detection rates (95-99%) for DNA 

methylation analysis of FFPE biospecimens by array (11-13), FFPE biospecimens yielded 

significantly fewer detectable loci by array (11) and a lower percentage of interpretable 

results by pyrosequencing (55-75% versus 87-97%) (14).

Genotyping: accuracy in FFPE tissue

The level of genotype concordance between FFPE and matched frozen biospecimens varies 

among analytical platforms and reports, ranging between >99% by high-throughput 

sequencing (15) and molecular inversion probe microarray (7), > 90% by microarray (8,16), 

and between 59% (17) and 82% (18) by traditional sequencing. Although the relatively high 

concordance values of some platforms provide support for the use of FFPE biospecimens for 

genotype determination, such values fail to capture potential differences in copy number or 

false discovery rates of cancer-relevant mutations. Large differences in false discovery rates 

have been reported among methods and reports, which cautions against the use of FFPE 

biospecimens without proper validation. For single nucleotide variants (SNVs) false 

discovery rates (defined as SNVs identified in FFPE but not frozen biospecimens) showed 

platform-specific differences ranging from <1-15% for NGS depending on coverage 

(5-80X) (15,19), 18% for SNP arrays (10), and 59% for traditional sequencing (17). 

Recognizing that platforms differ in scope as well as sensitivity, we examined discordance 

across reports for a single gene, the proto-oncogene KRAS. Variability in concordance 

between FFPE and frozen biospecimens for KRAS mirrored that reported for whole genome 

analysis; in FFPE biospecimens, 6% of KRAS variants were misclassified as wild type by 

high resolution melting analysis (18), and 18-20% were misclassified by traditional 

sequencing (18,20). Recognizing that any occurrence of misclassification could impose a 

risk of misdiagnosis, we questioned the sources of discordance and sought to identify 

analytical factors that could improve accuracy.
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Discordance in genotyping results between FFPE and frozen biospecimens has been 

attributed, at least in part, to an increase in the number of mutations detected in FFPE 

biospecimens (6,21). More specifically, there were higher incidences of transversion 

mutations (19), transition mutations (21), and small insertions or deletions (21) in FFPE 

biospecimens compared to frozen controls. Also, while mutations at A:T base pairs were 

more commonly identified in FFPE biospecimens than mutations at G:C base pairs(21), it 

was the GC-content of the target sequence which ultimately influenced discordance between 

FFPE and frozen biospecimens (6,10), as the strongest correlation occurred when the GC-

content of the sequenced fragments was 40% (r=0.97) (6). Similarly, single-nucleotide 

polymorphism (SNP) detection via microarray using FFPE biospecimens was most 

successful in regions with a GC-content of 35-55% where loss of detection and miscall 

counts were the lowest (10). Increasing the stringency of coverage during NGS from 20× to 

40× coverage reduced discordant loci between FFPE and frozen biospecimens from 1% to 

0.2% (15) and attenuated the effects of GC-content on correlation strength (6).

Copy Number determination: accuracy in FFPE tissue

The vast majority of published studies conflict as to whether copy number is similar 

between FFPE and frozen biospecimens (6,7,19), or whether small (7,19) or large 

differences (10,22) exist. Notably, the largest disparities between FFPE and frozen 

biospecimens occurred following whole genome amplification (WGA), which reduced 

concordance from 59 to 48% (10), or were attributable to platform choice. Copy number 

agreement between FFPE and frozen biospecimens was >98% using Agilent 4×44 K 

oligonucleotide arrays but was just 53.8-87.3% when determined by Affymetrix SNP 6.0 

arrays using the same biospecimens (22). Tumor heterogeneity may also be a contributing 

factor in copy number disparity between FFPE and frozen biospecimens, as copy number 

data, when used in concert with allele ratio, can reportedly be used to extrapolate the extent 

of stromal contamination (7).

DNA Methylation: accuracy in FFPE biospecimens

The accuracy of promoter methylation data generated with FFPE biospecimens depends 

upon the context in which it will be used. Unsupervised cluster analysis of FFPE 

biospecimens using methylation chip arrays successfully separated tumor from normal 

adjacent biospecimens (11) and tumor biospecimens by CpG island methylator phenotype 

(CIMP) status, which included biospecimens with KRAS mutations (13); however, samples 

first clustered by preservation method then by diagnosis in all but one study (12). 

Methylation levels, on the other hand, were more variable, as correlations between FFPE 

and frozen biospecimens ranged from strong (r2=0.97) for the entire biospecimen cohort 

(12) to only 10% of biospecimens displaying a strong correlation (r ≥ 0.6) (11). 

Commonality among tumor-specific differentially methylated loci (DML) was sub-optimal 

between case-matched FFPE and frozen biospecimens, as only 61% of DML identified in 

frozen biospecimens were also identified in FFPE biospecimens (13) and only 7 loci 

appeared on lists of the top 50 DML for both frozen and FFPE biospecimens (11). Two 

articles also reported lower efficiency for the required bisulfite conversion step with FFPE 

biospecimens compared to frozen biospecimens (13,14). While a number of variables 

differed between reports, the extraction method, DNA restoration method, and array type 
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were common among several of the conflicting reports; therefore it is unlikely that any of 

these factors alone are responsible for the reported effects. Conversely, the DNA region 

analyzed (14), batch effect (13), and FFPE block storage (13) have been demonstrated to be 

confounding variables to methlyation analysis within a study.

DNA analysis of FFPE biospecimens: Lessons from the literature

The accuracy of genotyping and copy number determination with FFPE biospecimens was 

variable across analytical platforms and publications. However, a high degree of 

concordance with frozen biospecimens has been achieved for genotyping when FFPE 

biospecimens were analyzed by microarray, NGS or high resolution melting analysis, and 

when targeted regions had a GC content of 30-55% (6,10), and when a NGS stringency of 

40× coverage or greater was applied (6,15). For copy number analysis, discordance was 

minimized when WGA was omitted (10) and oligonucleotide arrays were used rather than 

SNP arrays (22). For DNA methlyation analysis, detection rates were improved when DNA 

was extracted from FFPE biospecimens using a FFPE-specific kit (14). While favorable 

results were reported when a DNA restoration step was applied after bisulfite conversion, 

validation of the restoration step with proper controls has not yet been reported. Validation 

with a case-matched frozen cohort is required when optimizing analytical methods for use 

with FFPE biospecimens due to the elevated risk of misclassification, false discovery rate, 

and variable levels of concordance, all of which could confound the discovery of new 

mutations and the detection of known mutations in cancer diagnosis.

RNA expression analysis: success rates and challenges

RT-PCR and transcriptome analysis using FFPE biospecimens would facilitate rapid 

screening for and confirmation of important transcripts involved in disease causality or 

progression; however, success rates for such analytical platforms vary when used with FFPE 

biospecimens. Some studies report decreased success in the form of efficacy (1-3,23,24) or 

percent present calls (3,24-27) for RT-PCR, microarray, and cDNA-mediated Annealing, 

Selection, Extension, and Ligation (DASL) analysis of FFPE biospecimens in comparison to 

frozen counterparts. Other studies report equivalent performance among differentially 

preserved biospecimens (1,28,29). Of the studies that reported decreased success in FFPE 

biospecimens, differences were attributed to RNA degradation, leading to alterations in 

transcript abundance and length (2,3,23,24). Importantly, such alterations are not global, as 

transcript-specific effects have been noted (30). For example, the agreement between real-

time qRT-PCR and microarrays using FFPE biospecimens was reported to be strong only 

when similar locations within the transcript are targeted (27). Analytical parameters such as 

amplicon size and priming method can be manipulated to improve assay success. While RT-

PCR success with FFPE biospecimens is influenced by amplicon size (2,23,24,28), reliable 

qRT-PCR data has been obtained with both FFPE and frozen biospecimens for amplicons 

between 54 and 105 bp in length (2). One study reported that low percent present rates for 

FFPE biospecimens increased when samples were primed with both oligo dT and random 

hexamer primers and analyzed by Exon arrays (25), while another study reported an increase 

following transcript repair (24).
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RT-PCR: accuracy in FFPE biospecimens

The accuracy of the RNA expression data generated with FFPE biospecimens, extrapolated 

by the degree of concordance with fresh or frozen counterparts, is dependent on a number of 

analytical factors including the transcript of interest, RNA amplification, and the number of 

genes used for normalization. Despite differences in raw cycle threshold (Ct) values of 3-10 

cycles between FFPE and frozen biospecimens, a strong correlation (r=0.93) has been 

achieved when levels are normalized to one or more transcript(s) (2). Notably, transcript- 

and tumor-specific effects necessitate the evaluation of individual transcripts and tumor 

types. To illustrate, in FFPE carcinoma biospecimens, normalized levels of p21 were 104% 

higher than those of matched frozen biospecimens while those of VEGF were 498% higher 

than those of frozen controls (30), but this difference was smaller in non-tumor 

biospecimens (p21 was 56% and VEGF was 86% of frozen) (30). A pre-amplification step 

can also adversely affect concordance and assay efficacy, as amplification of RNA from 

FFPE biospecimens resulted in modestly weaker correlations to unamplified frozen 

biospecimens (0.88 versus 0.954) (31). However, when RNA amplification was preceded by 

a complementary-template reverse transcription repair step, in FFPE biospecimens, it 

resulted in longer transcripts than those obtained with untreated FFPE controls (maximum 

length: 750 bp versus <200 bp), although a number of tissue-specific transcripts were lost 

(24). Differences in relative expression between FFPE and frozen tissue were also 

influenced by the number of transcripts used for normalization of real time qRT-PCR (2), 

and while the strongest correlations were reported with 2 normalization transcripts, 

transcript choice and the number used are not universal, and verification by comparison with 

frozen biospecimens is still required (2).

Microarray and DASL

The accuracy of RNA expression data generated with FFPE biospecimens by microarray or 

DASL, extrapolated by the strength of correlation with a fresh or frozen biospecimen cohort, 

varied widely between reports and RNA subtypes. Correlations in mRNA microarray 

expression levels between FFPE and frozen biospecimens ranged from very weak 

(r=0.02-0.10) (24) to modest (r=0.45-0.62) (26,32) to strong (r=0.743-0.837) (24) to very 

strong (r=0.80-0.96) (28). When strong or very strong correlations were reported between 

mRNA levels from FFPE and frozen biospecimens, the level of variability observed among 

FFPE biospecimens was still greater than that observed among frozen controls (3,23,24). 

Conversely, correlations for miRNA microarray levels between FFPE and frozen 

biospecimens were stronger and less varied in the literature, ranging from modest 

(0.53-0.92) (33) to strong (r=0.71-0.94) (34) or very strong (r>0.94) (1). Differences in the 

stability of RNA subtypes in FFPE biospecimens were also reflected in cluster analysis 

where miRNA expression levels, detected by microarray, clustered by patient diagnosis 

rather than preservation method (33), while mRNA levels analyzed by DASL clustered first 

by preservation method then by diagnosis (29). An interaction between diagnosis and 

formalin fixation was also identified by a 3-way analysis of variance (ANOVA) for 772 

genes (29). This interaction is particularly concerning as it resulted in the identification of 

differentially expressed transcripts between tumor and normal adjacent biospecimens for 

each preservation method, such that only 33% of the genes differentially expressed between 

tumor and normal tissue in FFPE biospecimens were also differentially expressed in frozen 
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biospecimens, and only 48% of those differentially expressed in frozen biospecimens were 

also differentially expressed in FFPE biospecimens (29). Affected transcripts included a 

number of breast cancer related genes such as APC, CDKN2A, IGF1R, TGFA, TSG101 and 

ESR1 (29). This interaction between diagnosis and preservation method was also reported 

with microarray, as only 57% of genes differentially expressed between neoplastic and 

normal adjacent FFPE biospecimens were also identified in frozen biospecimens (3). 

Further, transcript levels differed between neoplastic and normal adjacent tissue in a 

preservation method-specific manner; as such, manipulating the threshold of differential 

expression from > 2-fold to > 5-fold subsequently increased the concordance between the 

two preservation methods to 90% (3).

The discordance in RNA expression between FFPE and frozen biospecimens outlined above 

has been attributed, at least in part, to the location of the probe or primer set within the 

transcript, the GC-content of the targeted region, the priming method employed during 

reverse transcription, and assay choice. In FFPE biospecimens, probes that targeted the 5’ 

end of the transcript produced a less intense signal than those located in the 3’ untranslated 

region (UTR) (3). GC-content of the targeted region may also confound analysis, as the 

strongest correlations between FFPE and frozen biospecimens were generated with GC-rich 

probes (40-60%) (35). Similar to real-time qPCR, transcript repair increased both the 

percent present calls in FFPE biospecimens and the correlation coefficient with matched 

frozen specimens (24). Finally, use of Human exon 1.0 arrays rather than Affymetrix U133 

Plus 2.0 arrays increased the gene level sensitivity from 75-80% to 93% and the specificity 

from 92% to 94-96% (25).

RNA analysis of FFPE biospecimens: Lessons from the literature

The literature shows that the use of FFPE tissue to conduct mRNA transcriptome analysis 

may result in artifactual findings unless validation studies are performed using fresh or 

frozen biospecimens. While reported correlations in miRNA expression were, at times, very 

strong between FFPE and frozen biospecimens (1,33), in other instances correlations were 

weaker than expected for replicates (33). Disparities in RNA expression between 

preservation methods have been attributed to location within transcript (3), target size 

(2,23,24,28), normalization methods (2), transcript-repair (24), analysis criteria (3), and 

platform choice (25). Further, in real-time qRT-PCR analysis, transcripts were not affected 

equally (30) and thus normalizers must be carefully validated (2). When performing RNA 

expression analysis by microarray, exon arrays performed better than the U133 arrays, 

especially in combination with NuGAN FFPE labeling (25). For microarray analysis, 

increasing the threshold of effect for differential expression between tumor and non-tumor 

biospecimens has increased concordance between FFPE and frozen biospecimens (3). In 

terms of concordance between analytical platforms, it is worthwhile to note that agreement 

between real-time qRT-PCR and microarrays is high only when similar locations within the 

transcript are targeted (27).

Discussion

The accuracy of genomic and gene expression data generated with FFPE biospecimens 

varied among analytical platforms, with the highest degree of concordance with frozen 
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biospecimens reported with oligonucletide microarrays, NGS or high resolution melting 

analysis for genotyping or copy number, and real-time PCR, microarray or DASL for gene 

expression analysis. However, discrepancies in concordance between FFPE and frozen 

biospecimens existed between reports, even for a common platform. Notably, relying solely 

on concordance is itself a hindrance, as correlations fail to capture such clinically relevant 

differences as false discovery rates, copy number differences, and transcript- or promoter-

specific effects, which could translate to misclassification, misdiagnosis, or the false 

discovery of cancer-specific biomarkers. Such differences, coupled with the ability by some 

to obtain data from FFPE biospecimens that is strongly correlated with that of frozen 

biospecimens, indicate that factors beyond platform choice can influence data accuracy and 

ultimately affect the identification and study of cancer-specific nucleic acid markers. Based 

upon the evidence from the literature, GC content (6,10,35) and position of the probe within 

the transcript (3), the type of array (3,25), amplicon size (2,24,28), the selection and number 

of transcripts used for normalization (2), and the use and type of pre-amplification (10) and 

transcript repair (24) can be optimized for use with FFPE biospecimens using frozen 

biospecimens as a control, thereby increasing the accuracy of the data generated. Such 

validation has proven to be critical due to the specific nature of effects reported for different 

genes, transcripts, diagnoses, and tissue types. Further, certain FFPE regimes, such as 

formalin fixation for 72 h or more, have also been shown to alter nucleic acid endpoints 

(30), suggesting that validation may also be necessary for biospecimens processed under 

different fixation protocols. Whether optimization of biospecimen fixation and processing 

protocols for DNA and RNA analyses would translate to increased reliability of the data has 

yet to be determined. However, it is important to remember that, even after optimization, 

some disparities between frozen and FFPE biospecimens remain. While often these 

disparities have little impact on the study outcome, the identification of an interaction 

between fixation method and diagnosis has the potential to lead to false avenues for cancer 

research.

While analytical optimization and validation may allow researchers to extract valuable 

information from FFPE biospecimens, such procedures circumvent the underlying issue: the 

introduction of artifacts and variability by sub-optimal and non-standardized fixation and 

processing regimes. With regard to the collection of new biospecimens, many have reported 

successful and accurate molecular data with formalin-free fixatives, such as BHP (36), 

HOPE® (37), PAXgene Tissue™ (38), Streck® (39), and RCL-2® and Boonfix (40). 

Although formalin alternatives are promising, a single alternative fixative has yet to be 

universally adopted by researchers and biobanks and the impact of pre-analytical variability 

on biospecimens preserved by these new techniques must be addressed. Given that FFPE is 

so widely used today, it is important to note that realistic steps can be taken in order to 

improve FFPE protocols and thus improve the utility of FFPE for research and molecular 

diagnosis. Targeted improvements to FFPE protocols must be based on scientific evidence 

on specific pre-analytical factors that affect downstream analysis as well as acceptable 

thresholds. Such an evidence-based approach can permit both the reevaluation of banked 

FFPE biospecimens as well as the development of standardized protocols for prospective 

biospecimen collection. NCI is piloting such an approach through the concept of 

Biospecimen Evidence-Based Practices, procedural guidelines developed using literature 
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evidence. The first set of guidelines, related to snap-freezing of resected tissues, was 

published earlier this year (http://biospecimens.cancer.gov/resources/bebp.asp) (41), and 

additional documents for FFPE are in preparation. There is also a pressing need for 

biomarkers of biospecimen quality to enable fit-for-purpose use of archived FFPE blocks, 

which may be associated with a wealth of clinical information. Current measures of RNA 

and DNA integrity, such as RNA Integrity Number (RIN), can prove to be unsuitable for 

FFPE biospecimens. Development of platform-specific biomarkers of stability could qualify 

archived biospecimens for molecular analysis and improve both the reliability and 

confidence in the resultant data.

In conclusion, the accuracy of genotyping and mRNA expression data produced using FFPE 

biospecimens varies widely between reports and is affected by analytical parameters. The 

high levels of concordance produced by some studies, combined with advantages such as the 

ability to use biospecimens previously used for IHC or morphology, make these 

biospecimens particularly valuable for cancer research. However, discordance in nucleic 

acid analysis even when small can lead to the identification of biomarkers of biospecimen 

handling rather than those of disease state and could confound patient diagnosis. Based upon 

evidence published to date, validation of analytical parameters with a properly handled 

frozen cohort is necessary to ensure a high degree of concordance and confidence in the 

results obtained with FFPE biospecimens.
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