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Abstract
BACKGROUND
Genetic tests are increasingly performed for the management of unresectable pancreatic cancer. For genotyping aimed samples current guidelines recommend using core specimens, although based on moderate quality evidence. However, in clinical practice among the endoscopic ultrasound (EUS) guided tissue acquisition methods, fine needle aspiration (FNA) is the most widely performed. 

AIM
To assess the adequacy for next generation sequencing (NGS) of the DNA yielded from EUS-FNA pancreatic adenocarcinoma (PDAC) samples. 

METHODS
Between November 2018 and December 2021, 105 patients with PDAC confirmed by EUS-FNA were included in the study at our tertiary gastroenterology center. Either 22 gauge (G) or 19G FNA needles were used. One pass was dedicated to DNA extraction. DNA concentration and purity (A260/280, A260/230) were assessed by spectrophotometry. We assessed the differences in DNA parameters according to needle size and tumor characteristics (size, location) and the adequacy of the extracted DNA for NGS (defined as A260/280 ≥ 1.7, and DNA yield: ≥ 10 ng for amplicon based NGS, ≥ 50 ng for whole exome sequencing [WES], ≥ 100 ng for whole genome sequencing [WGS]) by analysis of variance and t-test respectively. Moreover, we compared DNA purity parameters across the different DNA yield categories.

RESULTS
Our cohort included 49% male patients, aged 67.02 ± 8.38 years. The 22G needle was used in 71% of the cases. The DNA parameters across our samples varied as follows: DNA yield: 1289 ng (inter quartile range: 534.75-3101), A260/280 = 1.85 (1.79-1.86), A260/230 = 2.2 (1.72-2.36). DNA yield was > 10 ng in all samples and > 100 ng in 93% of them (one sample < 50 ng). There were no significant differences in the concentration and A260/280 between samples by needle size. Needle size was the only independent predictor of A260/230 which was higher in the 22G samples (P = 0.038). NGS adequacy rate was 90% for 19G samples regardless of NGS type, and for 22G samples it reached 89% for WGS adequacy and 91% for WES and amplicon based NGS. Samples with DNA yield > 100 ng had significantly higher A260/280 (1.89 ± 0.32 vs 1.34 ± 0.42, P = 0.013). Tumor characteristics were not corelated with the DNA parameters.

CONCLUSION
EUS-FNA PDAC samples yield DNA adequate for subsequent NGS. DNA amount was similar between 22G and 19G FNA needles. DNA purity parameters may vary indirectly with needle size.
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Core Tip: Genetic testing is increasingly undertaken in pancreatic adenocarcinoma (PDAC). The main diagnostic method is endoscopic ultrasound (EUS)-guided tissue acquisition and fine needle aspiration (FNA) is most frequently performed in clinical practice. However, current guidelines recommend using core specimens for genotyping aimed samples. In our cohort analysis, we show that EUS-FNA PDAC samples yield DNA of adequate amount and purity for subsequent next-generation sequencing (NGS). DNA amount was similar between 22G and 19G FNA needles. DNA purity parameters may vary indirectly with needle size. EUS FNA PDAC samples may be used for NGS.

INTRODUCTION
Pancreatic cancer (PC) is among the most the most aggressive malignancies with a mortality rate comparable to the incidence[1,2]. In more than 80% of cases it is detected in advanced stages that require systemic treatment[3]. Moreover, there is growing evidence about the benefits of neoadjuvant treatment over upfront surgery for the management of resectable pancreatic cancer[4]. Regardless of stage, anatomopathological confirmation of the disease is mandatory prior to chemo or radiotherapy initiation[5].
Endoscopic ultrasound (EUS) guided tissue acquisition (TA) is the main sampling method for the diagnosis of pancreatic solid lesions with high sensitivity (85%-89%) and specificity (96%-99%)[6]. Among the EUS-TA methods, fine needle aspiration (FNA) is the most widely performed[5].
Despite the high diagnostic accuracy, EUS-TA samples are still associated with an inconclusive diagnosis in 10% to 15% of cases[7]. Detection for KRAS mutations in inconclusive samples could decrease with up to 50% the rates of false negative results[6].
Precision medicine has changed the paradigm in oncologic treatment and although the targeted therapies are not yet routinely used in PC, it is known that up to 25% of the tumors harbor actionable alterations[8]. Molecular testing on tumor tissue for guiding personalized treatment is recommended in the current guidelines for the management of unresectable pancreatic adenocarcinoma (PDAC) amenable for anti-cancer therapy[9].
The roles of EUS-TA in PC have therefore broadened from tumor diagnosis to obtaining adequate samples for further molecular testing that enable the use of targeted therapies and may also increase diagnostic accuracy[6,9,10]. Although according to the current guidelines in pancreatic solid masses core tissue specimens should be used in downstream applications, there is increasing evidence on the feasibility of performing comprehensive genomic profiling based on FNA samples[5,11].
In our study we evaluated the adequacy for NGS (targeted, amplicon based, whole exome sequencing [WES] and whole genome sequencing [WGS]) of the DNA extracted from fresh EUS FNA PDAC samples, in terms of quantity and purity as measured by spectrophotometry. Moreover, we assessed the influence of needle the size and tumor characteristics on the DNA parameters.

MATERIALS AND METHODS
Study design and settings
The research was conducted in Fundeni Clinical Institute—a tertiary gastroenterology referral center in Bucharest, Romania, between November 2018 and December 2021. This prospective observational study was approved by the Internal Review Board of Fundeni Clinical Institute. Patients provided informed consent for EUS-FNA and study enrolment before the procedure.

Study participants
For enrolment, we assessed the cases with pancreatic lesions referred to our department for EUS-TA. The eligibility criterion was—diagnosis of PDAC established by EUS-FNA. We only considered for inclusion in the study patients with a high suspicion of PDAC (as evaluated by clinical, biological, and imaging criteria). Patients with subsequent diagnoses other than PDAC were excluded from our analysis.
Highly experienced endosonographers performed all the procedures and all patients were under propofol sedation. A linear echoendoscope was used (EG-3870UTK, Pentax, equipped with a Hitachi Arietta v70 processor, Tokyo, Japan) and either 19 gauge (G) or 22G FNA needles (EchoTip Ultra Endoscopic Ultrasound Needle; Cook Medical, Bloomington, IN, United States). The endosonographer decided on the needle type. After obtaining the samples for the pathological diagnosis, one pass was dedicated to sample acquisition for DNA extraction. The needle stylet or air flushing were used to facilitate the specimen extrusion. The samples dedicated to diagnosis were smeared onto slides and fixed with ethanol and/or placed into 10% formalin for further paraffin fixation and cell block analysis, FNA yielded small tissue fragments (about 50% of cases). Dedicated pathologists with extensive experience in cytology techniques assessed the samples on site. The diagnosis of PDAC was confirmed if the pathology findings were positive or suspicious for malignancy[12]. The samples purposed for DNA extraction were placed directly in 1.5 mL of RNA later solution, in 2 mL Eppendorf tubes and kept at room temperature until DNA extraction that was performed within 4 h after sampling. For DNA extraction we used a commercially available silica membrane-based column DNA extraction kit (PureLink™ Genomic DNA, Invitrogen™, Waltham, MA, United States) according to the manufacturer’s indications.
The purity and quantity of the extracted DNA were assessed immediately after extraction by spectrophotometry (Nanodrop, Thermo Fisher™, Waltham, MA, United States). The DNA concentration was measured in ng/μL and the purity was assessed by the absorbance ratios—A260/280 and A260/230 (the ratios between absorbances of the samples at 260 nm—which is characteristic for nucleic acids, and 280 nm and 230 nm respectively)[13]. The optimal DNA parameters for second generation high throughput sequencing were considered as follows: for DNA yield ≥ 100 ng will be sufficient for NGS of any type (whole genome—WGS, whole exome—WES or amplicon based targeted NGS), for WES at least ≥ 50 ng are required, whereas for amplicon based targeted NGS a minimum of 10 ng is necessary[14-16]. The main purity parameter assessed in terms of NGS adequacy is A260/280 and values ≥ 1.7 are considered optimal[17]. A260/230 is a secondary purity parameter with optimal values ranging between 2.0-2.2[17]. Abnormal values of the purity parameters reflect mainly a contaminated sample with proteins, phenols, carbohydrates, salts among others[17]. To calculate the DNA yield we multiplied the measured concentration with the elution volume which was 25 μL in all cases. The DNA samples were stored at -80 °C until further analysis. We have successfully performed targeted amplicon based NGS in 20 of the collected samples, using the Illumina NextSeq500 platform. 

Data sources
Two investigators, trainees in gastroenterology, collected the data using a customized form. Among the gathered information, we used in our study: patients demographics (age, gender), tumor characteristics—size (mm)—the maximum diameter measured during EUS) and location (coded as head/neck or body/tail respectively), if cross-sectional imaging was performed we also collected—TNM (tumor, node, metastasis) stage according to the American Joint Committee on 8th Cancer edition[18], and the vascular invasion status; information about the procedure: total number of passes, needle size (recorded either during the procedure or retrieved from the EUS registry of the department), the parameters for the extracted DNA—concentration and absorbance ratios. We included in our analysis only samples from patients with confirmed PDAC on the FNA specimens.

Outcomes
Our end-points were as follows: to evaluate the adequacy for NGS of the DNA extracted from EUS-FNA PDAC samples we generated several categorical variables based on the previously mentioned criteria: three of them defining optimal DNA yield for the main types of NGS with the cut-offs: ≥ 100 ng for WGS, ≥ 50 ng for WES and ≥ 10 ng for amplicon based targeted NGS, and one for optimal DNA purity: A260/280 ≥ 1.7. NGS adequacy was defined as optimal parameters for both DNA yield and purity for each type of NGS (WGS, WES and amplicon based NGS adequacy respectively). The definitions of the categorical variables are detailed in Supplementary Table 1. The variables were coded as 1 if the corresponding criteria were accomplished and 0 if not. We also compared the purity parameters between the predefined categories of optimal DNA yield. Furthermore, we assessed the association between the FNA needle size and tumor characteristics (diameter and location) and the DNA parameters (DNA concentration [ng/μL], A260/280, A260/230).

Statistical analysis
Continuous variables are computed as either mean and standard deviation (mean ± SD) or median and inter quartile range. We analyzed the impact of needle size on DNA parameters by one way analysis of variance. We assessed the association between needle size and NGS adequacy using chi-square test. The impact of both needle size and tumor characteristics on the DNA parameters was evaluated by linear regression, while their impact on DNA NGS adequacy was evaluated by logistic regression respectively. The differences in purity parameters across the predefined DNA yield categories were assessed with independent sample t-test. Data was normalized using a two-step approach—transforming the variable into a percentile rank and subsequent inverse-normal transformation[19]. Two-tailed alpha of 0.05 defined statistical significance. Data analysis was performed with SPSS (IBM Corp. Released 2020. IBM SPSS Statistics for Windows, Version 27.0. IBM Corp, NY, Armonk, United States). The statistical review of the study was reviewed by Daniel Veres, MD, PhD who is a biomedical statistician at Center for Translational Medicine of Semmelweis University.

RESULTS
Patients characteristics
The characteristics of patients included in our analysis are summarized in Table 1. Out of the 128 patients who accepted to participate in our study, 105 were confirmed with PDAC subsequent to EUS-FNA (Figure 1). Sex distribution was almost equal and the mean age at diagnosis was 67.02 ± 8.38 years. Tumors were more frequently located in the head or neck of the pancreas than in the body or tail, and the tumor diameter was in average 43.66 ± 14.83 mm. More than half of the cases were metastatic at diagnosis. Most of the samples were acquired with 22G FNA needles—75 (71%).

Adequacy of the EUS-FNA PDAC samples for second generation high throughput analysis
In our cohort the DNA yield was in average 1289 ng (inter-quartile range: 534.75-2995). All samples resulted in more than 10 ng of DNA while 98 (93%) of them yielded more than 100 ng of DNA. All 7 samples from which less than 100 ng of DNA were extracted, were acquired with 22G needles, and only one yielded below 50 ng of DNA. In our analysis, needle size was not correlated with DNA NGS adequacy rate regardless of NGS type (Supplementary Table 2). For 19G needles, NGS adequacy rate was 90% for all types of NGS while for the 22 G needles the adequacy rate was 89% for WGS and 91% for both WES and amplicon based NGS. Tumor location and diameter did not significantly influence DNA NGS adequacy regardless of NGS type. When comparing the purity parameters across the predefined DNA yield categories (Table 2), the only significant difference we found was for the A260/280 parameter which was significantly higher in the samples with DNA yield ≥ 100 ng (1.89 ± 0.32 vs 1.34 ± 0.42, P = 0.013).

Association between FNA needle size and DNA parameters
The DNA parameters across our samples were as follows: median concentration 51.56 ng/μL (21.39-124.04), A260/280 = 1.85 (1.79-1.86), A260/230 = 2.2 (1.72-2.36). The association between FNA needle size and the extracted DNA parameters are summarized in Figure 2. Needle size did not influence the concentration of the extracted DNA nor the A260/280 ratio. The median A260/230 was significantly higher in the 22G samples than in 19G samples (P = 0.038). In multivariate analysis (on needle size, tumor location and tumor diameter) the only independent predictor of A260/230 was needle size (β = 0.36, t(104) = 2.1, P = 0.038). None of the DNA parameters were significantly influenced by the tumor size or location.

DISCUSSION
The quantity and quality of the genetic material extracted from tumor samples are essential for their adequacy for downstream genetic analyses performed to further guide the individualized cancer therapy[21]. The requirements for NGS dedicated specimens vary with extraction protocols and testing method, but also with acquisition method, sample manipulation, disease type[22]. Although prior research has demonstrated the suitability of several pancreatic EUS-TA sample types for a range of comprehensive genetic testing techniques, the best sampling protocol for this use is still up for debate[23]. The current guidelines recommend the use of core samples for molecular testing in pancreatic solid lesions based on a moderate level of evidence[6,11].
Our cohort analysis revealed that FNA needle size does not influence the concentration and the primary purity parameter (A260/280) of the DNA extracted from 19G or 22G EUS-FNA PDAC samples. However, needle size was the only independent predictor of A260/230. Tumor diameter and location did not influence the DNA purity and concentration parameters. Based on the purity and DNA yield thresholds there were no significant differences in NGS adequacy rates between the two FNA needle sizes. NGS adequacy rate was 90% for 19G needle samples regardless of NGS type, while for the 22G needle samples it was 89% for WGS and 91% for both WES and amplicon based NGS. Regarding purity parameters, A260/280 was significantly better in samples with DNA yield above 100 ng. We further successfully performed targeted amplicon based NGS on a subgroup of 20 samples.
Park et al[24] evaluated which of the EUS-TA related factors and tumor characteristics have a significant impact on the NGS success rate on a cohort of 190 PDAC confirmed cases. They used for DNA analysis the remaining material after acquiring cytologic or histologic specimens for PDAC diagnosis[24]. As needed, 19G, 22G or 25G FNA or Fine needle biopsy (FNB) needles were used[24]. While tumor location in the body or tail of the pancreas was associated with a higher NGS success rate in their cohort than head or uncinate process tumor location, in multivariate analysis the only independent predictor of NGS success was a greater needle size (19G and 22G vs 25G)[24]. Although we were able to evaluate only a surrogate marker of NGS success, respectively—the adequacy of the DNA parameters for high throughput analysis, did we did not find a significant impact of tumor characteristics and neither of needle size on this outcome. Notably, we only used higher gauge needles (19G and 22G and not 25 G).
A group from Johns Hopkins evaluated the concordance of the mutational profiles assessed by targeted NGS between EUS-FNA snap frozen PDAC samples and the corresponding biopsy specimens from the primary tumors that were subsequently resected [25]. Although on a pool of 16 cases only, they detected a 100% concordance between the two sample types for KRAS mutations. They concluded that it is feasible to perform NGS on FNA samples and the results are reliable in complementing pathology results[25].
Besides the parameters of the extracted DNA, the total cellularity and the tumor cell content of the samples are also essential for the assessment of adequacy for NGS[22,26]. We did not evaluate these metrics in our cohort, since we used dedicated FNA samples, processed directly after collection, for DNA extraction. However, we must emphasize that the same needle types were used for the samples dedicated to diagnosis and we only report on confirmed PDAC cases. Moreover, more than 50% of specimens obtained by FNA yielded small tissue fragments and were subjected to cell block techniques to increase the diagnostic accuracy. The most widely used NGS platforms to date require a sample cellularity between 1000 and 5000 cells and a minimum 10% “lesional to-non-lesional cell ratio”[26-28]. A group from MD Anderson compared these parameters between concurrently acquired, percutaneous, image guided FNA and core needle biopsy samples in 24 various malignancy cases. They obtained higher cellularity and better tumor fraction in the cytologic specimens, arguing that by comparison with core biopsies, during FNA the proportion of acquired stromal cells is lower[27].
In their study Berry et al[21] performed molecular profiling of 66 snap frozen EUS-FNA pancreatic cancer samples. They revealed a high epithelial and tumor cell content in their specimens and a low contamination with inflammatory, gastric or duodenal cells[21]. Moreover, they compared the DNA yield between the FNA samples dedicated to molecular testing and formalin fixed paraffin embedded cell-block preparations used for PDAC diagnosis, obtaining 10 times higher amounts of DNA from the FNA samples which was in average 4.8 ± 3.7μg[21]. This could be explained by the degrading effect of formaldehyde on nucleic acids and the cross-links formation between protein and DNA that it determines[22].
Cytologic specimens yield optimal DNA and have adequate cellularity for further NGS. The quality of nucleic acids is altered in samples previously fixed with formalin. More standardized procedures that are focused on specimen sparing and keeping costs and processing times within accessible ranges are needed for the optimization of the sample assessment in the preanalytical phase of NGS.

Implications for practice and research
Regarding the implications for practice our study has shown that both 19G and 22G fresh EUS-FNA PDAC samples yield DNA of adequate amount and purity for next generation high throughput sequencing, regardless of tumor size or location within the pancreas.  Overall, the NGS adequacy rates corresponded to the diagnostic accuracy of EUS-FNA samples in PDAC in our cohort[6]. A randomized controlled trial could reliably evaluate the cause-effect relationship between EUS needle G and DNA output from pancreatic cancer samples. Since the technical requirements in various clinical scenarios may limit the feasibility of randomization, prospective cohort studies of greater sizes that allow propensity score matching could decrease the influence of confounders in analyzing this association. Besides targeted NGS, the EUS-FNA samples yielding below 100 ng of DNA could be also used in other downstream applications for genetic testing like droplet digital PCR or TaqMan assays, which, although addressing fewer targets, have the advantage of good sensitivity for samples with low DNA amount.

Strengths and limitations
Even though relatively similar analyses have been previously reported, our study included a high number of samples[21,27]. Besides measuring the yielded DNA concentration and purity ratios, we were able to successfully perform NGS on subgroup of samples, functionality in the downstream application being a reliable method of sample adequacy evaluation[26]. Nevertheless, several limitations should be pointed out: (1) study design—one of the main limitations of our work—since lack of patients randomization precludes the evaluation of causality between needle size and samples’ NGS adequacy; (2) our study was performed in a tertiary gastroenterology center and all involved personnel were experts in their fields (endosonographers, pathologists, biologists); (3) the analysis was not based on a prior sample size calculation therefore our results must be interpreted with caution especially since 71% of the procedures were performed with one EUS-FNA needle type; (4) we did not use 25G needles for our samples therefore our conclusions cannot be extrapolated to all FNA needle sizes; and (5) lack of a comparison group comprising samples obtained by EUS-FNB—another main limitation of our study; to this end however we cite the study of Razzano et al[29] that compared the performance for NGS between FNA, FNB and resection PDAC specimens. They obtained similar success rates for mutation and amplification analysis between FNA and FNB samples and proposed FNA material as a source for comprehensive molecular testing[29]. Moreover, the spectrophotometric methods may overestimate the quantity of amplifiable DNA by measuring not only the double stranded fragments, but also single stranded DNA, free and oligonucleotides[22].

CONCLUSION
Acquiring EUS-FNA specimens dedicated for genetic testing is associated with a high adequacy rate for NGS of the extracted DNA. Nineteen and 22G EUS-FNA PDAC samples generate similar amount of DNA. DNA purity may vary indirectly with needle size in EUS-FNA samples. Further standardization in sample handling and cellularity assessment in the pre-analytical phase of NGS will increase reliability of the results for EUS-FNA PDAC samples and hence their usability in current practice.

ARTICLE HIGHLIGHTS
Research background
Due to the opportunities for personalized treatment in pancreatic adenocarcinoma (PDAC), genetic testing is increasingly performed. Fine needle biopsy is the method recommended for endoscopic ultrasound (EUS) guided tissue acquisition to obtain samples dedicated to downstream comprehensive molecular analyses. In current practice however, fine needle aspiration (FNA) is more widely accessible.

Research motivation
We evaluated the EUS-FNA PDAC samples in terms of adequacy for next generation sequencing (NGS) of the yielded DNA to assess the possibility of using this type of samples for genetic testing.

Research objectives
To investigate the association between DNA parameters (amount and purity) measured by spectrophotometry and FNA needle size (19 gauge [G] or 22G), and also tumor characteristics.

Research methods
We performed an observational prospective study on PDAC cases diagnosed through EUS-FNA at a tertiary center of Gastroenterology in Romania. During EUS one pass acquired samples dedicated to genetic testing. NGS adequacy was a dichotomus variable defined based on DNA parameters (purity: A260/280 ≥ 1.7 and DNA amount: ≥ 100 ng for whole genome sequencing, ≥ 50 ng for whole exome sequencing or ≥ 10 ng for amplicon based targeted NGS).

Research results
Our cohort analysis comprised 105 confirmed PDAC cases. The majority of samples were acquired with 22G FNA needles—75 (71%). The DNA amount was in average 1289 ng (inter-quartile range: 534.75-2995). All samples yielded more than 10 ng of DNA while 98 (93%) of them yielded more than 100 ng of DNA. Needle size was not correlated with DNA NGS adequacy rate regardless of NGS type. Needle size did not influence the concentration or A260/280 ratio of the extracted DNA. The median A260/230 was significantly higher in the 22G samples than in 19G samples (P = 0.038). In multivariate analysis (on needle size, tumor location and tumor diameter) the only independent predictor of A260/230 was needle size (β = 0.36, t(104) = 2.1, P = 0.038).

Research conclusions
Both 22G an 19G EUS-FNA PDAC samples are adequate for downstream NGS. FNA needle size and tumor characteristics did not significantly influence sample NGS adequacy rate. Greater FNA needle size might be associated with decreased sample purity.

Research perspectives
PDAC FNA samples (22 and 19G) yield samples of adequate purity and amount for NGS and can be used both in current practice and for research purposes.
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Figure Legends
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Figure 1 Patients recruitment and tumor sampling. EUS FNA: Endoscopic ultrasound guided fine needle aspiration.
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Figure 2 The association between needle size and DNA parameters. G: Gauge. To complement the graphical information, the additional data is given as median (min-max); aP < 0.005.

Table 1 Characteristics of the enrolled patients
	Variable
	Amount

	[bookmark: _Hlk103538512]Number of PDAC cases
	105 

	Age (yr)
	[bookmark: _Hlk102156718]67.02 ± 8.38

	Male (number of cases)
	51

	Tumor diameter (mm)
	43.66 ± 14.83

	Tumor location (number of cases) 

	Head/neck
	60

	Body/tail
	44

	Tumor stage (number of cases)F1

	IA
	1

	IB
	3

	IIA
	3

	IIB
	12

	III
	31

	IV
	55

	Needle size (number of samples)

	22G
	75

	19G
	30


F1according to American Joint Committee on 8th Cancer edition.
PDAC: Pancreatic adenocarcinoma; FNA: Fine needle aspiration; G: Gauge; NGS: Next generation sequencing. Data is given as: mean ± standard deviation, or median (inter quartile range).

Table 2 Purity parameters across the different DNA yield categories
	DNA yield
	Purity parameters

	
	A260/280
	A260/230

	≥ 100 ng
	1.86 (1.80-1.89)
	2.23 (1.79-2.35)

	≥ 50 ng
	1.85 (1.80-1.89)
	2.21 (1.7-2.36)

	≥ 10 ng
	1.85 (1.79-1.86)
	2.2 (1.72-2.36)
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