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Abstract

Purpose

Determine the characteristics of percutaneous core biopsies that are adequate for a next
generation sequencing (NGS) genomic panel.

Materials and methods

All patients undergoing percutaneous core biopsies in interventional radiology (IR) with sam-
ples evaluated for a 46-gene NGS panel during 1-year were included in this retrospective
study. Patient and procedure variables were collected. An imaging-based likelihood of ade-
quacy score incorporating targeting and sampling factors was assigned to each biopsied
lesion. Univariate and multivariate logistic regression was performed.

Results

153 patients were included (58.2% female, average age 59.5 years). The most common
malignancy was lung cancer (40.5%), most common biopsied site was lung (36%), and
average size of biopsied lesions was 3.8 cm (+/- 2.7). Adequacy for NGS was 69.9%. Uni-
variate analysis showed higher likelihood of adequacy score (p = 0.004), primary malig-
nancy type (p = 0.03), and absence of prior systemic therapy (p = 0.018) were associated
with adequacy for NGS. Multivariate analysis showed higher adequacy for lesions with likeli-
hood of adequacy scored 3 (high) versus lesions scored 1 (low) (OR, 7.82; p = 0.002). Mela-
noma lesions had higher adequacy for NGS versus breast cancer lesions (OR 9.5; p =
0.01). Absence of prior systemic therapy (OR, 6.1; p = 0.02) and systemic therapy </ =3
months (OR 3.24; p = 0.01) compared to systemic therapy >3 months before biopsy yielded
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greater adequacy for NGS. Lesions <3 cm had greater adequacy for NGS than larger
lesions (OR 2.72, p =0.02).

Conclusion

As targeted therapy becomes standard for more cancers, percutaneous biopsy specimens
adequate for NGS genomic testing will be needed. An imaging-based likelihood of adequacy
score assigned by IR physicians and other pre-procedure variables can help predict the like-
lihood of biopsy adequacy for NGS.

Introduction

Image-guided percutaneous biopsy has traditionally been used in oncology to procure repre-
sentative tissue from a radiologically detected lesion to determine histology. While this tradi-
tional role remains essential, acquisition of tissue to enable ancillary molecular testing is
becoming increasingly important in today’s era of precision medicine.

Rapid advancements in genomic sequencing technology, including next generation
sequencing (NGS), has allowed a growing number of genomic aberrations contributing to can-
cer pathogenesis to be discovered [1-5]. In parallel, pharmaceutical methods for targeting
these mutations via small molecule inhibitors and antibodies are being developed [6-10].
When used in unselected patients, these agents demonstrate minimal activity; however, when
used in patients whose tumors harbor the appropriate mutations, dramatic responses have
been described [11-13]. Thus, implementation of precision medicine requires a high-quality
tissue sample that can be tested for targetable genomic aberrations. Though surgical specimens
are occasionally available, they are often collected at distant time points and thus may not rep-
resent the current state of the tumor. Therefore, percutaneous biopsy specimens are often used
for molecular testing [14].

The increasing clinical and research demand for core biopsy specimens presents logistical
challenges that must be considered when using these specimens for molecular testing. Given
the small size of percutaneous biopsy specimens, NGS techniques with their lower DNA
requirements hold great promise to provide broad molecular analysis [15], but compared to
biopsy for histology, relatively tumor rich material with a significant number of tumor cells
present is needed for current NGS testing [16]. An additional challenge due to tumor heteroge-
neity [17] is selection of the most appropriate lesion and the most appropriate component of
that lesion. This problem can partially be addressed with advanced imaging techniques that
can demonstrate the more cellular components of lesions [18].

This study was undertaken to determine the patient, lesion, and procedural technique vari-
ables associated with acquisition of percutaneous core biopsy specimens that are adequate for
NGS.

Materials and methods

This was a Health Insurance Portability and Accountability Act (HIPAA)-compliant, Institu-
tional Review Board (IRB)-approved retrospective case series. This study was approved by the
University of Texas MD Anderson Cancer Center IRB.

Informed consent/authorization to use and disclose protected health information was
waived by the IRB because this was a retrospective case series that involved no diagnostic or
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therapeutic intervention, as well as no direct patient contact. Study staff were unable to obtain
consent from study subjects because the patients were not specifically scheduled for follow up
and may not have returned to MDACC; some were already deceased.

Identifiers (name, medical record number) were collected but were replaced by study num-
bers in the analytical file. Imaging/report dates were also collected as part of this study, in
order to identify different imaging for the same patient. The key linking these numbers was
retained in a locked file by the investigator. All study personnel completed training in methods
for maintaining the confidentiality of health information. Electronic records were stored on
password protected institution computers behind the institution firewall. Only the PT and
research staff involved in the study had access to this data. Complete confidentiality was main-
tained during this retrospective evaluation, manuscript preparation and submission.

Data was kept on a secure computer at MD Anderson (password protected and located in a
locked office). Paper records (data forms, list of patient names and unique identifiers, etc.)
were kept in a locked file cabinet with access granted only to study investigators. Only key per-
sonnel were allowed to view data. Data from each patient was anonymized and assigned a
unique identifier and stored where only the PI, Co-Chairs, Collaborators, and Research staff
have access to the data.

All patients who had percutaneous core biopsies between 1/1/11 and 12/31/11 with speci-
mens sent for NGS testing were included. Samples were sent for NGS when the patient’s
oncologist requested sequencing of two or more genes in the tissue sample because of the
lower DNA requirement with NGS (16). A total of 160 patients met inclusion criteria.

Biopsy technique

When a biopsy request was received, an attending interventional radiology (IR) physician
reviewed available diagnostic imaging and selected a target lesion. Written informed consent
for biopsy was obtained. Anticoagulation and antiplatelet medications were held and coagulo-
pathy was corrected before the procedure per consensus guidelines [19]. Biopsy procedures
were performed by or under the supervision of attending IR physicians. The plans for NGS
were not routinely available to IR physicians at the time of lesion selection or biopsy.

Most procedures were performed with moderate sedation, but occasionally general anes-
thesia was needed. After local anesthesia was obtained, a guiding cannula (13-19 gauge Chiba
for soft tissue or 11-13 gauge Osteo-site for bone; Cook Inc.; Bloomington, IN) was inserted to
the edge of the targeted lesion under image-guidance. Tissue specimens were obtained coaxi-
ally with fine needle aspirate (FNA) (22 g Chiba; Cook Inc.) and core biopsy (14-20 gauge
Quikcore for soft tissue or Ackermann for bone; Cook Inc.) needles. The number of FNA and
core specimens obtained, as well as the gauge of core biopsy needles used were determined by
the attending IR physician performing the biopsy procedure.

Biopsy specimen processing

FNA samples were smeared on glass slides and stained. On-site cytopathology assessment was
available at the discretion of IR physician. The core samples were fixed in neutral buffered for-
malin, embedded in paraffin, and tissue sections were stained with hematoxylin and eosin
(H&E).

When a request for genetic biomarker testing was received, a pathologist reviewed the H&E
stained tissue sections of the core specimen and determined if there was at least 20% tumor cel-
lularity in the specimen. If there was inadequate tumor cellularity, the sample was rejected for
inadequate tissue. However, if there was >/ = 20% tumor cellularity and greater than 2 genetic
biomarkers were requested, the sample was sent to our institution’s Clinical Laboratory
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Improvement Amendments (CLIA) certified Molecular Diagnostic Laboratory (MDL) for
NGS.

Next generation sequencing

The NGS platform used was Ion Torrent Personal Genome Machine (IT-PGM; Life Technolo-
gies, Carlsbad, CA) with the IT AmpliSeq cancer panel genomic library preparation protocol
(Life Technologies) to test 46 genes. This specific NGS test will be referred to as cancer muta-
tion screen 46 (CMS46). The amount of DNA was analyzed in the MDL and if found to be less
than 10 ng (0.85 ng/ul), this was annotated as a failure due to inadequate DNA. Additional
details of CMS46 are in Singh et al., [20].

Data collection and analysis

The medical records of all patients were reviewed for the following parameters: age, gender,
systemic therapy before biopsy, histologic diagnosis, fluorodeoxyglucose positron-emission
tomography/computed tomography (FDG-PET/CT) </ = 6 months before biopsy, biopsy site,
lesion size, primary tumor versus metastasis, imaging guidance, gauge of core biopsy, FNA
acquisition, time between biopsy and NGS request, and adequacy for NGS. Complications
were noted. The number and length of cores acquired were not routinely reported, but the
routine practice during the study period was to obtain 2-3 FNA specimens followed by 3-4
core specimens, whenever feasible.

Two attending IRs with 1 (SHS) and 19 (MJW) years of experience reviewed pre-procedure
imaging while blinded to the results of NGS testing. A likelihood of adequacy score was
assigned based on lesion imaging characteristics that reduced the likelihood of adequate lesion
targeting and sampling (Table 1). The scale used ranged from score 1 representing low likeli-
hood of adequacy for NGS assigned when three or more equally weighted problematic charac-
teristics were present or a highly problematic factor (i.e. any of the listed targeting or sampling

Table 1. Problematic lesion imaging characteristics affecting likelihood of adequacy score®.

Targeting Factors Sampling Factors
Small (<2cm) size Sclerosis
Proximity to high risk structures® Necrosis'
Unfavorable surrounding tissue®

Highly angled approach®

Location susceptible to motion®

a: Likelihood of adequacy score: 1 (low) when > 3 factors were present or a highly problematic factor (i.e.
any of the listed targeting or sampling factors manifesting in an extreme form such as a lesion completely
surrounded by high risk structures or a completely sclerotic lesion) was present, 2 (equivocal) when 2 factors
present, and 3 (high) when < 1 factor present

b: High risk structure is defined as any structure that must not be traversed by the biopsy needle, e.g. heart,
aorta, colon, major nerves, etc

c: Unfavorable surrounding tissue is defined as tissue that is at risk for complications when traversed by the
biopsy guide needle such as emphysematous lung or might be challenging to traverse such as bone.

d: A highly angled approach that requires a significantly out of plane trajectory can make it difficult to
confidently reach the target lesion, especially with CT guidance

e: Some locations are associated with significant motion whether respiratory motion such as
peridiaphragmatic lung or cardiac motion such as pericardial lesions, which makes accurate targeting
challenging

f: Necrosis is suggested by lack of contrast enhancement and/or FDG uptake

https://doi.org/10.1371/journal.pone.0189651.t001
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Fig 1. Example of likelihood of adequacy score 1 (low). (A) Fused PET/CT image showing a left lung
nodule that though FDG avid is small, deep in emphysematous lung (better seen in b), and adjacent to the
pulmonary artery. (B) Arrow points to needle in left lung nodule.

https://doi.org/10.1371/journal.pone.0189651.9001

factors manifesting in an extreme form such as a lesion completely surrounded by high risk
structures or a completely sclerotic lesion) was present (Fig 1), score 2 representing equivocal
likelihood of adequacy for NGS when two problematic characteristics were present (Fig 2), to
score 3 representing high likelihood of adequacy for NGS when no more than one problematic
characteristic was present (Fig 3).

A biopsy yielding material for histological assessment was considered technically successful.
A biopsy yielding sufficient genetic material to allow the CMS46 panel to be performed was
considered adequate for NGS. Descriptive statistics were collected. Univariate logistic regression
analyses were performed to determine influences on biopsy adequacy for NGS. Using back-
wards elimination starting from all variables described above a multivariate logistic regression
model (SAS 9.2; SAS Institute Inc., Cary, NC) was fitted to the data to investigate the presence
of higher dimension associations. A p value <0.05 was considered statistically significant.

Results

All 160 patients had technically successful percutaneous biopsies adequate for making a histo-
logic diagnosis. 7 patients were excluded from the analysis of adequacy for NGS because
CMS46 testing was not performed by the MDL (Fig 4).

Of the included 153 patients, 89/153 (58.2%) patients were female. The average age of
patients was 59.5 years (+/- 12.2). The average size of biopsied lesions was 3.8 cm (+/- 2.7).
The most common malignancy in the biopsy specimens was lung cancer (40.5%). The most

Fig 2. Example of likelihood of adequacy score 2 (equivocal). (A) Chest CT showing right lung nodule
that is small and in location (behind rib) requiring angled approach (B) Arrow points to needle in right lung
nodule. Small pneumothorax is noted.

https://doi.org/10.1371/journal.pone.0189651.g002
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Fig 3. Example of likelihood of adequacy score 3 (high). (A) PET/CT showing right lung lesion that is

large and FDG avid. Also, there is no aerated lung in the planned biopsy path. (B) Arrow points to needle in

right lung mass.

https://doi.org/10.1371/journal.pone.0189651.9003

common sites biopsied were lung (36%) and liver (27.5%). No prior systemic therapy had been
given in 25/153 (16.3%) patients. CT guidance was most commonly used (60.1%). 20g core
needles were used in the majority of cases (88.2%). PET scan was performed within 6 months

before the biopsy in 82/153 (53.6%) patients. The average time between biopsy and MDL

request was 68 days (+/- 122). Additional variables are noted in Tables 2 and 3.

160 patients

153 patients
included

7 patients excluded

Inadequate for NGS
46 (30%)

Adequate for NGS
107 (70%)

5 cases -lab
performed different
gene panel for
unspecified reasons

31 (67%)

Inadequate DNA¥*

15 (33%)

Inadequate Tissue'

1 case - tissue block
sent to outside
laboratory

| |1 case - NGS ordered

mistakenly

Fig 4. Patient inclusion, overall adequacy for NGS, and reason inadequate for NGS. Footnote: NGS:

Next generation sequencing.  DNA quantity < 10 ng. ® Less than 20% tumor cellularity due to necrosis,

fibrosis and quantity of tissue available for analysis.

https://doi.org/10.1371/journal.pone.0189651.9004
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Table 2. Patient and technique variables with adequacy for NGS of biopsy specimens.

Characteristic Adequate for NGS n (%) Inadequate for NGS n (%) N (%)

Total Included Patients 153 (100)

Gender

Female 57 (64) 32 (36) 89 (58.2)

Male 50 (78.1) 14 (21.9) 64 (41.8)

Primary Malignancy

Lung 48 (77.4) 14 (22.6) 62 (40.5)

Breast 25 (56.8) 19 (43.2) 44 (28.8)

Melanoma 15(88.2) 2(11.8) 17 (11.1)

Other 19 (63.3) 11 (36.7) 30 (19.6)

Histology

Carcinoma 86 (67.2) 42 (32.8) 128 (83.7)

Melanoma 16 (88.9) 2(11.1) 18(11.8)

Other 5(71.4) 2 (28.56) 7 (4.5)

Biopsy Site

Lung 42 (76.4) 13 (23.6) 55 (36)

Liver 31(73.8) 11 (26.2) 42 (27.5)

Bone 7 (46.7) 8(53.3) 15 (9.8)

Lymph Node 11 (78.6) 3(21.4) 14 (9.1)

Other 16 (59.3) 11 (40.7) 27 (17.6)

Metastasis vs Primary

Metastasis 87 (69.1) 39 (30.9) 126 (82.4)

Primary 20 (74.1) 7 (25.9) 27 (17.6)

Lesion Diameter <3 cm

Yes 53 (75.7) 17 (24.3) 70 (45.8)

No 54 (65.1) 29 (34.9) 83 (54.2)

Systemic Therapy before Biopsy

Never treated 22 (88) 3(12) 25 (16.3)

</ =3 months 60 (71.4) 24 (28.6) 84 (54.9)

>3 months 25 (56.8) 19 (43.2) 44 (28.8)

Guidance method

Computed Tomography 63 (68.5) 29 (31.5) 92 (60.1)

Ultrasound 43 (72.9) 16 (27.1) 59 (38.6)

Magnetic Resonance Imaging 1 (50) 1 (50) 2(1.3)

CNB gauge

20G 97 (71.8) 38 (28.2) 135 (88.2)

18G 7 (77.8) 2(22.2) 9(5.9)

Other (11-16 g) 3(33.3) 6 (66.7) 9(5.9)

Concurrent FNA

Yes 88 (69.8) 38(30.2) 126 (82.4)

No 19 (70.4) 8 (29.6) 27 (17.6)

Likelihood of Adequacy for NGS Score

1 (low) 5(33.3) 10 (66.7) 15(9.8)

2 (equivocal) 19 (65.5) 10 (34.5) 29 (19)

3 (high) 83(76.2) 26 (23.8) 109 (71.2)

PET within 6 months of Biopsy

Yes 60 (73.2) 22 (26.8) 82 (53.6)
(Continued)
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Table 2. (Continued)

Characteristic Adequate for NGS n (%) Inadequate for NGS n (%) N (%)
No 47 (66.2) 24 (33.8) 71 (46.4)

Note.—NGS: Next generational sequencing, PET: Positron emission tomography

https://doi.org/10.1371/journal.pone.0189651.t1002

The adequacy for NGS of each likelihood of adequacy score was 33.3% for a score of 1,
65.5% for a score of 2, and 76.2% for a score of 3 (Fig 5). A score of 3 was the most commonly
assigned score. The kappa coefficient for the likelihood of adequacy score assigned by two
reviewers (SHS and MJW) based on pre-procedure imaging review blinded to results of NGS
testing was 0.53 (95% CI: 0.40-0.65) representing moderate agreement. In the subsequent uni-
variate and multivariate analysis reported in this study, the likelihood of adequacy score
assigned by SHS was used. The results of the univariate and multivariate analysis with the
score assigned by MJW were similar.

The overall adequacy for NGS was 107/153 (69.9%) with the association between adequacy
for NGS and individual variables shown in Table 4. The cause of the inadequacy was inade-
quate tissue as designated by the reviewing pathologist in 15/46 (32.6%) cases while inadequate
DNA as determined by quantification of DNA amount in our MDL was the cause in 31/46
(67.4%) cases (Fig 4). Given the small numbers for the subtypes of failure, logistic regression
was limited to overall adequacy for NGS.

Univariate logistic regression showed that the statistically significant variables were primary
malignancy (p = 0.03) with pairwise comparison showing higher odds ratio of adequacy for
NGS of melanoma vs. breast (p = 0.032) and also lung vs. breast (p = 0.026). Additionally,
there was increased likelihood of adequacy in systemic therapy naive patients vs. all patients
(p = 0.042) and even greater odds of adequacy vs. patients who received systemic therapy >3
months before biopsy (p = 0.012). Finally, the IR assigned likelihood of adequacy score was sta-
tistically significant (p = 0.0004) including pairwise comparison of scores of 3 vs. 1 (p = 0.002)
and 2 vs. 1 (p = 0.047) (Table 4).

In multivariate logistic regression analysis, several factors were found to be statistically sig-
nificant. When comparing the various primary malignancies, breast cancer lesions had signifi-
cantly worse yield compared to melanoma lesions (p = 0.004). Patients who had never received
systemic therapy (p = 0.01) or had systemic therapy within 3 months of biopsy (p = 0.02) had
better likelihood of adequacy than those who received systemic therapy greater than 3 months
before the biopsy. A likelihood score of 3 vs. 1 was associated with higher odds of adequacy for

Table 3. Patient age and days between biopsy and NGS request with adequacy for NGS of biopsy specimens.

Characteristic N Mean SD Min Median Max
Age

Adequate for NGS 107 59.6 12.4 21 59 93
Inadequate for NGS 46 59.1 11.7 23 61 84
All 153 59.5 12.2 21 60 93
Days between biopsy and NGS request

Adequate for NGS 107 60 116.9 0 9 701
Inadequate for NGS 46 87.6 133.4 0 33 710
All 153 68.3 122.3 0 13 710

Note.—NGS: Next generation sequencing, SD: Standard deviation

https://doi.org/10.1371/journal.pone.0189651.t003
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BIOPSY OUTCOME OF LIKELIHOOD OF ADEQUACY SCORES

= Adequate for NGS Inadequate for NGS

23.8%

34.5%

66.7%

1 (low) 2 (equivocal) 3 (high)

Fig 5. Biopsy outcome of likelihood of adequacy scores. Footnote: NGS: Next Generation Sequencing.
https://doi.org/10.1371/journal.pone.0189651.9g005

NGS (p = 0.002). A factor that became apparent as statistically significant in multivariate anal-
ysis was lesions <3 cm in diameter had a better likelihood of adequacy for NGS compared to
lesions >/ = 3 cm (Table 5).

Procedural complications were noted in 10/153 (6.5%) procedures. All complications were
pneumothoraces related to lung biopsies with 6 patients requiring chest tubes and the rest
managed conservatively.

Discussion

Precision medicine holds the promise of improved outcomes by targeting patient specific
molecular aberrations. Percutaneous core biopsy is a central method for acquiring material for
molecular diagnosis; however, there are logistical challenges to using these specimens as evi-
denced by the wide spectrum of genetic sequencing adequacy of biopsy samples ranging from
39% to 95% in trials using sequencing for treatment selection with the higher yields generally
found with surgical specimens, fresh frozen rather than formalin fixed specimens, or testing
for fewer genes [21-30]. Though our reported 69.9% adequacy for NGS in a cohort of patients
with histologically diagnostic biopsies is well within the reported range, the reasons for lower
adequacy for NGS compared to histological diagnosis requires evaluation [14]. Our study
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Table 4. Univariate logistic regression model of characteristics associated with adequacy for NGS of biopsy specimens.

Characteristic Odds Ratio 95% LCL 95% UCL Pairwise p-value Overall p-value
Age

1 year increase 1.004 0.975 1.033 0.804

Gender

Male vs. Female 2.005 0.977 4.273 0.063

Primary Tumor 0.030
Other vs. Breast 1.313 0.510 3.464 0.576

Melanoma vs. Breast 5.700 1.383 38.989 0.032

Lung vs. Breast 2.606 1.131 6.153 0.026

Histology 0.125
Other vs. Carcinoma 1.221 0.252 8.767 0.816

Melanoma vs. Carcinoma 3.907 1.046 25.431 0.078

Biopsy site 0.143
Other vs. Bone 1.662 0.466 6.096 0.434

Lung vs. Bone 3.692 1.127 12.532 0.031

Lymph node vs. Bone 4.191 0.880 24.624 0.085

Liver vs. Bone 3.221 0.951 11.345 0.061

Primary or Metastasis

Primary vs. Metastasis 1.281 0.519 3.489 0.606

Tumor size 0.150
<8cmvs. >=3cm 1.674 0.831 3.450 0.154

Systemic Therapy Naive

Yes vs. No 3.710 1.200 16.281 0.042

Systemic Therapy before Biopsy 0.018
</=3vs. >3 months 1.900 0.886 4.086 0.099

Never vs. > 3 months 5.573 1.624 26.022 0.012

Guidance Modality 0.709
USvs.CT 1.237 0.605 2.588 0.564

MRl vs. CT 0.460 0.018 11.901 0.588

Core Needle Gauge 0.060
Othervs. 18 G 0.143 0.014 1.026 0.069

20Gvs.18G 0.729 0.106 3.180 0.702

PET within 6 months

Yes vs. No 1.393 0.696 2.800 0.349

Likelihood of Adequacy for NGS Score 0.004
3vs. 1 6.385 2.076 22.102 0.002

2vs. 1 3.800 1.055 15.252 0.047

Days from biopsy to NGS

1 day increase 0.998 0.996 1.001 0.213

Odds ratio higher than 1 means higher probability of adequacy for NGS. Overall p-values are for factors with 3 or more levels. NGS: Next generation
sequencing, FNA = Fine Needle Aspiration Biopsy, FDG: Fluorodeoxyglucose (*8F), PET: Positron emission tomography

https://doi.org/10.1371/journal.pone.0189651.t1004

illustrates several factors associated with the outcome of percutaneous core biopsy specimens
being used for NGS that could help refine the process.

A novel imaging-based likelihood of adequacy score assigned by an IR physician was found
to be significantly associated with adequacy of percutaneous biopsy for NGS on both univari-
ate and multivariate analysis. A likelihood score of 3 (high likelihood) had an odds ratio of
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Table 5. Multivariate logistic regression model predicting adequacy for NGS of biopsy specimens.

Characteristic

Primary Tumor

Other vs. Breast

Melanoma vs. Breast

Lung vs. Breast

Tumor Size

<3vs.>/=3cm

Likelihood of Adequacy Score
3vs. 1

2vs. 1

Prior Systemic Therapy
</=3vs. >3 Months

Never Treated vs. > 3 Months

Odds Ratio 95% LCL 95% UCL p-value
1.33 0.47 3.84 0.60
9.50 1.84 76.88 0.01
2.20 0.83 5.99 0.12
2.72 1.18 6.66 0.02
7.82 2.19 32.11 0.002
2.96 0.71 13.61 0.15
3.24 1.33 8.23 0.01
6.10 1.50 32.40 0.02

Note.—Odds ratio higher than 1 means higher probability of adequacy for NGS. NGS: Next generation sequencing, LCL: lower confidence limit, UCL:

Upper confidence limit

https://doi.org/10.1371/journal.pone.0189651.t005

7.82 compared to lesions scored as 1 (low likelihood) on multivariate analysis. There was mod-
erate agreement (kappa 0.53) between two raters. This level of agreement is comparable to that
reported for other clinically used assessment scores [31]. In addition, there was statistically sig-
nificant correlation between the score assigned and likelihood of adequacy for NGS on multi-
variate analysis for both raters, thus even though for any given patient there might be slight
disagreement between the score assigned by the raters, overall the likelihood score assigned by
attending interventional radiologists, whether early in their careers or with significant experi-
ence, correlated with adequacy for NGS.

The type of cancer being biopsied affected the yield for NGS, a finding partially supported
by a recent study that showed histological subtype influenced adequacy of biopsy [30] but
other recent studies have shown no association [24, 28]. On multivariate analysis, melanoma
lesions had higher odds of adequacy for NGS than breast cancer lesions (OR 9.5). This result
might be attributable to differing tumor microenvironments, specifically the potentially
increased amount of fibrosis present in breast cancer lesions versus melanoma lesions [32].

Unlike prior studies that showed no associated between lesion size and adequacy of biopsy
[21, 28, 30], in our study lesions <3 cm in maximal diameter had higher odds (OR 2.72) of
adequacy for NGS than larger lesions on multivariate analysis. This result was unexpected
because of the ease with which larger lesions are biopsied. However, as lesions enlarge, they
usually outgrow their blood supply and tend to develop necrosis [33]. Our practice is to target
the periphery of large lesions to avoid sampling the potentially necrotic core. We target FDG
avid areas for biopsy, if FDG-PET imaging is available, given the association between FDG
avidity and tumor cellularity [18]. Despite these efforts, lesions >/ = 3 cm in diameter had
lower likelihood of adequacy for NGS, perhaps due to necrosis in areas beyond the center of
the tumor, which is supported by the study by Tacher et al., showing that there is no difference
in biopsy adequacy between specimens acquired from the center or the periphery of a lesion
[28]. Additionally, we showed, as in prior work [21], that availability of PET imaging does not
seem to help improve adequacy of biopsy.

Multivariate analysis showed patients with no prior systemic therapy (OR 6.1) or systemic
therapy </ = 3 months before biopsy (OR 3.24) had higher adequacy for NGS than patients
who received systemic therapy >3 months before biopsy. This result might be related to the
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increasing proportion of fibrosis versus viable tumor developing over time in lesion exposed
to systemic therapy >3 months before biopsy [34, 35]. In contrast, lesions not exposed to prior
systemic therapy or systemic therapy closer to time of biopsy might be less likely to have devel-
oped as much fibrosis. This finding contrasts with prior work showing that ongoing chemo-
therapy at the time of biopsy reduces yield [30] or has no effect on biopsy yield [28]. The
difference might be attributable to the different tumor types included in those studies com-
pared to ours. For instance, our study included a significant number of melanoma lesions,
while the studies by Tacher et al., and Desportes et al., had few if any melanoma lesions
included.

The amount and quality of tissue acquired with a percutaneous biopsy are only the initial
challenges to successful NGS with biopsy material. Additional challenges are related to stabili-
zation, storage, selection, dissection, molecular extraction, and sequencing of specimens along
with overall coordination of the process [14, 15, 36]. For instance, in our study there were 7
cases that had to be excluded because NGS was not performed for reasons other than tissue
amount and quality. In addition, over time, the amount of DNA required for NGS continues
to change; for example the CMS46 panel required 10 ng of DNA during our study period, but
our pathology group eventually refined the sequencing protocol and were able to perform the
test with <10 ng of DNA [24]. Thus, NGS testing needs thorough coordination between
requesting physicians, interventional radiologists, and pathologists.

The limitations of our study include selection bias that is inherent in any retrospective
study. We did not compare the NGS yield in patients without histologically diagnostic biop-
sies, which would potentially have reduced the yield of percutaneous biopsy for NGS. The
NGS likelihood score is somewhat subjective and additional development is needed to allow
reproducible validation. We were not able to collect the number of cores taken during the
biopsy procedure, which could be a confounding variable and will have to be addressed in sub-
sequent studies. Although our results seem biologically plausible, the issue of heterogeneous
population and multiple comparisons is a concern and our results must be substantiated in
additional patient cohorts.

In conclusion, NGS testing of percutaneous biopsy specimens is becoming more prevalent
both in trial setting as well as in routine clinical care. Our study demonstrated various factors
contributing to the adequacy of percutaneous core biopsies for NGS testing, but ultimately
optimal outcomes require clear communication between requesting physicians, interventional
radiologists, and pathologists so biopsies are planned, performed, and managed in a coordi-
nated fashion.

Acknowledgments

Dr. Michael Wallace passed away before the submission of the final version of this manuscript.
Dr. Sharjeel Sabir accepts responsibility for the integrity and validity of the data collected and
analyzed.

Author Contributions

Conceptualization: Sharjeel H. Sabir, Savitri Krishnamurthy, Sanjay Gupta, Gordon B. Mills,
Wei Wei, Andrea C. Cortes, Kenna R. Mills Shaw, Rajyalakshmi Luthra, Michael J.
Wallace.

Data curation: Sharjeel H. Sabir, Savitri Krishnamurthy, Wei Wei, Andrea C. Cortes, Rajya-
lakshmi Luthra, Michael J. Wallace.

Formal analysis: Sharjeel H. Sabir, Wei Wei, Andrea C. Cortes, Michael J. Wallace.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189651 December 27, 2017 12/15


https://doi.org/10.1371/journal.pone.0189651

@° PLOS | ONE

Percutaneous core biopsy for next generation sequencing

Investigation: Sharjeel H. Sabir, Gordon B. Mills, Wei Wei, Andrea C. Cortes, Rajyalakshmi
Luthra, Michael J. Wallace.

Methodology: Sharjeel H. Sabir, Savitri Krishnamurthy, Sanjay Gupta, Gordon B. Mills,
Andrea C. Cortes, Kenna R. Mills Shaw, Rajyalakshmi Luthra, Michael J. Wallace.

Project administration: Sharjeel H. Sabir, Sanjay Gupta, Gordon B. Mills, Kenna R. Mills
Shaw, Rajyalakshmi Luthra, Michael J. Wallace.

Resources: Sharjeel H. Sabir, Gordon B. Mills, Kenna R. Mills Shaw, Rajyalakshmi Luthra,
Michael J. Wallace.

Software: Sharjeel H. Sabir, Wei Wei.
Supervision: Sharjeel H. Sabir, Sanjay Gupta, Kenna R. Mills Shaw, Michael J. Wallace.

Validation: Sharjeel H. Sabir, Savitri Krishnamurthy, Sanjay Gupta, Wei Wei, Andrea C. Cor-
tes, Kenna R. Mills Shaw, Rajyalakshmi Luthra, Michael J. Wallace.

Visualization: Sharjeel H. Sabir, Andrea C. Cortes.

Writing - original draft: Sharjeel H. Sabir, Savitri Krishnamurthy, Gordon B. Mills, Wei Wei,
Kenna R. Mills Shaw, Rajyalakshmi Luthra, Michael J. Wallace.

Writing - review & editing: Sharjeel H. Sabir, Savitri Krishnamurthy, Sanjay Gupta, Gordon
B. Mills, Wei Wei, Andrea C. Cortes, Kenna R. Mills Shaw, Rajyalakshmi Luthra, Michael J.
Wallace.

References

1. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al. Mutations of the BRAF gene in
human cancer. Nature. 2002; 417(6892):949-54. Epub 2002/06/18. https://doi.org/10.1038/
nature00766 PMID: 12068308

2. BosJL.ras oncogenes in human cancer: a review. Cancer Res. 1989; 49(17):4682—9. Epub 1989/09/
01. PMID: 2547513

3. Levine AJ, Oren M. The first 30 years of p53: growing ever more complex. Nat Rev Cancer. 2009; 9
(10):749-58. Epub 2009/09/25. https://doi.org/10.1038/nrc2723 PMID: 19776744

4. Nakahara M, Isozaki K, Hirota S, Miyagawa J, Hase-Sawada N, Taniguchi M, et al. A novel gain-of-
function mutation of c-kit gene in gastrointestinal stromal tumors. Gastroenterology. 1998; 115
(5):1090-5. Epub 1998/10/31. PMID: 9797363

5. Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, Ishikawa S, et al. Identification of the transform-
ing EML4-ALK fusion gene in non-small-cell lung cancer. Nature. 2007; 448(7153):561—6. Epub 2007/
07/13. https://doi.org/10.1038/nature05945 PMID: 17625570

6. Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, et al. Improved survival with
vemurafenib in melanoma with BRAF V600E mutation. N Engl J Med. 2011; 364(26):2507—-16. Epub
2011/06/07. https://doi.org/10.1056/NEJMoa1103782 PMID: 21639808

7. Druker BJ, Talpaz M, Resta DJ, Peng B, Buchdunger E, Ford JM, et al. Efficacy and safety of a specific
inhibitor of the BCR-ABL tyrosine kinase in chronic myeloid leukemia. N Engl J Med. 2001; 344
(14):1031-7. https://doi.org/10.1056/NEJM200104053441401 PMID: 11287972

8. Shaw AT, Kim DW, Nakagawa K, Seto T, Crino L, Ahn MJ, et al. Crizotinib versus chemotherapy in
advanced ALK-positive lung cancer. N Engl J Med. 2013; 368(25):2385-94. Epub 2013/06/04. https://
doi.org/10.1056/NEJMoa1214886 PMID: 23724913

9. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, et al. Use of chemotherapy
plus a monoclonal antibody against HER2 for metastatic breast cancer that overexpresses HER2. N
Engl J Med. 2001; 344(11):783-92. Epub 2001/03/15. https://doi.org/10.1056/NEJM200103153441101
PMID: 11248153

10. Zhou C, Wu YL, Chen G, Feng J, Liu XQ, Wang C, et al. Erlotinib versus chemotherapy as first-line
treatment for patients with advanced EGFR mutation-positive non-small-cell lung cancer (OPTIMAL,
CTONG-0802): a multicentre, open-label, randomised, phase 3 study. Lancet Oncol. 2011; 12(8):735—
42. Epub 2011/07/26. https://doi.org/10.1016/S1470-2045(11)70184-X PMID: 21783417

PLOS ONE | https://doi.org/10.1371/journal.pone.0189651 December 27, 2017 13/15


https://doi.org/10.1038/nature00766
https://doi.org/10.1038/nature00766
http://www.ncbi.nlm.nih.gov/pubmed/12068308
http://www.ncbi.nlm.nih.gov/pubmed/2547513
https://doi.org/10.1038/nrc2723
http://www.ncbi.nlm.nih.gov/pubmed/19776744
http://www.ncbi.nlm.nih.gov/pubmed/9797363
https://doi.org/10.1038/nature05945
http://www.ncbi.nlm.nih.gov/pubmed/17625570
https://doi.org/10.1056/NEJMoa1103782
http://www.ncbi.nlm.nih.gov/pubmed/21639808
https://doi.org/10.1056/NEJM200104053441401
http://www.ncbi.nlm.nih.gov/pubmed/11287972
https://doi.org/10.1056/NEJMoa1214886
https://doi.org/10.1056/NEJMoa1214886
http://www.ncbi.nlm.nih.gov/pubmed/23724913
https://doi.org/10.1056/NEJM200103153441101
http://www.ncbi.nlm.nih.gov/pubmed/11248153
https://doi.org/10.1016/S1470-2045(11)70184-X
http://www.ncbi.nlm.nih.gov/pubmed/21783417
https://doi.org/10.1371/journal.pone.0189651

@° PLOS | ONE

Percutaneous core biopsy for next generation sequencing

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Flaherty KT, Puzanov |, Kim KB, Ribas A, McArthur GA, Sosman JA, et al. Inhibition of mutated, acti-
vated BRAF in metastatic melanoma. N Engl J Med. 2010; 363(9):809-19. Epub 2010/09/08. https://
doi.org/10.1056/NEJMoa1002011 PMID: 20818844

Karapetis CS, Khambata-Ford S, Jonker DJ, O’Callaghan CJ, Tu D, Tebbutt NC, et al. K-ras mutations
and benefit from cetuximab in advanced colorectal cancer. N Engl J Med. 2008; 359(17):1757—65.
Epub 2008/10/24. https://doi.org/10.1056/NEJM0a0804385 PMID: 18946061

Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, Saijo N, et al. Gefitinib or carboplatin-paclitaxel in
pulmonary adenocarcinoma. N Engl J Med. 2009; 361(10):947-57. Epub 2009/08/21. https://doi.org/
10.1056/NEJMo0a0810699 PMID: 19692680

Basik M, Aguilar-Mahecha A, Rousseau C, Diaz Z, Tejpar S, Spatz A, et al. Biopsies: next-generation
biospecimens for tailoring therapy. Nat Rev Clin Oncol. 2013; 10(8):437-50. https://doi.org/10.1038/
nrclinonc.2013.101 PMID: 23799370

MacConaill LE. Existing and emerging technologies for tumor genomic profiling. J Clin Oncol. 2013; 31
(15):1815-24. https://doi.org/10.1200/JC0O.2012.46.5948 PMID: 23589546

Biankin AV, Waddell N, Kassahn KS, Gingras MC, Muthuswamy LB, Johns AL, et al. Pancreatic cancer
genomes reveal aberrations in axon guidance pathway genes. Nature. 2012; 491(7424):399-405.
https://doi.org/10.1038/nature11547 PMID: 23103869

Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D, Gronroos E, et al. Intratumor heterogene-
ity and branched evolution revealed by multiregion sequencing. N Engl J Med. 2012; 366(10):883-92.
https://doi.org/10.1056/NEJMoa1113205 PMID: 22397650

Tanimoto K, Yoshikawa K, Obata T, Ikehira H, Shiraishi T, Watanabe K, et al. Role of glucose metabo-
lism and cellularity for tumor malignancy evaluation using FDG-PET/CT and MRI. Nuclear Medicine
Communications. 2010: 1. https://doi.org/10.1097/MNM.0b013e328339350c

Patel IJ, Davidson JC, Nikolic B, Salazar GM, Schwartzberg MS, Walker TG, et al. Consensus guide-
lines for periprocedural management of coagulation status and hemostasis risk in percutaneous image-
guided interventions. J Vasc Interv Radiol. 2012; 23(6):727-36. https://doi.org/10.1016/j.jvir.2012.02.
012 PMID: 22513394

Singh RR, Patel KP, Routbort MJ, Reddy NG, Barkoh BA, Handal B, et al. Clinical validation of a next-
generation sequencing screen for mutational hotspots in 46 cancer-related genes. J Mol Diagn. 2013;
15(5):607-22. https://doi.org/10.1016/j.jmoldx.2013.05.003 PMID: 23810757

Tam AL, Kim ES, Lee JJ, Ensor JE, Hicks ME, Tang X, et al. Feasibility of image-guided transthoracic
core-needle biopsy in the BATTLE lung trial. J Thorac Oncol. 2013; 8(4):436—42. https://doi.org/10.
1097/JTO.0b013e318287c91e PMID: 23442309

Lacroix L, Boichard A, André F, Soria J-C. Genomes in the clinic: the Gustave Roussy Cancer Center
experience. Current Opinion in Genetics & Development. 2014; 24:99—-1086. http://dx.doi.org/10.1016/j.
gde.2013.11.013.

Lopez-Chavez A, Thomas A, Rajan A, Raffeld M, Morrow B, Kelly R, et al. Molecular profiling and tar-
geted therapy for advanced thoracic malignancies: a biomarker-derived, multiarm, multihistology phase
Il basket trial. J Clin Oncol. 2015; 33(9):1000-7. https://doi.org/10.1200/JC0.2014.58.2007 PMID:
25667274

Goswami RS, Luthra R, Singh RR, Patel KP, Routbort MJ, Aldape KD, et al. Identification of Factors
Affecting the Success of Next-Generation Sequencing Testing in Solid Tumors. Am J Clin Pathol. 2016;
145(2):222-37. https://doi.org/10.1093/ajcp/aqv023 PMID: 27124905

Papadimitrakopoulou V, Lee JJ, Wistuba Il, Tsao AS, Fossella FV, Kalhor N, et al. The BATTLE-2
Study: A Biomarker-Integrated Targeted Therapy Study in Previously Treated Patients With Advanced
Non-Small-Cell Lung Cancer. J Clin Oncol. 2016. https://doi.org/10.1200/JC0O.2015.66.0084 PMID:
27480147

Sohal DP, Rini Bl, Khorana AA, Dreicer R, Abraham J, Procop GW, et al. Prospective Clinical Study of
Precision Oncology in Solid Tumors. J Natl Cancer Inst. 2016; 108(3). https://doi.org/10.1093/jnci/
djv332 PMID: 26553780

Stockley TL, Oza AM, Berman HK, Leighl NB, Knox JJ, Shepherd FA, et al. Molecular profiling of
advanced solid tumors and patient outcomes with genotype-matched clinical trials: the Princess Marga-
ret IMPACT/COMPACT trial. Genome Med. 2016; 8(1):109. https://doi.org/10.1186/s13073-016-0364-
2 PMID: 27782854

Tacher V, Le Deley MC, Hollebecque A, Deschamps F, Vielh P, Hakime A, et al. Factors associated
with success of image-guided tumour biopsies: Results from a prospective molecular triage study
(MOSCATO-01). Eur J Cancer. 2016; 59:79-89. https://doi.org/10.1016/j.ejca.2016.02.006 PMID:
27017289

Bins S, Cirkel GA, Gadellaa-Van Hooijdonk CG, Weeber F, Numan IJ, Bruggink AH, et al. Implementa-
tion of a Multicenter Biobanking Collaboration for Next-Generation Sequencing-Based Biomarker

PLOS ONE | https://doi.org/10.1371/journal.pone.0189651 December 27, 2017 14/15


https://doi.org/10.1056/NEJMoa1002011
https://doi.org/10.1056/NEJMoa1002011
http://www.ncbi.nlm.nih.gov/pubmed/20818844
https://doi.org/10.1056/NEJMoa0804385
http://www.ncbi.nlm.nih.gov/pubmed/18946061
https://doi.org/10.1056/NEJMoa0810699
https://doi.org/10.1056/NEJMoa0810699
http://www.ncbi.nlm.nih.gov/pubmed/19692680
https://doi.org/10.1038/nrclinonc.2013.101
https://doi.org/10.1038/nrclinonc.2013.101
http://www.ncbi.nlm.nih.gov/pubmed/23799370
https://doi.org/10.1200/JCO.2012.46.5948
http://www.ncbi.nlm.nih.gov/pubmed/23589546
https://doi.org/10.1038/nature11547
http://www.ncbi.nlm.nih.gov/pubmed/23103869
https://doi.org/10.1056/NEJMoa1113205
http://www.ncbi.nlm.nih.gov/pubmed/22397650
https://doi.org/10.1097/MNM.0b013e328339350c
https://doi.org/10.1016/j.jvir.2012.02.012
https://doi.org/10.1016/j.jvir.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22513394
https://doi.org/10.1016/j.jmoldx.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23810757
https://doi.org/10.1097/JTO.0b013e318287c91e
https://doi.org/10.1097/JTO.0b013e318287c91e
http://www.ncbi.nlm.nih.gov/pubmed/23442309
http://dx.doi.org/10.1016/j.gde.2013.11.013
http://dx.doi.org/10.1016/j.gde.2013.11.013
https://doi.org/10.1200/JCO.2014.58.2007
http://www.ncbi.nlm.nih.gov/pubmed/25667274
https://doi.org/10.1093/ajcp/aqv023
http://www.ncbi.nlm.nih.gov/pubmed/27124905
https://doi.org/10.1200/JCO.2015.66.0084
http://www.ncbi.nlm.nih.gov/pubmed/27480147
https://doi.org/10.1093/jnci/djv332
https://doi.org/10.1093/jnci/djv332
http://www.ncbi.nlm.nih.gov/pubmed/26553780
https://doi.org/10.1186/s13073-016-0364-2
https://doi.org/10.1186/s13073-016-0364-2
http://www.ncbi.nlm.nih.gov/pubmed/27782854
https://doi.org/10.1016/j.ejca.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/27017289
https://doi.org/10.1371/journal.pone.0189651

@° PLOS | ONE

Percutaneous core biopsy for next generation sequencing

30.

31.

32.

33.

34.

35.

36.

Discovery Based on Fresh Frozen Pretreatment Tumor Tissue Biopsies. Oncologist. 2017; 22(1):33—
40. https://doi.org/10.1634/theoncologist.2016-0085 PMID: 27662884

Desportes E, Wagner M, Kamal M, Salomon AV, Deniziaut G, Pierron G, et al. Prognostic factors of
successful on-purpose tumor biopsies in metastatic cancer patients included in the SHIVA prospective
clinical trial. Oncotarget. 2017; 8(1):1760-73. https://doi.org/10.18632/oncotarget.12051 PMID:
27655703

Cuvillon P, Nouvellon E, Marret E, Albaladejo P, Fortier LP, Fabbro-Perray P, et al. American Society of
Anesthesiologists’ physical status system: a multicentre Francophone study to analyse reasons for
classification disagreement. Eur J Anaesthesiol. 2011; 28(10):742-7. https://doi.org/10.1097/EJA.
0b013e328348fc9d PMID: 21912242

Mueller MM, Fusenig NE. Friends or foes—bipolar effects of the tumour stroma in cancer. Nat Rev Can-
cer. 2004; 4(11):839-49. https://doi.org/10.1038/nrc1477 PMID: 15516957

Herman AB, Savage VM, West GB. A quantitative theory of solid tumor growth, metabolic rate and vas-
cularization. PLoS One. 2011; 6(9):e22973. https://doi.org/10.1371/journal.pone.0022973 PMID:
21980335

Sahoo S, Lester SC. Pathology of Breast Carcinomas After Neoadjuvant Chemotherapy An Overview
With Recommendations on Specimen Processing and Reporting. Archives of Pathology & Laboratory
Medicine. 2009; 133(4):633-42.

Liu-Jarin X, Stoopler MB, Raftopoulos H, Ginsburg M, Gorenstein L, Borczuk AC. Histologic assess-
ment of non-small cell lung carcinoma after neoadjuvant therapy. Mod Pathol. 2003; 16(11):1102-8.
https://doi.org/10.1097/01.MP.0000096041.13859.AB PMID: 14614049

MacConaill LE, Van Hummelen P, Meyerson M, Hahn WC. Clinical implementation of comprehensive
strategies to characterize cancer genomes: opportunities and challenges. Cancer Discov. 2011; 1
(4):297-311. https://doi.org/10.1158/2159-8290.CD-11-0110 PMID: 21935500

PLOS ONE | https://doi.org/10.1371/journal.pone.0189651 December 27, 2017 15/15


https://doi.org/10.1634/theoncologist.2016-0085
http://www.ncbi.nlm.nih.gov/pubmed/27662884
https://doi.org/10.18632/oncotarget.12051
http://www.ncbi.nlm.nih.gov/pubmed/27655703
https://doi.org/10.1097/EJA.0b013e328348fc9d
https://doi.org/10.1097/EJA.0b013e328348fc9d
http://www.ncbi.nlm.nih.gov/pubmed/21912242
https://doi.org/10.1038/nrc1477
http://www.ncbi.nlm.nih.gov/pubmed/15516957
https://doi.org/10.1371/journal.pone.0022973
http://www.ncbi.nlm.nih.gov/pubmed/21980335
https://doi.org/10.1097/01.MP.0000096041.13859.AB
http://www.ncbi.nlm.nih.gov/pubmed/14614049
https://doi.org/10.1158/2159-8290.CD-11-0110
http://www.ncbi.nlm.nih.gov/pubmed/21935500
https://doi.org/10.1371/journal.pone.0189651

