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Abstract. The Early Detection Research Network’s (EDRN) purpose is to discover, develop and validate biomarkers and imaging
methods to detect early-stage cancers or at-risk individuals. The EDRN is composed of sites that fall into four categories:
Biomarker Developmental Laboratories (BDL), Biomarker Reference Laboratories (BRL), Clinical Validation Centers (CVC)
and Data Management and Coordinating Centers. Each component has a crucial role to play within the mission of the EDRN.
The primary role of the CVCs is to support biomarker developers through validation trials on promising biomarkers discovered
by both EDRN and non-EDRN investigators. The second round of funding for the EDRN Lung CVC at Vanderbilt University
Medical Center (VUMC) was funded in October 2016 and we intended to accomplish the three missions of the CVCs: To conduct
innovative research on the validation of candidate biomarkers for early cancer detection and risk assessment of lung cancer in an
observational study; to compare biomarker performance; and to serve as a resource center for collaborative research within the
Network and partner with established EDRN BDLs and BRLs, new laboratories and industry partners. This report outlines the
impact of the VUMC EDRN Lung CVC and describes the role in promoting and validating biological and imaging biomarkers.
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1. Introduction

1.1. The Mission of the EDRN and the role of the CVC

The Early Detection Research Network’s (EDRN)
purpose is to discover, develop and validate biomarkers
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37232, USA. Tel.: +1 615 322 0064; Fax: +1 615 343 9194; E-mail:
eric.grogan@vumc.org.

and imaging methods to detect early-stage cancers or
at-risk individuals. Furthermore, the EDRN seeks to
translate these biomarkers and imaging methods into
diagnostic tests. A consortium of more than 300 in-
vestigators that include teams from academic institu-
tions, private sector and the National Cancer Institute
work collaboratively to bring biomarkers and imaging
methods to clinical use.

The EDRN is composed of sites that fall into four
categories: Biomarker Developmental Laboratories,
Biomarker Reference Laboratories, Clinical Validation
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Centers (CVC) and Data Management and Coordinat-
ing Centers. Each component has a crucial role to play
within the mission of the EDRN. The primary role of
the CVCs is to support biomarker developers through
validation trials on promising biomarkers discovered by
both EDRN and non-EDRN investigators. CVCs also
provide high-quality, well-annotated biospecimens to
the biomarker developers for biomarker discovery, as-
say development and pre-validation studies. The EDRN
supports CVCs to create biorepositories utilizing rigor-
ous standard operating procedures for recruitment and
specimen handling which, in turn, helps minimize false
discoveries arising from poor specimen quality.

Within the EDRN, the Lung Group CVC has three
main missions: (1) To conduct innovative research on
the validation of candidate biomarkers for early can-
cer detection and risk assessment of lung cancer in an
observational study; (2) To compare biomarker perfor-
mance, whether biological or imaging based, for even-
tual clinical utility trial; and (3) To serve as a resource
center for collaborative research within the Network
by partnering with established EDRN biomarker de-
velopers, reference laboratories, new laboratories and
industry partners. This report outlines the impact of the
Vanderbilt University Medical Center (VUMC) EDRN
Lung CVC and describes the role in promoting and
validating biological and imaging biomarkers.

1.2. Clinical foundation of the VUMC EDRN lung
CVC

Hospital and clinical infrastructure: Central to a
strong clinical validation center is a quaternary inter-
disciplinary hospital system where excellent care is of-
fered across a variety of disciplines. To this end, VUMC
provides an ideal foundation for the EDRN Lung CVC
and study participant recruitment. The adult hospital
contains the region’s only Level I Trauma Center along
with one of the largest transplant programs by vol-
ume in the United States. The free-standing Monroe
Carell Jr. Children’s Hospital at Vanderbilt is the most
comprehensive children’s hospital in the state and pro-
vides the highest level of neonatal intensive care in the
state. The Vanderbilt Clinic comprises more than 95
outpatient specialty practices in several campus loca-
tions which collectively see about 1,000,000 patients
per year. The Vanderbilt-Ingram Cancer Center (VICC)
cares for about 4,500 new cancer patients and conducts
more than 65,000 outpatient visits annually. According
to the most recent figures available from the Tennessee
Department of Health, Vanderbilt is the largest uncom-

pensated care provider in the Nashville area, providing
a safety network for the underserved.

Medical center catchment area and lung cancer
prevalence: The medical center’s primary catchment
area of Middle Tennessee, Northern Mississippi and
Alabama and South-Central Kentucky has some of the
highest lung cancer mortality rates in the United States.
Overall, Tennessee had the 5th highest lung cancer mor-
tality (51.3 compared to the national average of 38.5 per
100,000) and incidence (74.5 compared to the national
average of 58.3 per 100,000) based upon the latest data
2014–2018 [1]. Similarly, Tennessee has the 5th highest
current smoking prevalence, 20.7%, among adults in
the United States [2]. The CVC draws its study partici-
pants from this population of high risk individuals and
seeks to apply the discoveries from its efforts to them.

Pulmonary nodule clinic, interventional pulmonary
and thoracic surgery support: The Interventional Pul-
monology Program and Pulmonary Nodule Clinic at
Vanderbilt offer the full spectrum of diagnostic, thera-
peutic and palliative airway procedures. Currently the
Vanderbilt Pulmonary Nodule Clinic evaluates over 750
patients annually with suspicious nodules. In patients
with lung cancer, this extends from early detection and
endoscopic treatment to palliative airway procedures
for rapid symptom relief in patients with advanced lung
cancer. The Interventional Pulmonary Program at Van-
derbilt is staffed by three pulmonologists and an ad-
vanced practice nurse and manages a plethora of com-
plex airway problems. The Department of Thoracic
Surgery is staffed by five surgeons and over 800 thoracic
operations are performed and over 400 patients with
known or suspected lung cancer are evaluated annually.

Lung cancer screening program: VUMC participated
as one of approximately thirty sites enrolling patients
as part of the National Lung Screening Trial [3]. Af-
ter the trial’s publication, the Vanderbilt Lung Screen-
ing Program (VLSP) was established. The program is
a certified lung screening center and recognized as a
Screening Center of Excellence by the GO2 Founda-
tion. As of July 2020, over 2,500 unique patients have
been screened for lung cancer. There have been over
4,000 low-dose computed tomography (CT) scans per-
formed and over 80 cancers diagnosed. Imaging for the
lung screening program is performed at three outpatient
facilities, which are co-operated by VUMC and Van-
derbilt Imaging Services (VIS). Imaging is performed
in accordance with all American College of Radiology
(ACR) standards and results are reported to the ACR
registry. Low-dose CT scans and follow up imaging are
interpreted solely by cardiothoracic trained radiologists.
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Reporting is performed in accordance with the ACR
Lung-RADS system. The program is centralized with
shared decision making performed by two dedicated
lung screening nurse practitioners, both of whom are
certified tobacco treatment specialists. A program pa-
tient navigator assists with scheduling of baseline and
follow up examinations and with necessary referrals
including to the Vanderbilt Lung Institute.

1.3. Research infrastructure for the VUMC EDRN
lung CVC

In addition to the clinical care, a CVC relies upon
intimate integration of the research environment with
the clinical setting, VUMC is an academically oriented
institution that strongly supports basic and clinical re-
search. Much institutional effort has been spent on de-
veloping an environment which nurtures such activi-
ties and provides high quality general support services
through institutional cores and shared resources. These
designated cores and shared resources offer cutting edge
scientific services, enabling access to high-end equip-
ment, advanced techniques and specialized expertise
for all Vanderbilt investigators. Of the 39 core facili-
ties and 15 centers in the VUMC, the most relevant to
the EDRN CVC are the Advanced Computing Center
for Research and Education (ACCRE), Clinical Trials
Shared Resource, Digital Histology Shared Resource,
Translational Pathology Shared Resource and Clini-
cal Research Center. The CVC is housed within the
Vanderbilt-Ingram Cancer Center (VICC) and the can-
cer center directly supports the CVC through infor-
mation technology and computing support, laboratory
space and administrative effort.

Other shared resources specific to VICC and uti-
lized by the CVC or EDRN members include: 1) The
Clinical Trials Shared Resource (CTSR) assists cancer
investigators in developing, initiating and completing
scientifically meritorious clinical trials in an efficient,
cost-effective and technically sound manner. The CTSR
service support includes protocol development, regula-
tory compliance, study start-up, data management, re-
search nursing, auditing, and patient accrual. 2) Trans-
lational Pathology Shared Resource (TPSR) provides
access to human tissue samples, histology services and
specialized equipment to researchers. Human tissues
are collected prospectively from routine surgical re-
sections and autopsies for use by investigators in ba-
sic, translational, and clinical research studies. These
tissues are available fresh, snap frozen or in a variety
of fixatives as requested by the investigator. Normal,

neoplastic, and other diseased tissues are available for
study. 3) Digital Histology Shared Resource provides
large scale digital archiving and quantitative analysis
of histological, immunocytochemical and immunoflu-
orescence staining for tissue sections and tissue mi-
croarrays. 4) Institute for Medicine and Public Health
at Vanderbilt University Medical Center encompasses
four centers and one training program — the Center for
Health Services Research, the Institute for Community
Health, the Center for Improving Patient Safety, the
VA Geriatric Research, Education and Clinical Center
(GRECC) and the Quality Scholars Program. 5) Van-
derbilt Institute for Clinical and Translational Research
(VICTR) is an institutional program that fosters devel-
opment of innovative clinical and translational research
opportunities. One major impediment to T1 and T2
translation is the difficulty to expeditiously determine
whether a scientific idea is of real merit. The generation
of preliminary data and pilot initiatives for clinical and
translational studies is fundamental to addressing such
an impediment. VICTR provides financial and content
expertise (biostatistics, bioinformatics, health services,
scientific writing, etc.) of early research through pilot
funds which are available to all levels of academic sta-
tus, undergraduate students through established inde-
pendent investigators. Supported, in part, by the funding
from Vanderbilt’s Clinical Translational Science Award
(CTSA), the VICTR pilot funding program funds clin-
ical and translational pilot and feasibility studies for
projects that involve human tissue, human informa-
tion (e.g., medical records) and/or application to human
health.

1.4. REDCap (research electronic data capture)

Translational research at this scale srequires a robust,
easily modifiable, rapidly developed data input, storage,
and retrieval system. The primary data repository and
retrieval system that facilitates all translation research
at VUMC is built upon REDCap. This system, devel-
oped and supported by Vanderbilt’s CTSA, provides
HIPAA-compliant secure data management with very
short development times. The REDCap consortium is
an international group promoting the use and develop-
ment of this open-source research tool. REDCap is in
use by more than 1,500 institutions nationally and in-
ternationally, and recently received a $1.3M CTSA sup-
plement grant for system enhancements. It is an exam-
ple of the leveraging of CTSA-supported resources for
cancer research. REDCap is the multi-center epidemi-
ological data capture infrastructure used in the Cancer
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Table 1
Nashville lung cancer screening cohort opened in 2011

Specimen type # Patients Samples collected Samples
CVC I CVC II Total distributed

Bronchial biopsy 206 632 164 796 62
Bronchial brush 11 7 4 11 9
Bronchial Brush DNA 205 193 56 249 21
Bronchial Brush Protein 197 187 59 246 33
Bronchial Brush RNA 204 193 50 243 32
Bronchial Lavage Pellet 34 – 53 53 –
Bronchial Lavage-Bal 179 453 187 640 483
Buccal 436 274 759 1,033 –
Nasal Brush 428 274 727 1,001 28
Plasma 444 3,570 11,640 15,210 229
Serum 444 2,972 6,430 9,402 332
Sputum 434 200 748 948 4
Streck Plasma 406 – 7,094 7,094 752
Urine 438 1,422 3,616 5,038 –
Total 451 10,377 31,587 41,964 1985

versus Fungus (CanVFun) consortium, the CVC’s clin-
ical data capture and for some supplemental projects
that require specific patient or tissue data. The EDRN’s
clinical data survey is in REDCap and metadata for lo-
cal database creation and data collection available to all
EDRN members and the public. REDCap was recently
implemented as a Veteran’s Affairs-wide data capture
solution and is available with user support through the
VA Information Resource Center (VIReC).

1.5. Development of the VUMC EDRN CVC

The Vanderbilt-Ingram Cancer Center has a well-
established Thoracic specimen biorepository dedi-
cated to the support of lung cancer research. This
biorepository was started by Dr. David Carbone in
2001 with the acquisition of a Lung SPORE grant
that lasted until 2012. The biorepository follows the
National Cancer Institute Best Practices for Biospec-
imen Resources (revised in 2011). Any specimens
distributed are de-identified per HIPAA standards, as
required by the Institutional Review Board (IRB).
All specimens are collected and processed follow-
ing a detailed standard operating procedure includ-
ing low dose chest CT imaging data acquisition. Since
2009, protocols followed the EDRN tissue collection
specifications as defined on the EDRN’s web por-
tal (https://edrn.nci.nih.gov/archive/standard-operating-
procedures/standard-operating-procedures). The devel-
opment of the VUMC EDRN CVC can be understood
as three main stages.

1.5.1. Stage 1 – Infrastructure development
Biospecimen quality: Superlative biospecimen qual-

ity control is essential to the success of any research
program. To this end, standard operating procedures
(SOPs) for all tissue collection need to be developed
and tested, and following implementation, adherence
to these protocols must be regularly validated. Stage
I of the EDRN CVC development process (2009 to
2015 at VUMC) was focused on defining the goals and
procedures, implementing the workflows and ensur-
ing compliance. Additionally, Stage I focused on inte-
grating sample collection with a custom-built REDCap
database that linked samples and de-identified clinical
information and streamlining processes for requesting
access to samples from outside institutions and internal
collaborators while tracking sample disbursement.

To facilitate sample acquisition, Stage I focused on
technical infrastructure development and procuring the
requisite hardware to enable efficient and reproducible
processing of all samples. This includes storage space,
freezers, centrifuges, mass balances and barcoding sys-
tems. During this development stage, unique patient
accrual averaged approximately 330 per year (Fig. 1).
This enrollment volume does not represent the total
number of longitudinal study encounters or specimen
collections, as most patients were seen multiple times
over the course of their evaluation and disease treat-
ment, with multiple biospecimen and imaging collec-
tions (Table 1). Many patients who maintain VUMC as
their primary clinic undergo continuing research and
biorepository participation.

Following several iterations of sample collection and
testing, several core sample processing SOPs were de-
veloped. Key SOPs are included in the supplementary
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Fig. 1. (A) Patients consented for research over time in the VUMC Thoracic Biorepository. (B) Samples collected through the Nashville Lung
Cancer Screening program.

material. All tissue acquisition is performed or super-
vised by a trained pathologist or certified pathologist
assistant. Tumors with > 80% tumor necrosis are con-
sidered inadequate. We routinely create formalin-fixed
paraffin embedded QC blocks during tissue processing.
Cases with insufficient tumor for QC blocks undergo
review of frozen sections when distributed to individ-
ual investigators. Plasma and serum samples are moni-
tored for degree of hemolysis. All specimens collected
are carefully annotated. Each specimen is assigned a
unique barcode under a unique patient ID number. Data
entry into the password-protected database includes pa-
tient ID, name, age, gender, race/ethnicity, and associ-
ated specimen information including type (tumor, nor-
mal, bronchus, etc.), anatomic site including laterality,
storage method (fresh, snap frozen, etc.), size, weight,
volume, numbers of aliquots and time to freeze.

1.5.2. Stage 2 – Implementation
Stage 2 focused on scaling the patient accrual and

sample collection efforts. During this stage from 2015
to 2020, patient accrual jumped to an average of ap-
proximately 500 per year. However, 2015 was a transi-
tion year, and the EDRN development Stage 2 did not
begin until the end of the year, and 2020 saw decreased
accrual due to a slowdown in clinical and research activ-
ities due to the COVID 19 pandemic. Therefore, when
considering the time from 2016 to 2019, the average
patient accrual was approximately 630 per year, nearly
double the annual accrual from Stage 1 (Fig. 1).

1.5.3. Stage 3 – Diversity and expansion
Our Stage 3 CVC development plan is focused on

two main goals: 1) Increasing diversity through part-
nerships with clinics that primarily serve minority pop-
ulations and clinics that serve large numbers of under-

insured populations and 2) Expanding the reach of our
accrual network through partnerships with other medi-
cal centers. Progress towards the first goal is presented
in Section 2.3 which presents preliminary progress on
a partnership with Meharry Medical College, a histor-
ically black college (HBC) in Nashville that serves a
primarily minority population. Progress towards the
second goal is presented in Section 2.4. Both projects
leverage the EDRN-built CVC infrastructure at Van-
derbilt to partner with regional clinics to aid the EDRN
sample collection through increased overall sample col-
lection and improved diversity of sample collection,
but also benefit the regional centers as they empowers
them to take advantage of the VUMC infrastructure to
strengthen their own clinical research programs.

2. Patient enrollment and specimen acquisition for
the lung CVC biospecimen repository

2.1. VUMC institutionally supported biospecimen
acquisition

VUMC has developed its own internal processes for
biospecimen collections across a wide range of tis-
sues that supplement these phase I/II/III studies across
multiple lung cancer histological subtypes, which have
benefitted the EDRN. Core to these studies are the
protocols for obtaining biospecimens of the follow-
ing types: fresh tissue, frozen tissues, paraffin block
tissue, research pathology, linked tumor/normal tissue
micro array, bronchioalveolar lavage, nasal rinse, spu-
tum, serum, plasma, whole blood, buffy coat and urine.
While the end goal of the EDRN is focused on easily ac-
cessible samples for non-invasive early detection, such
as blood or urine, the availability of these other biospec-
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imen types allows more complex studies such as the
relation between the biology internal to the tumor and
the circulating biomarkers. Matched tissue/tumor/blood
sample sets are vital to this effort.

2.2. EDRN nashville lung cancer screening cohort

The primary patient accrual instrument for the EDRN
is an ongoing prospective longitudinal cohort of in-
dividuals at high-risk of developing lung cancer that
was established to build a biorepository of carefully
annotated biological specimens and low dose computed
tomography (LDCT) chest images for derivation and
validation of candidate biomarkers for early detection
of lung cancer. The goal of this study is to character-
ize individuals with high risk for lung cancer, accu-
mulating valuable biospecimens and LDCT chest scan
longitudinally over five years. Participants 55–80 years
of age and with a 6-year estimated risk of develop-
ing lung cancer greater than 1.5%, according to the
PLCO model, were recruited and enrolled from clinics
at Vanderbilt University Medical Center, the Veteran
Affairs Medical Center, and Meharry Medical Center.
Individual demographic characteristics were assessed
via questionnaire at baseline. Participants underwent a
LDCT scan, spirometry, sputum cytology and research
bronchoscopy at the time of enrollment. Participants
will be followed yearly for five years. Positive LDCT
scans are followed up according to standard of care. The
clinical, imaging and biospecimen data are collected
prospectively and stored in the biorepository. Partici-
pants are offered smoking cessation counseling at each
study visit. A total of 480 participants were enrolled at
study baseline and consented to sharing of their data and
biospecimens for research. Participants are followed
with yearly clinic visits to collect imaging data and
biospecimens. To date, a total of 19 lung cancers (13
adenocarcinomas, 4 squamous cell carcinoma, 1 large
cell neuroendocrine and 1 small cell lung cancer) have
been identified. We established a unique prospective
cohort of individuals at high-risk for lung cancer, en-
rolled at three institutions for which full clinical data,
well-annotated LDCT and biospecimens are being col-
lected longitudinally. This repository will allow for the
derivation of independent validation of clinical, imag-
ing and molecular biomarkers of risk or diagnosis of
lung cancer [4] (Table 1).

2.3. Lung cancer screening in underrepresented
populations

Developing a study population from an academic
center runs the risk of under-representing certain pop-
ulations, including those that may be at highest risk
of disease and would most benefit from early detec-
tion. For this reason, VUMC has leveraged its CVC
infrastructure to partner with Meharry Medical College
through the Meharry-Vanderbilt Alliance and its affilia-
tion with Nashville General Hospital, the city’s safety
net hospital, to develop a cohort focused on underserved
and underinsured persons. Study enrollment began at
Meharry Medical College in September 2019. We have
recruited and completed a baseline study visit for a total
of 104 participants for our underserved (under-insured)
protocol. Our population recruited from Meharry Med-
ical College (n = 22) had a mean age of 61 years, is
41% African American, 59% female and comprised
mostly of participants who smoke (91%). Participants
recruited from all other referral sources (n = 45) were
11% African American, 31% female and 76% who cur-
rently smoke. The first two years of accrual focused
on developing the infrastructure, and future years will
focus on increasing the levels of diversity in patient
accrual through existing infrastructure and additional,
directed marketing and recruitment.

2.4. Geographically diverse specimen collection
(CanVFun consortium)

Another crucial role in the purview of the CVC is
to identify collaborative centers that would improve
population and sample diversity while benefitting from
the infrastructure already in place at the CVC. In this
approach, the CVC helps to collect biospecimens and
clinical data for other institutions while organizing these
extramural biospecimens into a cohesive, representative
cohort. In this instance, VUMC serves as the hub for
a firmly established 4 site consortium, the Cancer Ver-
sus Fungus (CanVFun) Consortium, with Washington
University in St. Louis, the University of Kentucky, the
University of Cincinnati and VUMC. This consortium
is working to develop a diverse patient cohort repre-
sentative of the indeterminate pulmonary nodule pop-
ulation within the central US to develop and validate
both malignant and benign lung disease specific imag-
ing and liquid biomarkers. Without the existing CVC
infrastructure at VUMC for biospecimen collection and
storage, image deidentification and storage and clini-
cal data capture through REDCap using EDRN defined
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Table 2
Other sample accrual

# Patients # Aliquots # Aliquots distributed
CanVFun Consortium opened in 2018
Serum 104 286 82
Plasma 55 677 0
Buffy coat/EDTA 34 34 0
Total Unique 106 997 82
EDRN Collaborative Group Project 2 (LTP2) accrual 2013–2020
Serum 118 2103
Plasma 118 2164
Pax Gene 118 236
Nasal Brushing 118 118
Airway Brushings 118 472
Total 118 3226

data dictionaries, it would be much more difficult for
these external sites to develop study populations of their
own. To date, CanVFun has prospectively consented
65 participants and collected biospecimens and clinical
data based upon the EDRN’s standardized initial pa-
tient survey data collection form that was transcribed
into a secure multi-site REDCap database. A separate
set of 51 retrospectively acquired patients were con-
tributed from Cincinnati with complete imaging and
clinical information history. The goal for enrollment is
120 patients by July 2022. Specimen totals are included
in Table 2.

2.5. Non-EDRN collections facilitated by
EDRN-developed infrastructure

Outside of the context of the EDRN specifically,
several ongoing patient accrual studies at VUMC pro-
vide supplementary biospecimens that have been lever-
aged for both internal EDRN collaborative studies and
external studies within the field of lung cancer. The
EDRN-funded infrastructure has augmented and bol-
stered these accrual abilities and these specimens are
available to EDRN investigators. For example, we have
enrolled 98 patients into DECAMP studies [5].

2.5.1. Lung Team Project 2 (LTP2)
Dr. Massion was the PI of the Lung Team Project 2

and was assisted by Drs Grogan and Deppen. The LTP2
study has brought collaborators (including new site Dr.
Willey from U Toledo) to meet their accrual goals.
The enrollment is closely monitored by the DMCC
with the support of Tracey Marsh. COVID-19 limited
2020 enrollment but 15 additional samples from the
CanVFun EDRN recruitment (see below) and 15 from
Dr. Harvey Pass at NYU (EDRN collaborator) have
completed the 300-patient reference set. The VUMC
closed its accrual for being the lead accrual in LTP2

with over 1/3 of all patients accrued. All samples are
being adjudicated and images transferred into XNAT for
future image analysis and samples sent to the reference
labs. These will be included in the EDRN reference set
and sent to the NCI Frederick Biorepository Facility.
Sample collections are included in Table 2.

3. Biomarker validation

As the science behind biomarker discovery and de-
tection has evolved, so too have the focuses of the de-
velopment and validation studies. As technology pro-
gresses, new avenues of research open, which also make
previously traveled paths of research less optimal. For
these reasons, a summary of studies will be presented
approximately chronologically relative to their incep-
tion, rather than by any measure of relevance or com-
pleteness. The purpose of this section is not to com-
pare the various biomarker techniques, which have been
more thoroughly discussed elsewhere [6–9], but to pro-
vide a summary of the breadth and depth of studies
which the VUMC CVC has facilitated. The three phases
of biomarker development are as follows:

Phase I – Preclinical/Exploratory Biomarker Dis-
covery: This is the biomarker discovery phase. The
role of the CVC in Phase I studies is primarily to
provide biomarker development laboratories with
high quality sample sets from the relevant patient
populations. These samples can be either of the
tissue of interest for final tests (such as serum or
plasma) or bulk tumor/lung tissue which can be
used for proteomic/genetic analysis. This phase
also focuses on developing new technologies for
either new or existing biomarkers. Samples from
VUMC have been used in biomarker discovery for
a range of biomarker technologies including mass
spectroscopy-based methods [10–13], enzyme-linke
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immunosorbent assary [14–16], quantitative
PCR [17]. Additionally, VUMC has provided spec-
imens and performed independent review and val-
idation for several emerging technologies, includ-
ing the magnetic-nanosensor immunoassay Mag-
Array [18,19], the free solution assay as measured
by the compensated interferometric reader [20,21]
and the deep-sequencing method CAPP-Seq [22].
Table 3 shows the phase 1 validations studies that
VUMC has participated in and shows how many of
the biomarkers were further investigated in Phase II
and Phase II studies.
Phase II – Clinical assay development and valida-
tion: In Phase two, the CVC serves as both a re-
source for establishing or externally reproducing
the clinical assay and for performing independent
validation of the proposed biomarker assay. Within
the context of these studies, the CVC can provide
additional samples for analysis, oversee indepen-
dent secondary analysis, oversee or facilitate in-
dependent analysis with an orthogonal method for
comparison, help establish assay procedures out-
side the developing site and ensure rigorous analy-
sis of the results’ accuracy, reproducibility, and ro-
bustness. Following a successful Phase II validation
study, a CVC should be equipped to swiftly move
into a Phase III study. For this reason, many Phase
II validation studies are published as part of the
Phase III report, although several dedicated Phase II
studies have been presented. A Vanderbilt radiology
study assessed the reproducibility of nodule volume
measurements using the VCAR system using re-
peated scans on stable nodules, representing the first
real-world test of volume doubling time variability
outside of same day repeat imaging (the “Coffee
break” study) [23].
Phase III – Retrospective Longitudinal Validation:
Following validation of the clinical assay, and prior
to implementation in a prospective study, the accu-
racy of the biomarker (sensitivity/specificity) should
be evaluated in a population similar to the target
population of use, which includes demographics
and the prevalence of cancer (cases/controls ratio).
To facilitate this, the VUMC EDRN Lung CVC
has provided large cohorts of samples that are well
annotated, with sufficient longitudinal follow-up
to assess patient outcomes. To ensure that the cor-
rect population is selected, data analysts and epi-
demiologists provide assistance with patient selec-
tion and ensure that comprehensive sample anno-
tation and outcome data are linked to the biospeci-

mens. Furthermore, biostatistical help with analy-
ses is frequently provided to EDRN collaborative
sites to ensure that methodological rigor is achieved.
The Phase III studies that have used VUMC sam-
ples, infrastructure and expertise have advanced
the study of many of the most promising biomark-
ers [14,15,18,19,24–29]. The VUMC EDRN Lung
CVC has provided samples for the majority of pub-
lished Phase III studies at some point in their devel-
opment and validation within the context of inde-
terminate pulmonary nodule evaluation.

In addition to development of biomarkers themselves,
the close interaction between the CVC and basic sci-
ences has enabled investigation of new model building
techniques to improve how biomarkers are incorporated
into risk predictors and implemented into practice. For
example, a new method to train predictive models on
cohorts of patients using multiple biomarkers, when not
all patients have all biomarkers measured, enables train-
ing models on larger populations resulting in more gen-
eralizable and robust models [30]. Additionally, novel
techniques for incorporating longitudinal measurements
at irregular intervals and using heterogeneous images
allows for more robust treatment of messy, real world
imaging data [31–34].

Lastly, the CVC has provided the foundation required
to train and validate new clinical risk models, including
the TREAT model designed for use in surgical clinic
cohorts [35,36], validation of the BRODERs classi-
fier [37] and validation of the currently used clinical
risk models [35].

4. Imaging repository

Our validation center has been leading an effort in
combining imaging and biomarker studies. We have
now established a unique infrastructure to deposit large
number of Chest CT series in an imaging repository.
The EDRN supported Drs. Carr and Landman, who
were instrumental in establishing a robust and repro-
ducible infrastructure. The group uses the eXtensi-
ble Neuroimaging Toolkit (XNAT) to provide secure,
multi-site access to data resources [38]. The EDRN
has supported the infrastructure for additional program-
ming and machine learning investigations and benefit-
ted other areas of research. All projects make extensive
use of PyTorch, Tensorflow and git and are tuned for
scalable integration with XNAT [39,40] and DAX, an
open source extension of XNAT [41]. Our work [42–46]
on machine learning with lung screening and more gen-
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erally in body radiology and neuroimaging, with over
17 publications in non-lung cancer topics, relies heavily
on this infrastructure. While this infrastructure forms
the nucleus of our machine learning efforts, it supports
external academic [37,43] and industry [47] (resubmit-
ted paper) imaging based machine learning model de-
velopment and validation for the early diagnosis of lung
cancer.

Vanderbilt University Institute of Image Science’s
(VUIIS) mission is to support collaborative image pro-
cessing research at Vanderbilt by (1) creating infrastruc-
ture to interface medical image processing with high
performance computing, (2) supporting implementation
and standardization of medical image processing and
(3) facilitating collaboration on medical image process-
ing. Today, all human research scans taken at VUIIS
or consented participants in any EDRN related study
are automatically routed to a long-term PACS archive.
To date all CT and MRI scans are being processed and
archived. PACS is the institutional distributed medical
image management system. These scans are then mir-
rored in an eXtensible Neuroimaging Toolkit (XNAT)
server and fully de-identified to provide secure, multi-
site access to data resources. XNAT is an open source
imaging informatics platform [48]. It facilitates com-
mon management, productivity, and quality assurance
tasks for imaging and associated data. XNAT supports
a wide range of imaging based processes with its the
federated (locally hosted) and distributed infrastruc-
ture for the storage, retrieval, analysis and documenta-
tion of biomedical imaging data [49]. XNAT follows
a three-tiered architecture that includes a data archive,
user interface and middleware engine. The infrastruc-
ture consists of distributed data collections hosted on
dedicated storage and computational resources located
at each participating site. This approach to local hosting
and data management in an open-source environment
allows for rapid spread of this architecture to interested
collaborators with a federated data management system
and data integration environment, an extensible markup
language (XML) schema for data exchange and analysis
pipelines. Thus, it is designed to leverage both the dis-
tributed data management environment and the locally
available grid computing resources.

Demographics and non-imaging measures are reco-
rded using Vanderbilt’s HIPAA compliant distributed
REDCap database and matched with the XNAT archive
(Fig. 2). To date over 251,000 patients, with 7.6 million
imaging volume and 645 individual image files have
been processed (E). These imaging data housed in the
archive, called ImageVU, are then linked back to the

patient clinical record either in the fully de-identified
Synthetic Derivative (B), an identifier scrubbed version
of the institutional electronic health record or in the
Research Derivative (C), a nightly updated copy and
searchable version of the electronic health record avail-
able to researchers as part of the Research Enterprise
(D) with IRB oversight. Figure 2 shows the process
workflow for these data streams.

5. VUMC EDRN lung CVC impact on biomarkers
validation in industry

5.1. Infrastructure available to industry

The EDRN Lung CVC has participated in industry-
led and industry-supported biomarker development ef-
forts across the range of biomarker development phases.
Since the inception of the CVC, the VUMC CVC
has collaborated with 13 biospecimen-focused industry
partners and three imaging-focused partners. These col-
laborations are mutually beneficial, as industry support
can offset some of the costs in maintaining sample and
enrollee volumes while the specimens and independent
validation offered to the industry collaborators ensure
quality biomarker discovery and validation.

In contrast to pay-for-sample biobanks, the VUMC
biospecimen repository offers well adjudicated quality
sample sets that are de-identified, but the link to the pa-
tient’s medical record remains intact which allows fur-
ther data acquisition if new endpoints or clinical data el-
ements are desired which were not originally collected.
Additionally, the biostatistics, clinical implementation
infrastructure and epidemiological expertise at the CVC
allows for true independent validation and replication of
any industry-sponsored biomarkers. This independent
analysis and validation is beneficial to the field overall,
as any biomarkers that succeed in transition to com-
mercial platforms are of the highest quality, but also
beneficial to the industry partners as the data validation
can then aide in submission for government regulatory
approval. Lastly, the clinical trial infrastructure at the
VUMC EDRN CVC enables easy transition from Phase
I/II/III studies into interventional trials. This infrastruc-
ture, which is beneficial to the institution, the industry
partners and the field as whole, would be unsustainable
without the EDRN CVC foundation.

5.2. Industry partnerships using biospecimens

These collaborations have facilitated biomarker de-
velopment from Phase I through to commercially avail-
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Fig. 2. Organization of data processing pipeline within the VUMC IT infrastructure. (A) are the collective data streams arising from clinical care,
they are replicated into the Research Derivative (RD, B) or Synthetic Derivative (SD, C) for use by researchers (D) while an independent set of
processes extract imaging data (E) for clinical and research uses.

able products. For example, blood specimens from
VUMC were included in the initial development and
validation of an autoantibody panel that is now com-
mercially available from Biodesix (Boulder, CA) in the
US as the EarlyCDT test and from Oncimmune (Not-
tingham, UK) in Europe [14]. In addition to biospeci-
mens, VUMC scientists contributed to the development
effort, providing clinical, scientific and biostatistics ex-
pertise. Similarly, the multi-reaction-monitoring pro-
teomic signature (MRM) that VUMC contributed spec-
imens, clinical experience, scientific expertise and bio-
statistics validation for is also now available commer-
cially from Biodesix as the NodifyXL2 test [25]. The
magnetic nanosensor based biomarker detection plat-
form for which VUMC provided a validation sample
set and expertise is now commercially available from
MagArray (Malpitas, CA) [18,19,50].

A collaboration between the EDRN CVC, Abbott
Diagnostics, Lahey Medical Center and OneFlorida
Clinical Research Consortium created a test case to
assess “the economic feasibility, clinical utility, and
medical validity of a blood-based in vitro diagnostic
device (IVD) biomarker test panel (Class II/Class III)
for risk stratification of suspicious lung nodules using
Real-World Data (RWD)”. The test case was developed
and overseen by the National Evaluation System for
health Technology Coordinating Center (NESTcc), an
FDA supported effort to generate real world evidence
applicable to medical device development and surveil-
lance. This project generated methods to define, col-

lect and measure clinical utility data for the diagno-
sis of indeterminate pulmonary nodules (IPN). Clinical
utility was defined as time to diagnosis and number of
invasive or non-invasive diagnostic tests performed to
achieve a diagnosis. This data collection methodology
will be published and subsequently made available to
the EDRN. Our approach allows for the retrospective
evaluation of clinical utility among those with biolog-
ical and imaging data in the CVC as their specimen
and epidemiological survey data (see “Nodule Evalua-
tion” in the supplementary material) are linked to their
clinical data through the Research Derivative (Fig. 2,
Section 4 above). Therefore, moving forward all fu-
ture validation studies using EDRN CVC, CanVFun or
other VUMC recruited participants will have the capa-
bility of measuring how the biomarker or combination
of biomarkers might impact time to diagnosis and the
healthcare effort necessary to achieve that diagnosis.

5.3. Imaging industry partnerships

The VUMC imaging repository has collaborated with
industry to develop and validate radiomic platforms that
are in clinical use to improve the early detection of lung
cancer. A cohort of patients undergoing CT scans at
VUMC was used to validate the deep learning-based
Lung Cancer Prediction-Convolutional Neural Network
(LCP-CNN) which is now approved for use through
the FDA and was developed and marketed by Optellum
(Oxford, UK). In addition to the images, VUMC based
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scientists, biostatisticians and radiologists collaborated
in the development process to ensure proper imple-
mentation of the LCP-CNN for IPN management. Sim-
ilar studies were performed for Phase I, II and III
studies with Dr. Gillies that resulted in the Health-
Myne radiomic platform [51,52]. A Phase 4 study
(R01CA252964 Grogan/Baron) using the HealthMyne
radiomics combined with hsCYFRA 21.1 is now funded
as a randomized clinical utility trial.

5.4. Grants secured

The impact on lung cancer research at VUMC has
been substantial. Multiple additional grants have been
secured, in part due to efforts related to this EDRN CVC
grant (Table 4). These include only grants obtained or
pending at this institution. Most if not every collaborator
has active funding applications related to this work and
has benefited from our CVC infrastructure, but are not
listed.

Summary and conclusions

The EDRN CVC funding mechanism has been highly
successful in bringing biomarkers closer to the bedside
in the field of lung cancer. The VUMC EDRN Lung
CVC is an international resource for the validation of
biospecimen and imaging biomarkers for the risk as-
sessment and early detection of lung cancer. The next
generation CVC will provide an infrastructure for mul-
ticenter Phase 4 adaptive clinical utility trials and ex-
pand the biorepository resource for additional valida-
tion studies with diverse populations.
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