Compensated interferometry measures of CYFRA 21-1 improve diagnosis of
lung cancer
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One Sentence Summary: A novel label-free biomarker assay and interferometric reader are
shown to provide improved performance for discriminating lung cancer cases and controls.

Abstract: Diagnosis of lung cancer patients with indeterminate pulmonary nodules (IPNs)
presents a significant clinical challenge, with morbidity and management costs of $28 billion/year.
We show that a quantitative free-solution assay (FSA), coupled with a compensated
interferometric reader (CIR) improves the diagnostic performance of CYFRA 21-1 as a lung
cancer biomarker. FSA-CIR is a rapid, mix-and-read, isothermal, label- and enzyme-free, matrix-
insensitive, target and probe-agnostic assay. Operating FSA-CIR at ~40, 0.75 pL samples/day
delivered a serum CYFRA 21-1 limit of quantification (LOQ) of 81 pg/mL with intra-assay and
inter-assay CVs of 4.9% and 9.6% for four-day replicate determinations. Blinded analysis of a
225 patient cohort, consisting of 75 nonmalignant nodules, 45 adenocarcinomas, 44 squamous cell
carcinomas, and 61 small cell lung cancers, gave a clear separation of cases and controls, not
observed in the Cobas ECL analysis. The area under the curve (AUC) for the Mayo model
increased from 0.595 to 0.923 when combined with the FSA-CIR CYFRA 21-1 measurements. In
a population with nodules between 6-30 mm, the AUC increased from 0.567 to 0.943. In this
subgroup, the positive predictive value (PPV) for all tumors by the CYFRA 21-1 assay was 98.7%.
Our results demonstrate increased performance of the CYFRA 21-1 assay using FSA-CIR and
represents a proof of concept for redefining the performance characteristics of this important
candidate biomarker.



Introduction

Lung cancer is the leading cause of cancer-related deaths in the United States (1). Low
dose chest CT screening programs that target high-risk individuals can reduce the relative risk for
lung cancer-specific mortality by 20% in the context of a randomized clinical trial (2). There is a
growing movement to implement this life saving screening into clinical practice, with
endorsements from the U.S. Preventive Services Task Force (3), the vast majority of professional
societies (4), and a willingness from payers to provide reimbursement (3-4). Yet, numerous
challenges still need to be navigated to provide improved outcomes. Among those are: a) how to
position a biomarker prior to chest CT screening to decrease the cost and rates of false positive
tests; b) how to address the diagnosis of lung cancer among indeterminate pulmonary nodules
(IPNs); and ¢) how to detect recurrence. The availability of a rapid, high-sensitivity detection
method to improve the quantification of biomarkers has the potential to expand individualized
management of indeterminate pulmonary nodules (IPNs) in lung cancer patients.

Redefining the value of strong candidate biomarkers could produce changes in the
guidelines for the management of IPNs, for disease monitoring, and for the early detection of
cancer in the preclinical stage. Our approach addresses how current clinical blood biomarker
strategies are too insensitive to enable detection of a developing tumor within the first decade of
tumor growth (5) and mirrors what was accomplished when a high sensitivity version of the CRP
assay was demonstrated. Because of improved sensitivity, the 4-CRP test, performed widely
today, allowed an otherwise nondiscriminatory biomarker to be repurposed, transforming it into a
clinically useful target for determining initial status of a patient with a suspect cardiac event (6).
Others have taken this tactic of addressing biomarker value by attempting to increase the
sensitivity of the assay (7). While promising results have been obtained, until now there has been
no definitive report showing significant improvement in positive predictive value (PPV) and
diagnostic likelihood ratio (DLR) values for lung cancer from a single protein lung cancer
biomarker.

Numerous biomarker approaches have been reported for the study of cancer pathogenesis,
albeit clinical translation has been problematic. Among the most common assay methods are
ELISA, electrochemiluminescence (ECL) (8), and bead array technologies (9). Label-free
techniques, such as surface plasmon resonance (SPR) (10), quartz-crystal microbalance (11),
wave-guided interferometry (12), and mass spectrometry (MS) have been employed for biomarker
quantification, but have yet to provide an improvement in diagnostic power (13). Although MS
has been exceedingly valuable in the biomarker discovery phase (14), instrumentation complexity
and difficulty with quantification make its use for clinical screening unattractive (15). Multiplexed
MRM/MS targeted assays using stable-isotope-labeled peptide standards for accurate quantitation
are showing promise as clinical diagnostic assays (16), but complexity and low-throughput remain
as limitations. There are now platforms available that are reported to have single-molecule
sensitivity that have emerged. These techniques still employ a fluorescence sandwich assay based
on multiple chemical steps. Singulex uses single molecule counting technology to obtain high
sensitivity for biomarker targets (17) by using a microparticle to capture the target and a separation
step to yield a bead with the fluorescently labeled target. Then, by limiting the probe volume to a
few femtoliters, as in con-focal microscopy, low copy numbers are counted. Simoa (Single
Molecule Array) from Quanterix is a technology that exploits the advantages of digital assays.
Again a sandwich assay on beads is performed, but here each bead is collected in micro-wells
formed at the end of a coherent fiber bundle or similar small volume receptacle (18). While



promising, both of these techniques have deficiencies, related to speed, reproducibility, cost,
and/or accessibility. SOMALOGIC has taken a different approach to quantifying serum proteins
by employing aptamers, which are stands of DNA or RNA selected to bind the target (19). Their
detection approach capitalizes on a slow ‘off-rate’ for one of the complexes formed to separate the
sample from background (20). While this aptamer-probe method has shown promise (21), multiple
(as many as 10) sample handling and labeling steps, combined with relatively complicated
instrumentation has impeded the wide dissemination of the technology for biomarker
quantification.

In general, platforms that require either surface immobilization and/or labeling steps can
make assay development and species validation arduous, slow, and expensive. Given these
observations, we have chosen to explore the potential to do biomarker quantification label-free
and in free-solution. The Free-Solution Assay (FSA) presented here appears to represent a viable
alternative (22) to many of the existing and emerging assays. FSA is a mix-and-read approach
that is assay agnostic, highly sensitive, rapid, and matrix independent. It will be shown here that
when FSA is combined with a recently demonstrated compensated interferometric reader (CIR),
it is possible to quantify the protein biomarker CYFRA 21-1 rapidly in serum samples at levels
significantly lower than the gold standard approach (limits of quantitation (LOQ) 81 pg/mL vs.
500 pg/mL for ECL (23)).

We hypothesized that this lower limit of quantitation (LOQ) could transform biomarker
utility, as with 4-CRP, allowing improved detection for the early diagnosis of lung cancer in
patients with indeterminate pulmonary nodules (IPNs). Resetting the detectable concentrations of
one of the best candidate biomarkers for lung cancer, CYFRA 21-1 in serum, can thereby
significantly improving its clinical utility by increasing the discriminatory power of the biomarker.
CYFRA 21-1, a fragment of the protein cytokeratin-19, has been implicated in numerous tumors
and suggested as potential biomarker candidates (24), and has a long history of being investigated
as a potential lung cancer biomarker (25). Yet, to date, insufficient sensitivity and specificity has
limited the value of CYFRA 21-1 in clinical practice. Even so, CYFRA 21-1 currently serves as
a blood-based non-small cell lung cancer (NSCLC) biomarker with concentrations correlated to
disease progression (26). As for its diagnostic utility in lung cancer, CYFRA 21-1 has been
restricted by the constitutive expression of 2.4 ng/mL in healthy individuals (27), a value near the
reported measurement range (or LOQ) for ELISA (1.0-2.95 ng/mL). Our preliminary observations
with backscattering interferometry (BSI) showed that our FSA, based on a single antibody probe
to CYFRA 21-1 and read by an interferometer, can provide up to 40-fold LOQ improvements for
serum biomarker quantification, when compared to established enzyme-linked immunosorbent
assays (ELISAs) (28). Here we build on these observations, reporting a new higher throughput
interferometer, compensated for enhanced S/N performance and the application of our FSA to
quantify CYFRA 21-1 in a clinically relevant patient population.

Results
1. FSA-CIR provides high sensitivity analysis of serum protein.

Several factors reported here, including the enhancement of detection sensitivity and
specificity, are important in the lung cancer biomarker detection approach. The first is the
compensated interferometer (29), which is based on a simple optical train that consists of a diode
laser, an object (capillary tube), and a camera (Fig. 1). The compensation approach has enabled



the elimination of the high-resolution temperature controller, typically needed for such devices
(30) and greatly simplifies the complexity of the device (Fig. S1).
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Fig. 1. Workflow of the compensated interferometric reader. Block diagram CIR, showing the Mitos Dropix
droplet generator (left), laser and fringe detector (center), and syringe pump (right). Sample-Reference droplet
pairs move through the detection region at constant flow rate and are measured in real time.

Second, marrying the interferometer with a slightly modified commercial droplet generator
(Mitos Dropix, Dolomite Microfluidics, Royston, UK), and an inexpensive syringe pump results
in a compensated interferometric reader (CIR) (Fig. 1). Modifications of the Dropix included
retooling the sample collection hook to facilitate the use of a capillary tube and the development
of multi-well biocompatible sample holders with low non-specific adsorption. CIR has
significantly increased sample throughput, improved sensitivity, and constrains sample volume
relative to previous interferometers (31).

Third, our compensation method eliminates the need to regulate temperature, allowing
capillary cells to be used in our reader (32). Employing a fused silica capillary tube in CIR is
advantageous, because it allows for seamless sample droplet train generation and it provides
enhanced S/N over chip-based optical designs (33). The continuous transfer line approach
provides for the production of smooth, uninterrupted sample droplet trains. Collectively, when
compared to previous interferometric sensor designs (31), the CIR provides significantly increased
throughput, streamlined data collection and analysis, and constrains sample size to less than 1 pL.

CIR enables trains of sample and reference solutions, separated by an oil droplet, to be
interrogated by a single laser beam (Fig. 1). Simultaneous interrogation of the sample and
reference solutions, by a single beam, provides compensation for laser pointing instability,
wavelength wander, intensity fluctuations, and environmental temperature perturbations (29). In
addition, comparison of composition-matched sample — reference pairs, allows matrix insensitive
operation for biomarker quantification. The measurement results from the laser illuminating the
capillary, the beam being reflected/refracted by the tube, producing a set of very high contrast,
elongated, interference fringes (Fig. S1). When the composition (refractive index, RI) of the fluid
in the detection window of the capillary changes, the fringes shift spatially. Comparison of these
positional shifts in two adjacent regions/windows of the capillary yield a differential a
measurement (29). These relative positional fringe shifts are quantified using a Fast Fourier
Transform (FFT) (22). The FFT and an in-house image processing algorithm reports a phase



change difference for the sample and reference solutions, thereby enabling antibody-biomarker
complex quantification.

Collectively, CIR provided probe-target binding assays with 81 pg/mL LOQs, at medium-
throughput (40 sample/day), while constraining sample serum volumes to 0.75 pL. To our
knowledge, CIR is the only nanoliter-volume interferometric reader based on an inexpensive diode
laser, with this level of throughput and no need for a high resolution temperature controller (31).

2. The Free-solution Assay for CYFRA 21-1.

The free-solution assay (FSA) is also a key to the biomarker results presented here. The
principal for FSA (22) is based on recording predictable and reproducible changes in the solution
dipole moment from binding-induced changes in molecular conformation and hydration. In FSA,
preparation and subtraction of index matched sample-reference pairs facilitates the elimination of
matrix background. Using FSA with CIR affords the direct comparison of these sample pairs
resulting in label-free, solution-phase target quantification in complex milieu, at sensitivities
comparable, or better than many fluorescent assays (pg/mL) (28, 34). Fig. 2 illustrates the
workflow for FSA. First, a small volume of serum is split into two aliquots to provide ‘test’ and
‘reference’ solutions. Next, we add an excess of antibody probe to one of these aliquots, giving
the test sample. Third, the “reference/control” is formed by adding an RI matching solution to the
other aliquot. Both solutions are allowed to equilibrate for short period of time (~1 hr) and then
introduced into adjacent wells of the droplet generator for analysis by the interferometer as pairs
separated by an oil droplet.
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Fig. 2. Schematic of the Free-solution assay method. Samples are split into two aliquots. An excess of the
probe antibody is introduced to the binding sample, while an RI-matched non-binding control solution is added
to the reference sample. The CIR reports a signal that correlates with the resulting changes in conformation and
hydration of the probe/target molecules upon binding.

To test our hypothesis that lowered LOQs for serum proteins can improve their clinical
utility as lung cancer biomarkers, the analytical performance of FSA-CIR for quantifying CYFRA
21-1 was established. Working with spiked 25% serum and a commercial antibody probe to
CYRFA 21.1, we obtained high quality calibration on two different instruments, over a several
day period and by two independent users. Fig. 3 presents the combined calibration results for
these 4 independent serum CYFRA 21-1 assays (individual curves found in Fig. S2). The plot
also shows the average of all CYFRA 21-1 calibration curves, black line, and the 95% confidence
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replicate determinations. The LOQs
for CYFRA-21-1 reported here are
equivalent to those published
recently (LOQ of 80 pg/mL) for a somewhat complicated, chemically intensive immunoassay (34),
and ~6-fold better than the ~500 pg/mL LOQ for the gold-standard, Cobas
electrochemiluminescence assay (ECL) (23, 35). Using FSA-CIR we were able to perform the
complete analysis of ~50 patient serum sample-reference pairs per day, including calibrations, and
full data workup.

As a test of assay accuracy, we prepared ‘unknowns’ by spiking serum with CYFRA 21-1
and blinding the sample identity to the instrument operator. Fig. 3 presents the response for these
spiked serum samples, with the error bars representing the standard deviation for 7 replicate
determinations. Table S2 shows that FSA-CIR provided a highly accurate result for these
determinations, with the percent difference from the true CYFRA 21-1 concentrations ranging
from 0.4% to 25%, except for one 10ng/mL ‘unknown’ which gave a 32% difference. It is
noteworthy that this determination still fell within the 95% confidence interval (grey region, Fig.
3) and that the error would not impact case vs. control classification or the cut-off. Within the
linear range of the calibration curve (0.08 to 4 ng/mL), FSA-CIR provided an average percent
difference between actual and determined CYFRA 21-1 concentration of 10.9%.

3. Diagnostic performance testing in a case-control study of individuals presenting with
lesions suspicious of lung cancer.

Using the mix-and-read assay and reader operating at 40 IPN serum samples/day, we
performed a preliminary clinical test to address the two questions: 1) As with the high sensitivity-
CRP assay (6a), can CYFRA 21-1 become a clinically useful by lowering the biomarker LOQ? 2)
Can increasing biomarker assay sensitivity improve the diagnostic discriminatory power? To
address these questions, we employed the calibration results presented above and analyzed 225
blinded serum samples of individuals presenting with lesions suspicious for lung cancer. These
serum samples were collected prospectively following a standard operating procedure and were
stored in our thoracic biorepository. The cohort consisted of 75 with nonmalignant nodules, 45
adenocarcinomas (stages 1 and 2), 44 squamous cell carcinomas (stages 1 and 2), and 61 small
cell lung cancers (limited and extensive stages) (Table 1).



Fig. 4A illustrates (dashed lines), that the enhanced sensitivity of FSA-CIR for CYFRA
21-1 enabled the quantification of biomarker for all but several samples, whereas using the
standard ELISA assay (LOQ of 1.2 ng/mL) it would have not been possible to accurately quantify
the biomarker concentration in 98 of the 225 patient samples.

Table 1. Patient Characteristics.

No Cancer ADC SCC SCLC
N=75 N=45 N=44 N=61
Age
(Mean igSTDEV) 592+ 12.7 652+80 | 658+78 & 639489
Gender (%)
Male 40 (53) 26 (58) 29 (66) 36 (59)
Female 35(47) 19 (42) 15 (34) 25 (41)
Smoking (%)
Current 20 (27) 7 (16) 11 (25) 20 (33)
Ex 54 (72) 38 (84) 33 (75) 38 (62)
Never 1(1) 0(0) 0(0) 3(5)
Pack Years

(Mean + STDEV) 41.1+30.3 50.1+31.3 | 53.9+£23.5 | 63.7+32.8

Nodule Size (cm)

(Mean + STDEV) 25+1.6 27+1.7 27+£2.0 36+£2.6
Path Staging (%)
IA-IB 0(0) 33 (73) 34 (77) 0(0)
ITA-IIB 0(0) 12 (27) 10 (23) 0(0)
IA-IV 0(0) 0(0) 0(0) 0(0)
Limited 0(0) 0(0) 0(0) 33 (54)
Extensive 0(0) 0(0) 0(0) 28 (46)
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Fig. 4. Development of the CYFRA 21-1 FSA. A) Measurement of CYFRA 21-1 by FSA-CIR across
individuals with benign lung nodules (Benign), Adenocarcinomas (ADCs), Stages 1 and 2 lung squamous cell
carcinomas (SCCs), and all stage small cell lung cancers (SCLCs). B) ROC curve illustrating added value of
FSA-CIR over clinical parameters and nodule size (the Mayo risk model) for the diagnosis of [PNs. N=225.

Using the Mayo model (36) for all patients presenting with IPNs, we tested our biomarker
diagnostic performance against clinical predictors (37). Based on receiver operating
characteristics (ROC) curve shown in Fig. 4B, our preliminary data suggest a strong benefit to the



FSA-CYFRA 21-1 assay for the Mayo model. The area under the curve (AUC) increases from
0.595 for the Mayo model to 0.923 when combining Mayo with CYFRA 21-1 measured by FSA-
CIR. Further, the positive predictive value (PPV) for all tumors by the FSA-CYFRA 21-1 assay
is 98.5% (Table 2).

Next, we limited the analysis to | raple 2. Diagnostic properties of CYFRA 21-1 by FSA-CIR.
individuals presenting with IPNs All Nodules  Nodules 6-30 mm
nodules between 6-30 mm in diameter. Sample Size 225 131
In this more clinically relevant patient Sens 0.853 0.881

. pec 0.973 0.979
population (38) the AUC for the Mayo PPV 0.985 0.987
model was 0.567, improving to 0.943 NPV 0.768 0.821
when combining Mayo with CYFRA +DLR 32.00 41.40
21-1 measured by FSA-CIR. Here the 'I;II;R 0'215 0'112
PPV by the FSA-CYFRA 21-1 is 99%. EN 2 10
Further, with a positive diagnostic PPV, positive predictive value; NPV, negative predictive value; DLR,
likelihood ratio of ( + DLR) of41.4 and diagnostic likelihood ratio; FP, false positive; FN, false negative.

anegative (-DLR) 0of 0.12, the CYRFA
21-1 biomarker results indicate a potential for use in the early detection of lung cancer (including
stage 1 disease).

4. Assay performance comparison.

An independent analysis was performed on aliquots of the same serum samples by a CLIA
Lab at the University of Maryland,
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system (Roche Diagnostics Corp., 3
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photomultiplier. The assay is reported | Fig. 5. Comparison between FSA and ECL CYFRA 21-1
to have a low coefficient of variation | measurements. Box plots illustrate CYFRA 21-1 by FSA
(2-5%) and an LOQ of 500pg/mL. The and ECL across individuals with benign lung nodules

results of both ECL and FSA (Benign), Adenocarcinomas (ADCs), Stages 1 and 2 lung
squamous cell carcinomas (SCCs), and all stage small cell

lung cancers (SCLCs).

determinations are displayed in a box
plot in Fig. 5. The figure shows that for
this patient cohort, FSA-CIR analysis gave a clear separation of cases and controls that the ECL
assay was unable to provide.

5. Assay Robustness.

A preliminary evaluation of assay robustness was performed by repeating the serum
CYFRA 21-1 measurements on 20 patient samples on subsequent days, and after additional freeze-
thaw cycles. Test samples consisted of 10 controls, 5 adenocarcinomas, 5 squamous cell



carcinomas randomly selected by the clinic and 1004

blinded to the FSA-CIR operator. Fig. 6 g "

illustrates the results of this experiment, E‘E 10+ = i : = ]
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three day CV for all sample determinations was °3 .

21.1%.  Just one sample needed to be ol —————

reclassified, likely due to mishandling of the T @ FrrrE R R
o o o o o o o o o

sample during assay preparation, which

currently requires several manual pipetting steps . )
that in q ¢ tribute t pip g dI‘Z 20-patient subset (10 benign nodules, 5 adeno, 5
at are known to contribute to assay error (data squamous) was subjected to repeated measurements

not shown). An auto-pipetting device, as | on 2 subsequent days, with an additional freeze-thaw
planned in the next generation instrument, | cycle before each measurement.

should address this shortcoming. While more
extensive testing of sample handling is necessary before formal translation to the clinic, the fact
that we observed relatively small changes in the patient CYFRA 21-1 concentrations for these 20-
blinded patient samples bodes well for use of the assay. At a minimum, the results indicate that a
3-day handling period and three freeze-thaw cycles can be tolerated.

Fig. 6. Robustness of the CYFRA 21-1 FSA. A

Discussion

In this report, it has been shown that combining a new interferometer with a droplet
generator and a syringe pump results in a relatively simple microfluidic reader, the CIR. When
combining this reader with FSA, a label-free, solution-phase assay, the result is a potentially
revolutionary platform for biomarker validation and quantification because: 1) It’s rapid, cost
effective and label-free (no fluorescence or radiolabeling) measurement of unaltered or minimally
processed patient samples; 2) Analysis can be effectively performed on <1 pL sample aliquots,
allowing multiple replicates to be performed on quantity-limited samples; 3) The adjacent sample
— reference droplet configuration allows for matrix insensitive operation and assay specificity; 4)
Sensitivity of the FSA-CIR exceeds that of many, more complicated competing technologies. For
example, when applied to clinically relevant samples, the FSA CYFRA 21-1 assay was shown to
be at least 6-fold more sensitive than the more complicated ECL method. 5) The optical engine
of CIR is simple, consisting of a diode laser, capillary tube, and camera. This simplicity, combined
with the elimination of a high-resolution temperature controller, opens the avenue to construct a
benchtop or battery-operated hand-held reader.

FSA represents a unique approach to biomarker quantification, operating as a mix-and-
read, label-free, solution-phase approach, based on transducing binding induced polarizability
changes (RI) resulting from conformation and hydration changes. We anticipate the ability to
rapidly screen additional potential serum biomarkers with numerous probe variations (antibodies,
DNA/RNA aptamers, and small molecules) (39), could help reduce the biomarker validation
bottleneck and aid in expediting clinical translation.

Lung cancer continues to be one the most difficult diseases to diagnose early, and non-
invasively, yet reports suggest that screening (2) does represents an opportunity impact diagnosis
of early stage disease. In the near term, challenges to early detection include: a) how to
discriminate benign from malignant disease among people presenting with IPNs; and b) how to
position biomarker use prior to chest CT screening to eventually detect preclinical disease. Here



we tested a hypothesis that, by virtue of lower LOQs afforded by FSA-CIR CYFRA-21.1
measurements, it would possible to improve diagnostic performance. This approach works by
redefining the concentration of the candidate biomarker (CYFRA 21-1) in the control population.
This population includes IPNs with no evidence of growth at 2 years of follow up and therefore
considered benign.

In a 225-patient cohort, a >6-fold better serum biomarker LOQ led to a significantly
improved clinical performance for CYFRA 21-1. Here we demonstrated that lowering the LOQ
for CYFRA 21-1 increases the area under the curve (AUC), based on the Mayo model, from 0.595
to 0.923. Employing a single monoclonal antibody assay approach enabled a +DLR of 32 and a
PPV 0f 98.5% using a cutoff of 1.19 ng/mL in a 225-patient case-control study. To our knowledge
this 1s first report where a single biomarker of lung cancer exhibited performance metrics of 85%
sensitivity and 97% specificity in a patient cohort of IPNs (27, 40). With our method, additional
individuals can be classified (indeterminate or not) as a result of obtaining a true biomarker
concentration, where it had not been possible with less sensitive assays. ECL Cobas assay was
performed on the patient cohort in a CLIA laboratory as an independent validation of our
observations with CYFRA 21-1. In this head-to-head comparison our assay methodology provided
a measurable case and control separation, not provided by the ECL. The improvements in
biomarker predictive capability illustrated here are among the best reported, particularly for a
single biomarker. Ultimately, we envision integrating our method with clinical and imaging data
to potentially further improve managing this difficult patient population.

While a more stringent clinical validation is needed, our results suggest it may be possible
to address a major hurdle in the management of patients with IPNs / lung cancer by implementing
a higher sensitivity biomarker assay into the clinical setting.
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Supplementary Materials

Fig. S1. Block Diagram of the Compensated Interferometer.

Fig. S2. Four replicate FSA-CIR calibration curves using spiked protein standards.
Table S1. Analytical figures of merit for four replicate FSA-CIR calibration curves.
Table S2. Phantom “Unknowns.” Values in ng/mL.
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