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BACKGROUND: Liquid biopsy circulating tumor DNA
(ctDNA) mutational analysis holds great promises for
precision medicine targeted therapy and more effective
cancer management. However, its wide adoption is
hampered by high cost and long turnaround time of se-
quencing assays, or by inadequate analytical sensitivity
of existing portable nucleic acid tests to mutant allelic
fraction in ctDNA.

METHODS: We developed a ctDNA Epidermal Growth
Factor Receptor (EGFR) mutational assay using giant
magnetoresistive (GMR) nanosensors. This assay was
validated in 36 plasma samples of non-small cell lung
cancer patients with known EGFR mutations. We
assessed therapy response through follow-up blood
draws, determined concordance between the GMR as-
say and radiographic response, and ascertained
progression-free survival of patients.

RESULTS: The GMR assay achieved analytical sensitivi-
ties of 0.01% mutant allelic fraction. In clinical samples,
the assay had 87.5% sensitivity (95% CI ¼ 64.0—
97.8%) for Exon19 deletion and 90% sensitivity
(95% CI ¼ 69.9—98.2%) for L858R mutation with
100% specificity; our assay detected T790M resistance
with 96.3% specificity (95% CI ¼ 81.7–99.8%) with
100% sensitivity. After 2 weeks of therapy, 10 patients
showed disappearance of ctDNA by GMR (predicted
responders), whereas 3 patients did not (predicted
nonresponders). These predictions were 100% concor-
dant with radiographic response. Kaplan-Meier analysis

showed responders had significantly (P< 0.0001) longer
PFS compared to nonresponders (N/A vs. 12 weeks,
respectively).

CONCLUSIONS: The GMR assay has high diagnostic sen-
sitivity and specificity and is well suited for detecting
EGFR mutations at diagnosis and noninvasively moni-
toring treatment response at the point-of-care.

Introduction

Somatic mutations in the Epidermal Growth Factor
Receptor (EGFR) gene confer sensitivity to tyrosine ki-
nase inhibitors (TKIs) in non-small cell lung cancer
(NSCLC) (1). Knowing the status of these activating
mutations is critical for proper therapy selection, and
personalized treatment based upon EGFR mutation sta-
tus can improve progression-free survival (PFS) in these
patients compared to standard chemotherapy (2). Two
of the most prominent EGFR mutations—a deletion in
exon 19 (Exon19 del) and a substitution in exon 21
(L858R)—are commonly treated with TKIs, including
first-generation drugs erlotinib and gefitinib, and more
recently with the third-generation agent osimertinib.
While many patients initially exhibit favorable response
to these therapies, a majority eventually develop resis-
tance and progression (3). For �50% of patients treated
with first-generation TKIs, resistance occurs via a
secondary T790M mutation, which is resistant to first-
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generation TKIs (4). The third-generation agent
osimertinib is effective against Exon19 del, L858R, and
the T790M mutation (5). Osimertinib showed both
PFS and overall survival improvement compared to
first-generation EGFR TKIs in the FLAURA study,
thus patients with NSCLC in the U.S. are now being
treated first-line with osimertinib (6). However, from a
global health perspective, third-generation TKIs are
cost-prohibitive in some countries in eastern Asia –
where the prevalence of EGFR mutations is approxi-
mately double that of the U.S. population (7)—necessi-
tating the need for surveillance of T790M mutation for
timely changing of therapeutic regiment, if necessary,
for those treated with first-generation medications.
Despite the success of targeted EGFR inhibitors, it is es-
timated that 20% of lung cancer patients begin therapy
prior to EGFR testing (8), for reasons such as inability
to biopsy certain patients, and long turnaround times to
results. Clearly, new technologies for mutational analysis
that are highly sensitive, yet affordable, noninvasive, and
with fast turnaround are needed.

Liquid biopsy, or blood-based detection of
biomarkers, has emerged as a noninvasive alternative di-
agnostic for a variety of applications (9–11). Specifically
in cancer, solid tumors shed numerous biomarkers into
the vasculature, including circulating tumor DNA
(ctDNA) (12, 13). Because ctDNA originates from
primary and metastatic tumor sites, it can be used as a
proxy for genetic information, and there is a strong con-
cordance between tissue mutational status reflected in
blood biomarkers (14, 15). Tissue biopsy can suffer
from sampling bias and intratumoral heterogeneity,
which can lead to false negatives (16); ctDNA as a com-
panion diagnostic for tumor genomic profiling over-
comes these issues for treatment selection. In addition
to genomic profiling for initial therapy selection,
ctDNA is particularly well suited for monitoring therapy
response and development of resistance (17–20). Unlike
tissue biopsy or radiographic imaging, it is possible to
sample patients by liquid biopsy frequently for dynamic
measurement of response or subclonal evolution of resis-
tant mutations (8). Studies have shown loss of ctDNA
in the bloodstream is indicative of a favorable response
to therapy (21, 22), and dynamic measurement of
ctDNA clearance could be prognostic of relapse (23).
However, ctDNA comprises a small fraction of total
cell-free DNA (cfDNA), as little as 0.1% (24), necessi-
tating extremely sensitive tests for ctDNA.

Common technologies for ctDNA genomic
profiling in the clinic include amplification-refractory
mutation system (ARMS)-PCR assays with fluorescent
Taqman probes, digital methods such as beads,
emulsion, amplification, and magnetics (BEAMing) or
droplet digital PCR (ddPCR), and next generation

sequencing (NGS) assays. Two ARMS-PCR assays are
FDA approved; they have inexpensive reagent costs, low
technical requirements, and fast turnaround time.
However, these fluorescent assays generally have lower
analytical and clinical sensitivities (75–100 copies/mL
and 70% sensitivity, respectively) (23, 25). Digital PCR
has enhanced sensitivity compared to ARMS-PCR
assays but limited multiplexing capability and requires
specialized equipment for partitioning sample into indi-
vidual droplets (26). NGS assays have the benefit of
high sensitivities (0.1–0.01% mutant allelic fractions)
and multiplexability (27, 28), but are more expensive
and require advanced technical skills and instrumenta-
tion that may not be present in the clinic, thus samples
are often sent to a central facility for processing and can
sometimes take 2 or more weeks for results. Giant mag-
netoresistive (GMR) nanosensors retain advantages
from both technologies – they have extremely high sen-
sitivity and multiplexability, but retain low costs and
rapid testing time. Magnetic detection of biomolecules
such as proteins (29–33) and DNA (34–37) via GMR
sensors is due to a change in resistance in the magnetic
stack structure of the nanosensor when the local mag-
netic field is altered due to magnetic nanoparticle bind-
ing to biofunctionalized sensors (Fig. 1). We previously
reported on the development of GMR nanosensor tech-
nology for the detection of mutations and differential
methylation using cancer cell lines for assay optimiza-
tion; our sensitivity ranged from 10% mutant allelic
fraction (38) to 0.1% methylated allelic fraction upon
the addition of a biased PCR amplification (39). Here,
we report that GMR assay analytical sensitivity can
reach 0.01% mutant allelic fraction in clinical ctDNA
samples, and the clinical translation of GMR nanosen-
sors to detect ctDNA in patient plasma for targeted
therapy monitoring and prognosis.

Materials and Methods

PATIENT ENROLLMENT AND SAMPLE PROCESSING

Thirty patients were consented and enrolled at either
Stanford University Medical Center or the University of
California, Davis under IRB-21319 and IRB-226210
(Supplemental Table 1). Blood was collected from
patients in a 10 mL K2-EDTA blood tube and was kept
at 4 �C until processing. Plasma was separated from
whole blood within 2 h of sample collection by two
cycles of centrifugation at 1250 g for 12 min. The
plasma was then stored at -80�C in a 15 mL Falcon
tube until further processing. Cell-free DNA was
extracted from 1.5–3 mL of plasma using the MagVigen
Plasma DNA Capture kit (Nvigen). Total cfDNA
concentration was quantified using the Qubit dsDNA
HS Assay kit (ThermoFisher).
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CELL LINE DNA AND HEALTHY WHITE BLOOD CELL DNA

EXTRACTION

Cell lines were obtained from the American Type
Culture Collection (ATCC). NCI-H1975 (ATCC
CRL-5908) and HCC827 (ATCC CRL-2868) were
cultured in RPMI-1640 medium containing 10% fetal
bovine serum and antibiotics at 37 �C and 5% CO2.
Genomic DNA was isolated using the Qiagen Blood &
Cell Culture DNA Kit, Genomic-tip 100/G (Qiagen
GmbH, Hilden, Germany) and quantified using the
Qubit dsDNA HS Assay kit (ThermoFisher Scientific,
Waltham, MA). Alternative DNA extraction using
Micrococcal Nuclease (MNase) was also performed on
both cell lines using the EZ Nucleosomal DNA Prep
Kit (Zymo Research, Irvine, CA). Micrococcal nuclease-
treated DNA concentration was quantified using the
Qubit dsDNA HS Assay kit, and the fragmentation pat-
tern was analyzed using the Agilent 2100 Bioanalyzer.
Healthy whole blood was collected from the Stanford
Research Blood Bank, and genomic DNA was collected
using the Qiagen Blood & Cell Culture DNA Kit,
Genomic-tip 100/G.

PCR AMPLIFICATION

All oligonucleotides were purchased from Integrated
DNA Technologies. PCR amplification was performed
with BioRad SsoAdvanced Universal SYBR Green
Supermix. PCR was performed using 10 mL supermix,
with primer concentrations of 0.25 mM (L858R/
T790M) and 0.5 mM (Exon19 del), and blocker
concentrations of 1 mM (L858R/T790M) and 2 mM
(Exon19 del), for a total volume of 20 mL

(Supplemental Table 2). Reaction conditions were as
follows: 95 �C for 3 min, followed by 35 cycles of 95 �C
for 10 sec and 62.5 �C for 30 sec. For patient samples,
PCR was performed in duplicate, with 7mL of cfDNA
per reaction; additionally, a 30 ng white blood cell geno-
mic DNA wild-type control to account for nonspecific
amplification and a no template control to account for
contamination were run with each PCR reaction.

GMR ASSAY PROCESSING

The GMR biosensor chip has a multilayer spin valve
structure fabricated in an 8 x 10 array, as described pre-
viously (32). GMR sensors (n¼ 9 per mutation) were
functionalized with single-stranded hybridization probes
complementary to their respective EGFR target
(Supplemental Table 2) using standard (3-aminopro-
pyl)triethoxysilane and glutaraldehyde surface chemistry
(39).

The PCR product was analyzed on GMR sensors as
follows: The functionalized GMR chip was blocked
with 1% w/w bovine serum albumin (BSA) in phos-
phate buffered saline (PBS) for 1 h, then washed with
distilled water. 10 mL of PCR product was diluted in
140 mL of hybridization buffer (400 mM NaCl in Tris-
EDTA buffer, ThermoFisher), denatured at 95 �C for
10 min, and cooled on ice for 5 min. The PCR product
was hybridized on the GMR chip at 37 �C for 1 h. The
chip was washed 6x with denaturation buffer (10 mM
NaCl in Tris-EDTA buffer) at 4 �C. Each chip was
mounted in a GMR reading station and a baseline signal
was recorded for 1 min. 50 mL of Streptavidin MACS
(Miltenyi) magnetic nanoparticles (MNPs) were added

Fig. 1. a) GMR sensor chip (top left, scale ¼ 5 mm) with expanded view of 8 x 10 GMR sensor array (bottom left, scale ¼
0.5 mm) and rendering of 9 functionalized sensors per target (right); b) rendering of nanosensor magnetic stack structure with
nanoparticle binding through biotin–streptavidin interaction with hybridized PCR product (note figure not drawn to actual scale).
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and the GMR signal was measured in parts per million
(ppm) for 15 min. PCR duplicates for each patient were
measured on separate chips. Signal background correc-
tion included: 1) removing sensors with signal outside
2r of the mean GMR signal, 2) subtracting median
negative reference signal, 3) calculating the mean GMR
signal of each duplicate, and 4) subtracting median
white blood cell GMR signal for each mutation. Single-
use GMR chips were used for each patient sample and
the negative controls were used to assess carryover
contamination, if any, of PCR products.

STATISTICAL METHODS

A Mann-Whitney U-test was used because of our sam-
ple cohort size (n¼ 36) as it does not assume normal
distribution when comparing independent groups.
ROC curves were generated with GraphPad Prism8,
thresholds were selected with the highest Youden’s
J statistic. The Kaplan-Meier method was used for
evaluating PFS, comparisons between groups were per-
formed with the log-rank test. All statistical tests were
2-sided, and P values less than 0.05 were considered
significant.

Results

ANALYTICAL SENSITIVITY OF GMR ASSAY AND cfDNA

EXTRACTIONS

To determine the analytical sensitivity of the PCR/
GMR portions of the assay, genomic DNA (gDNA)
extracted from HCC827 (Exon19 del) and H1975
(L858R/T790M) cell lines was diluted into white blood
cell gDNA (all wild-type). We created mixtures of
100%, 10%, 1%, 0.1%, 0.01%, and 0% mutant allelic
fraction (MAF) with 30 ng total DNA, the mean
expected value of cfDNA from 3 mL of plasma. The
mixtures were PCR amplified, and the product was ana-
lyzed on the GMR sensors (Fig. 2, Supplemental Table 3).
Using twice the standard deviation (r) of the 0% GMR
signal as background, the assay has a limit of detection
(LoD) of 0.01% MAF for all 3 mutations; this is the
equivalent of 1 mutant copy (3 pg DNA) in a background
of 10,000 wild-type copies (30 ng DNA).

To determine the limit of detection (LoD) of the
assay including the cfDNA extraction, MNase-
fragmented DNA was used to generated contrived
plasma samples, which closely resembled the nucleoso-
mal fragmentation pattern of patient ctDNA. MNase-
DNA was titrated into 3 mL of healthy plasma, the LoD
of the assay was defined as the minimum amount of
DNA that generated GMR signal significantly above
(2r) the GMR signal for zero analyte. The LoD for
Exon19 del and L858R was 7 copies/mL, and the LoD
for T790M was 25 copies/mL (Supplemental Fig. 1).

DETECTION OF “HOT SPOT” EGFR MUTATIONS IN PLASMA

ctDNA BY GMR IN PATIENTS WITH METASTATIC NON-SMALL

CELL LUNG CANCER

Thirty-six plasma samples were collected from 30
patients with metastatic NSCLC from 2 medical cen-
ters, Stanford University and University of California,
Davis. All patients had EGFRþ mutation confirmed by
tumor tissue genomic profiling or commercial plasma
ctDNA NGS assay (Supplemental Table 1). 1.5–3 mL
of plasma was processed for each patient; a positive con-
trol of healthy plasma spiked with 5 ng of H1975/
HCC827 gDNA and a negative control of healthy
plasma were processed with each batch. The median
cfDNA concentration, measured by Qubit, for cancer-
ous patients was 11.3 ng/mL and for healthy controls
was 6.55 ng/mL (P¼ 0.001). The patient GMR signals
for the 3 “hot spot” mutations are shown in Fig. 3, and
classified as mutant type or wild-type. A Mann-Whitney
U-test was performed to compare median GMR signals
between patients with mutant type and wild-type
tumoral genotypes for all mutations, and were found to
be statistically significant (P< 0.0001). The positive
controls were utilized to determine the inter-assay
coefficient of variance for each run, and for each muta-
tion the coefficient of variance was <20%
(Supplemental Fig. 2).

Receiver operating characteristic (ROC) curve
analysis (Supplemental Fig. 3) was used to evaluate the
clinical sensitivity and specificity of the GMR assay. For
Exon19 del, the area under the ROC curve (AUC) was
0.953 (95% CI ¼ 0.877–1.00) with an optimized sensi-
tivity of 87.5% (95% CI ¼ 64.0–97.8%) and 100%
specificity (95% CI ¼ 83.9–100%) using a signal of
10 ppm or higher as a positive result. For L858R, the
AUC was 0.981 (95% CI ¼ 0.946–1.00) and classify-
ing any signal of 50 ppm or higher as a positive result

Fig. 2. Multiplexed GMR standard curves for Exon19 del,
L858R, and T790M mutation dilution series, with total DNA
weight of 30 ng. Background signal was defined as 2r of
the median GMR signal of 0% MAF for each mutation.
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gave 90% sensitivity (95% CI ¼ 69.9–98.2%) and
100% specificity (95% CI ¼ 80.6–100%). T790M
ROC curve analysis optimized for a sensitivity of 100%
(95% CI ¼ 70.1–100%) and specificity of 96.3% (95%
CI ¼ 81.7–99.8%) using a signal threshold of
300 ppm, with an AUC of 0.971 (95% CI ¼ 0.914–
1.00). All ROC curves were statistically significant
(P< 0.0001).

MONITORING PATIENT RESPONSE TO TKI THERAPY

Thirteen patients received 2 follow-up (FU) blood
draws after initiating TKI treatment, the first (FU1)
�2 weeks after beginning treatment, and the second
(FU2) ~2–3 months after beginning treatment, which
coincided with imaging of the tumor by CT. All
patients received first-line osimertinib therapy. Patients
were classified as either “responder” or “nonresponder”
solely based upon GMR results from the FU1 draw at
�2 weeks. If a patient showed disappearance of muta-
tional burden at FU1 (GMR signal below 10 ppm for
Exon19 del or 50 ppm for L858R) this individual was
classified as a responder, and if there was still evidence
of mutation, the individual was classified as a nonres-
ponder. Ten patients were classified as responders and 3
were nonresponders; GMR results of therapy response
are shown in Fig. 4. While nonresponders did show a
decrease in GMR signal at FU1, it still remained above
the established thresholds. All responders maintained an
absence of mutational GMR signal at FU2.

Radiographic response, measured by computed to-
mography (CT) imaging after 2–3 months of TKI ther-
apy, for these 13 patients was evaluated by a physician
as favorable response (FR), stable disease (SD), or

progression of disease (PD). Classification of FR or SD
was characterized by a clinically significant shrinkage of
tumor volume or arrested growth in CT scan, respec-
tively. PD classification was characterized as clinically
significant growth of tumor volume. The FR, SD, and
PD classifications were utilized because they were more
relevant in clinical practice compared to RECIST v1.1
criteria. Five patients were classified FR, 5 patients were
classified SD, and 3 patients were classified PD. The 3
PD patients were the same 3 who were classified as non-
responders by GMR analysis at 2 weeks.

Figure 5 shows the correlation between GMR
results and clinical outcome for 2 representative
patients. Figure 5, a shows results for Patient 20 who
was classified as a nonresponder by GMR testing and
radiographically exhibited PD; upon evidence of
radiographic progression after 3 months, Patient 20 dis-
continued osimertinib and began combination
platinum-doublet, antivascular endothelial growth fac-
tor, antiprogrammed death-ligand 1 immunotherapy,
and radiotherapy, which stabilized thoracic disease.
Figure 5, b shows results for Patient 12 who was classi-
fied as a responder by GMR testing and showed stable
disease in CT imaging; this patient continued on
osimertinib regimen. Overall, predictions of patient
response by the GMR assay after only 2 weeks of TKI
therapy were 100% concordant with radiographic out-
come after �2 months of TKI therapy—all patients
predicted to be responders by the GMR assay dis-
played either FR or SD, and all nonresponders pre-
dicted by the GMR assay showed PD by CT imaging.
Additionally, a retrospective set of longitudinal
samples from a patient diagnosed with Exon19 delþ

Fig. 3. Box and whisker plot for a) Exon19 del, b) L858R, and c) T790M background-corrected GMR signals. Due to negligent
Exon19 del and T790M raw GMR signal, background correction with WBC DNA yielded negative GMR signal. Mann-Whitney
U-test shows median GMR signal between patients with mutant type (MT) and wild-type (WT) tumors is statistically significant
(P< 0.0001).
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tumor was collected over a 9-month period of erlotinib
treatment, and the GMR assay was able to detect
emergence of secondary T790M mutation as well
(Supplemental Fig. 4).

RAPID PREDICTION OF LONGITUDINAL RESPONSE

We also used the GMR assay to ascertain progression-
free survival (PFS) stratified by GMR responders
(N¼ 10) versus nonresponders (N¼ 3) using the
Kaplan-Meier method. PFS was measured by the
number of weeks until radiographic progression from

the initiation of TKI therapy or censor at the latest
follow-up appointment (Fig. 6). GMR nonresponders
had a median PFS of 12 weeks, whereas only 3 of 10
responders progressed, the rest had no progression
at latest CT imaging (times of censor range from
32—49 weeks, median 37 weeks); hazard ratio (HR)
for disease progression was 0.089 (95% CI ¼ 0.0047–
1.65). A median PFS for responders had not been
reached, as 7 of 10 were censored prior to progression,
but the survival curves are significantly different
(P< 0.0001).

Fig. 4. GMR results for patient therapy monitoring with a) Exon19 delþ and b) L858Rþ tumors. Black lines represent GMR
signal thresholds determined by ROC analysis, 10 ppm and 50 ppm, respectively. Responders, shown in blue, are characterized
by GMR signal below the threshold at first follow-up. Nonresponders, shown in red, are characterized by GMR signal above the
threshold at first follow-up.

Fig. 5. Comparison of GMR signal to CT images. a) Patient 20 was a nonresponder by GMR testing. The CT image at FU2 shows
significant tumor growth (PD); b) Patient 12 was a responder by GMR testing, and CT imaging shows no significant change in tu-
mor size (SD).
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Discussion

Many different tests for ctDNA EGFR genomic profil-
ing exist for patients with NSCLC. In deciding which
test to implement, clinical sensitivity and specificity are
two important parameters to consider. However, other
factors such as cost, turnaround time, and accessibility
for those in resource-poor settings must also be taken
into consideration. Compared to other fluorescent
ARMS-PCR ctDNA tests, the GMR assay achieved
lower analytical limits of detection (0.01% for all 3
mutations), which led to improved clinical sensitivities.
Additionally, the GMR assay achieved comparable per-
formance for the detection of common EGFR muta-
tions compared to digital PCR methods in the literature
(26). Utilizing novel nanoparticle-based technologies for
cfDNA extraction and GMR detection of rare mutant
alleles helped to improve performance of our assay. The
cfDNA extraction used MNPs engineered for higher
cfDNA extraction yield, and showed improved assay
performance compared to a filter-based cfDNA extrac-
tion method in aliquoted patient samples (Supplemental
Fig. 5). Improved assay sensitivity was also possible due
to the higher signal-to-noise ratios when utilizing GMR
nanosensors for detection compared to fluorescent de-
tection (Supplemental Fig. 6). While the high sensitivi-
ties and specificities of this assay are promising, future
testing on a larger cohort consisting of both test and val-
idation sets, with equivalent numbers of L858R and
Exon19 del samples, is needed to prove clinical utility
for adoption in clinical practice.

For ROC curve analysis, we prioritized diagnostic
specificity for primary somatic mutations (Exon19 del
and L858R) but diagnostic sensitivity for secondary
T790M mutation when determining GMR thresholds
to separate positive and negative results. High specificity
is important for detecting primary somatic mutations

due to the adverse outcome of false positives: patients
with tumors that are EGFR wild-type, but receive a false
positive result would receive an ineffective TKI treat-
ment. At 100% specificity, we were still able to achieve
high sensitivity for Exon19 del and L858R mutations
(87.5% and 90%, respectively). Given the equivalent
analytical sensitivities for Exon19 del and L858R, we
believe the differences in sensitivity are solely due to dif-
ferences in sample size for patients with tumors harbor-
ing Exon19 del versus L858R mutation. For T790M
diagnosis, we optimized for high sensitivity since the
majority of patients develop T790M mutation as a sec-
ondary mutation while receiving first-generation TKIs.
For the T790M mutation, a false negative result could
be harmful because the patient would continue to re-
ceive therapy to which they have developed resistance,
rather than switch to third-generation osimertinib that
is effective against T790M. For T790M, we achieved
100% sensitivity while retaining high specificity as well
(96.3%). Notably, the GMR assay detected the emer-
gence of secondary T790M resistance in serial sampling
of a patient with an initial Exon19 del mutation.
Detection of T790M resistance is particularly important
with the GMR assay, since patients most likely to
develop T790M mutations are those in areas where
first-line first-generation TKIs are still utilized, which
may be in resource-poor settings where the benefits of
the GMR assay are most apparent (lower cost, portabil-
ity). The GMR assay is also well suited for monitoring
of therapy response on a frequent weekly-to-monthly
basis. While NGS assays are highly sensitive for rare mu-
tant alleles in cfDNA, they become cost-prohibitive
with frequent testing, and many assays have turnaround
times of 2 weeks or longer. The GMR assay does not
require batch storage and processing for cost savings
(Supplemental Table 4 for cost analysis), meaning
physicians can receive results within a day of sample col-
lection and receive real-time insight into tumor dynam-
ics. This is particularly important at first diagnosis.

The GMR assay can also be a useful complemen-
tary tool for assessment of therapy response by CT
imaging. For some patients with NSCLC, including in
this study, imaging can be ambiguous for assessment of
patient response, even after 2–3 months of therapy. An
SD classification can leave physicians uncertain whether
their patient is actually responding to the therapy, and
the future course of action is unclear. The decision to
switch therapies is often delayed until future scans are
more definitive, but this delay could potentially be
harmful to a nonresponsive patient whose outcome
is not clearly reflected in the CT scan. All patients
with stable disease were responders by the GMR
assay. A multimodality assessment of therapy response
combining ctDNA GMR assay with imaging could re-
solve these issues and provide real-time information in

Fig. 6. Progression-free survival for responders vs. nonres-
ponders identified by GMR assay. Progression was classi-
fied by clinically significant growth of tumor by CT scan.
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between CT scans, as ctDNA testing can be performed
more often, to allow physicians to make more informed
decisions and switch therapies much earlier if evidence
of resistance appears.

After just 2 weeks of TKI therapy, the GMR assay
offered rapid predictions of response. It accurately
identified responders and nonresponders, and also of-
fered prognostic assessment of PFS, which can help
physicians identify patients to closely monitor those
who will benefit from a quicker therapy change. For
example, 3 months after beginning osimertinib ther-
apy, Patient 20 exhibited radiographic disease progres-
sion and subsequently switched to standard
chemotherapy in combination with monoclonal anti-
body therapy and radiotherapy, with much better
response. However, 2 months prior to follow-up CT
imaging, the GMR assay indicated Patient 20 had not
responded to osimertinib initially; use of the GMR as-
say could have instigated this beneficial switch in ther-
apy sooner. There is evidence in the literature that
ctDNA as a biomarker for therapy response may be
more sensitive and present earlier than radiographic
progression (40), and while Patient 20 is one example,
our GMR assay is a cost-effective but highly sensitive
technology that could allow for frequent sampling for
earlier detection of nonresponse and disease recur-
rence. The GMR assay could theoretically even allow
for much longer intervals between imaging if the assay
does not detect any evidence of loss of response. One
limitation of our study of therapy response monitoring
is the short time horizon for patient outcome. While
all identified nonresponders had progressed in the cur-
rent time horizon, the PFS data is not relatively ma-
ture—most responders were censored in this current
study. A follow-up study using an expanded cohort
and longer time horizon would allow continued assess-
ment of PFS and OS from our GMR assay.

Nonstandard Abbreviations: TKIs, Tyrosine kinase inhibitors: TKIs;
ctDNA, Circulating tumor DNA: ctDNA; cfDNA, Cell-free DNA:
cfDNA; GMR, Giant magnetoresistive; ARMS-PCR, Amplification
refractory mutation system PCR; BEAMing PCR, beads, emulsion,
amplification, and magnetics PCR; ddPCR, Droplet digital PCR.

Human Genes: EGFR, Epidermal Growth Factor Receptor.
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