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Abstract

This study evaluates μNMR technology for molecular profiling of tumor fine needle aspirates and 

peripheral blood of melanoma patients. In vitro assessment of melanocyte (MART-1, HMB45) and 

MAP kinase signaling (pERK, pS6K) molecule expression was performed in human cell lines, 

while clinical validation was performed in an IRB-approved study of melanoma patients 

undergoing biopsy and blood sampling. Tumor FNA and blood specimens were compared with 

BRAF genetic analysis and cross-sectional imaging. μNMR in vitro analysis showed increased 

expression of melanocyte markers in melanoma cells as well as increased expression of 

phosphorylated MAP kinase targets in BRAF-mutant melanoma cells. Melanoma patient FNA 

samples showed increased pERK and pS6K levels in BRAF mutant compared with BRAF WT 

melanomas, with μNMR blood circulating tumor cell level increased with higher metastatic burden 

visible on imaging. These results indicate μNMR technology provides minimally invasive point-

of-care evaluation of tumor signaling and metastatic burden in melanoma patients.
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BACKGROUND

Metastatic melanoma is an aggressive disease that traditionally demonstrated poor 

responsiveness to systemic therapies such as chemotherapy, with median survival times 

ranging from 6 to 10 months(1-3). Recently, a number of novel molecule-targeted and 

immune-targeted agents have shown remarkable clinical activity and improved survival 

compared with conventional cytotoxic agents (reviewed in(4-6)). The BRAF serine/

threonine kinase is mutated in up to 50% of melanomas(7, 8) leading to MAP kinase 

pathway activation and increased tumor cell proliferation. BRAF inhibitor therapy is 

associated with improved clinical response and progression-free survival compared with 

conventional therapies in BRAF-mutant melanoma patients(9). However, tumors ultimately 

develop resistance to BRAF inhibition by acquiring mutations that circumvent 

BRAF(10-12), and recent data shows a survival benefit when BRAF-mutant melanoma 

patients are treated with inhibitors of both BRAF and MEK (the downstream target of BRAF 

in the MAP kinase pathway)(13).

As more molecule-targeted cancer therapies enter the clinic, it is increasingly important to 

develop methods to monitor the activity of cancer signaling pathways, as well as overall 

metastatic burden, in patients over time. Such methods would provide early evidence of both 

therapeutic efficacy and acquired resistance, before macroscopic changes would be 

detectable by conventional anatomic imaging with CT or MRI. Also, assessment of cancer 

signaling at the molecular level will be extremely important for treatment decisions 

regarding next-line therapy in refractory patients, particularly in the context of clinical trials 

that are increasingly adaptive in nature. A point of care technique, which is minimally 

invasive and could be performed during routine clinic visits when other lab tests are being 

performed, would be ideal for serial assessment.

In the current study, we apply micro-nuclear magnetic resonance (μNMR) technology(14, 

15) to perform molecular profiling of tumor cells isolated from fine needle aspirates and 

peripheral blood of melanoma patients. μNMR is a novel point-of-care diagnostic method, 

which can provide rapid and accurate molecular analysis of intact cells from in vivo clinical 

specimens. Similar to clinical MRI, the technology uses magnetic resonance principles to 
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quantify biomarker expression levels on cells in small sample volumes, with molecular 

specificity achieved through targeted magnetic nanoparticles(16, 17). The low background 

signal level from nontarget cells allows in vivo specimens to be analyzed with little 

preparation, maximizing sensitivity and enabling μNMR to provide rapid quantitation of 

multiple molecular targets. Previous studies have shown μNMR to be a robust method for 

diagnosing metastatic disease and profiling tumor expression from fine needle aspirates and 

ascites(18, 19), and for detecting circulating tumor cells in peripheral blood(20). However, 

μNMR analysis has not been applied to the detection or profiling of melanomas. The 

availability of superficial cutaneous lesions for serial fine needle aspirate sampling, as well 

as the availability of multiple molecule-targeted therapies in the clinical setting(21), are 

features of melanoma that make it well-suited for validation of the μNMR cell approach for 

serial tumor molecular assessment.

In this study, we apply μNMR technology to the evaluation of patients with melanoma. The 

first aim is to evaluate the ability of μNMR to discriminate tumor cell MAP kinase signaling 

activity in BRAF wild-type versus BRAF mutant melanomas from tumor cells isolated from 

fine needle aspirates. The second aim was to correlate levels of circulating tumor cells 

identified by μNMR with overall metastatic burden assessed by imaging.

METHODS

Antibodies and cell lines

For assessment of MAP kinase signaling activity, antibodies directed against total S6K 

(rabbit anti-human total S6K, Cell Signaling), pS6K (rabbit anti-human pS6K, Cell 

Signaling), total ERK (mouse anti-human total ERK, R&D), and pERK (mouse anti-human 

pERK, R&D) were utilized. For detection of melanoma circulating tumor cells, a previously 

published four biomarker approach to detect MelanA/MART-1 (mouse anti-human MART-1, 

Thermo Fisher), gp100/HMB45 (rabbit anti-human gp100, Thermo Fisher), EpCAM (mouse 

anti-human IgG, R&D), and EGFR (humanized mouse anti-human EGFR, Imclone) was 

utilized, which previously was shown to be more accurate for CTC quantitation than single 

EpCAM marker-based methods (22). Secondary anti-mouse or anti-rabbit IgG antibodies 

(R&D) were used for nanoparticle labeling. Melanoma cell lines used for in vitro validation 

studies include the BRAF wild type cell lines MeWo, JuSo, and CHL and the BRAF V600E 

mutant lines A375, SKMel28, and UACC. HeLa cells were used as a non-melanoma control 

cell line. All cell lines were obtained from American Type Culture Collection.

Nanoparticle conjugation of antibodies

Secondary IgG antibodies were conjugated with (E)-cyclooct-4-enyl 2,5-dioxopyrrolidin-1-

yl carbonate (TCO-NHS), as previously reported(22, 23). TCO conjugation was performed 

with 0.5 mg of anti-mouse or anti-rabbit IgG antibody in the presence of 1000 molar 

equivalents of TCO-NHS in phosphate-buffered saline (PBS) and 10% dimethylformamide 

at room temperature for 3 hours. Unreacted TCO-NHS was subsequently washed using 2 ml 

of Zeba desalting columns (Thermo Fisher, Rockford, IL), and antibody concentrations were 

determined by absorbance measurement. Cross-linked iron oxide (CLIO) nanoparticles were 

prepared as previously described(23). Tetrazine (Tz)-CLIO conjugation was performed in 
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PBS containing 5% dimethylformamide for 3 hours at room temperature, as previously 

described. Excess Tz-NHS was removed by gel filtration using Sephadex G-50 (GE 

Healthcare, Pittsburgh, PA).

Cell labeling

Cell specimens (in vitro cultured cells, tumor fine needle aspirates, or peripheral blood) were 

centrifuged at 3500 rpm. Peripheral blood samples (7 ml) were lysed and cell pellet 

resuspended in buffer (100 μl of 1× PBS/1% FBS). Cells were fixed by incubation of cell 

pellets in 4% formaldehyde in PBS for 15 minutes at room temperature. For intracellular 

biomarker assays, cells were additionally permeabilized in saponin (Permeabilization/Wash 

buffer; Becton Dickinson Biosciences, San Jose, CA) for 15 minutes at room temperature. 

The resulting cell pellets were incubated with the above antibodies for 20 minutes in a total 

volume of 100 μL of PBS at room temperature. TCO-modified secondary IgG antibodies (10 

μg/ml) were added to the pellet and incubated for an additional 20 minutes. Cell pellets were 

then washed twice with 1 X PBS and incubated with magnetic nanoparticles (100 nM Tz-

CLIO) for 10 minutes. Excess Tz-CLIO was subsequently removed by washing the pellet 

twice with PBS, before being resuspended in 20 μl of PBS for μNMR measurements.

μNMR biomarker quantitation

μNMR measurements of cellular biomarker expression were performed as previously 

described(22) using a miniaturized μNMR device to assess transverse relaxation rate (R2). 

Briefly, T2 values were obtained in triplicate using the μNMR system, and R2 values were 

calculated as the inverse of the mean T2 values. To account the effect of media and 

background signal, the μNMR readout was calculated by subtracting the R2 value of the 

media from either the values obtained from the test (i.e., samples receiving antibody and 

CLIO for labeling) or from the control (i.e., samples receiving only CLIO for background 

signal determination). The final μNMR readout was then calculated by dividing ΔR2sample 

by ΔR2control. A Carr-Purcell-Meiboom-Gill pulse sequence was used with the following 

parameters: Repetition time 6000 msecs, echo time, 4 msecs; number of 180° pulses per 

scan, 500; number of scans, 8. R2 values were translated into normalized protein expression 

levels relative to control samples lacking primary antibody. Each sample consisted of 100 

cells resuspended in a final volume of 1 μL for analysis, with all samples analyzed in 

triplicate.

Western blotting

Western blot was performed according to a previously published protocol(24). Whole cell 

lysates were prepared in lysis buffer supplemented with protease and phosphatase inhibitors 

(Roche). Equal amounts of protein were resolved by electrophoresis on gradient gels (Bio-

Rad). Primary antibodies specific for phospho-ERK1/2 and ERK1/2 were used along with 

secondary antibodies conjugated to horseradish peroxidase (Cell Signaling Technology) for 

chemiluminescent detection. Western blot band intensity was quantified using ImageJ 

software(25).
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Clinical evaluation of μNMR in melanoma patients

In a single institution, institutional review board approved, HIPAA-compliant pilot study, 10 

patients with known melanoma at a single institution (Massachusetts General Hospital/

Harvard Cancer Center) scheduled for a clinical biopsy of a suspected metastatic lesion were 

underwent μNMR specimen collection and molecular analysis. All patients were at least 18 

years of age and provided informed consent. At the time of biopsy, 7mL of peripheral blood 

and 25 gauge fine needle aspirates of the biopsied lesion were collected from each patient 

and analyzed by μNMR for MAP kinase signaling and circulating tumor cells.

Imaging and BRAF genetic reference

Electronic medical records and imaging studies obtained near the time of biopsy from the 

patients enrolled in the clinical study were reviewed by a board certified radiologist (M.G.) 

who was blinded to the μNMR results. BRAF status (wild type vs mutant) was recorded 

based on melanoma genetic testing performed as part of clinical workup and documented in 

the electronic medical record. Metastatic burden for each patient was calculated based on 

Response Evaluation Criteria in Solid Tumors (RECIST 1.1) analysis(26) of the most recent 

staging imaging studies performed before biopsy, which included brain MRI as well as CT 

of the chest, abdomen, and pelvis. The score for metastatic burden was the sum of the long 

axis diameters (SLD, measured in mm) of the RECIST target lesions seen on imaging. The 

number of target lesions for each patient on imaging was also recorded.

Statistical analysis

Student’s t test was performed to evaluate for statistical significance of μNMR values 

between different groups.

RESULTS

μNMR analysis of cell lines in vitro

To determine whether melanoma cells could be selectively analyzed, μNMR was first tested 

in vitro in human cell lines using antibodies specific for the melanocyte markers MART-1 

and HMB45. Two melanoma lines were tested, BRAF wild-type MeWo and BRAF-mutant 

SKMel28 cells, as well as non-melanoma HeLa cells as a control. Expression of MART-1 

(20.2 ± 1.8 for BRAF WT melanoma, 17.0 ± 1.5 for BRAF mutant melanoma) and HMB45 

(10.0 ± 0.90 for BRAF WT, 15.9 ± 1.4 for BRAF mutant) were higher in both melanoma 

cell lines (Figure 1) compared with non-melanoma cells (2.4 ± 0.2 for MART1, 0.5 ± 0.04 

HMB45), to a degree of statistical significance (P < 0.0001 for both MART-1 and HMB45, 

Student’s t test).

μNMR was also tested for its ability to distinguish BRAF signaling activity between BRAF 

WT and BRAF mutant human melanoma cells in vitro, using antibodies specific for the 

BRAF downstream signaling molecules ERK (Figure 2A) and S6K (Figure 2B). For each 

molecule, paired antibodies were used specific for total and phosphorylated (active) protein, 

respectively. Expression of total ERK (3.9 ± 0.23 for BRAF WT and 4.5 ± 0.41 for BRAF 

mutant) and total S6K (3.3 ± 0.20 for BRAF WT, 3.8 ± 0.34 for BRAF mutant) were similar 

between BRAF WT and BRAF mutant cells. However, phosphorylated ERK (pERK) and 
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phosphorylated S6K (pS6K) were both elevated in BRAF mutant cells (3.6 ± 0.32 for 

pERK, 3.0 ± 0.32 for pS6K) compared with BRAF WT cells (2.0 ± 0.12 for pERK, 1.6 

± 0.23 for pS6K), differences that were statistically significant (P = 0.001 for pERK and 

0.007 for pS6K). Western blot analysis of cell lysates was also performed to independently 

assess ERK phosphorylation (Figure 2C). The ERK phosphorylation percentages for BRAF 

mutant and BRAF WT melanoma cells based on quantitative Western blot analysis (91.7% 

and 47.6%, respectively) were concordant with the proportions observed by μNMR (mean 

pERK percentages 80.0% and 51.2%, respectively).

μNMR analysis of BRAF tumor signaling in melanoma patients

We next performed μNMR molecular analysis of melanomas in patients in a single 

institution, IRB-approved clinical study (Figure 3). 10 total patients with known melanoma 

who were scheduled to undergo biopsy of a suspected metastatic lesion were enrolled in the 

study. The age, sex, biopsy locations for all of the enrolled patients are listed in Table 1. The 

mean patient age was 57.1 ± 13.4 years. Genetic analysis of the 10 patients in the clinical 

study demonstrated 4 patients with BRAF wild-type and 5 with BRAF V600E mutant 

melanomas, with the BRAF status of each individual patient listed in Table 1. For each 

patient, fine needle aspiration was performed on the biopsied lesion and analyzed by μNMR 

for BRAF signaling activity based on expression of pERK and pS6K (Figure 4A-B). The 

BRAF status of each patient’s melanoma was determined based on tumor genetic analysis 

(listed in Table 1). μNMR analysis of tumor FNA samples demonstrated expression levels of 

pERK (41.0 ± 8.6) and pS6K (34.4 ± 15.5) in BRAF mutant melanomas that were both 

increased compared with those observed in BRAF wild type melanomas (24.8 ± 15.0 and 

23.5 ± 9.0, respectively). The increased expression of pERK in BRAF mutant melanomas 

was statistically significant (P= 0.009, Student’s t test). A μNMR tumor FNA pERK 

threshold score of 30 for defining BRAF mutant signaling yielded 100% sensitivity and 75% 

specificity for detecting BRAF mutant signaling compared with genetic reference.

Comparison of μNMR circulating tumor cell quantification with metastatic burden on 
imaging

A specimen of peripheral blood was also taken from each melanoma patient undergoing 

biopsy, in order to detect circulating tumor cells (CTC) using μNMR based on a previously 

published four biomarker method including the melanoma markers MART-1 and HMB45, as 

well as EpCAM and EGFR(20). CTC levels from 7mL of peripheral blood were compared 

with metastatic burden assessed on clinical imaging (Figure 5) performed near the time of 

biopsy (mean time between biopsy and imaging 15.8 ± 11 days). Overall, there was a 

general trend of increasing μNMR CTC level with increased metastatic burden measured by 

RECIST SLD score for individual patients (Figure 6A). Overall, patients with a CTC level > 

60 were associated with a significantly higher RECIST SLD score on imaging (85.3 ± 34.2; 

Figure 6B) compared with patients with CTC levels ≤ 60 (28.8 ± 28.1; P = 0.021, Student’s t 

test). In addition, CTC levels in patients showed significant differences based on number 

metastatic lesions with patients with multiple metastases on imaging exhibiting higher (90.3 

± 57.9) compared with those with either 0-1 lesions (39.3 ± 31.5; P = 0.045).
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DISCUSSION

Since the initial identification of activating BRAF mutations in a high percentage of human 

melanomas(27), a number of molecule-targeted inhibitors of the MAP kinase signaling 

molecules BRAF and MEK have been demonstrated to improve survival of patients with 

metastatic melanoma compared standard chemotherapy(2, 28). However, while initial 

response rates of BRAF-mutant melanoma patients treated with BRAF and/or MEK 

inhibitors is high, acquired resistance is a frequent problem with patients developing 

resistance within the first year of treatment(2, 5). Mechanisms of acquired resistance include 

acquisition of additional mutations that restore MAP kinase signaling as well as activation of 

other signaling pathways such as PI3K/mTOR(5). With the continuing development of 

second line treatments including inhibitors of PI3K/mTOR and ERK(29) as well as 

immunotherapies(30), it is important to develop early detection methods of resistance to 

BRAF/MEK inhibitors to allow timely initiation of alternate therapies in order to maximize 

the chance of success.

In the current study, we apply μNMR technology(14, 15) to perform point of care molecular 

profiling of tumor cells isolated from melanoma patients. Similar to clinical MRI, μNMR 

quantifies biomarker expression levels based on changes in T2 relaxivity induced by binding 

of molecule-targeted magnetic nanoparticles(16). Previous studies have shown μNMR to be 

a robust method for diagnosing scarce cell populations such as malignant cells in ascites(19), 

fine needle aspirates(18), or peripheral blood(20). μNMR is capable of providing rapid 

molecular analysis of intact cells from in vivo clinical specimens from a hand-held device 

with minimal specimen processing, and is ideally suited for evaluation of melanoma patients 

in an outpatient clinic setting, where fine needle aspiration and peripheral blood sampling 

can be easily performed.

Our results indicate that μNMR is able to discriminate MAP kinase signaling activity, 

measured by levels of phosphorylated S6K and ERK, between BRAF wild type and BRAF 

mutant melanomas both in vitro and in vivo. The difference in S6K and ERK 

phosphorylation observed between BRAF wild-type and mutant melanomas (Figure 4) in 

patients was consistent with in vitro results observed with BRAF wild type and mutant 

human melanoma cell lines assessed by μNMR and Western blot (Figure 2). The in vivo 
analysis was based on tumor fine needle aspirates obtained with a 22 gauge needle, which 

can easily be obtained from dermal lesions in melanoma patients in the clinic setting with no 

or only local anesthetic. This technique offers great potential for serial evaluation of 

response to BRAF or MEK inhibitors in a minimally invasive fashion. The ability to monitor 

activity of different MAP kinase signaling molecules can help identify mechanisms of 

acquired resistance in individual patients and track genetic alterations impacting on 

personalized therapeutic decision-making(7).

We also measured circulating tumor cells in peripheral blood using the μNMR technique and 

correlated with metastatic burden assessed by RECIST 1.1 criteria on cross-sectional 

imaging. Significant differences in μNMR CTC level were observed based on overall 

RECIST 1.1. metastatic burden as well as number of target lesions (Figure 6). These results 

build on prior studies demonstrating an association between CTC levels and survival in 
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breast and lung cancer patients(31-33), as well as preclinical studies in mice suggesting an 

important role for circulating tumor cells in mediating melanoma invasiveness(34). An 

important result of our study is the establishment of a relationship between peripheral CTC 

levels and imaging assessment of metastatic burden. Because imaging plays such an 

important role in current clinical assessment of disease extent and treatment response in 

oncology patients, it is important for new emerging biomarkers of treatment response such 

as CTC levels to be validated against imaging assessment of disease(35). It is likely that cell-

based biomarkers such as CTC level will serve a complementary role to cross-sectional 

imaging in the future. Imaging is noninvasive but less practical to perform at the frequent 

short intervals that can be achieved by FNA or peripheral blood sampling based methods. In 

addition, imaging is likely to be less sensitive to early acquisition of therapy resistance. At 

the same time, CTC quantitation may provide a more sensitive assessment of changes in 

metastatic burden but lacks the ability of cross-sectional imaging to identify new sites of 

metastasis and metastasis-associated complications. It is likely that both imaging and CTC 

quantitation will play important roles in oncologic surveillance in the future.

Limitations of this study include the small number of patients enrolled, which limits our 

ability to perform statistical inference. These results should be considered a promising pilot 

study requiring larger studies with more patients for validation. In addition, our study was 

limited by μNMR assessment at a single timepoint, as the research protocol utilized for this 

study required eligible patients to be undergoing a lesion biopsy as part of standard medical 

care. These biopsies were predominantly requested for suspected disease progression, and 

future studies will be needed to evaluate the μNMR technique in a surveillance setting with 

serial assessments performed at multiple timepoints during therapy.

In summary, our results indicate that the μNMR technique is a promising method for point 

of care assessment of tumor MAP kinase signaling in patients with melanoma. Our results 

also establish a link between μNMR peripheral blood circulating tumor cell levels and 

metastatic burden visualized on cross-sectional imaging, and suggest potentially 

complementary roles for the two tests. It is likely that point of care techniques such as 

μNMR will see an increasing role in oncologic surveillance as novel molecule-targeted 

primary and next-line therapies continue to undergo clinical development.
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Figure 1. 
μNMR detection of melanoma markers in vitro. Two human melanoma cell lines (SKMel28 

and MeWo) and one non-melanoma (HeLa) line were assayed for expression of melanocyte-

specific cell markers MART-1 and HMB45 using μNMR technique. Expression of both 

markers was significantly higher in both melanoma lines compared with HeLa (asterisks 

indicate statistically significant difference by Student’s t test; P <0.0001).
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Figure 2. 
μNMR discrimination of MAP kinase pathway signaling between BRAF wild-type and 

BRAF mutant human melanoma cells in vitro. μNMR analysis of relative expression of 

MAP kinase pathway molecules ERK (A) and S6K (B) show significant increases in 

phorphorylated (active) forms of both molecules in BRAF mutant melanoma cells compared 

with BRAF wild-type cells. Error bars indicate standard error. Asterisks indicate statistical 

significance (P < 0.0001, Student’s t test). (C) Western blot analysis also demonstrates an 

increase in phosphorylated ERK in BRAF-mutant melanoma cells compared with BRAF 

wild-type cells.
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Figure 3. 
Overview of μNMR melanoma clinical study design. Peripheral blood and tumor fine needle 

aspiration (FNA) specimens are collected from melanoma patients. Specimens are labeled 

with molecule-targeted antibodies conjugated to magnetic nanoparticles and then analyzed 

on a miniaturized μNMR device at the point of care. Tumor cells from FNA are analyzed for 

MAP kinase signaling activity, while peripheral blood circulating tumor cells are identified 

and correlated with metastatic burden assessed on cross-sectional imaging.
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Figure 4. 
μNMR assessment of MAPK activity from tumor FNA samples of melanoma pts. Tumor 

cell expression levels of pERK (A) and pS6K (B) are shown for each patient in the clinical 

study based on tumor FNA samples. (C) Mean expression levels of pERK and pS6K in 

BRAF wild-type (white bars) vs BRAF mutant (black bars) patients. Error bars indicate 

standard error. Asterisk indicates statistical significance (P = 0.0009, Student’s t test).
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Figure 5. 
μNMR assessment of melanoma circulating tumor cells in patients. Representative axial CT 

images of the abdomen (A, C) and chest (B, D) from two melanoma patients obtained at the 

time of μNMR peripheral blood CTC analysis. Patient 3 (top row) had a μNMR score of 

zero which correlates with a single target lesion in the left hepatic lobe (A; arrow), no 

thoracic lesions, and a RECIST SLD score of 20. Patient (bottom row) had a μNMR score of 

180 and was found to have four target lesions, including a left adrenal gland lesion (C; 

arrow) and multiple enlarged left cervical lymph nodes (D; arrows), associated with a 

RECIST SLD score of 148.
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Figure 6. 
μNMR assessment of melanoma circulating tumor cells in peripheral blood correlates with 

metastatic burden on imaging. (A) μNMR CTC level plotted as a function of RECIST 

metastatic score based on imaging for individual patients. (B) Mean CTC level based on 

number of metastatic lesions visualized on imaging. (C) Average RECIST metastatic score 

based on high (>60) or low (< 60) CTC level. Error bars indicate statistical significance. 

Asterisks indicate statistical significance (P <0.05, Student’s t test).
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Table 1

Demographic information on patients enrolled in μNMR melanoma clinical trial. Sex, age, lesion location, and 

tumor BRAF status are listed.

Patient Sex Age Lesion location BRAF status

1 M 52 Inguinal (R) Unknown

2 M 71 Axillary (R) Wild type

3 F 56 Liver V600E mutant

4 F 69 Chest wall Wild type

5 F 53 Arm (R) V600E mutant

6 M 64 Liver Wild type

7 M 71 Neck V600E mutant

8 F 32 Retroperitoneum V600E mutant

9 M 64 Pelvis V600E mutant

10 F 39 Back Wild type
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