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Introduction

Skin malignancies are the most common type of cancer 
diagnosed in the United States (US),1 yet the clinical diag-
nosis of this cancer remains a challenge for most primary 
care physicians (PCPs), to whom initial presentations usu-
ally occur. Incidence rates of skin cancer, including malig-
nant melanoma (MM) and keratinocyte carcinoma (KC), 
have increased by 44% and 77%, respectively, in recent 
decades.1,2

Skin cancer is highly curable if detected early, with a 
99% 5-year survival rate for MM when diagnosed at  
a localized stage. However, this figure drops to 66% for 
regional stage, and 27% for distant stage.1 There is a dire 
need to improve the early diagnosis of skin cancer, in order 
to maximize survival rate and decrease morbidity as well 
as associated healthcare costs.3

Patients are most likely to visit PCPs for the initial exami-
nation of suspicious skin lesions before being referred to a 
specialist.4 The standard method used by PCPs to diagnose 
skin cancer is visual inspection, with or without the use of 
diagnostic aids such as the ABCDE rule, the Chaos and 
Clues method, the 2 Step Algorithm, or the Glasgow 7-point 
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Abstract
Background: Patients with lesions suspicious for skin cancer often present to primary care physicians (PCPs), who may 
have limited training in skin cancer diagnosis. Objective: To measure the impact of an adjunctive handheld device for PCPs 
that employs elastic scattering spectroscopy (ESS) on the diagnosis and management of skin cancer. Methods: Fifty-seven 
PCPs evaluated 50 clinical images of skin lesions (25 malignant and 25 benign), first without and then with knowledge of 
the handheld ESS device output, and in each case indicated if a lesion was likely to be benign or malignant. Results: The 
diagnostic sensitivity of the PCPs with and without the use of the ESS device was 88% (95% CI, 84%-92%) and 67% (95% 
CI, 62%-72%), respectively (P < .0001). In contrast, no significant difference was observed in the diagnostic specificity. The 
management sensitivity of the physicians with and without the use of the ESS device was 94% (95% CI, 91%-96%) and 81% 
(95% CI, 77%-85%), respectively (P = .0009). Similarly, no significant difference was observed in the management specificity. 
Conclusion: The use of the ESS device may have the potential to help improve skin cancer diagnosis and confidence in 
management decision-making in a primary care setting.
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checklist.5-8 However, the accuracy of this naked-eye exami-
nation is highly dependent on the PCP’s experience, due to 
the high similarity between early-stage malignant lesions 
and benign lesions.9 Consequently, reviews of the literature 
have reported that PCPs generally have lower sensitivity of 
both diagnostic accuracy and biopsy/referral decision accu-
racy as compared to dermatologists.10

Recently, optical technology-based methods have been 
developed that significantly improve the accuracy of non-
invasive skin cancer diagnosis. These approaches include 
educational interventions, dermoscopy, reflectance confo-
cal microscopy, optical coherence tomography, multiphoton 
excited fluorescence imaging, and others.11-14 However, sig-
nificant barriers to their use in primary care include the 
need of specialized training, high cost of implementation, 
and generally a lack of comprehensive validating evi-
dence.11-13 A long-standing challenge is to develop new 
technologies for the early diagnosis of skin cancer, which 
are non-invasive and accurate, easy to use, and cost-effec-
tive for general practice.

A recent comparative study evaluating the diagnostic 
performance of non-invasive techniques for melanoma 
diagnosis found that optical spectroscopy achieved the 
best performance in terms of specificity and sensitivity.15 
Elastic-scattering spectroscopy (ESS) is a specialized 
form of optical spectroscopy that is sensitive to the micro- 
and nano-scale structure of a diseased tissue and is there-
fore suitable for skin cancer assessment.16,17

Here, we investigate the potential for utilization of a spec-
tral classification algorithm that employs ESS measurements 
in conjunction with the machine learning approach of convo-
lutional neural networks, implemented in a portable ESS 
Device to help detect skin cancer.17 The ESS device was 
developed to be used as an adjunctive tool for the evaluation 
of suspicious skin lesions in a primary care setting, not as a 
diagnostic tool. We compared the diagnosis and management 
performance (sensitivity, specificity, and AUC) in primary 
care physicians (PCP) with and without the use of the ESS 
device for detecting skin cancer. Ultimately, this study aims 
to determine whether the use of an ESS device can help PCPs 
improve their diagnostic accuracy of skin malignancies.

Methods

ESS and Artificial Intelligence System

The investigative device is a handheld device that employs 
elastic scattering spectroscopy (ESS) and convolutional 
neural networks (CNNs) to detect cancerous skin lesions.17 
Developed as an adjunctive tool to help PCPs in their  
diagnostic and management decision, the device classifies 
lesions as either malignant (“Investigate Further”) or 
benign (“Monitor”). Additionally, for “Investigate Further” 
classified lesions, a score from 1 to 10 is provided which 

corresponds to the amount of spectral similarity a lesion 
has to malignant lesions in studies, with 10 representing 
the highest amount.

The algorithm of the ESS device was trained and vali-
dated with over 20 000 spectral recordings from over 4500 
skin lesions, including histologically-confirmed melanoma 
and KC; as well as unbiopsied benign lesions, identified by 
dermatologists.18-22 None of the ESS spectral recordings 
used in the training process were employed in the testing 
set used in this study.

Test Lesions

A total of 50 cases of skin lesions were selected from the 
clinical validation study of the ESS device.23 These cases 
included 25 malignant lesions and 13 benign lesions, which 
had been biopsied and assessed histologically; and 12 
unbiopsied benign lesions, diagnosed by dermatologists. 
Characteristics of the test lesions are presented in Table 1. 
Of note, actinic keratoses were not treated as malignant for 
the purposes of this classification, and severely atypical 
nevi were considered to need further evaluation by a der-
matologist. For each case, high resolution digital clinical 
images were used. In addition, the patient’s clinical infor-
mation, including prior skin cancer history, risk factors, 
and physical examination results were included.

Lesions were randomly selected to match the prevalence 
of lesions in the clinical study that was performed. The 
device performance for the lesions in this study was 96% 
sensitivity and 36% specificity, compared to the prior clini-
cal study performance of 97% and 26% (37% for unbiop-
sied benign lesions and 22% for biopsied benign lesions). 
Thus, the randomly selected cases were similar in perfor-
mance to the device performance. The malignant and benign 
subgroups were based on predefined proportions applicable 
to primary care and enrolled lesions matching these criteria 
were selected from the clinical study dataset to match the 
appropriate diagnoses. The order in which lesions were pre-
sented was also randomized.

Primary Care Physicians’ Evaluation

A total of 57 U.S. board-certified PCPs participated in this 
study. All PCPs provided written informed consent. 
Eligibility criteria and PCPs’ experience as well as demo-
graphic information are provided in Table 2, respectively. 
All PCPs watched a training video about how to use the 
ESS device and were required to pass a training quiz before 
moving forward with the study.

The study was conducted in 2 phases; in each phase, 
PCPs evaluated all 50 cases independently and in random 
order. In the first phase, each PCP evaluated the skin lesion 
cases using 1 or more digital images and the patient’s clini-
cal information for each case alone. PCPs were blinded to 
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the classifier output from the device. For each case, PCPs 
completed a questionnaire about their diagnosis of the 
lesion (malignant or benign), their recommended manage-
ment decision (biopsy/referral to a dermatologist or not), 
and their confidence level on their management decision 
(scale 0-3, where 0 = no confidence, 1 = slight confidence, 
2 = moderate confidence, and 3 = high confidence).

In the second phase of the study, PCPs were asked to 
evaluate the same lesions from the first phase in a different 
randomized order; but this time, with the additional know-
ledge of the ESS device output, as part of the clinical 

Table 1. Characteristics of Test Lesions and Corresponding 
Device Classifications (N = 50).

Anatomic location, n (%)
 Trunk 15 (30)
 Upper extremity 14 (28)
 Lower extremity 11 (22)
 Head 10 (20)
Surface, n (%)
 Elevated 27 (54)
 Flat 23 (46)
Texture, n (%)
 Smooth 25 (50)
 Rough 25 (50)
Color, n (%)
 Light 27 (54)
 Dark 17 (34)
 Light and dark 6 (12)
Pigmentationa, n (%)
 Pigmented 21 (42)
 Non-pigmented 29 (58)
Melanocyticb, n (%)
 Yes 13 (26)
 No 37 (74)
Biopsied, n (%)
 Yes 38 (76)
 No 12 (24)
Final histopathologic readc, n (%)
 Actinic keratosis 3 (6)
 Basal cell carcinoma 9 (18)
 Benign melanocytic nevus 3 (6)
 Benign other 4 (8)
 Blue nevus 1 (2)
 Lentigo 2 (4)
 Melanoma 4 (8)
 Mildly atypical melanocytic nevus 2 (4)
 Seborrheic keratosis 10 (20)
 Severely atypical melanocytic nevus 3 (6)
 Squamous cell carcinoma 9 (18)
Fitzpatrick skin type of patientsd, N (%)  
 I. Always burns, never tans 5/44 (11.4)
 II. Always burns, tans minimally 28/44 (63.6)
 III. Sometimes mild burn, tans uniformly 8/44 (18.2)
 IV. Burns minimally, always tans well 2/44 (4.5)
 V. Very rarely burns, tans very easily 1/44 (2.3)

Device classification Total Device + Sensitivity (%)

Overall Sensitivity 25 24 96.0
Melanoma  4  4 100.0
Severely atypical melanocytic nevus  3  3 100.0
Basal cell carcinoma  9  9 100.0
Squamous cell carcinoma  9  8 88.9

 Total Device− Specificity (%)

Overall Specificity 25 9 36.0
Seborrheic keratosis 10 4 40.0
Mildly atypical melanocytic nevus  2 0 0.0
Lentigo  2 2 100.0
Blue Nevus  1 0 0.0
Benign Other  4 0 0.0
Benign Melanocytic nevus  3 1 33.3
Actinic keratosis  3 2 66.7

aPigmentation of lesion was determined by an internal dermatologist reviewing the 
images of the lesion cases and assessing whether or not the lesion was or was not 
pigmented.
bDetermination of if a lesion was melanocytic was performed by an internal 
dermatologist classifying the different parent pathology classifications into buckets 
of melanocytic or non-melanocytic.
cBasal cell carcinoma, squamous cell carcinoma, melanoma, and severely atypical 
melanocytic nevus lesions were considered malignant and all others benign. 
Severely dysplastic melanocytic nevi were considered malignant because they are 
often managed with re-excision by dermatologists.
d50 lesions utilized in the study were procured from 44 patients.

Table 2. Descriptive Characteristics of the PCPs (N = 57).

Variable n (%)

Gender
 Male 44 (77.2)
 Female 13 (22.8)
 Other 0 (0.0)
Area of board certification and active practice, n (%)
 Internal medicine 33 (57.9)
 Family medicine 24 (42.1)
Time practicing medicine (years)
 1-5 5 (8.8)
 6-10 13 (22.8)
 11-15 9 (15.8)
 16-20 10 (17.5)
 >20 20 (35.1)
Type of practice
 Employed in group private practice (multi-specialty) 10 (17.5)
 Hospital - owned practice 9 (15.8)
 Independent PCP - solo private practice 9 (15.8)
 Owner in group private practice (primary care only) 9 (15.8)
 Owner in group private practice (multi-specialty) 7 (12.3)
 Academic center 6 (10.5)
 Employed in group private practice (primary care only) 6 (10.5)
 Federally qualified health center 1 (1.8)
 Locum tenens 0 (0.0)
 Other 0 (0.0)
Type of area
 Urban area (population > 50 000) 37 (64.9)
 Urban cluster (2500 < population < 50 000) 14 (24.6)
 Rural (population < 2500) 6 (10.5)
Percentage of patients receiving skin checks (%)
 0 0 (0.0)
 1-20 8 (14.0)
 21-40 12 (21.1)
 41-60 11 (19.3)
 61-80 15 (26.3)
 >81 11 (19.3)
Frequency of biopsies performed
 Never 5 (8.8)
 A few times per year 16 (28.1)
 1-3 times per month 6 (10.5)
 1-3 times per week 19 (33.3)
 >3 times per week 11 (19.3)
Frequency of referral to dermatologist
 Always 0 (0.0)
 Most of the time 22 (38.6)
 Sometimes 28 (49.1)
 Rarely 7 (12.3)
 Never 0 (0.0)
Self-rated skin lesion assessment competence
 Expert 6 (10.5)
 Advanced 22 (38.6)
 Intermediate 28 (49.1)
 Beginner 1 (1.8)
 No competence 0 (0.0)
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information provided for each case. As in the first phase, for 
each case, all PCPs completed the questionnaire about their 
diagnosis, management decision, and level of confidence. 
At no point in the study were the physicians informed of the 
study’s distribution of benign and malignant lesions (ie, 25 
of each).

Statistical Analysis

Each performance parameter, including sensitivity and 
specificity, was calculated using the total number of lesions 
evaluated (n = 1425; 25 lesions × 57 PCPs). Corresponding 
95% confidence intervals (CIs) were calculated for both 
sensitivity and specificity using the Wilson method, as out-
lined in Saha et al. (2016),24 to account for potential within-
cluster correlation. To compare diagnostic sensitivity and 
specificity of the physicians with and without knowledge 
of the device output, we used the method of moments for 
clustered matched paired data, where a cluster was the set 
of lesion cases within each PCP combination. A 2-sided 
P-value of less than .05 was considered to indicate a statis-
tically significant difference.

The same procedure was followed to determine the sen-
sitivity and specificity of management decision, where the 
sensitivity was defined as the probability of deciding to fur-
ther evaluate a lesion through a biopsy or referral, given that 
the lesion was malignant, and specificity was defined as the 
probability of deciding not to further evaluate a lesion given 
that the lesion was benign.

Inter-physician variability was assessed using logistic 
regression with Generalized Estimating Equations to 
account for within PCP correlation (assuming a compound 
symmetry correlation structure).

Shifts in the levels of confidence of the physicians in  
their management decision, with and without (baseline) 
knowledge of the device output, were compared using an 
unweighted Kappa statistic. Statistical associations between 
the level of confidence of the PCPs and their sensitivity and 
specificity were assessed using multivariate logistic regres-
sions where the dependent variable is a correct diagnosis 

(yes/no). The model includes a random effect of the lesion 
and physician to account for correlations. The P-values 
come from the logistic regression and measure the associa-
tion between each covariate and the outcome while adjust-
ing for other variables in the model.

All statistics analyses were performed using SAS soft-
ware (Version 9.4, SAS Institute Inc).

Results

The 50 lesions evaluated by PCPs were dispersed across the 
body, had a mixture of surfaces, textures, colors, and pig-
mentations; 26% were melanocytic, 76% were biopsied, 
and there were a range of final lesion etiologies as deter-
mined by histopathology; inherent device classification is 
also provided (Table 1).

Among 57 PCPs included, participating physicians repre-
sented a diversity of areas of practice, time practicing medi-
cine, and practice types (Table 2). Further demographics, as 
well as range of patients, frequency of biopsies performed, 
referrals to dermatologist, and baseline level of confidence 
in skin lesion assessment can be found in Table 2.

The diagnostic sensitivity of the PCPs was 67% 
(958/1425; 95% CI, 62%-72%) independently, i.e. without 
the use of the ESS device, and 88% (1261/1425; 95%  
CI, 84%-92%) with the device (P < .0001). In contrast,  
the diagnostic specificity independently and with the use of 
the ESS device was 53% (761/1425; 95% CI, 49%-57%) 
and 40% (577/1425; 95% CI, 37%-44%), respectively 
(P = .0516; Table 3). Balanced accuracy (TP + TN/all cases) 
of PCP diagnostic performance was 0.588 and 0.645 inde-
pendently without and with the use of the ESS device, 
respectively. Notably, the proportion of melanomas cor-
rectly diagnosed by PCPs included in the test lesion set 
were 82% (186/228) without use of the ESS device and 
97% (221/228) with use. The number of false negatives for 
melanoma without the use of the device was 42 and with the 
use of the device was 7; for severely atypical nevi, false 
negatives without and with the use of the device were 39 
and 3, respectively.

Table 3. Diagnostic and Management Performance for Detection of Skin Cancer With and Without the Use of ESS Device.

Performance 95% confidence interval

P-value 
Without the use 

of ESS device
With the use of 

ESS device
Without the use 

of ESS device
With the use 
of ESS device

Diagnosis
 Sensitivity % 67 (958/1425) 88 (1261/1425) 62-72 84-92 <.0001
 Specificity % 53 (761/1425) 40 (577/1425) 49-57 37-44 .0516
Management decision
 Sensitivity % 81 (1160/1425) 94 (1342/1425) 77-85 91-96 .0009
 Specificity % 36 (516/1425) 31 (437/1425) 31-42 28-34 .3558

Data in parentheses are the number of cases correctly identified as malignant (for sensitivity analysis) and benign (for specificity analysis) over the total 
number of lesions evaluated (25 lesions × 57 physicians = 1425). Bolded values represent statistical significance (p < .05). 
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The management sensitivity of the PCPs without and 
with the use of the ESS device was 81% (1160/1425; 95% 
CI, 77%-85%) and 94% (1352/1425; 95% CI, 91%-96%), 
respectively (P = .0009; Table 3). The management specific-
ity of the PCPs was 36% (516/1425; 95% CI, 31%-42%) 
without the device and 31% (437/1425; 95% CI, 28%-34%) 
with the device (P = .3558; Table 3).

The interclass correlation, as an estimate of inter-physi-
cian variability in diagnostic decision, improved from .19 
(slight agreement between PCPs) without the use of the 
ESS device to .50 (fair agreement between PCPs) with the 
use of the device. Similarly, the interclass correlation for 
management decision improved from .14 (slight agreement 
between PCPs) without the use of the device to .51 (fair 
agreement between PCPs) with the use of the device. The 
level of confidence of PCPs in their diagnosis and manage-
ment decision also significantly increased by using the 
device (Table 4, P < .0001).

The area under the curve for diagnosis of malignancy for 
PCPs for 4 confidence levels increased from 0.619 to 0.683 
with addition of the device (P < .001; Figure 1).

Discussion

Our results support a beneficial role for the ESS device, 
which uses ESS and CNN, as an adjunctive tool for the 
evaluation of potentially malignant skin lesions in primary 
care settings. Use of the ESS device by PCPs significantly 
improved their diagnostic and management sensitivity and 
was associated with a decrease in specificity that approached 
significance for diagnosis and was not significant for man-
agement. There is a net improvement of PCP detection accu-
racy with the availability of device output. ESS use also 
significantly improved inherent validity as reported by area 
under the curve (AUC) for both diagnosis and referral.

While other commercial options are available, there is a 
great degree of variation among accuracy and little data to 
support their use by PCPs. A multispectral image analysis 
device (MELA Sciences, Irvington, NY) was an FDA-
approved device that used a proprietary algorithm to aid 
with the decision to biopsy a suspicious skin lesion. Studies 
showed the device had high sensitivity, over 98%, but low 

specificity, around 10%. It was discontinued for sale or clin-
ical use in 2017. Another adjuvant tool for melanoma detec-
tion, a device utilizing electrical impedance spectroscopy, 
reported over 96% sensitivity and 34% specificity.25 This is 
the only currently FDA-approved device for melanoma 
detection but is restricted to use by dermatologists, given a 
lack of validation/approval in a primary care context and 
restrictions for usage on benign lesions such as seborrheic 
keratoses.26,27 Therefore, additional evidence for use of effi-
cacious devices in clinical settings outside of dermatologic 
practice is both high yield for primary care, the front line of 
most suspicious lesion presentation, and in contribution to 
the high degree of trust needed for regulatory recognition 
and implementation of such devices. The present study con-
tributes evidence for a diagnostically valid device that can 

Table 4. Shifts in Levels of Confidence of PCPs in Their Management Decision.

Level of confidence 
without the device

Level of confidence with the device

None Slight Moderate High Total

None 3 12 20 18 53
Slight 9 91 297 252 649
Moderate 10 138 619 688 1455
High 7 36 118 532 693
Total 29 277 1054 1490 2850

Kappa statistic: .1490; OR (95% CI): 4.210 (3.764-4.708); P < .0001.

Figure 1. Area under the curve for diagnostic sensitivity and 
specificity with and without the device with 4 levels of physician 
confidence (none, slight, moderate, and high). AUC with no 
device ROC was 0.6194 (0.0096 SE), AUC with device ROC 
was 0.6828 (0.0063 SE), which is a difference of 0.0634 (P < .001, 
0.0085 SE, 95% CI 0.0466-0.0801).
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improve detection in this context and meaningfully impact 
behavior.

This context is important when considering the increase 
in AUC that we report from 0.62 to 0.68. In this study, the 
majority of cases involved physician-biopsied lesions, 
which are notably more difficult for physicians to classify 
as benign or malignant compared to patient-concerned 
lesions often featured in image-based AUC studies. The 
receiver operating characteristic (ROC) curve in this sce-
nario, which describes performance at different classifica-
tion thresholds, was computed factoring in the variability in 
physician performance across 50 lesion cases. The rise in 
AUC implies that PCPs using the device would improve 
clinical utility and the quality of dermatologist referrals. 
This is particularly substantial for primary care, where skin 
cancer detection accuracy is typically lower than dermatol-
ogy specialty care. Furthermore, given similar ROC sensi-
tivity, PCP specificity increases (ie, when sensitivity is 
maintained at 94%, the specificity of the PCPs is 13.7% 
without device output, and 30.9% with device output).

Our results showed an increase in the levels of confi-
dence of the PCPs in their management decision with the 
use of the ESS device; importantly, our results also indi-
cated that higher confidence is associated with higher  
sensitivity and specificity. The inter-physician variability 
decreased with the use of the ESS device, which may  
indicate a decline in the subjectivity of the PCPs in their 
assessments. Of note, use of this device in prior clinical 
studies has shown minimal user-related variations.16 
Another strength of our study are the skin lesions used 
include a wide range of cases representative of those found 
in primary care practice. Additionally, due to an approach 
that is agnostic to lesion and skin type given its lack of 
surface-level feature analysis, ESS provides an inherent 
advantage as compared to other detection methods like 
Pigmented Lesion Assays (PLAs) and image-based CNN 
algorithms in its utility for a variety of lesions including 
both melanocytic and non-melanocytic lesions.28,29

There are a few limitations to this study. First, the study 
design did not allow for in-vivo lesion evaluations; there-
fore, though clinical history was provided, tactile evaluation 
of the lesions was not possible. Second, PCPs who partici-
pated in the study expressed interest in the ESS device and 
may have had a particular interest in skin cancer, resulting 
in a selection bias. Further, the ratio of benign:malignant 
lesions among the test pool was not reflective of primary 
clinical practice, where the vast majority of encountered 
lesions are benign. Future studies will include the analysis of 
the performance of the ESS device per lesion type.

In conclusion, the ESS device has the potential to help 
PCPs decide which skin lesions warrant further biopsy/
referral for possible skin cancer. This technology improves 
sensitivity and inherent validity of skin cancer diagnosis 
and management. The use of the ESS device in a primary 
care setting is further supported by a reduction in the 

subjectivity of the PCPs regarding their evaluations and the 
limited training required for its use, as well as the increased 
diagnostic and management performance.
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