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abstract

PURPOSENational guidelines recommend sentinel lymph node biopsy (SLNB) be offered to patients with. 10%
likelihood of sentinel lymph node (SLN) positivity. On the other hand, guidelines do not recommend SLNB for
patients with T1a tumors without high-risk features who have , 5% likelihood of a positive SLN. However, the
decision to perform SLNB is less certain for patients with higher-risk T1 melanomas in which a positive node is
expected 5%-10% of the time. We hypothesized that integrating clinicopathologic features with the 31-gene
expression profile (31-GEP) score using advanced artificial intelligence techniques would provide more precise
SLN risk prediction.

METHODS An integrated 31-GEP (i31-GEP) neural network algorithm incorporating clinicopathologic features
with the continuous 31-GEP score was developed using a previously reported patient cohort (n = 1,398) and
validated using an independent cohort (n = 1,674).

RESULTSCompared with other covariates in the i31-GEP, the continuous 31-GEP score had the largest likelihood
ratio (G2 = 91.3, P, .001) for predicting SLN positivity. The i31-GEP demonstrated high concordance between
predicted and observed SLN positivity rates (linear regression slope = 0.999). The i31-GEP increased the
percentage of patients with T1-T4 tumors predicted to have, 5% SLN-positive likelihood from 8.5% to 27.7%
with a negative predictive value of 98%. Importantly, for patients with T1 tumors originally classified with a
likelihood of SLN positivity of 5%-10%, the i31-GEP reclassified 63% of cases as having , 5% or . 10%
likelihood of positive SLN, for a more precise, personalized, and clinically actionable SLN-positive likelihood
estimate.

CONCLUSION These data suggest the i31-GEP could reduce the number of SLNBs performed by identifying
patients with likelihood under the 5% threshold for performance of SLNB and improve the yield of positive
SLNBs by identifying patients more likely to have a positive SLNB.
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INTRODUCTION

The American Joint Committee on Cancer stages
patients according to tumor characteristics, nodal
disease burden, and tumor metastasis status to esti-
mate each patient’s risk of death because of
melanoma.1 Detection of metastatic disease in one or
more lymph nodes qualifies patients for adjuvant
therapy and is often identified through sentinel lymph
node biopsy (SLNB). However, as many as 88% of
patients who undergo SLNB have a negative result
and, therefore, are not eligible for adjuvant therapy but
are exposed to additional costs and risks of this sur-
gical procedure.2

National Comprehensive Cancer Network (NCCN)
guidelines recommend that clinicians discuss and
offer SLNB to patients if the likelihood of having a
positive sentinel lymph node (SLN) is . 10% (T2-T4
tumors), discuss and consider SLNB if the likelihood is
5%-10% (T1a tumors with high-risk features or T1b
tumors), and avoid SLNB if the likelihood is, 5% (T1a
tumors without high-risk features).3 The probability of a
positive SLN rises with increasing tumor depth and
other high-risk primary tumor features, such as ul-
ceration, high mitotic rate (MR), lymphovascular in-
vasion (LVI), uncertain microstaging, and younger
age.1,4-10 However, the tenuous association of many of
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these features with melanoma metastasis contributes to
interstudy variability of SLN positivity rates, particularly in
tumors ≤ 1.0 mm in thickness (T1).4-8

The subjectivity associated with identifying and measuring
melanoma-associated clinicopathologic (CP) features may
contribute to controversy among physicians regarding
which CP features and thresholds should be used to inform
decisions about SLNB,11,12 evidenced by the wide vari-
ability in reported SLN positivity rates.5-8,13-18 Because of
the high cost and increased complication rate of SLNB
(10%-16%), better identification of patients likely to have a
positive SLN may be possible by integrating molecular
profiling with CP features.19,20

Currently, a 31-gene expression profile (31-GEP) test for
prognosis of melanoma recurrence risk has been devel-
oped that yields a continuous probability score between
zero and one that stratifies risk of disease recurrence and is
binned into one of four categories: lowest (Class 1A; 0-
0.41), low (Class 1B; 0.42-0.49), increased (Class 2A;
0.50-0.58), and highest (Class 2B; 0.59-1).21-23 The 31-
GEP Class is an independent predictor of recurrence, in-
cluding nodal recurrence, as demonstrated in meta-
analyses and multiple prospective and retrospective
studies.23-29 Vetto et al24 showed that patients with T1-T2
tumors, 55 years and older, and a 31-GEP Class 1A result
have , 5% risk of SLN positivity and maintain . 99%
melanoma-specific survival. However, to develop a more
individualized SLN positivity risk assessment for each pa-
tient, we used advanced artificial intelligence techniques to
integrate the continuous 31-GEP score with individual
patient tumor CP features.

Previously published models for SLN positivity have used
simple logistic regression and focused predominantly on
intermediate-thickness tumors from a biased patient

population of elevated-risk individuals who do not represent
the general population seen in the clinic30 or used meta-
static tissue irrelevant for melanoma cases in which SLNB
guidance is needed.31 Some of the more commonly used
models have limited validation,30,32 incorporate outdated
variables,33,34 or do not incorporate molecular tumor
data.32-34

To overcome the current limitations facing SLN positivity
prediction, we developed and independently validated an
artificial intelligence–based neural network algorithm to
predict SLN positivity risk in patients with T1-T4 CM by
integrating the continuous 31-GEP score with CP features
(integrated 31-GEP [i31-GEP]). An objective, individualized
approach to SLNB decision making could reduce unnec-
essary procedures and associated risks in patients with a
low likelihood of having a positive SLNB. Similarly, this
approach could identify previously unidentified or sub-
jectively excluded patients with a higher likelihood (. 10%
risk) of SLN positivity who may benefit most from an SLNB.

METHODS

Patient Demographics

Development cohort. The development cohort has been
previously described.24 The model was trained on 1,398
patients age ≥ 18 years with primary CM tumors of known
Breslow thickness (T1-T4), with a continuous 31-GEP test
result, and with either clinically (287 of 1,398; 20.5%) or
pathologically (1,111 of 1,398; 79.5%) known SLN status
(Appendix Fig A1).24

Validation cohort. A total of 1,674 patients with a continuous
31-GEP test result were enrolled under one of three Western
Institutional Review Board–approved studies from 25 sur-
gical and five dermatologic centers. Eligibility criteria were
the same as for the development cohort (Appendix Fig A1).

CONTEXT

Key Objective
Can integration of the continuous 31-gene expression profile (31-GEP) score with clinicopathologic features (integrated 31-

GEP [i31-GEP]) accurately predict sentinel lymph node (SLN) positivity for improved personalized medicine? This study
uses a neural network model to combine the 31-GEP with readily available clinicopathologic features to determine each
patient’s positive SLN risk.

Knowledge Generated
The 31-GEP continuous score was the most important variable contributing to the i31-GEP algorithm. In an independent

validation cohort, the i31-GEP algorithm produced a personalized precise likelihood of SLN positivity, which aligned with
observed SLN positivity. In patients with T1-T4 tumors, the i31-GEP increased the percentage of patients predicted to
have , 5% SLN positivity risk from 8.5% using current staging guidelines to 27.7%. Specifically, for patients predicted to
have 5%-10% risk by current guidelines, the i31-GEP reclassified 63% of cases as having an actual SLN positivity risk of ,
5% or . 10%. Finally, the i31-GEP can identify patients with . 10% SLN positivity risk who may be offered sentinel lymph
node biopsy.

Relevance
The i31-GEP can improve personalized risk estimates for SLN positivity.
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31-GEP Testing

The 31-GEP test (DecisionDx-Melanoma; Castle Biosci-
ences Inc, Friendswood, TX) was used to analyze the ex-
pression of 27 prognostic genes (28 probes) and three
control genes from primary CM tumors, as previously
described.21 All 31-GEP testing was performed in a College
of American Pathologists–accredited and Clinical Labora-
tory Improvement Amendments–certified laboratory.

i31-GEP Development and Validation

Data collected for analysis and i31-GEP algorithm training
included the continuous variables 31-GEP score, Breslow
thickness, MR, and age and the categorical variables ul-
ceration status, regression, LVI, absence versus presence
of tumor-infiltrating lymphocytes (TILs), sex, micro-
satellites, histopathologic subtype (superficial spreading,
nodular, nevoid, lentiginous, acral, desmoplastic, and
others), transected bases (ie, microstaging), and tumor site
(head and neck, trunk, and extremity). Models were
generated in R package v3.6.3 using the caret package to
generate neural networks with the nnet submodule and
four times ten-fold cross-validation for hyperparameter
selection. Next, multiple iterations of the model were run
with the remaining features to determine which features
provided the most accurate algorithm without overfitting.
Nodal events were coded as 0 for negative or 1 for positive
to generate a regression algorithm.

Validation of the algorithm was performed on an inde-
pendent cohort of eligible patients with T1-T4 tumors as
described. Patients with T1a disease with documented
MR ≥ 2/mm2, LVI, absence of TILs, age , 40 years,
microsatellites, regression, or transected base were cate-
gorized as having high-risk T1a (T1a-HR) disease. Patients
with T1a tumors and none of the above-specified features
were considered low-risk T1a (T1a-LR).

Complete variable selection methods and accuracy metric
calculations are provided in the Appendix 1.

Statistical Analysis

Comparison of CP features between cohorts was performed
using the Mann-Whitney U test, the chi-square test, or
Fisher’s exact test. A P value of , .05 was considered
statistically significant. Continuous variables are reported
as median (range) and dichotomous variables are reported
as n (%). Simple logistic regression was performed to show
the probability of a positive SLN for each variable within the
training cohort. Kaplan-Meier analysis and the log-rank test
were used to compare survival outcomes. R statistical
package v3.6.3 and Graphpad Prism v8.4.1 were used for
statistical analysis.

Study Approval

A waiver of consent was granted by Western Institutional
Review Board as the research met the requirements for
waiver of consent, including that the study involves no more

than minimal risk to the participants and will not adversely
affect the rights and welfare of the participants.

RESULTS

Patient Demographics

Demographic analyses revealed a significant difference
between the development and validation cohorts in median
GEP score (0.35 [range 0-1] v 0.40 [range 0-1]; P, .001),
age (63 years [range 18-101] v 65 years [range 21-97];
P , .001), and MR (1.0/mm2 [range 0-74.0/mm2] v 1.0/
mm2 [range 0-235.0/mm2]; P , .001) and the number of
patients with an absence of TILs (13.3% v 10.9%; P ,
.001), presence of microsatellites (0.4% v 1.2%; P, .001),
a transected base (19.5% v 34.9%; P, .001), presence of
regression (13.7% v 14.6%; P , .001), histologic subtype
(P , .001), and proportion of cases in which SLNB was
performed (79.5% v 75.1%; P = .005). There was no
significant difference between cohorts for tumor location
(P = .584), sex (P = .468), presence of LVI (P = .104),
Breslow thickness (P = .342), ulceration (P = .427), or SLN
status (P = .639; Appendix Fig A1, Table 1).

i31-GEP Algorithm Development and Specification

Features that significantly contributed to the model, as
described in the methods, were included in i31-GEP de-
velopment and included the continuous variables 31-GEP,
Breslow thickness, MR, and age and the binary variable
ulceration. Variable importance and logistic regression of
variables within the training cohort are shown in Appendix
Figure A2 and Appendix Table A1. The 31-GEP had the
highest variable importance score (100, indicating the
highest importance relative to the other variables) and log-
likelihood value (G2 = 91.3; P , .001), indicating that it is
the best predictor of SLN positivity, followed by Breslow
thickness (G2 = 53.5; P , .001).

i31-GEP Performance

Validation in an independent cohort of 1,674 patients with
T1-T4 tumors demonstrated alignment between observed
SLN positivity rates and i31-GEP predictions, with a slope of
0.999 demonstrated by linear regression (Fig 1). Moreover,
the i31-GEP model predicted that 27.7% (464 of 1,674) of
patients had a predicted SLN positivity probability of, 5%,
and 41.6% (696 of 1,674) had a predicted probability
of. 10%. In contrast, just 8.5% (142 of 1,674) of patients
with T1a tumors had , 5% SLN positivity risk when an-
alyzed by T stage. Three hundred seventy-seven tumors
were T1a (235 of which had one or more high-risk fea-
tures), and 328 were T1b. The i31-GEP reclassified 68.5%
(161 of 235) of T1a tumors with at least one high-risk
feature, and 40.9% (134 of 328) of T1b as having , 5%
likelihood of a positive SLN, for a total of 52.4% of higher-
risk T1 tumors reclassified as, 5% risk. Moreover, the i31-
GEP reclassified 4.7% (11 of 235) of patients with a T1a
tumor and at least one high-risk feature, and 14.3% (47 of
328) of T1b tumors as having. 10% likelihood of a positive

Whitman et al

1468 © 2021 by American Society of Clinical Oncology



SLN, reclassifying a total of 10.3% of higher-risk T1 tumors
as having a predicted SLN-positive likelihood of . 10%. In
sum, of the 563 of 1,542 patients with SLN positivity risk
classified by T stage as 5%-10%, the i31-GEP reclassified
62.7% (353 of 563) to, 5% or. 10% likelihood of having
a positive SLN (Fig 2, Table 2). Similarly, validation of cases
in the T2 population demonstrated that 12.5% (52 of 416)
of patients with T2a tumors and 4.2% (5 of 118) with T2b
tumors had a predicted SLN-positive likelihood of , 5%.
Furthermore, 44.7% (186 of 416) of T2a and 44.1% (52 of
118) of T2b cases had a 5%-10% likelihood of SLN pos-
itivity (Fig 2, Table 2).

On the other hand, although only 0.3% (1 of 303) of T3
cases had a , 5% risk prediction of SLN positivity, 10.2%
(31 of 303) of cases had a risk between 5% and 10%, with
the majority of T3 cases having a risk. 10% (as expected).
Validation in patients with T4 tumors confirmed that, al-
though the majority (96%) had SLN positivity predictions
higher than 10%, the range was wide (9.5%-58%; Table 2,
Appendix Fig A3), reinforcing the need for personalized
SLN positivity likelihood prediction.

i31-GEP Accuracy

To assess the accuracy of the i31-GEP, a predicted like-
lihood of a positive SLN , 5% was considered a negative
test and a ≥ 5% likelihood of involvement was considered a
positive test. The overall sensitivity for the model was
95.1%, and the negative predictive value (NPV) was
98.1%. The T1a low-risk population had no pathologically
positive SLNs, whereas the T3 population had only one
negative test result and the T4 population had no negative
results. In the T1a-HR-T2 population, the range of cases
most likely to need additional guidance, the i31-GEP had an
overall high NPV (97.4%) and sensitivity (89.8%), indi-
cating a low false-negative rate. On the basis of the low
likelihood of identifying a pathologically positive SLN with a
negative i31-GEP result, the procedure reduction rate

TABLE 1. Demographics and Clinical Characteristics of the Training
and Validation Cohort

Characteristic
Training Cohort
(n = 1,398)

Validation Cohort
(n = 1,674) P

31-GEP,a a.u. (range) 0.35 (0.00-1.00) 0.40 (0.00-1.00) ,.001b

Breslow thickness,a mm
(range)

1.2 (0.1-60.0) 1.2 (0.1-68.0) .342b

Ulceration, No. (%) .427c

Present 302 (21.6) 393 (23.5)

Absent 1,082 (77.4) 1,267 (75.7)

Unknown or not reported 14 (1.0) 14 (0.8)

MR,a 1/mm2 (range) 1.0 (0-74.0) 1.0 (0-235.0) ,.001b

TILs, No. (%) ,.001c

Present 626 (44.8) 876 (52.3)

Absent 186 (13.3) 182 (10.9)

Unknown or not reported 586 (41.9) 616 (36.8)

Microsatellites, No. (%) ,.001c

Present 5 (0.4) 20 (1.2)

Absent 14 (1.0) 4 (0.2)

Unknown or not reported 1,379 (98.6) 1,650 (98.6)

Transected base,
No. (%)

,.001c

Present 272 (19.5) 585 (34.9)

Absent 883 (63.2) 808 (48.3)

Unknown or not reported 243 (17.4) 281 (16.8)

Regression, No. (%) ,.001c

Present 191 (13.7) 245 (14.6)

Absent 1,013 (72.5) 1,260 (75.3)

Unknown or not reported 194 (13.9) 169 (10.1)

LVI, No. (%) .104c

Present 39 (2.8) 54 (3.2)

Absent 1,315 (94.1) 1,544 (92.2)

Unknown or not reported 44 (3.1) 76 (4.5)

Location, No. (%) .584c

Head and Neck 282 (20.2) 352 (21.0)

Trunk 559 (40.0) 679 (40.6)

Extremity 549 (39.3) 638 (38.1)

Unknown or not reported 8 (0.6) 5 (0.3)

Histologic subtype,
No. (%)

,.001c

Superficial spreading 368 (26.3) 512 (30.6)

Nodular 167 (11.9) 304 (18.2)

Nevoid 31 (2.2) 36 (2.2)

Lentigo maligna 18 (1.3) 38 (2.3)

Desmoplastic 30 (2.1) 39 (2.3)

Acral 8 (0.6) 15 (0.9)

Others or unspecified 776 (55.5) 730 (43.6)

Sex, No. (%) .468c

Male 764 (54.6) 923 (55.1)

Female 567 (40.6) 656 (39.2)

Unknown or not reported 67 (4.8) 95 (5.7)

Age,a years (range) 62.7 (18.0-101.45) 65.2 (20.6-96.6) ,.001b

SLNe status, No. (%) .639d

Positive 145 (10.4) 183 (10.9)

Negative 1,253 (89.6) 1,491 (89.1)

(Continued in next column)

TABLE 1. Demographics and Clinical Characteristics of the Training
and Validation Cohort (Continued)

Characteristic
Training Cohort
(n = 1,398)

Validation Cohort
(n = 1,674) P

SLNB performed,
No. (%)

1,111 (79.5) 1,258 (75.1) .005d

SLNBe status, No. (%) .368d

Positive 143 (12.9) 179 (14.2)

Negative 968 (87.1) 1,079 (85.8)

Abbreviations: 31-GEP, 31-gene expression profile; a.u., arbitrary
units; LVI, lymphovascular invasion; MR, mitotic rate; SLN, sentinel
lymph node; SLNB, sentinel lymph node biopsy; TIL, tumor-infiltrating
lymphocytes.

aMedian continuous value.
bMann-Whitney U test.
cChi-square test.
dFisher’s exact test.
eSLN status includes clinically and pathologically assessed SLN, and

SLNB includes only those with a biopsy performed.
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(32.1% overall) was calculated as the proportion of negative
test results for the given population. Within the T1a-HR
population, a reduction rate of 68.5% was achieved with
an NPV of 97.5%. Similarly, in the T1b population, there was
a reduction rate of 40.9% with an NPV of 97.8% (Table 3).

i31-GEP Survival Outcomes

The study included cases from a prospective, multicenter
US study that was recently published and had data on SLN
status and 3.2 years median follow-up,35 allowing for as-
sessment of patient outcomes in the , 5% and ≥ 5% risk
group described by the i31-GEP model.27 Patients pre-
dicted by the i31-GEP to have, 5% SLN positivity risk had
significantly higher recurrence-free survival (RFS: 96.8%,
P, .001), distant metastasis–free survival (DMFS: 98.6%,
P = .002), and overall survival (OS: 97.7%, P = .043)
relative to patients predicted to have ≥ 5% likelihood who
were node-negative (RFS: 88.3%, DMFS: 93.5%, OS:
93.3%) and patients predicted to have≥ 5% likelihood who
were node-positive (RFS: 61.8%, DMFS: 71.0%, OS:
81.5%; Fig 3). As expected, patients with ≥ 5% likelihood
of a positive SLN predicted by the i31-GEPwho did not have
a positive SLN had worse outcomes than those with a
predicted likelihood of, 5%. Furthermore, a positive SLNB
in the≥ 5% risk group negatively affected overall outcomes.

DISCUSSION

Although NCCN guidelines recommend SLNB in patients
with . 10% likelihood of identifying a positive SLN, most
patients who undergo an SLNB receive a negative result,
risk unnecessary adverse events from surgical intervention,
and retain their initially diagnosed American Joint Com-
mittee on Cancer stage.2 One reason for a high negative rate
may be that most (60%-70%) new melanomas are diag-
nosed as T1, for which the indication for performing an
SLNB is unclear. Furthermore, there is no consensus about
which CP variables are prognostic for SLN positivity outside
of staging factors, eg tumor thickness and ulceration
status.36-38 Many patients with T4 melanomas may be el-
igible for adjuvant therapy regardless of SLN status, and it is
unclear if these patients should undergo the procedure.36

A test to increase the accuracy of predicting a positive
SLNB that complements NCCN guidelines could help
patients and physicians when considering an SLNB.37 Our
data show that integrating CP features with the continuous
31-GEP score, which provides insight into intrinsic tumor
biology, accurately predicts the likelihood of having a
positive SLN. Although the continuous 31-GEP score has
the biggest impact on the algorithm, a major strength of the
i31-GEP is that it incorporates many routinely recorded CP
features, including Breslow thickness, MR, ulceration, and
age into the algorithm. As a result, patients may have an
SLNB recommendation changed from the consideration to
the recommendation range, whereas others may have their
recommendation changed to avoid SLNB.

Here, we show that the i31-GEP accurately identified a
larger percentage of patients (27.7%, 464 of 1,674) with
a, 5% likelihood of SLN positivity than were identified by T
stage in conjunction with CP risk factors without the 31-
GEP (T1a-LR, 8.5%, 142 of 1,674; Table 2). For patients in
the T1a-HR group, the i31-GEP identified 43% of patients
with a positive SLN while maintaining a high NPV of 97.5%.
The NCCN guidelines recommend that patients with T1a-
HR tumors should consider SLNB.3 This is substantiated in
our validation cohort, in which none (0%) of the patients
undergoing surgery for a T1a tumor without high-risk
features (n = 30) had a positive SLN, whereas 7.5% (7
of 93) of those with at least one high-risk feature had a
positive SLN, and the T1b SLNB positivity rate was 6.5%
(18 of 279; Appendix Table A2).9-11,38-40

A recent publication by Lo et al34 using a nomogram to
determine the likelihood of SLN positivity reported only
12.4% (v 27% by i31-GEP) of patients had a likelihood of
SLN positivity of , 5%. The authors further predicted that
only 27% (v 57% by i31-GEP) of patients with T1 tumors
had a , 5% likelihood.34 Some SLN prediction models
have focused on higher-risk populations.30 Bellomo et al30

developed a combined CP-GEP variable evaluator using a
single cohort of 754 patients from tertiary Mayo Clinic sites.
In their initial study, they performed double-loop cross-
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FIG 1. 31-GEP improves precision of SLN positivity predictions
compared with T stage–based predictions in an independent
validation cohort (n = 1,674) with T1-T4 CM. The integration of
the 31-GEP score and clinicopathologic features (i31-GEP) is
represented by the red line. Gray shading represents 95% CI.
The solid black line represents a perfect match of predicted and
observed SLN-positive rates. Linear regression shows a
y = 0.999x − 0.005 relationship between predicted and ob-
served positivity demonstrating the close alignment of i31-
GEP–predicted risk of SLN positivity and observed SLN posi-
tivity. 31-GEP, 31-gene expression profile; i31-GEP, integrated
31-gene expression profile; SLN, sentinel lymph node.
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validation but did not have an independent validation. A
follow-up study was performed on only 210 European
patients and only had 11 T1 cases. To date, no inde-
pendent validation has been performed in a large US
cohort.30,41 Moreover, although their CP-GEP test incor-
porates molecular tumor biology, it bins positive and
negative results averaging in patients with a risk higher than
5% into the negative test result bin and is similar to current
population-based methods for determining the likelihood of
a positive SLN. In contrast, the i31-GEP moves toward

precision medicine in which each patient receives an in-
dividualized likelihood of SLN positivity.

The populations thatmake up the development and validation
cohorts for the i31-GEP better reflect the average patient
evaluated for SLNB, with 46% of the validation population
having T1 tumors that were relatively even in numbers of T1a
(377) and T1b (328) tumors. Although 68.5% of T1a-HR
cases have a positivity likelihood of, 5% identified by the i31-
GEP, nearly 5% of the T1a-HR had. 10% likelihood of SLN
positivity. These data demonstrate that the i31-GEP offers a

Median Predicted
SLN-positive, % 

(range)

5.5 (2.1%-22.2%)

8.9 (2.8%-41.5%)

10.2 (2.8%-33.5%)
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19.7 (4.4%-47.1%)

3.5 (1.6%-11.9%)

3.8 (1.8%-16.0%)

Probability of SLN Positivity by i31-GEP (%)
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FIG 2. Distribution of SLN positivity risk pre-
dicted by i31-GEP by T stage. T1a-LR refers to
patients with low risk T1a tumors with no high-
risk features documented, and T1a-HR refers to
those with a high risk T1a tumor who had risk
factors for a positive SLN resulting in a risk
between 5% and 10%. The predicted risk was
truncated at 20%. T4a risk ranged from 9.5% to
50.0%, and T4b ranged from 9.5% to 58.5%.
See Appendix Fig A3 for full distribution of
predicted SLN positivity, including distribution
for T4 tumors. i31-GEP, integrated 31-gene
expression profile; SLN, sentinel lymph node;
T1a-HR, high-risk T1a; T1a-LR, low-risk T1a.

TABLE 2. i31-GEP Improves Precision of T Stage–Predicted Sentinel Lymph Node Positivity Risk Estimates

T Stage
(No.)

Standard System of Risk Binning,a % Population (No.) Precision Risk Reclassification by i31-GEP, % Population (No.)

Percent
Changeb

Not Recommended
(< 5%)

Considered
(5%-10%)

Recommended
(> 10%)

Not Recommended
(< 5%)

Considered
(5%-10%)

Recommended
(> 10%)

T1a-LR
(142)

100 (142) — — 78.2 (111) 21.1 (30) 0.7 (1) 21.8 (31)

T1a-HR
(235)

— 100 (235) — 68.5 (161) 26.8 (63) 4.7 (11) 73.2 (172)

T1b (328) — 100 (328) — 40.9 (134) 44.8 (147) 14.3 (47) 55.2 (181)

T2a (416) — — 100 (416) 12.5 (52) 44.7 (186) 42.8 (178) 57.2 (238)

T2b (118) — — 100 (118) 4.2 (5) 44.1 (52) 51.7 (61) 48.3 (57)

T3a (164) — — 100 (164) 0 (0) 14.6 (24) 85.4 (140) 14.6 (24)

T3b (139) — — 100 (139) 0.7 (1) 5.0 (7) 94.2 (131) 5.8 (8)

T4a (51) — — 100 (51) 0 (0) 7.8 (4) 92.2 (47) 7.8 (4)

T4b (81) — — 100 (81) 0 (0) 1.2 (1) 98.8 (80) 1.2 (1)

NOTE. T1a-LR (low-risk): T1a with no recorded high-risk features; T1a-HR (high-risk): T1a with one or more features that may be considered high-risk
when assessing sentinel lymph node biopsy eligibility including age , 40 years, mitotic rate ≥ 2/mm2, presence of regression, lymphovascular invasion,
transected base, or absence of tumor-infiltrating lymphocytes.
Abbreviations: i31-GEP, integrated 31-gene expression profile; T1a-HR, high-risk T1a; T1a-LR, low-risk T1a.
aClassification of risk according to the National Comprehensive Cancer Network guidelines by T stage.
bPercent change from risk bin designated by T stage.
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more personalized risk prediction for patients with low and
high likelihood of SLN metastasis relative to T stage alone. As
might be expected, patients with an i31-GEP–predicted low
likelihood of SLN involvement also demonstrated high RFS,
DMFS, and OS (Fig 3).

Although the i31-GEP developed in this report was inde-
pendently validated to refine risk assessment within the
context of clinical, histologic, and molecular features, there
are some limitations. The training and validation cohorts

were mostly treated at surgical oncology centers, with
nearly 80% undergoing SLNB. Therefore, patients not
referred from a dermatology clinic may not have been in-
cluded. Some T1a patients were evaluated clinically but did
not have SLNB performed. Therefore, we cannot rule out
the potential for occult nodal metastases in these patients.
Finally, in any retrospective study from various centers,
standardization of SLNB, SLN assessment, and event
detection bias may influence the results.

TABLE 3. Accuracy of the i31-GEP by T Stage
Accuracy Metric Overall (T1-T4) (%) T1a-HR-T2 (%) T1a-HR (%) T1b (%) T2a (%) T2b (%)

NPV 98.1 97.4 97.5 97.8 96.2 100.0

False-negative rate 1.9 2.6 2.5 2.2 3.8 0.0

Reduction rate 23.0a 32.1 68.5 40.9 12.5 4.2

Sensitivity 95.1 89.8 42.9 83.3 95.8 100.0

Pretest SLN positivity rate 10.9 8.0 3.0 5.5 11.5 12.7

PPV of ≥ 5% risk 14.4 10.6 4.1 7.7 12.6 13.3

NOTE. , 5.0% risk of SLN positivity was considered a negative test result, and ≥ 5% risk of SLN positivity was considered a positive test result. Overall
accuracy of the model was calculated (overall, T1-T4).
Abbreviations: i31-GEP, integrated 31-gene expression profile; NPV, negative predictive value; PPV, positive predictive value; SLN, sentinel lymph node;

T1a-HR, high-risk T1a.
aReduction rate for T1-T4 was calculated using T1a-HR-T4 since T1a with no high-risk features would not be eligible for sentinel lymph node biopsy.

Accuracy was also assessed in the T1a-HR, T1b, T2a, and T2b cases together and individually. There were no positive SLNs in the T1a group with no high-risk
features. Conversely, there were no negative i31-GEP test results in the T3a, T4a, and T4b populations and only one negative test result (in a patient with a
negative SLN) in the T3b population. Therefore, they were excluded from individual analysis.
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FIG 3. Melanoma survival rates in a subset of 312 patients with long-term follow-up stratified by, 5% and ≥ 5% SLN positivity risk by i31-GEP. The blue line
represents the survival of patients with an i31-GEP prediction of SLN positivity, 5%, the red line represents the survival rates of patients with ≥ 5% positivity
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survival; RFS, recurrence-free survival; SLN, sentinel lymph node.
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These data demonstrate the value of advanced artificial
intelligence tools for personalized risk assessment. Using the
i31-GEP allows for an accurate assessment of each indi-
vidual’s likelihood of a positive SLN for CM of any T stage.
Rather than relying on average risks based only on epide-
miologic and phenotypic features, the more precise as-
sessment of the i31-GEP provides individualized likelihood of
SLN positivity. This personalized risk calculation can reduce
the number of patients who would undergo SLNB and more

appropriately identify those individuals with an increased
likelihood of a positive result. Consequently, morbidity, cost,
and inconvenience can be reduced among patients avoiding
the procedure, and the anxiety of decision making can be
reduced for those whose positivity likelihood falls into the
NCCN-defined indeterminant range (5%-10%). For most
patients recommended for SLNB, having a high probability
of a positive SLNaccording to the i31-GEP could confirm that
the SLNB is a justifiable additional intervention.
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APPENDIX 1. SUPPLEMENTAL METHODS

Algorithm Development

Variables considered for inclusion in the algorithm were Breslow
thickness, ulceration, 31-gene expression profile (31-GEP), regres-
sion, mitotic rate (MR), microsatellites, tumor-infiltrating lymphocytes,
transected base, age, sex, histologic subtype, and tumor location.
Regression, MR, microsatellites, and ulceration were imputed to
absent if not reported in the patient records. Furthermore, if MR was
reported qualitatively as present, MR was set to one. If it was reported
with a , or . symbol preceding the number of mitoses, it was
decreased or increased by one, respectively. If MR or Breslow
thickness exceeded 10/mm2 or 10.0 mm, respectively, they were
imputed to 10.

Because neural network algorithms are subject to overfitting with the
inclusion of excess variables that do not contribute to the algorithm,
variable selection is an essential aspect of neural network

development. Therefore, variables occurring in , 5% (microsatellites
and lymphovascular invasion) of cases and those with insufficient
completeness because of nonstandardized variable reporting (tumor-
infiltrating lymphocytes) were excluded as variables for algorithm
training.

Iterations of the algorithm using histologic subtype, transected base,
tumor location, and sex did not improve model fit.

Algorithm Accuracy

Accuracy metrics were calculated by assigning integrated 31-GEP
predictions of sentinel lymph node tumor involvement of , 5% as a
negative and ≥ 5% as a positive result. Sentinel lymph node biopsy
reduction rate was calculated by dividing the number of negative test
results by the full population. The percent yield was calculated as the
proportion of true positive test results among all test results (positive
predictive value).

Development cohort
(n = 1,398)
    Previously described by
        Vetto et al24

    Age 18 years or older
    Breslow thickness
    Clinical or pathologic
       SLN status
    Valid continuous 31-
       GEP score

Training
    Feature selection
      on the basis of variable
      completeness and
      relevance
    4× 10-fold
      hyperparameter tuning
    Neural network model
      development

Independent validation
cohort (n = 1,674)
    From three studies
      with retrospective or
      prospective enrollment
      from 30 participating
      centers
    Age 18 years or older
    Breslow thickness
    Clinical or pathologic
       SLN status
    Valid continuous 31-
       GEP score

Long-term outcomes
(n = 312) 

FIG A1. Training and validation cohorts. 31-GEP, 31-gene expres-
sion profile; SLN, sentinel lymph node.
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FIG A2. Correlation of individual variables score used in i31-GEP training. Correlation of the (A) continuous 31-GEP score, (B) continuous mitotic rate, (C)
continuous Breslow thickness, (D) binary ulceration, and (E) continuous age with SLN positivity. Spearman’s correlation (r) and log-likelihood ratios (G2

values) demonstrate a significant correlation between all variables used in training. The GEP continuous score had the highest log-likelihood value and,
therefore, had the best fit of all the variables. 31-GEP, 31-gene expression profile; i31-GEP, integrated 31-gene expression profile; MR, mitotic rate; SLN,
sentinel lymph node.
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TABLE A1. Variable Importance in Sentinel Lymph Node Positivity Prediction
Variable Variable Importance Scorea Log-Likelihood Value (G2)b Spearman Correlation

31-GEP score (continuous) 100 G2 = 91.3; P , .001 r = 0.24; P , .001

Breslow thickness (continuous) 56 G2 = 53.5; P , .001 r = 0.25; P , .001

Ulceration (categorical) 83 G2 = 19.1; P , .001 r = 0.12; P , .001

MR (continuous) 25 G2 = 20.7; P , .001 r = 0.14; P , .001

Age (continuous) 0 G2 = 10.5; P = .001 r = −0.09; P = .001

Abbreviations: 31-GEP, 31-gene expression profile; MR, mitotic rate.
aScale of 0-100 with 100 having the highest importance.
bHighest G2 value corresponds to the best explanatory variable.

TABLE A2. Pretest SLN Positivity Rates by T Stage in 1,674 Patients
With T1-T4 CM

T Stage

SLNB Assessed

n/N % SLN-Positive 95% CI

T1-T4 179/1,258 14.2 12.3-16.3

T1a-LR 0/30 0 0-11.6

T1a-HR 7/93 7.5 3.1-14.9

T1b 18/279 6.5 3.9-10.0

T2a 48/378 12.7 9.5-16.5

T2b 15/106 14.2 8.1-22.3

T3a 32/147 21.8 15.4-29.3

T3b 30/119 25.2 17.7-34.0

T4a 8/42 19.0 8.6-34.1

T4b 21/64 32.8 21.6-45.7

NOTE. T1a-LR: T1a with no documented high-risk feature; T1a-HR,
T1a with one or more high-risk clinicopathologic features.

Abbreviations: SLN, sentinel lymph node; SLNB, sentinel lymph
node biopsy; T1a-HR, high-risk T1a; T1a-LR, low-risk T1a.
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