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= Invited Commentary
IMPORTANCE Use of next-generation sequencing of RNA and machine learning algorithms page 824
can classify the risk of malignancy in cytologically indeterminate thyroid nodules to limit Supplemental content
unnecessary diagnostic surgery.

OBJECTIVE To measure the performance of a genomic sequencing classifier for cytologically
indeterminate thyroid nodules.

DESIGN, SETTING, AND PARTICIPANTS A blinded validation study was conducted on a set of
cytologically indeterminate thyroid nodules collected by fine-needle aspiration biopsy
between June 2009 and December 2010 from 49 academic and community centers in the
United States. All patients underwent surgery without genomic information and were
assigned a histopathology diagnosis by an expert panel blinded to all genomic information.
There were 210 potentially eligible thyroid biopsy samples with Bethesda Ill or IV
indeterminate cytopathology that constituted a cohort previously used to validate the gene
expression classifier. Of these, 191 samples (91.0%) had adequate residual RNA for validation
of the genomic sequencing classifier. Algorithm development and independent validation
occurred between August 2016 and May 2017.

EXPOSURES Thyroid nodule surgical histopathology diagnosis by an expert panel blinded to
all genomic data.

MAIN OUTCOMES AND MEASURES The primary end point was measurement of genomic
sequencing classifier sensitivity, specificity, and negative and positive predictive values in
biopsies from Bethesda Il and IV nodules. The secondary end point was measurement of
classifier performance in biopsies from Bethesda I, V, and VI nodules.

RESULTS Of the 183 included patients, 142 (77.6%) were women, and the mean (range) age
was 51.7 (22.0-85.0) years. The genomic sequencing classifier had a sensitivity of 91% (95%
Cl, 79-98) and a specificity of 68% (95% Cl, 60-76). At 24% cancer prevalence, the negative
predictive value was 96% (95% Cl, 90-99) and the positive predictive value was 47% (95%
Cl, 36-58).

CONCLUSIONS AND RELEVANCE The genomic sequencing classifier demonstrates high
sensitivity and accuracy for identifying benign nodules. Its 36% increase in specificity
compared with the gene expression classifier potentially increases the number of patients

with benign nodules who can safely avoid unnecessary diagnostic surgery. Author Affiliations: Author
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article.
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hyroid cancer incidence has increased substantially in

the United States in recent decades, with evidence to

support both an increase in detection® and a true in-
crease in occurrence.? Thyroid nodules are palpable in 5% of
adults® and are visualized with contemporary imaging in more
than one-third of adults.>*> Malignancy is present in only 5%
to 15% of all thyroid nodules,®*” and definitive diagnosis is
achieved by surgical histopathology on resected tissue. Un-
fortunately, thyroid surgery is associated with discomfort, scar-
ring, inconvenience, direct and indirect costs, potential life-
long medication, and occasional surgical complications.®°
Efforts to exclude cancer with clinical assessment alone are ad-
mittedly imperfect,® and laboratory testing of serum thyroid-
stimulating hormone levels and thyroid imaging with radio-
nuclides or ultrasonography identify benignity with high
confidence in only 4% to 26% of nodules.'°'* Forty years ago,
the application of cytology to thyroid nodule specimens ob-
tained by fine-needle aspiration (FNA) biopsy had a substan-
tial effect on patient management by reducing surgery by one-
halfand doubling the proportion of cancer among patients who
underwent surgery.>®> However, approximately one-third of
thyroid nodule cytology findings today are cytologically
indeterminate,'*!> with estimated risks of malignancy rang-
ing from 5% to 30%.'® Consequently, approximately three-
quarters of patients with cytologically indeterminate thyroid
nodules have been referred for surgery,'”!® even though 80%
ultimately prove to have benign nodules.>16:18

The practice of using preoperative genomic information
for thyroid nodule differential diagnosis is more than a de-
cade old, and several commercial and noncommercial ge-
nomic approaches are currently available.!® Performance data
from blinded prospective multicenter validation trials are lim-
ited and include the gene expression classifier (GEC), in which
amachine learning-derived classification algorithm uses mes-
senger RNA transcript expression levels to categorize cyto-
logically indeterminate FNAs as either benign or suspicious.?°
Altered messenger RNA expression can occur for several rea-
sons, including complex upstream interactions that occur be-
cause of sequence changes in key core genes or in relevant pe-
ripheral genes,?! the effect of epigenetic changes that occur
without DNA sequence alterations, and both internal and ex-
ternal modifiers, such as inflammation and lifestyle or
environment.??23 In a cohort with a 24% prevalence of ma-
lignancy, the GEC accurately identified 90% of malignancies
(ie, sensitivity) and 52% of benign nodules (ie, specificity) with
indeterminate Bethesda III or IV cytology.?° It intentionally fa-
vored high sensitivity over specificity to ensure the accuracy
and safety of a benign genomic result. A test with improved
specificity for identification of benign nodules and main-
tained high sensitivity for malignancy detection could spare
even more patients from surgery with an accurate benign ge-
nomic result (negative predictive value [NPV]) and increase the
cancer yield among those with a suspicious result (positive pre-
dictive value [PPV]).

Enhanced technologies for characterizing genomic
information, including improved methods for the measure-
ment of RNA transcriptome expression and sequencing of
nuclear and mitochondrial RNAs, measurement changes in
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Key Points

Question What is the performance of a genomic sequencing
classifier in cytologically indeterminate thyroid nodules?

Findings In this validation study of 183 patients with 191
cytologically indeterminate thyroid nodules, the genomic
sequencing classifier was validated and compared with blinded
expert histopathology diagnosis as well as the gene expression
classifier. The genomic sequencing classifier had a sensitivity of
91% and a specificity of 68%.

Meaning The genomic sequencing classifier accurately classified
more patients with indeterminate thyroid cytology as benign than
its predecessor, the gene expression classifier.

genomic copy number, including loss of heterozygosity, and
the development of enhanced bioinformatics and machine
learning strategies, have created the opportunity to develop
a new, more robust genomic test. This study describes the
blinded clinical validation?* of the novel genomic sequence
classifier (GSC) on a prospective multicenter-derived set of
patients with FNA samples whose referral to surgery and
histopathological diagnosis were determined in the absence
of genomic information.

Methods

Training and Validation Cohorts

The study was approved by institution-specific institutional
review boards as well as by Liberty IRB (DeLand, Florida; now
Chesapeake IRB) and Copernicus Group Independent Review
Board (Cary, North Carolina). All patients provided written in-
formed consent prior to participating in the study. The train-
ing cohort is described in eMethods 1in the Supplement.

Validation Cohort

Dedicated thyroid nodule FNA specimens and surgical histo-
pathology from nodules 1 cm or larger were collected using a
prospective and blinded protocol at 49 academic and commu-
nity centers in the United States from patients 21 years or older.
These samples, stored at -80°C, were previously used to vali-
date the GEC. The details of their enrollment and prespeci-
fied inclusion and exclusion criteria have been reported
elsewhere.?° Histopathology diagnoses were previously es-
tablished by an expert panel of thyroid surgical histopatholo-
gists that were blinded to all clinical and molecular data.?°
BRAF V600E DNA mutational reference status was estab-
lished by testing DNA from all samples with the competitive
allele-specific TagMan polymerase chain reaction, as de-
scribed in eMethods 2 in the Supplement. This independent
validation cohort was prespecified and divided into a pri-
mary test set comprised of all patients with Bethesda III and
IV samples described in the clinical validation of the Afirma
GEC2° with sufficient RNA remaining and a secondary test set
comprised of all patients with Bethesda Il, V, or VIsamples de-
scribed in the clinical validation of the Afirma GEC?° with suf-
ficient RNA remaining and not randomly assigned to the train-
ing set, as described in eMethods 1 in the Supplement.
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Blinding of the Independent Test Set

The following steps were implemented to ensure the indepen-
dent test set was securely blinded throughout algorithm de-
velopment and validation (eTable 1in the Supplement). First,
each step was documented in a prespecified protocol and time-
stamped on execution. Each team member was assigned a
single role and allowed access only to information desig-
nated for that role. A randomly generated blinded identifica-
tion number was assigned to each sample in the validation set
by information technology engineers who operated indepen-
dently of all other teams to ensure that all other personnel were
unable to link clinical and genomic data. All historic informa-
tion that could potentially reveal the clinical label on the in-
dependent test set was secured in a password-protected folder
prior to the start of algorithm development. Information tech-
nology engineers conducted performance testing of the vali-
dation test set independently of all other teams. RNA purifi-
cation, library preparation, next-generation sequencing, RNA
sequencing pipeline, feature extraction, and quality control
methods are described in eMethods 3-6 in the Supplement.

Algorithm Development

Fine-needle aspiration samples (n = 634) were used to build
the GSC core ensemble model, as described in eMethods 1
and eTable 2 in the Supplement. The ensemble model con-
sists of 12 independent classifiers: 6 are elastic net logistic
regression models? and 6 are support vector machines.?®
The 6 models within each category differ from each
other according to the gene sets used (eTable 3 in the
Supplement).

To minimize overfitting and to accurately reflect classi-
fier performance incorporating random noise, hyperparam-
eter tuning and model selections were performed using re-
peated nested cross-validation.?” Hyperparameter tuning was
performed within the inner layer of the cross-validation, and
the classifier performance was summarized using the outer
layer of the 5-fold cross-validation repeated 40 times. For each
classifier, the decision boundary was chosen to optimize speci-
ficity, with a minimum requirement of 90% sensitivity to de-
tect malignancy.

The locked ensemble model uses a total of 10196 genes,
among which are 1115 core genes (eTable 4 in the Supple-
ment). These core genes drive the prediction behavior of the
model, and the remaining genes improve classifier stability
against assay variability.

In addition to the ensemble model described above, the
Afirma GSC system includes 7 other components: a parathy-
roid cassette, a medullary thyroid cancer (MTC) cassette, a
BRAF V60O0E cassette, RET/PTCI and RET/PTC3 fusion detec-
tion modules, follicular content index, Hiirthle cell index, and
Hiirthle neoplasm index. The first 4 are upstream of the en-
semble classifier, targeting specific and rare patient sub-
groups (eFigure 1 in the Supplement). The last 3 (the follicu-
lar content index, Hiirthle cell index, and the Hiirthle neoplasm
index) were developed to further improve the benign vs sus-
picious classification performance. They were incorporated
with the ensemble classifier to form the core benign vs suspi-
cious classifier engine.

jamasurgery.com
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Statistical Analysis

Statistical analyses were performed using R statistical soft-
ware version 3.2.3 (https://www.r-project.org). Continuous
variables were compared using t test, and categorical variables
were compared using Fisher exact test. We evaluated test
performance using sensitivity, specificity, and NPV and PPV
based on established methods.?® All confidence intervals are
2-sided 95% CIs and were computed using the exact binomial
test.2® Test performance comparison between the GSC and GEC
was done using McNemar X2 test on the matched data set.>°
Significance level in differential gene expression analysis is
reported using a false discovery rate-adjusted P value.?! Two-
sided P values less than .05 were used to declare significance.

. |
Results

We used the FNA samples that previously validated the GEC2°
to independently validate the GSC. The earlier GEC valida-
tion samples were derived from 4812 nodule aspirations pro-
spectively collected from 3789 patients at 49 clinical sites in
the United States over a 2-year period.?° Of the 210 validation
samples with corresponding Bethesda III or IV cytology and
blinded postoperative consensus histopathology diagnoses, 191
(91.0%) had sufficient residual RNA for GSC testing. These
samples from cytologically indeterminate nodules consti-
tuted the blinded primary test set.

The previously established thyroid nodule cytological di-
agnosis was used again.?® Patient demographic characteris-
tics and baseline data are shown in Table 1. Age, sex, clinical
risk factors, nodule size, histology subtype (eTable 5 in the
Supplement), number of FNA passes, prevalence of malig-
nancy (eTable 6 in the Supplement), and proportion of samples
collected at community centers did not differ significantly be-
tween the primary study population (n = 191) and the GEC clini-
cal validation cohort of samples (n = 210), consistent with un-
biased drop out.

The Standards for Reporting of Diagnostic Accuracy Stud-
ies was developed to improve the quality of reporting diag-
nostic accuracy studies.?? eFigure 2 in the Supplement shows
the flow of samples through the study in a Standards for Re-
porting of Diagnostic Accuracy Studies diagram. Of these 191
indeterminate FNAs, 46 (24.1%) were diagnosed as malig-
nant by an expert surgical histopathology panel who were
blinded to all cytologic and genomic results and to the local
histopathology diagnosis. Results are reported in the order of
testing through the GSC test system (eFigure 1in the Supple-
ment). Initially, all GSC samples are tested for RNA quantity
and quality. None of the 191 samples failed. Subsequently, the
GSC aimed to identify nodules composed of parathyroid tis-
sue, those with MTC, and those with a BRAF V600OE muta-
tion or RET/PTCI or RET/PTC3 fusion. Samples testing posi-
tive for these are included in performance calculations
described below, except for samples testing positive for para-
thyroid tissue, as this result does not indicate a benign or ma-
lignant etiology. Among the 191 samples, positive results for
parathyroid, MTC, BRAF, and RET/PTC occurredin O, 1, 3, and
0 samples, respectively. AllMTC and BRAF V60OE results were

JAMA Surgery September 2018 Volume 153, Number 9

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ on 08/27/2022

819


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://www.r-project.org
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
http://www.jamasurgery.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153

820

Research Original Investigation

Genomic Sequencing Classifier for Preoperative Diagnosis of Cytologically Indeterminate Thyroid Nodules

Table 1. Baseline Demographic and Clinical Characteristics
of the Study Cohort?

Variable GEC Validation GSC Validation
Total, No.
Samples 210 191
Patients 199 183
Type of study site, No. (%) of samples
Academic 76 (36.2) 65 (34.0)
Community 134 (63.8) 126 (66.0)
No. of fine-needle aspiration passes,
No. (%) of samples
1 88 (41.9) 73 (38.2)
2 122 (58.1) 118 (61.8)

Age of patients, mean (range), y 51.2 (22.0-85.0) 51.7 (22.0-85.0)

Sex, No. (%) of patients

Male 46 (23.1) 41 (22.4)
Female 153 (76.9) 142 (77.6)
Risk factors, No. (%) of patients
Radiation exposure to head, neck, 7 (3.5) 5(.7)
or both
Family history of thyroid cancer 14 (7.0) 13 (7.1)
Nodule
Size on ultrasonography, median 2.5(1.0-9.1) 2.6 (1.0-9.1)
(range), cm
Size group, No. (%) of nodules, cm
1.00-1.99 69 (32.9) 60 (31.4)
2.00-2.99 62 (29.5) 60 (31.4)
3.00-3.99 42 (20.0) 37 (19.4)
>4.00 37 (17.6) 34 (17.8)

Abbreviations: GEC, gene expression classifier; GSC, genomic sequencing
classifier.

@ Statistical tests were performed to compare the 191 GSC nodules with the 19
nodules in the GEC validation that were excluded in the GSC validation
because of insufficient RNA quantity. The 2 groups differ only on the number
of fine-needle aspiration passes, which is not unexpected, as only samples
with sufficient remaining RNA were included in the GSC evaluation.

concordant with reference methods (eMethods 2 in the Supple-
ment). After this testing, samples were evaluated for follicu-
lar cell content by the follicular content index classifier. One
sample, negative for the above results, was deemed to have
inadequate follicular content and therefore was assigned no
result. This sample was excluded from subsequent analyses,
leaving 190 samples. Table 2 summarizes clinical perfor-
mance characteristics for Bethesda III and IV nodules.

The GSC correctly identified 41 of 45 malignant samples
as suspicious, yielding a sensitivity of 91.1% (95% CI, 79-98),
and 99 of 145 nonmalignant samples were correctly identi-
fied as benign by the GSC, yielding a specificity of 68.3% (95%
CI, 6076). Among Bethesda III and IV samples, the NPV was
96.1% (95% CI, 90-99) and the PPV was 47.1% (95% CI, 36-
58). Performance of the GSC was similar between Bethesda III
and IV categories (Table 2).

Among the 190 Bethesda Illand IV samples, 17 (8.9%) were
histologically Hiirthle cell adenomas and 9 (4.7%) were Hiirthle
cell carcinomas, while 164 samples (86.3%) were histologi-
cally non-Hiirthle. For samples with Hiirthle histology, the sen-
sitivity was 88.9% (95% CI, 52-100) and the specificity was

JAMA Surgery September 2018 Volume 153, Number 9

Table 2. Performance of the Genomic Sequencing Classifier (GSC)
According to the Final Histopathological Diagnoses
and Cytopathological Category

Reference Standard, % (95% Cl)

GSC Result Malignant Benign

Performance across the primary test set of Bethesda Il and IV indeterminate
nodules (n = 190)

Suspicious, No./total No. 41/45 46/145
Benign, No./total No. 4/45 99/145
Sensitivity 91.1 (79-98)

Specificity 68.3 (60-76)

NPV 96.1 (90-99)

PPV 47.1 (36-58)

Prevalence of malignant lesions, % 23.7

Bethesda IlI: atypia of undetermined significance/follicular lesion of
undetermined significance (n = 114 [60.0%])

Suspicious, No./total No. 26/28 25/86
Benign, No./total No. 2/28 61/86
Sensitivity 92.9 (76-99)

Specificity 70.9 (60-80)

NPV 96.8 (89-100)

PPV 51.0 (37-65)

Prevalence of malignant lesions, % 24.6

Bethesda IV: follicular or Hiirthle cell neoplasm or suspicious for follicular
neoplasm (n = 76 [40.0%])

Suspicious, No./total No. 15/17 21/59
Benign, No./total No. 2/17 38/59
Sensitivity 88.2 (64-99)

Specificity 64.4 (51-76)

NPV 95.0 (83-99)

PPV 41.7 (26-59)

Prevalence of malignant lesions, % 22.4

Performance across the secondary test set of Bethesda Il, V, and VI nodules
(n=61)*

Suspicious, No./total No. 34/34 7/26
Benign, No./total No. 0/34 19/26
Sensitivity 100 (90-100)
Specificity 73.1 (52-88)
NPV 100 (82-100)
PPV 82.9 (68-93)
Prevalence of malignant lesions, % 56.7
Bethesda II: cytopathologically benign (n =19 [31.1%])?
Suspicious, No./total No. 2/2 2/16
Benign, No./total No. 0/2 14/16
Sensitivity 100 (16-100)
Specificity 87.5 (62-98)
NPV 100 (77-100)
PPV 50.0 (7-93)
Prevalence of malignant lesions, % 11.1
Bethesda V: suspicious for malignancy (n = 23 [37.7%])
Suspicious, No./total No. 13/13 5/10
Benign, No./total No. 0/13 5/10
Sensitivity 100 (75-100)
Specificity 50.0 (19-81)
NPV 100 (48-100)
PPV 72.2 (47-90)
(continued)
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Table 2. Performance of the Genomic Sequencing Classifier (GSC)
According to the Final Histopathological Diagnoses
and Cytopathological Category (continued)

Reference Standard, % (95% CI)

GSC Result Malignant Benign
Prevalence of malignant lesions, % 56.5

Bethesda VI: cytopathologically malignant

(n=19[31.1%])

Suspicious, No./total No. 19/19 0/0
Benign, No./total No. 0/19 0/0
Sensitivity 100 (82-100)

PPV 100 (82-100)

Prevalence of malignant lesions, % 100

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

2 One sample has no result because of low follicular content that is not
summarized in the table.

58.8% (95% CI, 33-82). For samples with non-Hiirthle histol-
ogy, the sensitivity was 91.7% (95% CI, 78-98) and the speci-
ficity was 69.5% (95% CI, 61-77).

A wide variety of malignant subtypes were correctly clas-
sified as suspicious (Table 3). Four false-negative cases oc-
curred (Table 4). We assessed whether patient age or sex, ma-
lignancy subtype, or nodule size by ultrasonography or on
histopathology were associated with false-negative cases, and
none were. Comparisons of GSC to GEC results on a per-
sample basis are reported in the eAppendix in the Supple-
ment. The performance of the GSC in secondary analyses of
nodules with Bethesda I, V, or VI cytopathology are reported
in Table 2. Among the entire secondary analysis group, the GSC
sensitivity was 100% (95% CI, 90-100) and the specificity was
73.1% (95% CI, 52-88).

.|
Discussion

A 2016 meta-analysis® reported the risks of malignancy among
BethesdaIlland IV thyroid nodules to be 17% (95% CI, 11-23) and
25% (95% CI, 20-29), respectively. To safely avoid unnecessary
diagnostic surgery among these cytologically indeterminate nod-
ules, a test with a high sensitivity and NPV for malignancy is
required. This blinded clinical validation of the GSCin a prospec-
tively collected, representative, universally operated, and histo-
pathologically diagnosed cohort demonstrates the required high
NPV across these ranges of cancer prevalence encountered in
Bethesda Il and IV nodules in clinical practice (Figure). To inde-
pendently validate the GSC, we implemented a set of strict blind-
ing and deidentification protocols that enabled us to use the same
FNA samples previously used to validate the GEC.2° Use of these
samples allowed testing of complete and representative sets of
nodules with corresponding surgical histology unaffected by the
current widespread use of molecular testing to avoid or encour-
age surgery.

Test sensitivity of the GSC (91%; 95% CI, 79-98) compared
with the GEC (89%; 95% CI, 76-96) was maintained, with the point
estimate within the counterpart’s 95% CI, and the McNemar x?
test (df = 1) on the matched sample set renders a test statistic of
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Table 3. Performance of Genomic Sequencing Classifier (GSC)
According to Histopathological Subtype

Nodules, No. Result With GSC, Benign,

Histopathological Subtype (%) No./Suspicious, No.
Benign

Total, No. 145 NA

Benign follicular nodule 49 (33.8) 38/11

Hyperplastic nodule 5(3.4) 5/0

Follicular adenoma 54 (37.2) 37/17

Follicular tumor of uncertain 9(6.2) 4/5

malignant potential

Well-differentiated tumor of 8 (5.5) 4/4

uncertain malignant potential

Hiirthle cell adenoma 17 (11.7) 10/7

Chronic lymphocytic thyroiditis 2(1.4) 1/1

Hyalinizing trabecular 1(0.7) 0/1

adenoma

Malignant

Total, No. 45 NA

Papillary thyroid carcinoma 15 (33.3) 2/13
Tall-cell variant 1(2.2) 0/1
Follicular variant 11 (24.4) 1/10

Hiirthle cell carcinoma?® 9 (20.0) 1/8

Follicular carcinoma® 7 (15.6) 0/7

Poor_ly differentiated 1(2.2) 0/1

carcinoma

Medullary thyroid cancer 1(2.2) 0/1

Abbreviation: NA, not applicable.

2 Among the Hiirthle cell carcinomas, 7 showed capsular invasion and 2 showed
vascular invasion. The false-negative case was previously false-negative on the
gene expression classifier.2°

® Among the follicular carcinomas, 3 showed capsular invasion and 4 were
well-differentiated carcinomas not otherwise specified.

0 (P > .99). On the other hand, test specificity of the GSC (68%;
95% CI, 60-76) was significantly improved from the GEC (50%;
95% CI, 42-59), with the point estimate outside the counterpart’s
95% CI, and the McNemar X test (df = 1) on the matched sample
set renders a test statistic of 16.447 (P < .001) (eTable 7 in the
Supplement). In practice, this enhanced performance suggests
that among Bethesda Il and IV nodules that are histopathologi-
cally benign, at least one-third more will receive a benign result
using the GSC compared with the GEC. At a cancer prevalence of
24%, more than half of tested patients are projected to receive a
GSCbenign result, and among GSC suspicious nodules, nearly half
are anticipated to have cancer on surgical histology. Thisincreased
benign call rate is expected to result in more patients being as-
signed to active observation as opposed to diagnostic surgery.
Given the high cost of surgery in the United States among Medi-
care and private payers,** the increased avoidance of diagnostic
surgery because of GSC benign results is expected to further im-
prove cost-effectiveness and reduce surgical complications.®*°
While genomic data has been incorporated in clinical man-
agement decisions of multiple medical conditions for more than
adecade, progress continues toward understanding the complexi-
ties of genomic and nongenomic pathways in the development
and behavior of disease. Current evidence suggests that most
common diseases are associated with small effects from a large
number of genes and that most of these contributions are derived

JAMA Surgery September 2018 Volume 153, Number 9

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwor k.com/ on 08/27/2022

821


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamasurg.2018.1153&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153
http://www.jamasurgery.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamasurg.2018.1153

822

Research Original Investigation

Genomic Sequencing Classifier for Preoperative Diagnosis of Cytologically Indeterminate Thyroid Nodules

Table 4. Cytologic Findings and Histopathological Diagnosis in 4 False-Negative Results

on Genomic Sequencing Classification

Nodule Size, cm

Patient Bethesda Cytologic Final Histologic

No./Sex Ultrasonographic Imaging  Pathological Examination Diagnosis Diagnosis

/M 11 12 i PTC Abbreviations: FVPTC, papillary
2/F 2.5 15 n PTC thyroid cancer follicular variant;
3/F 3.2 3.0 \% FVPTC HCC-v, Hiirthle cell carcinoma,
afF 29 35 v HCC-v vascular invasion; PTC, papillary

thyroid cancer.

Figure. Afirma Genomic Sequencing Classifier Performance Across Differing Risk Populations

There was a negative predictive value
(NPV) of 96% (95% Cl, 90-99) (A)
and a positive predictive value (PPV)
of 47% (95% Cl, 36-58) (B) at a 24%
cancer prevalence in the current
Bethesda lll and IV cohort. A 2016
meta-analysis>® reported prevalence
of malignancy among Bethesda IlI
and IV nodules as 17% (95% Cl, 11-23)
and 25% (95% Cl, 20-29).
respectively. Deriving PPV and NPV
at 11% cancer prevalence yielded
98% NPV and 26% PPV, and deriving

[A] NPV PPV
100+ 100+
80 804

s 60 o 601

z g

= 40 & 404
20+ 20+
0 ‘ ‘ ‘ ‘ ‘ 0

0 20 40 60 80 100 0

Prevalence of Malignancy, %

20

40 60
Prevalence of Malignancy, %

80 100 PPV and NPV at 29% cancer
prevalence yielded 95% NPV and

54% PPV.

from transcriptionally active portions of the genome.?! This im-
plies that diseases such as thyroid cancer are unlikely to be ac-
counted for by the effects of a small number of genes. The fact that
few genomic variants are associated with 100% penetrance to-
ward malignant histology suggests that a complex interaction of
multiple factors ultimately determines the benign or malignant
nature of thyroid nodules.??? As the number of these factors ex-
pands, it becomes critical to use machine learning and statistical
models to interpret their signals in a trained model to derive an
accurate diagnosis.

Hiirthle lesions exemplify the challenges inherent in com-
plex biology and the opportunity to harness high-
dimensional genomic data for predictive model training and
subsequent validation. Most Hiirthle cell-dominant Bethesda
III and IV thyroid nodules have historically undergone sur-
gery given the potential for Hiirthle cell carcinoma, yet most
have proven to be histologically benign. The GEC identified
these samples at a high NPV, but most were categorized as GEC
suspicious.>®> We sought to maintain a high NPV while provid-
ing more benign results by including 2 dedicated classifiers to
work with the core GSC classifier. Among the 26 Hiirthle cell
adenomas or Hiirthle cell carcinomas reported here, the final
GSC sensitivity was 88.9% and the specificity was 58.8%; the
GEC sensitivity was 88.9% and the specificity was 11.8% among
these same neoplasms. Thus, while the overall GSC sensitiv-
ity of 91.1% reported here is comparable with that of the GEC
(by design), the improved overall GSC specificity of 68.3% re-
sults from significantly improved performances among both
Hiirthle and non-Hiirthle specimen types. Given that most his-
tologically benign Hiirthle and non-Hiirthle specimens are now
both identified as GSC benign, GSC testing may further safely
reduce unnecessary surgery among both specimen types.

JAMA Surgery September 2018 Volume 153, Number 9

Recently, the histological diagnosis of noninvasive follicular
thyroid neoplasm with papillary-like nuclear features (NIFTP) was
recognized as a biologically distinct entity with a low risk of ma-
lignant behavior following surgical excision, which remains the
currently recommended treatment.>® These lesions were previ-
ously described as encapsulated noninvasive follicular variant of
papillary thyroid cancer.?” No NIFTP histopathology diagnoses
were available in this independent validation cohort, as it was col-
lected prior to the establishment of this diagnostic category. How-
ever, subsequent studies®®° have suggested a high rate of GEC
suspicious results among NIFTP cases. The GSC was trained to
identify NIFTP cases as suspicious. While removal of NIFTP from
the malignant category would reduce the prevalence of cancers
among cytological categories and alter the anticipated PPV of GSC
tested cases, this exercise would not be clinically meaningful since
the goal of a positive GSCtest is to identify all thyroid nodules that
warrant surgery, which currently remains necessary for NIFTP.

We performed a secondary analysis of 61 Bethesda IL, V,
or VI samples that also were included in the GEC validation
study (Table 2).2° While performance of a genomic test among
these more definitive cytology categories may not predict per-
formance of the test within the Bethesda III and IV catego-
ries, the consistency of these performance metrics is reassur-
ing and supportive of the findings in the primary analysis.

Limitations

Limitations of this study include the lack of performance data
among children and data on when the nodule had been pre-
viously biopsied or when sample collection methods other than
1or2 dedicated FNA passes were used. Another potential limi-
tation is that the prevalence of cancer in this study was to-
ward the higher end of the expected range among Bethesda
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I and IV nodules, as seen in the Figure. It is possible that a
cytologically indeterminate cohort with a significantly lower
prevalence of cancer may contain more benign nodules that
are easier for the GSC to classify, as seen in Table 2 among nod-
ules with Bethesda II cytopathology. Should that happen, an
effectively higher test specificity may occur.

. |
Conclusions

The current trend in thyroid nodule and cancer management
is more conservative, with physicians more aware of the bur-

Original Investigation Research

den of unnecessary thyroid surgery>® and the indolent behav-
ior of most thyroid malignancies confined to the thyroid.*-44
Current US guidelines indicate that molecular testing may be
used among Bethesda IIl and IV nodules to add additional in-
formation about the nodule’s risk of malignancy, which, along
with patient preference, may guide clinical decision-making.”*>
This study demonstrates high test sensitivity and NPV among
Bethesda III and IV cytologically indeterminate thyroid nod-
ules across a broad range of nodule sizes (Table 1). As an ad-
junct to clinical judgment, the GSC is expected to reduce un-
necessary diagnostic surgery, improve patient safety, reduce
health care costs, and improve patient quality of life.
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Invited Commentary

The Problem of the Indeterminate Thyroid Nodule
A Genomic Sequencing Classifier and Clinical Judgment

Peter Angelos, MD, PhD

Despite the value of cytologic evaluation of thyroid nodules
in reducing the frequency of surgery for benign cases, the
challenge of indeterminate nodules, with their 5% to 30%

risk of becoming cancerous, remains.>? Patients with
indeterminate thyroid nodules have typically been =

recommended for surgery even though most nodules

proved to be benign.? In recent years, a commercially avail-

able gene expression classifier (GEC) test with high sensitiv-
ity and negative predictive value has been shown to reduce
the number of thyroidectomies performed for benign

disease.*

Related article page 817

In this issue of JAMA Surgery, Patel et al® have used next-
generation RNA sequencing and machine learning algo-
rithms to further reduce the numbers of patients who need sur-

gery for nodules that are
ultimately shown to be be-
nign. The authors have ex-
tracted RNA from a previ-

ously collected set of cytologically indeterminate nodules.
Through multiple techniques, the RNA transcriptome expres-
sion has been used to improve the test compared with a GEC

test. This genomic sequence classifier approach has main-
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