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SUMMARY

Accurate preoperative diagnosis of thyroid nodules via fine-needle aspiration (FNA) biopsy remains chal-
lenging, particularly in cases with indeterminate cytology. This prospective, noninterventional, blinded, multi-
center study establishes ThyroProt, a diagnostic classifier that integrates targeted mass-spectrometry-
based quantification of a 3-protein signature with BRAF V600E mutation status, age, and gender. Developed
and validated on 837 FNA samples, the classifier is evaluated in a prospective test set of 322 samples,
achieving an area under the curve (AUC) of 0.94 with an overall accuracy of 90.7%. For the critical subgroup
of Bethesda lll/IV nodules, ThyroProt demonstrates an accuracy of 88.0%, with 82.4% sensitivity and 100%
specificity. The classifier’s robust performance is further evaluated in two independent multicenter cohorts,
where it maintains an AUC of 0.87-0.91 and an accuracy of 84.3%-85.7%. This study supports the clinical
utility of mass-spectrometry-based targeted proteomics for improving preoperative diagnosis of thyroid
nodules, particularly those with indeterminate cytology.

INTRODUCTION providing reliable diagnosis in most cases.®° However, diag-

nostic challenges persist, particularly for indeterminate cytology
The prevalence of thyroid nodules has been reported as highas  classified as Bethesda |ll, IV, or V.*®" The rates of malignancy
65% of the general population.’? Fine-needle aspiration (FNA) (ROMs) associated with these cytological categories typically
biopsy is the current diagnostic mainstay for thyroid nodules, range from 13% to 30%, 23% to 34%, and 67% to 83%,
P Cell Reports Medicine 7, 102664, March 17, 2026 © 2026 The Author(s). Published by Elsevier Inc. 1
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respectively.® There remains an on-going critical clinical need to
develop molecular tests for more precise and accurate diagnosis
of these cytologically indeterminate thyroid nodules.®'°

To address this issue, multiple molecular diagnostic tests have
been developed.'"'? The BRAF V600E mutation test in the pre-
operative FNA specimen is significantly correlated with poor clin-
ical pathological results and mortality rate in papillary thyroid
cancer (PTC)."®'* However, overall, for indeterminate thyroid
nodules, a meta-analysis showed the sensitivity of BRAF
V600E mutation analysis to be only about 40% in Western pa-
tient cohorts where BRAF V600E-mutated PTCs are few in inde-
terminate thyroid nodules.'® The quantitative variant allele frac-
tion (VAF) assays of BRAF V600E and TERT promoter have
achieved a sensitivity and a specificity of 93.8 and 90%, respec-
tively, for diagnosing indeterminate thyroid nodules.'® Some nu-
cleic-acid-based tests, such as Afirma®'"'® and ThyroSeq, '¥2?
as well as imprinted genes of SNRPN and HM13°® have
improved the current clinical practice. Gene mutations are het-
erogeneous in different individuals and intra-tumor genomic het-
erogeneity is widely present. A new molecular diagnostic
approach needs to be pursued and tested, such as protein clas-
sifier, combining genomics and proteomics, that may overcome
these limitations and help improve the diagnosis of thyroid
nodules.

Proteomics analysis of tumor specimens reveals information
not only from the tumor cells but also from their microenviron-
ments, which can differ between benign and malignant condi-
tions. Protein samples are less susceptible to spontaneous
degradation in clinical specimens. There are intense interests
and increasing activities using proteomics to discover novel bio-
markers for cancer diagnosis and prognosis. Thus, the current
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work aims to add a proteomic panel for offering an assay to
determine the thyroid malignancy. A pressure cycling technol-
ogy (PCT) protocol has been developed for proteomic analysis
of tissue biopsy samples.?*?> This technology is applicable in
minimal amounts of both fresh-frozen tissue and formalin-fixed
paraffin-embedded (FFPE) tissues. We have previously devel-
oped a classifier of 19 proteins for diagnosis of thyroid nodules,
achieving a diagnostic accuracy of 91% in an internal retrospec-
tive cohort of 1724 samples, an accuracy of 89% in an indepen-
dent retrospective cohort of 288 FFPE samples, and 85% in a
prospective cohort of 294 FNA samples from 12 medical cen-
ters.”® However, the previous data were collected by an untar-
geted method known as data independent acquisition mass
spectrometry (DIA-MS) method with a 60-min gradient, which
is relatively costly for clinical application. Targeted proteomics
with higher accuracy, stability, and shorter gradients are more
suitable for clinical applications. Coupled with synthesized sta-
ble isotope-labeled peptides (called AQUA peptides),”” the ab-
solute quantitative value of protein can be measured, eliminating
batch effect.

To further improve the clinical utility of proteomics, based on
previous data, a targeted proteomic method was performed in
this study. Because the BRAF V600E-mutated PTCs constitute
the majority of thyroid malignancy in Asian patient cohorts,?%2°
to improve the performance of the classifier, we developed a
diagnostic protein classifier called ThyroProt, combining the
analysis and expression of three proteins together with determi-
nation of BRAF V600E status, for the diagnosis of thyroid nod-
ules. We initially developed and tested this assay across 15 med-
ical centers, followed by two independent tests in two additional
medical centers.
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1681 FNA samples from 1661 patients
Collected from July 2020 to Sep 2022
14 tertiary medical centers
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Figure 1. Recruitment and exclusion of
samples for the classifier building and test
in the study

Different samples from the same patient were
derived from different nodules.

844 Samples excluded

95 Samples with nondiagnostic cytology
» 450 Samples without histopathologic diagnoses information
282 Samples without BRAF mutation information

17 Sample without age or gender information

tein S100-A6 (S100A6) were ultimately

Cytopathology
220 Samples were benign

837 FNA samples from 827 patients >

361 Samples were malignant

58 Samples were atypia of undetermined significance
23 Samples were follicular neoplasm
175 Samples were suspicious for malignancy

selected to construct a robust diag-
nostic model for thyroid nodule classifi-
cation (Table S2).

After feature selection, 1,681 of 2,108
samples from 1,661 patients were ac-

quired by MS mixed with AQUA peptides
(Table S2B). A total of 844 samples

629 Samples in model training set
465 Malignant nodules
164 Benign nodules

145 Malignant nodules
63 Benign nodules

208 Samples in model validation set

were excluded, including 95 samples
with nondiagnostic cytology, 450 sam-
ples without diagnostic histopathology

confirmation, 282 samples for missing

i B — BRAF V600E mutation data, and 17 sam-
AUC: 0.94 Accuracy: 90.7% ples for missing age or gender informa-

ThyroProt ——>| o sitivity: 84.8% Specificity: 98.6% |  tion (Figure 1). The remaining 837 FNA
T NPV: 82.9% PPV: 98.7% samples from 827 patients were used

Model Test Set

673 FNA samples from 658 patients
Collected from Nov 2022 to Mar 2023
5 tertiary medical centers

for model training and validation: 220
were benign, 58 were atypia of undeter-
mined significance, 23 were follicular
neoplasm, 175 were suspicious for

351 Samples excluded

67 Samples with nondiagnostic cytology
» 256 Samples without histopathologic diagnoses information
11 Samples without BRAF mutation information

6 Samples with insufficient FNA sample amount for test

malignancy, and 361 were malignant
(Figure 1; Tables 1 and S2C). Among
them, 610 FNA samples were confirmed
as malignant through surgery, 18 FNA
samples were confirmed as benign by

Cytopathology
132 Samples were benign

322 Samples in independent test set
184 Malignant nodules

138 Benign nodules 114 Samples were malignant

25 Samples were atypia of undetermined significance
51 Samples were suspicious for malignancy

surgery, and the remaining cases were
followed-up without histological confir-
mation (Table 1). The 208 FNA samples
reported as Bethesda Il or did not require

RESULTS

Training and validation of the ThyroProt

We collected 2,108 FNA samples from 2,072 patients at 14
tertiary medical centers from January 2020 to September
2022 of continuous enroliment for feature selection, model
training, and validation (Table S1). Starting with 212 candidate
proteins identified from preliminary research,’® we developed
and optimized a high-sensitivity targeted proteomics workflow
to quantify 121 proteins. Machine learning analysis of 820
targeted proteomic datasets from 620 samples across 13 hos-
pitals refined the panel to 38 diagnostically relevant proteins.
Implementing a stable isotope-labeled reference peptide
system enabled absolute quantification, which was applied
to 1,312 clinical samples from 12 centers. Through iterative
model optimization and rigorous performance evaluation of
heavy peptides, three signature peptides derived from
fibronectin (FN1), heat shock protein beta-1 (HSPB1), and pro-

surgery during the follow-up period®°
were also regarded as benign samples.
In summary, 610 malignant samples
were labeled as positive in model building, while other 227 sam-
ples were labeled as negative (Figure 1).

Of 837 FNA samples from thyroid nodules of 827 patients for
model building, 629 were randomly selected for model training,
while 208 were randomly selected for model validation
(Tables S2B and S2D). The characteristics of the two groups
were shown in the Table 1. In addition to BRAF V600E mutation
information, the classifier model (ThyroProt) combines the abso-
lute quantitative data measured by MS of three proteins with age
and gender. The missing values for the three protein datasets are
shown in Table S2D. More details of the model construction are
provided in Methods.

The ThyroProt improves the area under the curve (AUC), accu-
racy, and sensitivity while maintaining high specificity compared
to BRAF V600E mutation, especially for indeterminate thyroid
nodules. In the diagnosis of thyroid FNA, compared with BRAF
mutation, the AUC of the ThyroProt increased from 0.83 to
0.89, and the accuracy increased from 80.3% to 82.2%

Cell Reports Medicine 7, 102664, March 17, 2026 3
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Table 1. Clinical characteristics of the study subjects for model building and test set

Model independent Model independent

Model training Model validation Model test test set 1 test set 2

Patient characteristic 623 207 313 230 42
Patient Gender
Male, no. (%) 162 (26.0%) 48 (23.2%) 90 (28.8%) 57 (24.8%) 7 (16.7%)
Female, no. (%) 461 (74.0%) 159 (76.8%) 223 (71.2%) 173 (75.2%) 35 (83.3%)
Patient Age, Years
Median 45 46 45 45 50
IQR 34.5-51.5 38-55 36-56 36-55 39-59
Sample characteristic 629 208 322 230 51
Start date of sample collection 20200715 20200902 20221101 - -
End date of sample collection 20220613 20220912 20230310 - -
BARF Mutation
Non-mutation, no. (%) 244 (38.8%) 92 (44.2%) 169 (52.5%) 109 (47.4%) 38 (74.5%)
Mutation, no. (%) 385 (61.2%) 116 (55.2%) 153 (47.5%) 121 (52.6%) 13 (25.5%)
Mutation in malignant, no. (%) 379 (81.5%) 110 (75.9%) 151 (82.1%) 116 (81.7%) 11 (57.9%)
Mutation in Bethesda 2 (66.7%) 33 (60.0%) 13 (52.0%) 6 (21.4%) 1(25.0%)
Il cytology, no. (%)
Bethesda Classification
I 167 (26.6%) 53 (25.5%) 132 (41.0%) 31 (13.5%) 31 (60.8%)
1] 3(0.5%) 55 (26.4%) 25 (7.8%) 28 (12.2%) 4 (7.8%)
\% 2 (0.3%) 21 (10.1%) 0 (0%) 34 (14.8%) 0 (0%)
\Y 143 (22.7%) 32 (15.4%) 51 (15.8%) 56 (24.3%) 3 (5.9%)
Vi 314 (49.9%) 47 (22.6%) 114 (35.4%) 81 (35.2%) 13 (25.5%)
Benign nodules, no. (%) 164 (26.1%) 63 (30.2%) 138 (42.9) 89 (38.7%) 32 (62.7%)
Surgically confirmed cases 8 10 7 15 1

MNG 7 7 6 9 1

FA 1 1 0 6 0

HT 0 2 1 31 28
“Bethesda Il 156 52 126 43 3
Benign during follow-up 0 1 5 141 (61.3%) 19 (37.3%)
Malignant nodules, no. (%) 465 (73.9%) 145 (69.7%) 184 (57.1%) 141 19
Surgically confirmed cases 465 145 184 141 19
PTC 462 143 183 — —
FTC 0 2 1 - -
PDTC 2 0 0 = =
MTC 1 0 0 - -

Abbreviations: PTC, papillary thyroid cancer; FTC, follicular thyroid carcinoma; PDTC, poorly differentiated thyroid cancer; MTC, medullary thyroid
cancer; MNG, multinodular goiter; HT, Hashimoto’s disease; FA, follicular adenoma.

@Bethesda Il thyroid nodules that were not operated were included as benign FNA samples.

PBenign during follow-up represented cases that surgery would not have been required according to clinical guidelines.

(Figure 2A; Table S4). In the diagnosis of indeterminate nodules
(Bethesda lll-V), the AUC increased from 0.83 to 0.87 and the ac-
curacy increased from 76.9% to 82.4%. While maintaining a
specificity of 90.0%, the sensitivity increased from 75.5% to
81.6% (Table S4). The performance of ThyroProt model demon-
strates a significant improvement in the diagnosis of Bethesda lll
and IV nodules. The AUC and accuracy increased from 0.78
to 0.83 and 69.7% to 76.3%, respectively (Figure 2A;
Table S4). It is noteworthy that while maintaining a specificity
of 88.9%, the sensitivity remarkably increased from 67.2% to
74.6% (Table S4).

4 Cell Reports Medicine 7, 102664, March 17, 2026

Performance of ThyroProt in thyroid nodules

We also collected 673 FNA samples from 658 patients at five ter-
tiary medical centers from November 2022 to March 2023 of
continuous enrollment for test set (Figure 1; Tables S1 and
S3A). A total of 351 samples were excluded, including 67 sam-
ples with nondiagnostic cytology, 256 samples without diag-
nostic histopathology confirmation, 11 samples for missing
BRAF V600E mutation data, and 6 samples with insufficient
FNA sample amount for test (Figure 1). The remaining 322 FNA
samples were used for model test: 132 were benign, 25 were
atypia of undetermined significance, 51 were suspicious for
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malignancy, and 114 were malignant (Figure 1; Table S3A).
Among them, 184 FNA samples were confirmed as malignant
through surgery, 7 FNA samples were confirmed as benign by
surgery, and the remaining cases were followed-up without his-
tological confirmation. The 131 FNA samples reported as Be-
thesda Il or did not require surgery during the follow-up period®°
were also regarded as benign samples (Table S3A).

We tested the model using the prospective test set of 322
samples (Tables 1 and S3B) and achieved an AUC of 0.94
(Figure 2B) and a diagnostic accuracy of 90.7% (95% confi-
dence interval [Cl], 90.6-90.7). The targeted protein expression
level of benign and malignant samples in the test set is shown
in Figure S1A. The model correctly identified 156 out of the 184
malignant samples, corresponding to a sensitivity of 84.8%
(95% Cl, 79.6-90.0), and correctly identified 136 out of the 138
benign samples corresponding to a specificity of 98.6% (95%
Cl, 96.6-100). The positive predictive value (PPV) and negative
predictive value (NPV) were 98.7% (95% CI, 97.0-100) and
82.9% (95% Cl, 77.2-88.7), respectively. The diagnostic perfor-
mance of the proteomic model is summarized in Table 2.

Among the 187 patients who underwent thyroidectomy, six
were diagnosed as benign in postoperative histopathological
examination. The classifier correctly diagnosed six benign
samples, which could potentially help avoiding unnecessary
surgeries for these six patients (Table S5). On the other hand,
of the 158 test-positive samples in the study cohort, two
(1.3%) were found to be false-positive, from two Bethesda Il
cytology nodules (Table S6). One out of the two false-positive
samples was from the patient who did not undergo surgery.
Another sample was from a patient with multiple thyroid nodules,
which contains either benign nodule or PTC nodule, hence the
diagnosis might be subject to interference from sampling
accuracy.

Of the 164 test-negative samples, 28 (17.1%) were found to be
false-negative, including samples from 1 Bethesda Il cytology
nodules, 3 Bethesda Ill cytology nodules, 8 Bethesda V cytology
nodules, and 16 Bethesda VI cytology nodules (Table S6). The
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Figure 2. Performance of ThyroProt in the
model validation and test set

Bethesda lll to IV ROC plots for (A) the validation results, containing

76 samples

the entire cohort, the samples reported as Be-
thesda Ill to V nodules, and the samples reported
as Bethesda Ill or IV nodules; (B) test results,
containing the entire cohort, the samples reported
as Bethesda Ill to V nodules, and the samples
reported as Bethesda Il or IV nodules.

AUC: 0.83
sensitivity: 74.6%
specificity: 88.9%

0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

Bethesda lll to IV
25 samples

cytological pathology of Bethesda Il sam-

ples is completely opposite to the histo-
pathological results of PTC, which may
be due to the inaccurate biopsy sam-
pling. And other 18 samples were identi-
fied low-risk PTMC, with tumor diameter
<1.0 cm, no local invasion, no cervical

AUC: 0.83
sensitivity: 82.4%
specificity: 100%

0.0 0.2 0.4 06 0.8 1.0

lymph node metastasis, and no high-
grade PTC subtypes observed during
biopsy, which meets the indication for
active follow-up monitoring.”*° The remaining samples were
classified as T1 or T2 (<2.2 cm, median 1.6 cm, interquartile
range [IQR] 1.5-1.9 cm), intrathyroidal, and showed no signs of
vascular invasion or clinical indications of distant metastasis.
Whether these samples require immediate surgical removal or
are more suitable for active follow-up monitoring or thermal abla-
tion, further discussion is needed.

False Positive Rate

Performance of ThyroProt in indeterminate thyroid
nodules
We also evaluated the performance of the ThyroProt on 76 indeter-
minate thyroid nodules reported as Bethesda lll, IV, or V from the
above test set, including 9 benign and 67 malignant tumors.
Among the 67 surgery-confirmed malignant tumors, 56 were
correctly classified as malignant. Similarly, nine benign nodules
were all correctly classified as benign. This resulted in an AUC of
0.90 (Figure 2B) and a diagnostic accuracy of 85.5% (95% Cl,
85.2-85.8), with a sensitivity, specificity, PPV, and NPV of 83.6%
(95% Cl, 74.7-92.5), 100% (95% CI, 100-100), 100% (95% Cl,
100-100), and 45% (95% Cl, 23.2-66.8), respectively (Table 2).
In the test set, there were 25 thyroid nodules reported as
Bethesda I, including 8 benign and 17 malignant tumors.
Among the 17 surgery-confirmed malignant tumors, 14 were
correctly classified as malignant, while 8 benign nodules were
all correctly classified as benign, resulting in an AUC of 0.83
(Figure 2C) and a diagnostic accuracy of 88.0% (95% Cl, 87.2—
88.8), with sensitivity, specificity, PPV, and NPV being 82.4%
(95% Cl, 64.2-100), 100% (95% CI, 100-100), 100% (95% Cl,
100-100), and 72.7% (95% Cl, 46.4-99.0), respectively
(Table 2). Among eight benign cases correctly tested by the
classifier model, three were confirmed benign by surgery, while
five had follow-up information and were determined to be benign
clinically during the follow-up time.

Performance of ThyroProt in two independent test sets

For the independent test set 1, we collected 954 FNA samples
from 947 patients at one independent medical center

Cell Reports Medicine 7, 102664, March 17, 2026 5
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Table 2. Performance of the protein classifier (ThyroProt) on FNA samples of different Bethesda categories of thyroid nodule in the

prospective test set

Variable Bethesda Il to VI nodules Bethesda Ill to V nodules Bethesda Ill & IV nodules
Protein classifier result malignant benign malignant benign malignant benign
Malignant/positive, no. 156 2 56 0 14 0
Benign/negative, no. 28 136 11 9 3 8

AUC 0.94 0.90 0.83

Accuracy, % (95% Cl)
Sensitivity, % (95% ClI)
Specificity, % (95% CI)

PPV, % (95% Cl)

90.7 (90.6-90.7)
84.8 (79.6-90.0)

98.7 (97.0-100)

85.5 (85.2-85.8)
83.6 (74.7-92.5)
100 (100-100)
100 (100-100)

88.0 (87.2-88.9)
82.4 (64.2-100)
100 (100-100)
100 (100-100)

(
(
98.6 (96.6-100)
(
(

NPV, % (95% Cl) 82.9 (77.2-88.7)

45.0 (23.2-66.8)

72.7 (46.4-99.0)

(Figure 3A; Tables S1 and S3C). A total of 724 samples were
excluded, including 130 samples with nondiagnostic cytology,
528 samples without diagnostic histopathology confirmation,
one sample for missing BRAF V600E mutation data, and 65
samples with insufficient FNA sample amount for test
(Figure 3A). The remaining 230 FNA samples were used for
model test: 31 were benign, 28 were atypia of undetermined sig-
nificance, 34 were follicular neoplasm, 56 were suspicious for
malignancy, and 81 were malignant (Figure 3A; Table S3C).
Among them, 141 FNA samples were confirmed as malignant
through surgery, 15 FNA samples were confirmed as benign by
surgery, and the 74 FNA samples reported as Bethesda Il or
did not require surgery during the follow-up period*® were also
regarded as benign samples (Table S3A).

Utilizing the independent test set 1 of 230 samples (Tables 1
and S3D), ThyroProt achieved an AUC of 0.91 (Figure 4A) and
a diagnostic accuracy of 85.7% (95% CI, 85.5-85.8). The
targeted protein expression level of benign and malignant
samples in the independent test set 1 is shown in
Figure S1B. The model correctly identified 120 out of the
141 malignant samples, yielding a sensitivity of 85.1% (95%
Cl, 79.2-91.0) and correctly identified 77 out of the 89 benign
samples corresponding to a specificity of 86.5% (95% ClI,
79.4-93.6) (Table 3). The PPV and NPV were 90.9% (95%
Cl, 86.0-95.8) and 78.6% (95% CI, 70.4-86.7), respectively
(Table 3). Among the 156 patients who underwent thyroidec-
tomy, 15 were diagnosed as benign in postoperative histo-
pathological examination. The classifier correctly diagnosed
13 of 15 benign samples, which could have potentially
helped avoiding unnecessary surgeries for these six patients
(Table S7). On the other hand, of the 132 test-positive sam-
ples in the study cohort, 12 (9%) were found to be false-pos-
itive, from six Bethesda Il cytology nodules, two Bethesda Il
cytology nodules, three Bethesda IV cytology nodules, and
one Bethesda VI cytology nodule (Table S7). Ten out of the
twelve false-positive samples were from the patient who did
not undergo surgery. And in the 230 FNA test samples, only
14.3% were labeled as containing a large amount of colloid,
and among these 10 samples, 7 (70.0%) contained a signifi-
cant amount of colloid, which could be one of the factors
affecting the results. The remaining two FNA samples showed
cytopathological evidence of cancer cells, but postoperative
pathology diagnosed them as thyroid nodules, which may
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be related to the radiofrequency ablation the two patients
underwent prior to surgery. Of the 98 test-negative samples,
21 (21.4%) were found to be false-negative, including samples
from 2 Bethesda Il cytology nodules, 9 Bethesda V cytology
nodules, and 10 Bethesda VI cytology nodules (Table S7). Be-
tween them, 15 samples were identified low-risk PTMC, with
tumor diameter <1.0 cm, no local invasion, no cervical lymph
node metastasis, and no high-grade PTC subtypes observed
during biopsy, which meets the indication for active follow-
up monitoring.”*° The remaining samples were classified as
T1 (<2 cm, median 1.7 cm, IQR 1.4-1.9 cm), intrathyroidal,
and showed no signs of vascular invasion or clinical indica-
tions of distant metastasis.

For the independent test set 2, we collected 253 FNA samples
from 214 patients at another independent medical center
(Figure 3A; Tables S1 and S3E). A total of 202 samples were
excluded, including 165 samples with nondiagnostic cytology,
14 samples without diagnostic histopathology confirmation, 18
samples for missing BRAF V600E mutation data, and 5 samples
with insufficient FNA sample amount for test (Figure 3B). The re-
maining 51 FNA samples were used for model test: 31 were
benign, 4 were atypia of undetermined significance, 3 were sus-
picious for malignancy, and 13 were malignant (Figure 3B;
Table S3E). Among them, 19 FNA samples were confirmed as
malignant by surgery, 1 FNA sample was confirmed as benign
by surgery, and the 31 FNA samples reported as Bethesda Il
or did not require surgery during the follow-up period®® were
also regarded as benign samples (Table S3E).

For the independent test set 2 comprising 51 samples
(Tables 3 and S3F), ThyroProt achieved an AUC of 0.87
(Figure 4D) and a diagnostic accuracy of 84.3% (95% Cl, 83.8-
84.8). The targeted protein expression level of benign and
malignant samples in the independent test set 1 is shown in
Figure S1C. The model accurately identified 11 out of the 17
malignant samples, yielding a sensitivity of 64.7% (95% Cl,
42.0-87.4), and correctly identified 32 of 34 benign samples cor-
responding to a specificity of 94.1% (95% CI, 86.2-100)
(Table 3). The PPV and NPV were 84.6% (95% ClI, 65.0-100)
and 84.2% (95% ClI, 72.6-95.8), respectively (Table 3). Among
the 20 patients who underwent thyroidectomy, one was diag-
nosed as benign in postoperative histopathological examination.
The classifier correctly diagnosed this benign sample, which
could have potentially helped avoiding unnecessary surgery
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Figure 3. Recruitment and exclusion of
samples for the two independent test sets
from two independent medical centers
Different samples from the same patient were
derived from different nodules.

(A) The first independent test set for the classifier.

724 Samples excluded

130 Samples with nondiagnostic cytology

> 528 Samples without histopathologic diagnoses information
1 Samples without BRAF mutation information

65 Samples with insufficient FNA sample amount for test

(B) The second independent test set for the clas-
sifier.

Cytopathology
31 Samples were benign

230 Samples in independent test set

28 Samples were atypia of undetermined significance

Performance of ThyroProt in
indeterminate thyroid nodules of
the independent test set

We also evaluated the ThyroProt on 118

indeterminate thyroid nodules reported

141 Malignant nodules —>| 34 Samples were follicular neoplasm
89 Benign nodules 56 Samples were suspicious for malignancy
81 Samples were malignant
l Test set 2 result
| AUC: 0.91 Accuracy: 86.7%
ThyroProt > | Sensitivity: 85.1%  Specificity: 86.5%
NPV: 78.6% PPV: 90.9%

as Bethesdal lll, IV, or V from the indepen-
dent test set 1, comprising 57 benign and
61 malignant tumors. Out of 61 surgery-
confirmed malignant tumors, 50 were

Model Independent Test Set 2

253 FNA samples from 214 patients
1 independent tertiary medical center

correctly classified as malignant, and 52
of 57 benign nodules were correctly clas-
sified. This resulted in an AUC of 0.89
(Figure 4B) and a diagnostic accuracy of
86.4% (95% ClI, 86.2-86.6). Sensitivity,
specificity, PPV, and NPV were 82.0%

202 Samples excluded

Y

165 Samples with nondiagnostic cytology
14 Samples without histopathologic diagnoses information
18 Samples without BRAF mutation information
5 Samples with insufficient FNA sample amount for test

(95% ClI, 72.3-91.6), 91.2% (95% Cl,
83.9-98.6), 90.9% (95% ClI, 83.3-98.5),
and 82.5% (95% CI, 73.2-91.9), respec-

tively (Table 3).
There were 62 thyroid nodules re-

Cytopathology
51 Samples in independent test set 31 Samples were benign
19 Malignant nodules

32 Benign nodules

13 Samples were malignant

4 Samples were atypia of undetermined significance
3 Samples were suspicious for malignancy

ported as Bethesda lll or IV in the inde-
pendent test set 1, comprising 53 benign
and 9 malignant tumors. Of the nine
surgery-confirmed malignant tumors,

seven were correctly classified as malig-

l Test set 3 result
AUC: 0.87 Accuracy: 84.3%
ThyroProt >| Sensitivity: 64.7% Specificity: 94.1%
NPV: 84.2% PPV: 84.6%

nant, while 48 out of 53 benign nodules
were correctly classified as benign, re-
sulting in an AUC of 0.93 (Figure 4C)

(Table S8). On the other hand, of the 13 test-positive samples in
the study cohort, 2 (15.4%) were found to be false-positive, from
one Bethesda Il cytology nodule and one Bethesda Il cytology
nodule (Table S8), which were from the patient who did not
undergo surgery. One of the samples was from a patient with
multiple thyroid nodules, including malignant and benign thyroid
nodules. Of the 38 test-negative samples, 6 (15.8%) were found
to be false-negative, including samples from one Bethesda lll
cytology nodule, one Bethesda V cytology nodule, and four
Bethesda VI cytology nodules (Table S8). Between them, four
samples were identified low-risk PTMC, with tumor diameter
<1.0 cm, no local invasion, no cervical lymph node metastasis,
and no high-grade PTC subtypes observed during biopsy, which
meets the indication for active follow-up monitoring.”*° The
remaining samples were classified as T1, intrathyroidal, and
showed no signs of vascular invasion or clinical indications of
distant metastasis.

and a diagnostic accuracy of 88.7%
(95% CI, 88.4-89.0) and the sensitivity,
specificity, PPV, and NPV being 77.8%
(95% Cl, 50.6-100), 90.6% (95% ClI, 82.7-98.4), 58.3% (95%
Cl, 30.4-86.2), and 96.0% (95% CI, 90.6-100), respectively
(Table 3). Among 48 benign cases correctly tested by the classi-
fier model, 10 were confirmed benign by surgery, while 38 had
follow-up information and were determined to be benign clini-
cally during the follow-up time (Table S7).

DISCUSSION

In this study, we combined MS-based targeted protein ex-
pression analysis and BRAF V600E mutation data along with
age and gender to establish an integrative classifier for the diag-
nosis of thyroid nodules. Specifically, the classifier achieved an
AUC of 0.94, an accuracy of 90.7%, a sensitivity of 84.8% and
a specificity of 98.6%, with a PPV and NPV of 98.7% and
82.9%, respectively. The test was also superior for the Bethesda
Il and IV thyroid nodules, achieving an AUC of 0.83, an accuracy
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A Independent test set 1 B Independent test set 1
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Figure 4. Performance of ThyroProt in two independent test sets
ROC plots for (A) the entire cohort in the independent test set 1; (B) the samples
reported as Bethesda lll to V nodules in the independent test set 1; (C) the
samples reported as Bethesda Ill or IV nodules in the independent test set 1;
(D) the entire cohort in the independent test set 2.

of 88.0%, a sensitivity of 82.4%, a specificity of 100%, a PPV of
100% and an NPV of 72.7%. For two independent test sets
from two independent medical centers, the classifier achieved
an AUC of 0.87%-0.91%, an accuracy of 84.3%-85.7%, a
sensitivity of 64.7%-85.1%, and a specificity of 86.5%-94.1%,
with a PPV and NPV of 84.6%-90.9% and 78.6%-84.2%,
respectively.

The PPV of this test in the real-world prospective cohorts is
higher than other tests®’; however, the NPV is relatively lower
with a baseline disease prevalence of 50%-60%. This might
be due to race differences. Compared with the Western practice,
the Asian series exhibit a significantly higher ROM in most of the
TBSRTC categories, whereas the resection rate was not statisti-
cally different reported by a meta-analysis,** indicating a higher
ROM in surgically treated thyroid nodules in Asian series.*® This
is because diagnostic surgery is more frequently indicated for
indeterminate nodules in Western thyroid nodule practice.
Consequently, there is often a dilution of the ROM in surgically
treated benign nodules reported in Western series.**** Addition-
ally, FNA is often indicated in Asian thyroid nodules with high
TIRAD score nodules, which concentrate more malignant
nodules in FNA specimens. Thus, there is a high ROM in all
FNAs.?® This results in a high baseline disease prevalence in
the samples included in this study. Nevertheless, it is reassuring
to note that 27 out of 28 false-negative cases identified in the
study were confirmed as low-stage and low-risk cancers. Future
research should include diverse populations to ensure the
generalizability of findings, as single-race clinical studies may
not fully represent the broader population.

Several molecular tests have been used for diagnosis of
the benign and malignant disease of thyroid nodules. The
most commonly studied gene panels include Afirma® and
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ThyroSeq,'® which are based on DNA and RNA, as well as

gene panels based on DNA methylation®® and imprinted genes?®
that have been reported. Afirma achieved 100% sensitivity
and 79.6% specificity, and ThyroSeq v.3 demonstrated 96.9%
sensitivity and 84.8% specificity. These tests are more advanced
than a simple and economic BRAF V600E test and offer benefits
in diagnosing thyroid cancers without BRAF V600E mutation.
Although commercially available panels such as Afirma and
ThyroSeq have advanced the evaluation of thyroid nodules,
they were developed and validated primarily in European and
North American cohorts. Risk of malignancy,®® mutational
spectra,”® and clinical management guidelines”*° for thyroid
cancer differ between Western and Asian populations, limiting
the direct transferability of these assays. To date, no molecular
panel has been purpose-built and validated for Asian patients.
ThyroProt fills this gap, offering a population-tailored solution
that complements existing assays and, in the Asian clinical
context, is indispensable for accurate risk stratification and
informed decision-making. Rather than competing alternatives,
these molecular diagnostic tools represent complementary
approaches that can enhance thyroid nodule evaluation based
on specific clinical needs and institutional capabilities, collec-
tively advancing precision diagnosis in thyroid pathology.

Unlike existing molecular tests, this approach utilizes MS-
based measurement of multiple proteins, introducing it to real-
world clinical practice. This study introduces a protein test into
the clinical arsenal, expanding the range of molecular tests
used in thyroid nodules. This approach opens the possibility of
developing a protein classifier, which could lead to even more
accurate diagnosis of thyroid nodules in the future.

Compared to our previous study in which high-resolution
mass spectrometers were used to discover novel protein classi-
fiers,”® this study adopts a relatively cost-effective, clinically
accessible and practical approach, i.e., MRM-based targeted
proteomics, to measure only the three selected proteins. In
addition, we have synthesized stable isotope-labeled spike-in
peptides as internal standards to achieve batch-independent
absolute quantification, ensuring the best quality of quantifica-
tion as a clinical test. We also have reduced the model panel
from 19 proteins to 3 proteins and thereby decreased the LC
gradient from 60 to 8 min, resulting in an almost 8-fold increase
in throughput. There are two proteins that have been selected as
model features in both this study and previous study, including
fibronectin-1 (FN1) and heat shock protein beta-1 (HSPB1),
which have been reported to be directly related to thyroid
cancer.’®*” The remaining protein also exhibits relevance to
thyroid cancers. S100A6 has been reported to be significantly
increased in PTC and independent of BRAF mutation.®®

In this study, we have also included BRAF V600E, gender, and
age as contributing features to enhance the model precision.
In our prospective test cohorts, the prevalence of BRAF V600E
mutations in malignant nodules was around 50%-80%, while
in Bethesda lll cytology it was around 20%-50% (Table 1). These
prevalence rates are higher than the frequency observed in
American cohorts®>“? but consistent with Asian cohorts.***

The MS use in the present study is widely used in clinic for the
measurement of small molecules, such as vitamins and drugs,
but not yet widely applied for protein measurement in clinic
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Table 3. Performance of the protein classifier (ThyroProt) on FNA samples of different Bethesda categories of thyroid nodule in the two

independent prospective test sets

Independent test set 1

Independent test set 2

Bethesda lll & IV nodules Bethesda Il to VI nodules

Variable Bethesda Il to VI nodules Bethesda Il to V nodules
Protein classifier result  malignant benign malignant
Malignant/positive, no. 120 12 50

Benign/negative, no. 21 77 11

AUC 0.91 0.89

Accuracy, % (95% Cl)  85.7 (85.5-85.8) 86.4 (86.2-86.6)
Sensitivity, % (95% CI) 85.1 (79.2-91.0) 82.0 (72.3-91.6)
Specificity, % (95% CI) 86.5 (79.4-93.6) 91.2 (83.9-98.6)

PPV, % (95% CI) 90.9 (86.0-95.8) 90.9 (83.3-98.5)

NPV, % (95% ClI) 78.6 (70.4-86.7) 82.5(73.2-91.9)

benign

malignant benign malignant benign
7 5 11 2

2 48 6 32
0.93 0.87

88.7 (88.4-89.0) 84.3 (83.8-84.8)

77.8 (50.6-100) 64.7 (42.0-87.4)

90.6 (82.7-98.4) 94.1 (86.2-100)

58.3 (30.4-86.2) 84.6 (65.0-100)

96.0 (90.6-100) 84.2 (72.6-95.8)

although there is essentially no technical barrier.** This test can
hardly be replaced by antibody-based test because the latter re-
quires more sample amount and could not provide precise quan-
titative measurement for three proteins in a single test. In this
prospective, noninterventional, multicenter study, we establish
a protein classifier with a high sensitivity/NPV and high speci-
ficity/PPV for the diagnosis of thyroid nodules, including indeter-
minate thyroid nodules. This diagnostic approach can serve as
both a rule-in and a rule-out test for thyroid malignancy in the
clinical assessment of thyroid nodules. This study suggests
feasibility and practicality of using targeted MS to detect multiple
proteins for clinical diagnostics in real-world scenarios.

Limitations of the study

This study has several limitations. First, we substantially reduced
the number of samples based on the original collection following
strict inclusion criteria. This is a common practice of prospective
studies. While ensuring diagnostic accuracy using the gold-stan-
dard approach, the reduced sample size may impact statistical
power and limit immediate clinical applicability to all thyroid nod-
ules. For model building and test, 393 benign samples were
cytologically tested benign but lacked histopathological confir-
mation. But benign FNA diagnosis is generally highly accu-
rate.'>*® The diagnostic precision for separating Bethesda Il
and IV samples is lower than that for distinguishing Bethesda Il
and V and VI samples, probably due to the relatively lower num-
ber of samples in the lll and IV groups. Future validation in larger
cohort is required. The large number of participating medical
centers was a strength of this multi-center study, but it could
potentially be associated with data inhomogeneity. This was
minimized by using the same criteria-based data collection
protocol. Moreover, the tertiary medical centers participating in
this study were equipped with highly skilled and modern medi-
cine-driven physicians and pathologists, who played a crucial
role in ensuring the reliability of the data. We included specimens
from 17 medical centers in 11 cities, with the farthest two cities
being 2,245 km apart. In China, there are significant differences
in races and diets among different regions. Nevertheless, it
would be necessary to perform future validations in more races,
especially the Western populations considering the differences
in population, malignancy rate, BRAF V600E mutation rate,
and guidelines for diagnosis and management between Asia

and the West. While MRM-based protein measurement may
not yet match the convenience of PCR testing in current clinical
settings, this practical limitation should not preclude its integra-
tion into future clinical applications. The exceptional value and
reliability of MRM-based protein assays justify continued devel-
opment. As these assays become more widely adopted, costs
will decline and protocols will become increasingly streamlined,
making routine clinical implementation increasingly feasible.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

FNA samples 14 clinical centers This paper (Table S1)

Chemicals, peptides, and recombinant proteins

Ammonium bicarbonate buffer (ABB) General-Reagent Cat #G12990A

Heptane Sigma-Aldrich Cat # 246654-2L

Hydroxylamine Thermo Scientific Cat # 90115

Tris Base Promega Cat #H5133

Urea Sigma-Aldrich Cat #U1250

Thiourea Sigma-Aldrich Cat #T8656-500G

Tris (2-carboxyethyl) phosphine (TCEP) Adamas-beta Cat # 61820E

lodoacetamide (IAA) Sigma-Aldrich Cat #16125

Trypsin Hualishi Tech Cat # HLS TRY001C

Lys-C Hualishi Tech Cat # HLS LYS001C

Trifluoroacetic acid (TFA) Thermo Fisher Scientific Cat # 85183

Water Thermo Fisher Scientific Cat #W6-4

Acetonitrile Thermo Fisher Scientific Cat # A955-4

Formic acid (FA) Thermo Fisher Scientific Cat # A117-50

Ammonium hydroxide solution Sigma-Aldrich Cat # 221228

Methanol Sigma-Aldrich Cat # 34860

Critical commercial assays

QIAamp DNA Micro Kit QIAGEN Cat # 56304

BRAF V600E ARMS-PCR Kit AmoyDx Cat # 20143401824

Deposited data

Mass spectrometry data This paper ProteomeXchange Consortium: PXD046014

Software and algorithms

Analyst MD 1.6.3 AB SCIEX https://sciex.com/products/in-vitro-diagnostics/
enhancements-and-options/analyst-md-software

R version 4.2.1 R Project https://www.r-project.org

OpenMS 2.4.0 Rost et al.** https://openms.de/

Other

SOLAp Thermo Fisher Scientific Cat # 62209-001

Hypersil GOLD column,100*2.1 mm, 1.9 pm

Thermo Fisher Scientific

Cat # 25002-102130

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples

This study was approved by the ethics committees of Fudan University Shanghai Cancer Center (2207257-15), Shanghai Tenth Peo-
ple’s Hospital (SHYS-IEC-5.0/22K210/P01), Affiliated Hangzhou First People’s Hospital (2019-040-01), the First Hospital of China
Medical University (2019-280-2), Zhongshan Hospital of Fudan (B2022-370(2)), Beijing Aerospace General Hospital (2022-118),
Wuhan University Renmin Hospital (2019K-K103(J01)), Zhejiang Cancer Hospital (IRB-2023-842), Sir Run Run Show Hospital
(LXSHYJ-20221122-01) and Westlake University (20231106GTNO0O1). All patients involved in the study provided informed consent
to participate. Cytologists/pathologists were unaware of the molecular analysis results, and the molecular analyses were indepen-
dent of the cytology and histopathology results. All authors contributed to data interpretation and manuscript preparation and vouch
for the completeness and accuracy of the data and for the fidelity of the study protocol.
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This was a prospective, noninterventional, multicenter study involving patients who had ultrasonographically confirmed thyroid
nodules. Both patients and physicians were blinded to the results of the classifier. FNA samples were collected from patients at
17 tertiary medical centers in China (Table S1). Each sample represented a single FNA needle pass per nodule. FNA needle spec-
ifications are provided in the method details. The inclusion criteria include: 1) Untreated patients with initial thyroid nodules, 2)
Undergoing thyroid nodules fine needle aspiration, 3) Bethesda assessment information, 4) Patients voluntarily participating in the
study after informed consent. The exclusion criteria include: 1) without thyroid nodules fine needle aspiration, 2) Insufficient number
of cells in the fine needle aspiration sample of the thyroid. Gender was incorporated as one of the features in our predictive model.
Therefore, gender does not confound the study results, as its influence has been accounted for in the classifier.

METHOD DETAILS

Sample collection and storage

Prospective fine needle aspiration (FNA) samples for molecular analysis were obtained in vivo during outpatient clinical visits. The
FNA procedure involved one or two passes, and the samples were immediately transferred into FNAprotect preservative solution.
After collection, the samples were shipped frozen in dry ice to Westlake University. The molecular testing on FNA samples was con-
ducted in a blinded manner, without knowledge of the clinical, cytologic, and histopathologic diagnoses.

Ultrasound examination

All ultrasound examinations were performed using a linear-array probe (Logiq E9, GE Healthcare, Wauwatosa, WI, USA) by experienced
radiologists in thyroid imaging. Observe the thyroid nodules from multiple perspectives, such as transverse and longitudinal sections.
Observational indicators include: age, longitudinal-to-transverse ratio, echogenicity, calcification, margin, composition, relationship
with the capsule, size, location, and number of lesions. Calcification can be classified as: no calcification, microcalcifications (long
diameter < 2mm), coarse calcifications (long diameter > 2mm), and peripheral rim calcifications. Record using the ACR TI-RADS system.

Fine-needle aspiration

FNA was usually performed to nodules with relatively high-grade ACR TI-RADS categories and other clinical risk indications. All FNAs
were conducted by experienced radiologists under ultrasound guidance. For each thyroid nodule, FNA was performed at the skin
superficial under ultrasound guidance using a 5-mL plastic disposable syringe with a 22-gauge needle. A portion of the FNA
specimen was smeared onto glass slides and fixed with 95% alcohol for cytopathology analysis; Partially was expelled into the
cell preservation solution and refrigerate or freeze for related BRAF V600E mutation detection and proteomic analysis.

Cytopathology diagnoses

Following FNA, local cytology reports were collected for all subjects. The interpretation process was jointly carried out by two expe-
rienced pathologists. According to the Bethesda reporting system,*® thyroid nodules are classified into six diagnostic categories:
(I) nondiagnostic or unsatisfactory, Specimens contain <6 follicular cell clusters, and each cluster contains <10 cells.; (ll) benign;
(I atypia of undetermined significance or follicular lesion of undetermined significance; (IV) follicular neoplasm or suspicious for a
follicular neoplasm; (v) suspicious for malignancy; and (V) malignant. Among them, Samples classified as Bethesda Il to V are
indeterminate thyroid nodules that are difficult to diagnose.

Histopathology

Following surgery, local histopathology reports and slides were collected and biopsied nodules were matched to resected nodules
by size and location. All slides were independently evaluated by two experienced specialist pathologists. More pathologists were
involved until a consensus was reached in cases of discrepant pathological diagnoses. Throughout the study, all pathologists
were unaware of local histopathology diagnosis and molecular test results.

BRAF V600E mutation detection
DNA was extracted from FNA specimens using the QlAamp DNA Micro Kit from Qiagen, Germany. BRAF V600E mutation status was
determined using the Human BRAF V600E ARMS-PCR Kit from Xiamen Aide Pharmaceutical Technology Co., Ltd.

Proteomics data acquisition

Peptides were extracted from the FNA samples as previously described.?>?° Briefly, the FNA sample was collected in red blood cell
lysis buffer followed by centrifugation to remove red blood cells. Proteins then were extracted using a lysis buffer containing 6 M urea
and 2 M thiourea in 100 mM ammonium bicarbonate buffer (ABB) with assistance from pressure cycling technology (PCT). Following
extraction, the proteins were subjected to reduction and alkylation using 20 mM Tris (2-carboxyethyl) phosphine (TCEP) and 40 mM
iodoacetamide (IAA). Subsequently, PCT-assisted enzymatic digestion was carried out by adding Lys-C (enzyme-to-substrate ratio,
1:80) and trypsin (enzyme-to-substrate ratio, 1:20) to the foregoing mixture. Finally, peptides were cleaned using C18 solid phase
extraction (SPE) columns before mass spectrometry (MS) analysis. Peptide samples for first feature selection were analyzed by mul-
tiple reaction monitoring (MRM) mass spectrometry in TRIPLE QUADTM 4500MD (SCIEX, CA, USA) coupled with Jasper™ high
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performance liquid chromatography (HPLC) system (SCIEX, CA, USA). A total of 179 peptides from 122 proteins were acquired by
20-min liquid chromatography with tandem mass spectrometry (LC-MS/MS) methods at a flow rate of 0.2 mL/min. Peptide samples
mixed with synthesized stable isotope labeled peptides (called AQUA peptides)”’ for second feature selection, model training and
validation were analyzed over an 20-min and 8-min LC gradient. In the case of the independent test set, three peptides coupled
with AQUA peptides were analyzed using an 8-minute LC gradient. The MS data were analyzed using OpenMS (version 2.6.0).**
All the training set, validation set and test set samples in this study were collected for protein data based on MS.

QUANTIFICATION AND STATISTICAL ANALYSIS

Peptide quantification

The OpenSwathAssayGenerator module was employed for library file filtering and optimization. Initially, all transitions were anno-
tated based on predefined standards. Subsequently, transitions were filtered using a minimum quantity threshold of 0.1 to enhance
peptide detection sensitivity. This process generated a TraML format file for standardized exchange and transfer of transition list
data. The MRMMapper module was employed to match mzML format MRM data against a TraML library file containing Decoys.
A precursor ion tolerance of 1 was set, and a multi-mapping algorithm was used to match one or more mapping targets for the chro-
matograms in the mzML format, resulting in an annotated.mzML file. The OpenSwathAnalyzer module was utilized to perform peak
picking on the mzML file containing mapping metadata based on a TraML library file containing Decoys, using a non-strict mode.
Scoring was conducted to obtain proteomics data, resulting in a featureXML format file. The OpenSwathFeatureXMLToTSV module
was used to generate readable tsv files based on featureXML and the TraML library file containing Decoys. The maximum peak area
for each peptide segment corresponds to the peptide information. For labeled peptide determination, doubly labeled peptides were
prioritized when multiple labeled peptides were present. Among remaining candidates, peptides with the highest intensity were
selected. For light-labeled (unlabeled) peptide determination, the precursor ion with retention time closest to the corresponding
heavy label was selected. If the retention time difference exceeded a predefined threshold (x), the light label intensity was assigned
as zero. The threshold x was determined by calculating the retention time deviation between heavy and light labels across all pool
samples, using three times the interquartile range (IQR), which yielded x = 1.59 seconds.

Diagnostic model building

To optimize the model’s performance under the new logistic regression framework, a series of critical parameter adjustments were
undertaken. A concise summary of these modifications includes: Cross-Validation Strategy, Regularization Strength (C), Penalty
Type, Solver, Maximum Iterations.

The hyperparameters for the logistic regression model were optimized using grid search. The regularization parameter (C) was tested
across arange from 0.001 to 10.0, including values of 0.001,0.01, 0.05, 0.1, 0.2, 0.3, and incrementally up to 10.0. Both L1 and L2 penalty
terms were evaluated. The liblinear solver was employed for optimization. The maximum number of iterations was tested at 100, 1000,
5000, and 10,000 to ensure model convergence. A transition to logistic regression entailed a reevaluation of the modeling approach.
Employing five-fold cross-validation on the training dataset, the focus shifted to identifying the most effective parameter configuration
based on maximized predictive accuracy. The optimal setting identified was characterized by a regularization strength (C) of 0.05, an L2
penalty for regularization, the 'liblinear’ solver for optimization, and a maximum of 100 iterations for convergence. Leveraging this optimal
parameter combination, the model was reconstructed utilizing the entirety of the training dataset, ensuring a robust and accurate pre-
dictive framework. The well-established model was employed to make predictions in several test sets.

Feature selection

Based on previous studie and the clinically available immunohistochemistry (IHC)-detected proteins, 211 proteins were selected
as candidate diagnostic biomarkers. After optimization, a total of 121 proteins could be successfully validated using MRM-MS. 820
MRM-MS data for 620 samples were used for the first round of machine learning-based feature selection (Table S2A). 1312 MRM-MS
data for 1312 samples mixed AQUA peptides were used for the second round of machine learning-based feature selection
(Tables S2B and S2C). After multiple rounds of protein biomarker screening, including MRM optimization, machine learning model
screening, evaluation of AQUA peptides stability and linearity, and MS signal screening, three proteins were ultimately selected as the
final features of the classifier model (ThyroProt).

26,45

Statistical analysis

To augment the predictive capability of the analysis, logistic regression, implemented via the scikit-learn library (version 1.0.2), was
employed with a focus on optimizing pivotal parameters through a five-fold cross-validation strategy. Specifically, the regularization
strength (C) was calibrated to 0.05, favoring models with more restrained coefficients to guard against overfitting. An L2 penalty was
selected to penalize the squared magnitude of the coefficients, thereby enhancing model stability. The ’liblinear’ solver was adopted
for its demonstrated efficacy in handling datasets of smaller dimensions alongside L2 penalties. Lastly, a maximum of 100 iterations
(max_iter) was established, ensuring the solver was provided ample opportunity to converge toward an optimal solution. The receiver
operating characteristic curve (ROC) analysis, accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predic-
tive value (NPV) were used to determine the diagnostic utility of the classifier model.
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