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Abstract

Background: Risk stratification of indeterminate thyroid nodules (Bethesda III–IV) remains
difficult and often triggers unnecessary procedures. Ultrasound-based ACR TI-RADS and
the 2023 Bethesda System are widely used, but the incremental value of combining them
and the role of size thresholds needs prospective validation. Objective: The objective of
this study was to prospectively compare the diagnostic performance of ACR TI-RADS
and the 2023 Bethesda System, alone and in combination, for predicting malignancy in
thyroid nodules, with dedicated analyses of indeterminate lesions (Bethesda categories
III–IV), including subtypes of Bethesda III (nuclear atypia vs. other atypia), and the impact
of nodule size. Methods: Histopathology was available for 131 nodules. Diagnostic
metrics (sensitivity, specificity, PPV, NPV), ROC curves (DeLong comparison), and Youden
indices were calculated for individual and combined thresholds; a 16 mm size cut-off
was explored. Results: Malignancy was confirmed in 105/131 nodules (80.2%). Bethesda
outperformed TI-RADS (AUC 0.87 vs. 0.69; DeLong p = 0.041). Malignancy rates rose
with higher categories (e.g., TI-RADS 5: 93.6%; Bethesda category V: 100%; Bethesda
category VI: 100%) and were markedly elevated in the histologically confirmed subset for
Bethesda category III (32/41; 78.0%) and IV (6/8; 75.0%). The combined requirement of
TI-RADS ≥ 4 and Bethesda ≥ 4 maximized specificity (96.2%) and PPV (98.4%) with a
high Youden J (0.552), supporting a rule-in strategy in category IV of Bethesda. Size alone
was a weak discriminator (AUC 0.66); within Bethesda III–IV nodules, malignancy did
not differ significantly by the 16 mm threshold (p = 1.00). ROC using continuous tumor
size yielded AUC = 0.66; the ROC-derived optimal cut-off was 16 mm. Applying this split
produced sensitivity 0.80 and specificity 0.50. Conclusions: Integrating ACR TI-RADS with
Bethesda cytology significantly improves specificity and PPV for indeterminate thyroid
nodules, supporting a morphology-driven approach over traditional size-based thresholds.
Incorporation of combined sonographic–cytologic criteria into management algorithms
may reduce unnecessary interventions and optimize patient care.
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1. Introduction
Accurate differentiation between malignant and benign thyroid nodules remains

a central challenge in endocrine diagnostics, particularly when cytological evaluation
yields indeterminate results. The increased clinical utilization of high-resolution ultra-
sonography (US) has significantly heightened thyroid nodule detection rates, creating a
parallel imperative to refine diagnostic stratification and minimize overtreatment [1–3].
Currently, one of the most widely used risk-stratification tools is the American College of
Radiology Thyroid Imaging Reporting and Data System (ACR TI-RADS); a meta-analysis
reported pooled sensitivity 0.89, specificity 0.70, and AUROC 0.86 [4,5] and fine-needle
aspiration (FNA) cytology was interpreted through the Bethesda System for Reporting
Thyroid Cytopathology [6,7]. However, uncertainty persists, particularly for Bethesda
category III (Atypia of Undetermined Significance, AUS) and Bethesda category IV
(Follicular Neoplasm, FN) categories, often resulting in repeated aspirations, diagnostic
surgeries, and increased healthcare costs [6–8].

The ACR TI-RADS employs a standardized sonographic lexicon, stratifying nodules
by composition, echogenicity, margins, shape, and echogenic foci [4]. Concurrently, the
2023 Bethesda update subdivides the AUS category into nuclear (AUS-N) and other atypia
(AUS-O) to refine Risk of Malignancy (ROM) estimates [6,7]. Reported ROM for AUS
ranges from about 6% to 42% (and up to ~50% in larger cohorts), is higher in nuclear than
architectural/FLUS atypia, and increases with higher TI-RADS strata [6,7,9–11].

Yet, despite these refinements, Bethesda III–IV nodules still present diagnostic ambiguity,
motivating evaluation of combined stratification models [10,11]. Comparative analyses of
ultrasound risk systems show no single universal standard, but ACR TI-RADS frequently
ranks highest for both sensitivity and specificity at its optimal (TR5) threshold [12].

Several retrospective studies have suggested potential synergy when integrating ACR
TI-RADS with Bethesda scoring; however, these have largely relied upon historical cytologic
categories or lacked robust prospective validation [13,14]. Additionally, emerging evidence
challenges traditional size-based biopsy thresholds, indicating that smaller nodules may
harbor significant malignancy risk if coupled with concerning morphological or cytologic
features [15–18]. This underlines a critical need to re-evaluate the clinical reliance on size
thresholds in favor of morphology-driven decision pathways.

In response, we designed a prospective, single-center study involving 1009 thyroid
nodules assessed through contemporaneous TI-RADS scoring and the 2023 Bethesda Sys-
tem, with histopathological confirmation available for 131 nodules. Our primary objective
was to determine whether combining TI-RADS with Bethesda scores enhances malignancy
prediction within the diagnostically ambiguous Bethesda categories III–IV. A secondary
aim investigated the influence of nodule size in relation to malignancy risk within this
dual-system framework. Lastly, as an exploratory analysis, we evaluated differences be-
tween the AUS subcategories (AUS-N vs. AUS-O) concerning their malignancy rates and
sonographic profiles.

By systematically evaluating a large-scale, prospectively acquired dataset, this study
aims to establish a robust, real-world diagnostic synergy between ACR TI-RADS and
the updated Bethesda System. The findings promise to provide clear, evidence-based
thresholds, minimizing unnecessary interventions and enhancing clinical decision-making
accuracy in managing thyroid nodules.

2. Material and Method
2.1. Study Design and Setting

This prospective, single-center, cross-sectional cohort study was conducted between
September 2019 and August 2024 at a tertiary academic hospital. All procedures were
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conducted in accordance with institutional ethical standards and the Declaration of
Helsinki [19]. The study protocol was approved by the Institutional Review Board of
the institution in compliance with Good Clinical Practice guidelines (approval number:
2025-06/39) [20].

2.2. Study Population

We included patients undergoing US-guided FNA of thyroid nodules that were classi-
fied by both the ACR TI-RADS system and Bethesda system. We identified 1009 consecutive
nodules with contemporaneous ACR TI-RADS scoring and cytology. Of these, 131 (13.0%)
subsequently underwent surgery with histopathology available; diagnostic accuracy and
ROM analyses using histology as reference standard were restricted to this surgically
treated subset.

A total of 1009 consecutive patients were enrolled, with one index nodule per patient
included in the analysis. Inclusion criteria were: (1) age ≥18 years, (2) availability of both
cytology [6] and ACR TI-RADS scores, and (3) adequate FNA cellularity per Bethesda
standards. Exclusion criteria included: (1) non-diagnostic cytology (Bethesda I), (2) purely
cystic or anatomically normal nodules (TI-RADS 1), (3) noninvasive follicular thyroid
neoplasm with papillary-like nuclear features (NIFTP), well-differentiated tumors of
uncertain malignant potential (WDT-UMP) and follicular tumor of uncertain malignant
potential (FT-UMP) in pathology and were not counted as malignant in ROM calculations,
and (4) patients with a history of neck irradiation. The number of cases with available
molecular results was very small and therefore these data were not included in the
statistical analyses.

2.3. Ultrasound Evaluation and Fine-Needle Aspiration and Cytopathology and Histopathology

All US examinations were performed by a single expert radiologist. The ACR TI-
RADS 2017 [4] lexicon was applied prospectively using a ML6–15 or ML4–20 MHz high-
frequency linear transducer. The radiologist was blinded to cytological diagnoses during
image acquisition and TI-RADS scoring, ensuring unbiased assessment. All nodules were
classified into TI-RADS categories 2–5 based on composition, echogenicity, margins, shape,
and echogenic foci.

FNA was performed on the same day under US guidance using a 22-gauge needle
(hypodermic needle—0.7 × 32 mm 22 g, Berika Teknoloji Medikal, Konya, Turkey) with
local anesthesia with cold spray. Rapid on-site evaluation (ROSE) was conducted for each
patient using an air-dried Diff-Quik stain to ensure adequacy and a May-Grünwald–Giemsa
(MGG) stain was used as permanent stain. Cytologic interpretation was performed by
a single expert cytopathologist, who was aware of US findings but blinded to histologic
outcomes. The 2023 update of the Bethesda system [6] was used to classify all samples.

Of the 1009 nodules, 131 (13.0%) underwent definitive histopathologic evaluation via
surgical resection (lobectomy or total thyroidectomy).

2.4. Data Analysis and Diagnostic Stratification

All statistical analyses were performed using IBM SPSS Statistics (Version 29.0.1.1)
and Python (v3.11, Scikit-learn and Statsmodels libraries) for advanced modeling
and visualization.

Descriptive statistics were calculated for all continuous and categorical variables.
Categorical variables were compared using the Chi-square test or Fisher’s exact test where
appropriate. Continuous variables were compared using Student’s t-test (for normally
distributed data) or the Mann–Whitney U test (for non-normally distributed data), based
on Kolmogorov–Smirnov tests of normality.
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To evaluate diagnostic performance, sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and Youden index (defined as sensitivity +
specificity − 1; higher values indicate better overall test performance) were calculated
for individual systems (TI-RADS and Bethesda) and for selected combinations. ROC
(Receiver Operating Characteristic) curves were constructed for TI-RADS, Bethesda
category, and tumor size, using histopathological diagnosis as the reference standard,
and compared using the DeLong test. AUROC (Area Under the ROC Curve) values were
used to summarize diagnostic accuracy.

We summarized diagnostic accuracy using ROC AUC. For tumor size, ROC was
run with size as a continuous predictor. The optimal size cut-off was identified by
maximizing the Youden index (J = Se + Sp − 1) and then applied as a single threshold;
performance for the 16 mm split (Se 0.80, Sp 0.50) is reported separately from the
continuous-size AUC. This ROC-derived cut-off (16 mm) was explored as a data-driven,
illustrative threshold rather than a guideline recommendation; ACR TI-RADS employs
category-specific size triggers (e.g., TR4 ≥ 15 mm, TR5 ≥ 10 mm) for biopsy decisions,
which remain the standard clinical framework.

All statistical tests were two-sided, and p-values <0.05 were considered statistically
significant.

3. Results
Cohort Characteristics and Nodule Classification: A total of 1009 thyroid nodules were

prospectively evaluated using both ACR TI-RADS and the 2023 Bethesda System. Patient
age ranged from 18 to 85 years, with a median age of 47 years. Median nodule size was
14 mm (IQR: 10–21 mm). The majority of nodules fell into Bethesda II (66.1%) and TI-RADS
3 (46.6%) categories. Marked sonographic–cytologic mismatch was observed, most notably
in 38 nodules classified as TI-RADS 5 despite Bethesda II cytology; an additional 27 nodules
were classified as TI-RADS 5 with Bethesda III cytology (Table 1).

Table 1. Distribution of 1009 Thyroid Nodules by ACR TI-RADS Category and Bethesda Classification.

ACR TI-RADS (n) Bethesda II Bethesda III Bethesda IV Bethesda V Bethesda VI Total

ACR TI-RADS 2 (69) 63 (91.3%) 3 (4.3%) 1 (1.4%) 0 (0%) 2 (2.9%) 69 (6.8%)

ACR TI-RADS 3 (470) 374 (79.6%) 85 (18.1%) 6 (1.3%) 5 (1.1%) 0 (0%) 470 (46.6%)

ACR TI-RADS 4 (328) 192 (58.5%) 83 (25.3%) 21 (6.4%) 8 (2.4%) 24 (7.3%) 328 (32.5%)

ACR TI-RADS 5 (142) 38 (26.8%) 27 (19.0%) 1 (0.7%) 26 (18.3%) 50 (35.2%) 142 (14.1%)

Total (1009) 667 (66.1%) 198 (19.6%) 29 (2.9%) 39 (3.9%) 76 (7.5%) 1009 (100%)

Malignancy Rates and Diagnostic Concordance: Histopathological confirmation was
available for 131 nodules, among which 105 (80.2%) were malignant. Malignancy rates
increased significantly with higher Bethesda and TI-RADS categories. TI-RADS 5 nodules
had a malignancy rate of 93.6%, while Bethesda category VI and category V nodules
demonstrated malignancy rates of 100%, respectively. In the surgically resected subset,
Bethesda categories III and IV had surgical malignancy rates of 78.0% (32/41) and 75.0%
(6/8), respectively (Table 2). However, only 41 of 198 Bethesda III nodules underwent
surgery; therefore, a conservative minimum malignancy rate across all Bethesda III nodules
is 32/198 = 16.2% (assuming nonresected nodules are benign).
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Table 2. Malignancy rates by Bethesda and TI-RADS category.

ROM (Counts (Total/
Malignant), %

Malignant)
Bethesda

TI-RADS II III IV V VI Row Total

2 2/0 (0.0%) 1/0 (0.0%) – – – 3/0 (0.0%)

3 10/5 (50.0%) 17/15 (88.2%) 2/1 (50.0%) 2/2 (100.0%) – 31/23 (74.2%)

4 8/3 (37.5%) 16/10 (62.5%) 6/5 (83.3%) 3/3 (100.0%) 17/17 (100.0%) 50/38 (76.0%)

5 3/0 (0.0%) 7/7 (100.0%) – 13/13 (100.0%) 24/24 (100.0%) 47/44 (93.6%)

Column Total 23/8 (34.8%) 41/32 (78.0%) 8/6 (75.0%) 18/18 (100.0%) 41/41 (100.0%) 131/105 (80.2%)

Cells show Total/Malignant with % malignant in parentheses; computed on the histology subset (n = 131).

Diagnostic Accuracy: ROC Curve Analysis demonstrated superior performance of the
Bethesda scoring system compared to TI-RADS, with respective AUC values of 0.87 and
0.69 (DeLong test, p = 0.041), as shown in the ROC curve analysis. Tumor size alone had
limited discriminative ability with an AUC of 0.66, reinforcing the inadequacy of relying
solely on size for malignancy prediction (Figure 1).

Figure 1. ROC curve comparing ACR TI-RADS and Bethesda 2023 classification in all histologically
confirmed thyroid nodules. ROC curves comparing ACR TI-RADS and the 2023 Bethesda System
in histologically confirmed nodules (n = 131). AUCs: TI-RADS = 0.69; Bethesda = 0.87. Curves are
step functions at thresholds (TI-RADS ≥ 5, ≥4, ≥3; Bethesda ≥ 6, ≥5, ≥4, ≥3). The dashed diagonal
represents random (chance) classification, corresponding to an AUC of 0.50. Any ROC curve that
lies above this line demonstrates discriminatory power, whereas a curve on the line would add no
diagnostic information.

Optimal Diagnostic Thresholds Evaluation of dual-threshold: We evaluated dual-
threshold strategies combining TI-RADS and Bethesda (Figure 2; Supplementary Table S1).
The combination of TI-RADS ≥ 4 and Bethesda ≥ 4 achieved Se 59.0%, Sp 96.2%, PPV 98.4%,
NPV 36.8%, and a high Youden index (J = 0.552). Although TI-RADS ≥ 3 and Bethesda ≥ 5
yielded the numerically highest Youden J in the tested grid (0.562), this rule is largely driven by
Bethesda V (which is already managed as high suspicion and mostly with a surgical approach),
whereas TI-RADS ≥ 4 AND Bethesda ≥ 4 is clinically more informative for the gray-zone
Bethesda III–IV categories where triage decisions are most challenging.
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Figure 2. Youden Index for selected dual-threshold AND rules (TI-RADS + Bethesda). Youden index
(J = Se + Sp − 1) for selected dual-threshold AND rules: TI-RADS ≥ 3 AND Bethesda ≥ 5, TI-RADS ≥ 4
AND Bethesda ≥ 4, and TI-RADS ≥ 4 AND Bethesda ≥ 5. Values are computed on the histology subset
(n = 131). Sensitivity and specificity for each rule are shown beneath the bars.

In contrast, OR strategies increased sensitivity at the cost of specificity; for example,
TI-RADS ≥ 4 OR Bethesda ≥ 3 yielded Se 95.2% and Sp 26.9% (J = 0.222), and TI-RADS ≥ 4
OR Bethesda ≥ 4 yielded Se 81.0% and Sp 38.5%. Some OR rules (e.g., 3 OR 3) showed
very high NPV in this surgically enriched subset because the test-negative group was
small; however, their very low specificity limits rule-out utility and generalizability.
Overall, no combined strategy achieved both high sensitivity and high specificity; the
selected AND rules function best as rule-in thresholds, whereas OR rules are not suitable
as standalone rule-out criteria.

Nodule Size and Malignancy Risk: Among the 131 histologically confirmed nodules,
those <16 mm unexpectedly showed a higher malignancy rate than larger nodules (86.6%
vs. 61.8%; p = 0.004; OR 4.0, 95% CI 1.62–9.89; Table 3). This paradox likely reflects selective
FNA of small nodules harboring suspicious sonographic or cytologic features. In the
indeterminate (Bethesda categories III–IV) subgroup, however, nodule size had no impact:
malignancy rates were virtually identical for <16 mm (77.1%) and ≥16 mm (78.6%; Fisher’s
p = 1.00; OR 0.92, 95% CI 0.21–4.13) (Supplementary Table S3). Consistent with this, ROC
treating size as continuous gave AUC = 0.66, whereas the single 16 mm split achieved
Se 0.80 and Sp 0.50.

Table 3. Malignancy rates and diagnostic accuracy for a 16 mm pathologic size cut-off (n = 131).

Size Group Benign (n) Malignant (n) Total % Malignant χ2 (1 df) p OR (95% CI)

<16 mm 13 84 97 86.6%

≥16 mm 13 21 34 61.8% 8.26 0.004 4.0 (1.62–9.89)

Total 26 105 131 80.2% — — —

Pearson χ2 (1 df). Odds ratio compares malignancy odds for <16 mm vs. ≥16 mm.

Analysis of Bethesda category III Subtypes: Sub-analysis of Bethesda category III
nodules revealed distinct sonographic profiles between subtypes. AUS-N (nuclear atypia)
had higher TI-RADS scores than AUS-O (other atypia), median 4.0 (IQR 4–5) vs. 3.0 (IQR
3–4); Mann–Whitney U p = 0.002. Malignancy rates did not differ significantly on the
histology subset, 87.5% (14/16) vs. 72.0% (18/25); Fisher’s exact p = 0.441 (Table 4).
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Table 4. Comparison of Bethesda III subtypes (AUS-N vs. AUS-O).

AUS Subtype All Bethesda III
Nodules (n)

Surgically Resected
(Malignant/Total)

Malignancy Rate
(%)

Median TI-RADS
(IQR)

AUS-O (other atypia) 128 18/25 72.0 3.0 (3–4)

AUS-N (nuclear atypia) 69 14/16 87.5 4.0 (4–5)

Unspecified/not
subclassified 1 — — —

Total 198 32/41 78.0 —

Mann–Whitney U for TI-RADS scores (p = 0.002); Fisher’s exact (two-sided) for malignancy (p = 0.441). Malignancy
is calculated only in the surgically resected subset.

Diagnostic Performance of Combined TI-RADS and Bethesda Thresholds: Detailed
diagnostic performance analysis showed:

• The combination of TI-RADS ≥ 3 and Bethesda ≥ 5 provided perfect specificity (100%)
and PPV (1.00), although with reduced sensitivity (56.2%).

• TI-RADS ≥ 4 and Bethesda ≥ 4 delivered a clinically useful rule-in balance (Sp 96.2%,
PPV 98.4%, Youden J 0.552), particularly relevant to Bethesda categories III–IV triage.

• “OR” combination strategies, such as TI-RADS ≥ 4 or Bethesda ≥ 3, increased sensitivity
to 95.2% but drastically reduced specificity (26.9%) and Youden index (0.222).

Overall, our analysis strongly supports a dual-modality diagnostic approach using
combined TI-RADS and Bethesda thresholds, especially for Bethesda categories III–IV nodules,
improving specificity and clinical decision-making precision in managing indeterminate
thyroid nodules (Figure 3).

Figure 3. Conceptual framework and key diagnostic metrics for dual-modality evaluation of ACR
TI-RADS and 2023 Bethesda System in thyroid nodule stratification. Conceptual framework and key
diagnostic metrics for dual-modality evaluation of ACR TI-RADS and the 2023 Bethesda System.
Examples: TI-RADS ≥ 3 AND Bethesda ≥ 5 (Sp 100%, PPV 100%, Se 56.2%); TI-RADS ≥ 4 AND
Bethesda ≥ 4 (Sp 96.2%, PPV 98.4%, Se 59.0%); TI-RADS ≥ 4 OR Bethesda ≥ 3 (Se 95.2%, Sp 26.9%).
See Supplementary Table S1 for the complete rule set.

Illustrative cases. Figure 4 presents representative multimodal examples across the
spectrum from TI-RADS 3/Bethesda II (benign) to TI-RADS 5/Bethesda V (malignant),
demonstrating the sonographic–cytologic–histologic progression.
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Figure 4. Radiological, cytological, and histopathological correlation of three thyroid nodules with
increasing malignancy risk. (A) Benign nodule (TI-RADS 3/Bethesda II). (a) Ultrasonography shows
a well-circumscribed, isoechogenic solid nodule (26 mm) surrounded by a thin hypoechoic rim in the
midline of the right thyroid lobe. (b) Cytology reveals moderately cellular smears with monolayered
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follicular cell sheets lacking atypia (MGG stain, Bethesda II). (c) Histopathology shows variable-
sized dilated follicles lined by flattened epithelium consistent with nodular hyperplasia (H&E stain).
(B) Indeterminate nodule with atypia (TI-RADS 4/Bethesda III). (a) Ultrasonography shows a 15 mm
well-defined, hypoechogenic solid nodule posterior to the midline of the right lobe. (b) Cytology shows
follicular epithelial cells with mild nuclear enlargement, irregular contours, and eccentric nuclei sug-
gestive of atypia (MGG stain, Bethesda III—nuclear atypia). (c) Histopathology demonstrates complex
papillary architecture and nuclear features of papillary thyroid carcinoma (H&E stain). (C) Malignant
nodule (TI-RADS 5/Bethesda V). (a) Ultrasonography reveals a 15 mm irregular, hypoechogenic solid
nodule in the left lobe midline, with microcalcifications and capsular disruption. (b) Cytology reveals
papillary groups and isolated atypical epithelial cells with nuclear pseudoinclusions, grooves, and
dense cytoplasm (MGG stain, Bethesda V). (c) Histopathology shows a classic variant of papillary
thyroid carcinoma characterized by complex branching papillae, fibrovascular cores, nuclear clearing,
grooves, and inclusions (H&E stain).

4. Discussion
Our study presents a prospective evaluation of the diagnostic synergy between the

updated 2023 Bethesda System and the ACR TI-RADS in managing indeterminate thyroid
nodules (Bethesda categories III–IV). The findings underline the added value of combining
these two established frameworks to enhance risk stratification and guide clinical decision-
making more precisely. The study included 1009 consecutive thyroid nodules assessed with
contemporaneous ACR TI-RADS and 2023 Bethesda classification, and diagnostic accuracy
analyses were based on the 131 nodules with surgical histopathologic confirmation.

In our analysis, the Bethesda System demonstrated significantly superior discrimi-
natory performance compared to TI-RADS alone (AUC 0.87 vs. 0.69; DeLong p = 0.041),
consistent with prior studies highlighting the higher predictive accuracy of cytological
assessment over US-based classification for malignancy prediction [5,21]. In the surgically
resected cohort, this stronger discriminatory contribution of cytology, together with the
added value of combined TI-RADS/cytology assessment, was particularly relevant for
resolving diagnostic ambiguity in Bethesda III-IV nodules and supporting more reliable
interdisciplinary triage.

Within the Bethesda III–IV histology subset, malignancy risk correlated with TI-RADS
category: TR3 84.2% (16/19), TR4 68.2% (15/22), and TR5 100% (7/7). These findings align
with those reported by Middleton et al. [15], who emphasized that high-risk sonographic
features significantly increase the likelihood of malignancy, underlining the clinical value
of integrating ultrasound with cytology for more informed decision-making. Historically,
ROM for AUS/Bethesda III has been reported as <15%, although several large cohorts have
documented rates approaching 50% [6,7,9–11,22,23]. Indeterminate categories (Bethesda
III–IV) account for roughly one quarter of FNAs [6,7], and a uniform management standard
is still lacking. Our substantially higher ROM likely reflects the surgically enriched cohort
and tightly standardized interpretations in our setting. Similar verification-bias effects have
been reported in tertiary-referral AUS/FLUS series, where excision-based malignancy rates
are much higher than enrollment-based rates [23]. However, the updated 2023 Bethesda
criteria (including refined definitions of atypia and AUS subtyping) may also shift the case
mix classified as Bethesda III compared with older series, potentially contributing to higher
observed ROM [7]. Our design does not allow us to disentangle the effect of classification
updates from surgical selection/referral patterns in explaining the high Bethesda III ROM.

A dual-threshold strategy performed best for rule-in. The combination TI-RADS ≥ 4
AND Bethesda ≥ 4 achieved Se 59.0%, Sp 96.2%, PPV 98.4%, and a high Youden index
(J = 0.552), reflecting prior observations that adding targeted US features to cytology boosts
specificity and PPV with minimal sensitivity loss [22,24,25]. By contrast, OR strategies
traded specificity for sensitivity; for example, TI-RADS ≥ 4 OR Bethesda ≥ 3 yielded
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Se 95.2% but Sp 26.9% (J = 0.222), and TI-RADS ≥ 4 OR Bethesda ≥ 4 yielded Se 81.0%,
Sp 38.5%. Although some OR rules (e.g., 3 OR 3) showed very high NPV in this surgically
enriched subset, their very low specificity limits rule-out utility and generalizability.
Overall, the selected AND rules function best as confirmatory rule-in thresholds (see
Figure 2 and Supplementary Table S1).

These metrics highlight the optimal balance between sensitivity and specificity, support-
ing prior literature that advocates combining US risk stratification systems with cytological
interpretation to enhance diagnostic precision and reduce unnecessary surgeries [13,14]. Most
comparative TI-RADS studies report performance at single risk-category cut-offs (e.g., ‘biopsy
all TI-RADS ≥ 4’) without incorporating the diameter thresholds that guideline algorithms
mandate (e.g., TI-RADS 4 nodules ≥ 15 mm; TI-RADS 5 nodules ≥ 10 mm). By contrast, our
analysis applies these size criteria alongside category scores, thereby more closely indicating
the recommended clinical workflow and offering a more realistic assessment of diagnostic
accuracy [4,12,24]. This context supports our choice to analyze both category cutoffs and
combined criteria. In a recent Bethesda III-IV cohort, ACR TI-RADS showed the highest
specificity and NPV, and achieved the highest AUC (0.842) and PPV, underlining that US
systems trade sensitivity for specificity differently [4,24–27]. Our specificity of 96.2% and PPV
of 98.4% at TI-RADS ≥ 4/Bethesda ≥ 4 mirrors that high-specificity profile.

Comparable high proportions have been noted elsewhere: one series reported 71%
malignancy in TR4 and 100% in TR5, but emphasized the very small surgical subset
(n = 10) [22] in malignancy from 0% in TR1 to 88.8% in TR5; although no TR1 nodules were
present in our cohort, we similarly observed progressively higher malignancy rates with
increasing TI-RADS categories [22,28].

In the context of TI-RADS and Bethesda classification, nodule diameter provided only
marginal additional predictive value. In the full histology cohort, smaller nodules (<16 mm)
were more often malignant than larger ones (86.6% vs. 61.8%; p = 0.004; OR 4.0; Table 3). This
inverse size–malignancy association should be interpreted cautiously, as selective biopsy and
surgical referral of sonographically and/or cytologically suspicious small nodules may enrich
the smaller-size group for malignancy. Although a component-level sonographic feature
breakdown was not available, ACR TI-RADS categories are derived from these features,
and the surgically confirmed cohort was predominantly TI-RADS TR4–TR5 (97/131, 74%),
consistent with preferential work-up of sonographically suspicious nodules, including smaller
nodules. Size alone performed poorly as a classifier (AUROC 0.66). When we narrowed to
Bethesda III–IV, the effect disappeared (77.1% vs. 78.6%; p = 1.00; OR 0.92; see Supplementary
Table S3), underlining how unstable size is once cytologic and sonographic morphology
render a nodule “indeterminate”. Others have reported similar findings: a recent series of
Bethesda III nodules found no size–ROM association (p = 0.55) [25], and a meta-analysis of
indeterminate lesions showed higher malignancy in nodules <4 cm (37% vs. 15%), albeit
with extreme between-study heterogeneity (I2 = 99%) [16]. In that context, the high size
thresholds in ACR TI-RADS make sense, as they were designed to reduce benign FNAs, not
to declare small nodules biologically safe. This approach is consistent with findings from large
real-world registries: ACR TI-RADS recommends biopsy in only ~29% of 27,933 nodules,
25–50% fewer than ATA, K TI-RADS, or EU TI-RADS [18]. The flip side is that a few cancers
will fall below those size triggers: authors warn that the TR3 2.5 cm cut-off can miss small
tumors, and Huang et al. found 5.7% of TR4 and 25% of TR5 cancers were <1.5 cm [17].
Sonographic and cytologic morphology should remain the primary drivers of escalation; size
should be interpreted as a procedural threshold variable, not an independent risk marker. By
prioritizing sonographic and cytologic morphology over size thresholds alone, this approach
may facilitate earlier identification and management of clinically significant nodules that
would otherwise fall below biopsy cut-offs, potentially reducing delayed presentation with

https://doi.org/10.3390/endocrines7010012

https://doi.org/10.3390/endocrines7010012


Endocrines 2026, 7, 12 11 of 14

very large (‘giant’) thyroid tumors described in surgical series; however, this outcome was not
assessed in the present study [29].

Despite significantly higher median TI-RADS scores in AUS-N compared with AUS-O
(median 4.0 [IQR 4–5] vs. 3.0 [IQR 3–4]; Mann–Whitney p = 0.002), malignancy rates
did not differ (87.5% [14/16] vs. 72.0% [18/25]; Fisher’s p = 0.441). See Table 4 and
Supplementary Table S4. This pattern reflects older reports using the FLUS/architectural
atypia category (now equivalent to AUS-O in the 2023 Bethesda System): for example,
Baser et al. documented an AUC of 0.58 for TI-RADS ≥ 4c in AUS-N with no meaningful
discrimination in FLUS [11], and Słowińska Klencka et al. found EU TI-RADS outperformed
repeat FNA in AUS-N but not in architectural-atypia/FLUS [10]. Moreover, standalone
TI-RADS performance in our cohort was modest in AUS-N (AUC 0.61) and poor in AUS-O
(AUC 0.44). Therefore, cytologic subtype remains an essential context, and TI-RADS should
augment, but not replace, cytological assessment.

Finally, applying a dual threshold of TI-RADS ≥ 4 together with Bethesda ≥ 4 identi-
fied a high-risk subset in the full cohort (specificity 96.2%, PPV 98.4%, Youden index 0.552;
see Figure 2 and Supplementary Table S1).

The histologically confirmed subset was enriched for malignancy due to surgical
selection bias, as surgery was preferentially performed in nodules with higher clini-
cal/sonographic/cytologic suspicion, which may have inflated the positive predictive
value (PPV) and overall ROM; sensitivity/specificity are less affected by prevalence.
Accordingly, PPV is likely overestimated and NPV underestimated in this surgically
enriched cohort relative to an unselected FNA population, limiting the generalizability
of prevalence-dependent predictive values. Ultrasound data were captured primarily
as overall ACR TI-RADS categories rather than individual component features (com-
position, echogenicity, shape, margins, and echogenic foci), which limited feature-level
comparisons between size groups. The consistently high ROM observed, particularly in
indeterminate categories, likely reflects standardized diagnostic workflows implemented
by an experienced radiologist and cytopathologist, a methodological strength that can
also introduce interpretive bias. Because borderline entities such as NIFTP, WDT-UMP,
and FT-UMP commonly arise from indeterminate cytology, their exclusion may increase
the apparent ROM within Bethesda III–IV compared with series that include these
outcomes in the non-malignant/borderline denominator. Published series comparing TI-
RADS frameworks are largely retrospective with small surgically confirmed subsets and
notable interobserver variability, factors that likely explain the wide ROM ranges (e.g.,
29–82% across TR4/4c) [22,25,27]. Our prospective, single-team design reduces some
variability but simultaneously enriches ROM; this consistently high ROM, especially
within indeterminate categories, likely reflects expert, standardized protocols (single
radiologist/cytopathologist) and a surgically enriched cohort, phenomena also noted
in comparative TI-RADS studies [6,22,25,27]. Molecular testing, which could further
stratify risk, was not included due to logistical constraints and represents a direction for
future refinement. In current clinical practice, molecular testing is an important adjunct
for Bethesda III–IV nodules, particularly for rule-out strategies and to reduce poten-
tially avoidable surgery [6,28,30]. Our combined TI-RADS/Bethesda approach is not
proposed as a replacement for molecular testing; rather, it may complement molecular
testing by identifying higher-risk nodules for escalation and may provide pragmatic
risk stratification when molecular testing is unavailable or resource-limited. Future
studies should evaluate combined imaging–cytology strategies alongside molecular
testing in broader, less surgically enriched cohorts. While the single-center design may
limit generalizability, this is counterbalanced by the prospective nature of data collection,
the use of uniform reporting criteria (2023 Bethesda System and ACR TI-RADS), and the
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consistency of interpretation across imaging and cytology, which collectively strengthen
internal validity.

In light of its prospective design, standardized diagnostic protocols, and integrated
analytical approach, this study provides clinically relevant evidence supporting the use
of combined cytological and sonographic criteria to improve risk stratification and guide
management decisions in indeterminate thyroid nodules.

5. Conclusions
This prospective study strengthened the diagnostic superiority of combining ACR

TI-RADS and Bethesda scoring for Bethesda III–IV thyroid nodules. The dual-strategy
approach significantly enhances diagnostic specificity and risk stratification, addressing
critical limitations when relying solely on cytological or ultrasonographic assessments.
Our findings advocate a morphology-driven approach over traditional size-based decision-
making, emphasizing the importance of sonographic features in optimizing clinical man-
agement strategies. Future guidelines and clinical protocols should consider incorporating
combined diagnostic thresholds as standard practice to reduce unnecessary interventions
and improve patient outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/endocrines7010012/s1, Table S1: Top dual-threshold rules by
Youden (histology subset; Table S2: AUROC Comparison of Predictors for Malignancy; Table S3:
16 mm cut-off applied only to Bethesda III–IV nodules (n = 49); Table S4: Comparison of Bethesda
category III Subtypes (AUS-N vs. AUS-O).
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