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ABSTRACT

RAS mutations are prevalent in indeterminate thyroid nodules, but their association with malignancy risk and utility
for diagnosis remains unclear. We performed a systematic review and meta-analysis to establish the clinical value
of RAS mutation testing for cytologically indeterminate thyroid nodules. PubMed and Embase were systematically
searched for relevant studies. Thirty studies comprising 13,328 nodules met the inclusion criteria. Random effects
meta-analysis synthesized pooled estimates of R4S mutation rates, risk of malignancy with RAS positivity, and
histologic subtype outcomes. The pooled mutation rate was 31 % (95 % CI 19-44 %) among 5,307 indeterminate
nodules. NRAS mutations predominated at 67 % compared to HRAS (24 %) and KRAS (12 %). The malignancy
rate with R4S mutations was 58 % (95 %CI=48-68 %). RAS positivity increased malignancy risk 1.7-fold (RR
1.68, 95 %CI=1.21-2.34, p=0.002), with significant between-study heterogeneity (12=89 %). Excluding one out-
lier study increased the relative risk to 1.75 (95 %CI=1.54-1.98) and 12 to 14 %. Funnel plot asymmetry and Eg-
ger's test (p=0.03) indicated potential publication bias. Among RAS-positive malignant nodules, 38.6 % were fol-
licular variant papillary carcinoma, 34.1 % classical variant, and 23.2 % follicular carcinoma. No statistically sig-
nificant difference in the odds of harboring RAS mutation was found between subtypes. In conclusion, R4S muta-
tion testing demonstrates clinical utility for refining the diagnosis of cytologically indeterminate thyroid nodules.
Positivity confers a 1.7-fold increased malignancy risk, supporting use for personalized decision-making regarding
surgery vs. monitoring. Follicular variant papillary carcinoma constitutes the most common RAS-positive malig-
nant histological subtype.

Keywords: Genomic mutations, indeterminate thyroid nodules, fine needle aspiration cytology, thyroid carci-
noma, diagnostic accuracy, personalized medicine
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Figure 1: Graphical abstract

INTRODUCTION

Thyroid nodules are commonly encoun-
tered in clinical practice and are detected in
up to 65 % of the general population (Dean
and Gharib, 2008). At the same time, most
nodules are benign, and approximately 10-
15 % harbor malignancy (Kamran et al.,
2013). Fine needle aspiration (FNA) cytology
is the standard diagnostic test for thyroid nod-
ules, and the “Bethesda System for Reporting
Thyroid Cytopathology” is a widely accepted
framework that classifies thyroid FNA biopsy
results into six diagnostic categories, with
each category reflecting a distinct likelihood
of malignancy (Haugen et al., 2016). In brief,
the categories include I) non-diagnostic or un-
satisfactory, II) benign, I1I) atypia of undeter-
mined significance or follicular lesion of un-
determined significance (AUS/FLUS), 1V)
follicular neoplasm or suspicious for a follic-
ular neoplasm, V) suspicious for malignancy,
and VI) malignant. Categories III, IV, and V
are considered indeterminate and pose chal-
lenges in clinical management because they

do not clearly distinguish between benign and
malignant lesions. Consequently, these cate-
gories often require further diagnostic proce-
dures, such as molecular testing, to guide clin-
ical decisions (Haugen et al., 2016).

The risk of malignancy for Bethesda III
nodules ranges from 6-48 %, while Bethesda
IV carries a 16-73 % risk, and Bethesda V has
a 60-75 % risk (Singh and Wang, 2011). Due
to this uncertainty, most patients with indeter-
minate nodules are referred for diagnostic
thyroid surgery; however, only 20-37 %
prove to be malignant on final pathology
(Yang et al., 2007). This leads to potential
overtreatment and unnecessary surgical risks.

Various molecular markers have been
studied to improve the preoperative diagnosis
of indeterminate nodules, including BRAF
and RAS point mutations, RET/PTC rear-
rangements, and galectin-3 immunostaining
(Bartolazzi et al., 2018; Ferrari et al., 2018;
Lu et al., 2023; Patel et al., 2017). Studies
have demonstrated up to 70 % of papillary
thyroid cancer harbors a mutation (Oishi et
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al., 2017, Prete et al., 2020). Among these,
RAS mutations (in NRAS, HRAS, and KRAS
genes) are found in 10-20 % of papillary thy-
roid cancers (Gilani et al., 2022). Several
studies have evaluated RAS testing specifi-
cally in nodules with indeterminate cytology,
with mutation rates of 8.5 %-72 % reported
(An et al.,, 2015; Macerola et al., 2019;
Marotta et al., 2021).

While several individual studies have
been published, the diagnostic utility and clin-
ical significance of RAS mutations in indeter-
minate nodules remain unclear. In this sense,
we performed a systematic review and meta-
analysis to synthesize the existing evidence
on 1) the frequency of RAS mutations in inde-
terminate thyroid nodules and 2) the associa-
tion between RAS mutation status and risk of
malignancy. Additionally, we examined the
relationship between RAS mutations and his-
tologic subtypes of malignancy. Our findings
aim to clarify the diagnostic utility of RAS
mutation testing for triaging indeterminate
nodules.

MATERIALS AND METHODS

Search strategy

This meta-analysis followed the Preferred
Reporting Items for Systematic Review and
Meta-Analyses (PRISMA) guidelines. We
systematically searched PubMed and Embase
to cover the published articles between 2010-
2024, using a combination of relevant key-
words related to indeterminate thyroid nod-
ules, fine needle aspiration, RAS mutations,
and thyroid cancer. We manually screened the
reference lists of included studies and relevant
reviews for additional eligible studies.

Selection criteria

Studies were included if they met the fol-
lowing criteria: (1) evaluated indeterminate
thyroid nodules (Bethesda category III, IV, or
V) diagnosed by FNA, (2) assessed RAS mu-
tational status, (3) had surgical histopatholog-
ical confirmation of nodule diagnosis, (4) re-
ported data to calculate the proportion of RAS
mutations and/or the association between RAS
status and cancer risk. Case reports,

conference abstracts, editorials, and non-Eng-
lish studies were excluded.

Three investigators independently screen-
ed the titles, abstracts, and full texts of re-
trieved studies against the eligibility criteria.
Disagreements were resolved by consensus or
consultation with a fourth investigator if
needed.

Data extraction

Three investigators used a standardized
form to extract data from the included studies
on study characteristics (author, year, coun-
try, design), patient characteristics (age, sex,
nodule size), FNA details (Bethesda category,
sample size), number of nodules tested for
RAS, number of R4S mutations, final surgical
pathology diagnosis, and data for 2x2 tables
of RAS status (positive/negative) versus ma-
lignancy (positive/negative).

Study outcomes

The primary outcomes were the pooled
proportion of RAS mutations in indeterminate
nodules and the relative risk (RR) of malig-
nancy associated with RAS mutation positiv-
ity. Secondary outcomes included the odds ra-
tio for the histological subtype of malignancy
(classical/follicular variant papillary thyroid
cancer).

Single proportion meta-analysis

We calculated the pooled proportion of 1)
Bethesda category III/IV/V nodules and 2) the
rate of malignancy among surgically resected
indeterminate nodules using the Freeman-
Tukey double arcsine transformation to stabi-
lize the variances and then summarized the
proportions using a random effects meta-anal-
ysis model. For the rate of RAS mutations in
indeterminate nodules, we used an arcsine
square-root transformation to account for
studies with RAS mutation rates of zero. We
pooled the transformed proportions using a
random effects model.

Pairwise comparison meta-analysis
We used a Mantel-Haenszel random ef-
fects model to estimate the relative risk of
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malignancy associated with RAS mutation
positivity (Dettori et al., 2022). The between-
study variance was estimated using the Der-
Simonian-Laird method (Bakbergenuly et al.,
2020). We added a continuity correction of
0.5 to studies with zero events.

For the secondary outcome of the histo-
logical subtype, we used a Mantel-Haenszel
random effects model to calculate the odds ra-
tio of classical variant/follicular variant papil-
lary carcinoma associated with RAS muta-
tions. We used the same methods as above to
quantify and test for heterogeneity.

Heterogeneity analysis

For all proportion meta-analyses, we
quantified heterogeneity using the I° statistic
and tested for heterogeneity using Cochran's
Qtest (Westetal.,2010). We used the Knapp-
Hartung modification to account for uncer-
tainty in the estimated variance of each study
(Jackson et al., 2017). Confidence intervals
for individual studies were calculated using
the Clopper-Pearson method (Jackson et al.,
2017).

Identification via databases

Evaluation of publication bias

We assessed publication bias through vis-
ual inspection of funnel plots and quantita-
tively using Egger's regression test (Egger et
al., 1997). For estimates with evidence of
publication bias, we performed trim-and-fill
analysis to adjust for hypothetical missing
studies.

Sensitivity analyses and meta-regression
analysis

We conducted sensitivity analyses ex-
cluding studies with a high risk of bias, stud-
ies with inadequate sample size, and other
subgroup analyses to evaluate the robustness
of findings. All analyses were done in R ver-
sion 4.0.2 using the meta R and metafor pack-
ages.

RESULTS

Literature search

A systematic literature search identified
318 potentially relevant studies. After screen-
ing titles and abstracts, 52 articles were re-
trieved for full-text review. Thirty studies
with 13,328 nodules in 12,338 patients met
the final inclusion criteria (Figure 2).
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Study characteristics

The 30 included studies comprised 16
prospective and 14 retrospective designs, con-
ducted across 10 countries from 2010 to 2022,
including 10 studies from the USA (Beau-
denon-Huibregtse et al., 2014; Belovarac et
al., 2022; Guan et al., 2020; Gupta et al.,
2013; Lupo et al., 2020; Moses et al., 2010;
Nikiforov et al., 2011; Shrestha et al., 2016;
Stence et al., 2015; Valderrabano et al., 2017),
five from Italy (Cantara et al., 2010; Censi et
al., 2017; Colombo et al., 2021; De Napoli et
al., 2016; Macerola et al., 2019), and four

Table 1: Eligible article characteristics

Author, year Country  Study
[reference] De-
sign
Vishwanath, 2022 India P
Grimmichova, 2022 Czech P
Republic
Belovarac, 2022 USA R
Tolaba, 2021 Argentina P
Lu, 2021 China R
Colombo, 2021 Italy P
Song, 2020 China P
Ravella, 2020 France P
Lupo, 2020 USA R
Guan, 2020 USA P
Cho, 2020 Korea P
Chen, 2020 Canada P
Wu, 2019 China P
Macerola, 2019 Italy R
Valderrabano, 2017 USA R
Decaussin-Petrucci, France P
2017
Censi, 2017 Italy R
Shrestha, 2016 USA R
De Napoli, 2016 Italy R
Stence, 2015 USA R
Gill, 2015 Canada R
Bardet, 2015 France P
An, 2015 Korea R
Liu, 2014 China P
Eszlinger, 2014 Germany R
Beaudenon- USA P
Huibregtse, 2014
Gupta, 2013 USA R
Nikiforov, 2011 USA P
Moses, 2010 USA P
Cantara, 2010 Italy R

from China (Liu et al., 2014; Lu et al., 2021,
Song et al., 2020; Wu et al., 2019), among
others (An et al., 2015; Bardet et al., 2015;
Chenetal., 2020; Cho et al., 2020; Decaussin-
Petrucci et al., 2017; Eszlinger et al., 2014;
Gill et al., 2015; Grimmichova et al., 2022;
Ravella et al.,, 2020; Tolaba et al., 2021;
Vishwanath et al., 2022). Sample sizes ranged
from 42 to 2,306 nodules evaluated by FNA.
About 5,307 nodules were diagnosed as inde-
terminate, of which 3,327 underwent surgical
resection with histopathological confirmation
(Table 1).

Mean Age Sex, Total Pa- Total
(SD.) Male tients FNA
47.86 (15.8) 19 69 53
NA 35 178 178
NA NA NA 2306

NA NA NA 112

NA NA 369 394
NA NA NA 2215
NA NA 1055 1193
441 (14.4) 16 68 146
NA NA 309 309

NA NA 513 580

NA NA 430 430

54 (15.5) 37 50 50
47.6 (15.5) 9 43 43
48.9 (14.3) 112 511 617
55.7 (NA) 24 182 190
NA NA 326 326

NA 44 199 199

48 (15) NA 261 261
44 (NA) 68 258 258

NA NA 41 42

NA NA 60 60

NA NA 131 131
50.8 (13.8) 11 65 155
NA NA 310 310

NA NA 310 310

NA NA 581 737

NA NA 66 68
NA NA 729 967

51 (15) NA 417 453
51.2(13.8) 36 174 235

P: Prospective; R: Retrospective; SD: Standard deviation; NA: Not applicable; FNA: Fine needle aspiration
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Pooled rates in indeterminate nodules

The pooled proportion of Bethesda cate-
gory III/TV/V nodules was 93 % (95 % CI,
73-99 %) (Figure 3). The frequency ranged
from 13 % to 100 %.

For indeterminate subtypes, atypia of un-
determined significance or follicular lesion of
undetermined significance (AUS/FLUS) oc-
curred in 44 % (95 % CI, 31-59 %), follicular
neoplasm (FN) in 42 % (95 % CI, 28-57 %),
and suspicious for malignancy (SUSP) in
18 % (95 % CI, 13-24 %) (Figure 4).

Study Events Total
Vishwanath 2022 127 178
Grimmichova 2022 432 2306
Belovarac 2022 112 112
Tolaba 2021 116 394
Lu 2021 166 2215
Colombo 2021 196 1193
Song 2020 146 146
Ravella 2020 309 309
Lupo 2020 401 580
Guan 2020 149 430
Cho 2020 50 50
Chen 2020 131 131
Wu 2019 41 43
Macerola 2019 36 53
Valderrabano 2017 114 617
Decaussin-Petrucci 2017 190 190
Censi 2017 257 326
Shrestha 2016 199 199
De Napoli 2016 125 261
Stence 2015 258 258
Gill 2015 41 42
Bardet 2015 60 60
An 2015 65 155
Liu 2014 63 310
Eszlinger 2014 164 310
Beaudenon-Huibregtse 2014 97 737
Gupta 2013 63 68
Nikiforov 2011 967 967
Moses 2010 137 453
Cantata 2010 95 235
Common effect model 13328

Random effects model

Mutation rate of RAS genes in
indeterminate nodules

Out of the whole population, 91 % (95 %
CI, 76 %-97 %) of patients with indetermi-
nate nodules underwent surgery. Of these,
29 % (95 % CI, 18 %-43 %) had positive RAS
mutation (Figure 5). Among RAS mutations,
NRAS mutations predominated at 67 % (95 %
CI, 55-79 %), followed by HRAS 24 % (95 %
CI, 19-29 %) and KRAS 12 % (95 % CI, 5-
22 %).
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Figure 3: Forest plots show a pooled proportion of indeterminate thyroid nodules across the studies
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(A) (B)
Study Events Total Proportion 95%-ClI Study Events Total Proportion 95%-ClI
Vishwanath 2022 23 36 5—}.— 0.64 [0.46; 0.79] Vishwanath 2022 8 36 0.22 [0.10; 0.39
Grimmichova 2022 52 127 H 0.41 [0.32; 0.50] Grimmichova 2022 36 127 0.28 [0.21; 0.37
Belovarac 2022 295 432 N 0.68 [0.64; 0.73] Belovarac 2022 63 432 0.15 [0.11; 0.18
Tolaba 2021 44 112 '-: 0.39 [0.30; 0.49] Tolaba 2021 68 112 0.61 [0.51; 0.70]
Colombo 2021 64 166 . ' 0.39 [0.31: 0.46] Colombo 2021 74 166 0.45 [0.37; 0.52]
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Study Events Total Proportion 95%-CI
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Figure 5: Rate of RAS mutation in surgically resected indeterminate nodules

Rates of malignancy in RAS positive
indeterminate nodules

In surgically resected indeterminate nod-
ules, 31 % (95 % CI 19-44 %) harbored ma-
lignancy. Specifically, in indeterminate nod-
ules with positive RAS mutation, the malig-
nancy rate was 58 % (95 % CI, 47 %-69 %)
(Figure 6).

Risk of malignancy

RAS mutation positivity conferred a 1.68-
fold higher risk of malignancy (RR 1.68,
95 % CI, 1.21-2.34, p=0.002) (Figure 7).

Evaluation of bias and heterogeneity
analysis

There was evidence of publication bias by
Egger's test (p=0.03) and funnel plot asym-
metry (Figure 8). Sensitivity analysis and
Baujat plot indicated that heterogeneity was
partly explained by one outlier study
(Nikiforov et al., 2011). This study was re-
moved in a revised analysis for the relative
risk of malignancy in the presence of RAS mu-
tation (RR:1.75, 95 % CI 1.54-1.98) (Figure
9).
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Study Events Total Proportion 95%-CI

Vishwanath 2022 5 5 -—H 1.00 [0.48; 1.00]

Grimmichova 2022 9 15 - 0.60 [0.32; 0.84]

Belovarac 2022 5 6 ——i- 0.83 [0.36; 1.00]

Tolaba 2021 3 8 R 0.38 [0.09; 0.76]

Lu 2021 5 10 o 0.50 [0.19; 0.81)

Colombo 2021 1 9 4 0.11 [0.00; 0.48]

Song 2020 6 11 —— 0.55 [0.23; 0.83]

Ravella 2020 30 63 —I-f 0.48 [0.35;0.61]

Lupo 2020 17 58 = 0.29 [0.18; 0.43)

Guan 2020 12 47 - 0.26 [0.14; 0.40]

Che 2020 26 29 { 0.80 [0.73;0.98]

Chen 2020 12 13 —i 0.92 [0.64; 1.00]

Wu 2019 4 10 —i— 0.40 [0.12;0.74]

Macerola 2019 9 1 -—- 0.82 [0.48; 0.98]

Valderrabano 2017 4 16 ! 0.25 [0.07;0.52]

Decaussin-Petrucci 2017 23 40 —- 0.57 [0.41;0.73]

Censi 2017 19 36 - 0.53 [0.35; 0.70]

Shrestha 2016 1 23 —E;— 0.48 [0.27;0.69]

De Napoli 2016 2 3 - 0.71 [0.52; 0.86]

Stence 2015 3 9 ——— 0.33 [0.07;0.70]

Gill 2015 g8 16 + 0.50 [0.25;0.75]

Bardet 2015 4 8 —— 0.50 [0.16; 0.84]

An 2015 14 15 : —= 0.93 [0.68; 1.00]

Liu2014 1 6 - 0.17 [0.00; 0.64]

Eszlinger 2014 2 15 - 0.13 [0.02; 0.40]

Beaudenon-Huibregtse 2014 13 17 i 0.76 [0.50; 0.93]

Gupta 2013 48 59 i 0.81 [0.69; 0.90]

Nikiforov 2011 52 61 ' R 0.85 [0.74; 0.93] Figure 6: Rate of malignancy

Moses 2010 4 10 — 0.40 [0.12; 0.74) . oy .

Cantata 2010 12 13 % 092 [0.64:1.00] in RAS-positive surgically re-
; sected indeterminate thyroid

Common effect model 670 ¢ 0.57 [0.54; 0.61] nodules

Random effects model :& 0.58 [0.47; 0.69]

Heterogeneity: 1* = 77%, t* = 1.2235,p <0.01 T J
4 05 0 05 1

Proportions with 95% CI

Experimental Control Weight Weight
Study Events Total Events Total Risk Ratio RR 95%-C1 (fixed) (random)
Vishwanath, 2022 5 8 0 4 —tt—+———— 582 [041;83.26] 03% 1.2%
Grimmichova, 2022 9 54 6 76 A 211 [0.80; 5.58] 2.2% 3.5%
Belovarac, 2022 5 8 1 2 R 125 [0.28; 5.53]  0.7% 2.5%
Tolaba, 2021 3 14 5 44 e 189 [051; 6.91]  1.1% 2.9%
Lu, 2021 5 57 5 60 e 105 [032;3.44]  22% 3.1%
Colombo, 2021 1 20 8 46 —_— 0.29 [0.04; 2.15] 2.2% 1.8%
Song, 2020 6 33 5 51 i 1.85 [0.62; 5.59] 1.7% 3.3%
Ravella, 2020 30 31 33 38 ) 1.11 [0.97; 1.28] 13.2% 5.1%
Lupo, 2020 17 70 41 132 E 078 [048; 1.27] 12.7% 4.6%
Guan, 2020 12 34 35 77 : 0.78 [0.46; 1.30] 9.5% 4.6%
Cho, 2020 26 92 3 58 —. 5.46 [1.73;17.24] 1.6% 3.2%
Chen, 2020 12 19 1 2 — e 1.26 [0.30; 5.27]  0.8% 2.6%
Wu, 2019 4 12 6 29 —— 1.61 [0.55; 4.70] 1.6% 3.3%
Macerola, 2019 9 25 2 31 . 5.58 [1.32;23.52] 0.8% 2.6%
Valderrabano, 2017 4 12 12 22 o 0.61 [0.25; 1.48] 3.8% 3.7%
Decaussin-Petrucci, 2017 23 96 17 163 Jlr 2.30 [1.29; 4.08] 5.6% 4.4%
Censi, 2017 19 38 17 20 = 059 [0.41; 0.85]  9.9% 4.8%
Shrestha, 2016 11 19 12 41 —— 1.98 [1.07; 3.64] 3.4% 4.4%
De Napoli, 2016 22 90 9 168 [ 456 [2.19; 9.49] 2.8% 4.1%
Stence, 2015 3 9 6 7 — ! 039 [0.15; 1.03]  3.0% 3.5%
Gill, 2015 8 23 8 37 EE 161 [0.70; 3.69]  2.7% 3.9%
Bardet, 2015 4 21 4 110 — 5.24 [1.42;19.32] 0.6% 2.8%
An, 2015 14 17 1 4 N S 3.29 [0.59;18.24]  0.7% 2.2%
Liu, 2014 1 14 5 49 S i S 0.70 [0.09; 5.51]  1.0% 1.7%
Eszlinger, 2014 2 22 13 119 — 0.83 [0.20; 3.43] 1.8% 2.6%
Beaudenon-Huibregtse, 2014 13 28 4 30 1—-7 3.48 [1.29; 9.42] 1.7% 3.5%
Gupta, 2013 48 48 11 11 - H 1.00 [0.88; 1.13] 8.2% 5.1%
Nikiforov, 2011 52 121 9 392 ; —=—  18.72 [9.51;36.86] 1.9% 4.2%
Moses, 2010 4 42 6 83 —— 1.32 [0.39; 4.42] 1.8% 3.0%
Cantata, 2010 12 53 1 42 ; 9.51 [1.29;70.22] 0.5% 1.8%

;
H

Fixed effect model 1130 1948 é 1.75 [1.54; 1.98] 100.0% -
Random effects model <> 1.68 [1.21; 2.34] _ 100.0%
Heterogeneity: % = 89% ,  =0.5488 ,p <001

01 0512 10

Figure 7: Forest plots show the relative risk of malignancy conferred by RAS mutation positivity
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Figure 8: Funnel plot assessing publication bias in the relative risk analysis

Histopathological subtypes

Among RAS-positive malignant thyroid
nodules, the meta-analysis found that the fol-
licular variant of papillary thyroid cancer
(FV-PTC) constituted 38.60 % (95 % CI
23.40-56.30 %) of cases. The classical variant
of papillary thyroid cancer (CV-PTC) repre-
sented 34.10 % (95 % CI 19.50-52.40 %) of
cases. On the other hand, follicular thyroid
cancer (FTC) accounted for 23.20 % (95 %
CI 14.70-34.50 %) of RAS-positive malig-
nant nodules. Significant heterogeneity was
detected across the pooled estimates
(I12>50 %) (Table 2).

Furthermore, pairwise comparisons be-
tween the subtypes revealed no statistically
significant differences in the odds of harbor-
ing RAS mutations. Specifically, the odds ra-
tio for FV-PTC versus CV-PTC was 1.06
(95 % C1 0.25-4.37; p=0.93). The FTC versus
CV-PTC comparison yielded an odds ratio of
0.64 (95 % CI 0.22-1.82; p=0.40), and the
FTC versus FV-PTC comparison showed an
odds ratio of 0.51 (95% CI 0.15-1.68;
p=0.26) (Table 3).

DISCUSSION

In this systematic review and meta-analy-
sis of 30 studies with over 13,000 thyroid
nodules, we found that RAS mutations are
prevalent in approximately 30 % of nodules

with indeterminate fine needle aspiration cy-
tology. A RAS mutation was associated with
a 1.7-fold increased risk of malignancy.
Among RAS-positive malignant nodules, the
odds of classical variant papillary thyroid car-
cinoma were nearly ten times higher com-
pared to follicular carcinoma. These findings
suggest that RAS mutational testing may have
clinical utility for refining the diagnosis of in-
determinate nodules.

The 29 % pooled rate of RAS mutations
we identified is within the 18-43 % generally
reported for sporadic papillary thyroid can-
cers (Zhou et al., 2023). However, prior stud-
ies in indeterminate nodules have reported
RAS mutation frequencies of 26-34 %, more
concordant with our estimate (Gill et al.,
2015; Macerola et al., 2019; Song et al.,
2020). The prevalence likely reflects enrich-
ment for R4S mutations among cytologically
indeterminate nodules.

We found RAS positivity significantly
predicts malignancy, conferring a 1.7-fold in-
creased risk, although the data exhibited het-
erogeneity. This aligns with recent studies
demonstrating that molecular profiling adds
incremental diagnostic value over clinical
features and ultrasound for thyroid nodules
with indeterminate cytology (Morand et al.,
2024; Stewardson et al., 2023). Specifically, a
previous meta-analysis found that R4S-muta-
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Table 2: Pooled proportion of pathological variant among RAS-positive malignant nodules

Histological variant Proportion LL UL 12 p-value
Classical variant PTC 34.10 % 19.50 % 52.40 % 66.20 % <0.001
Follicular variant PTC 38.60 % 23.40 % 56.30 % 71.80 % <0.001

Follicular thyroid cancer 23.20 % 14.70 % 34.50 % 50.50 % 0.002

PTC: papillary thyroid cancer; LL and UL: lower and upper limits of 95 % confidence interval. The inverse variance method was
used for meta-analytically pooling the proportions across studies. This involved weighting each study based on its precision. The
between-study variance (tau-squared) was estimated using a restricted maximum likelihood estimator to account for heterogene-
ity. Logit transformation was applied to the individual study proportions before meta-analysis to normalize the data. The Clopper-
Pearson method was utilized to calculate confidence intervals for the individual study proportions. Finally, a continuity correction

of 0.5 was applied in studies with zero cell frequencies.

Table 3: Pairwise subtype comparison based on histopathological types

Pairwise OR
FV-PTC vs CV-PTC 1.06
FTC vs. CV-PTC 0.64
FC vs. FV-PTC 0.51

LL UL p-value
0.25 4.37 0.93
0.22 1.82 0.4
0.15 1.68 0.26

FV-PTC: follicular variant papillary thyroid carcinoma; PTC: papillary thyroid carcinoma; FTC: follicular thyroid carcinoma; OR:
odds ratio; LL: lower limit; UL: upper limit. The Mantel-Haenszel method was utilized for pooling, the DerSimonian-Laird estimator
for quantifying between-study variance, and continuity correction was applied in studies with zero cell frequencies.

ted indeterminate nodules have a positive pre-
dictive value of 78 % and a positive likeli-
hood ratio of 4.23, suggesting further investi-
gation into the RAS mutation in indeterminate
nodules for diagnostic accuracy (Clinkscales
et al., 2017).

A recent multicenter, multinational retro-
spective study examined thyroid nodules with
a wider range of Bethesda III to VI cytology
through expansive molecular profiling, in-
cluding ThyGenX/ThyGeNEXT and Thy-
roSeq V3 tests (Morand et al., 2024). Notably,
the study identified RAS-like alterations pre-
dominantly in Bethesda III and IV nodules,
which aligns with the focus of our meta-anal-
ysis. These RAS-like mutations were associ-
ated with a lower likelihood of extrathyroidal
extension, nodal disease, and aggressive his-
tology, which further illuminates the diagnos-
tic subtleties that RAS mutation testing can
bring to the clinical evaluation of indetermi-
nate thyroid nodules. However, while this
study provides valuable insights into the po-
tential for molecular testing to predict

malignant behavior and guide patient man-
agement, it encompasses a broader range of
nodules than our analysis, including Bethesda
VI and a variety of molecular alterations be-
yond those in the RAS gene family. The in-
clusion of a mix of RAS-like and non-RAS
mutations, and especially the inclusion of Be-
thesda VI category nodules, which are known
to have a high likelihood of malignancy, sug-
gest divergent clinical implications that are
beyond the scope of our investigation, thus
not meeting our eligibility criteria. Neverthe-
less, their findings complement our results by
highlighting the importance and utility of
RAS mutation testing among the array of mo-
lecular diagnostic tools. Future studies could
build upon these results, examining the impli-
cations of conducting molecular profiling that
targets specific mutation types across a tightly
defined range of Bethesda categories, ulti-
mately contributing to a more personalized
approach to thyroid nodule management.

It is worth noting that the risk conferred
by RAS mutations appears more modest than
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other markers like BRAFV*™E, which carry
higher specificity for papillary thyroid cancer
(Zou et al., 2014).

Our study estimates the distribution of
RAS mutation subtypes in indeterminate nod-
ules, with NRAS codominant at 67 %, fol-
lowed by HRAS and KRAS. Previous reviews
have suggested NRAS mutations predominate
but lacked sufficient data to quantify the rela-
tive distribution (Clinkscales et al., 2017).
RAS subtype may have implications for prog-
nostication, as NRAS and KRAS mutations
have been associated with less aggressive dis-
ease, whereas HRAS mutations confer a
higher probability of carcinoma outcome risk
(Radkay et al., 2014).

Regarding histopathological outcomes,
our meta-analysis found RAS-positive malig-
nant nodules harbored a distribution of 34 %
classical variant PTC, 39 % follicular variant
PTC, and 23 % follicular thyroid carcinoma.
There was significant heterogeneity across
studies for all subtype estimates. The predom-
inance of classic and follicular variant PTC
histologies likely reflects the known associa-
tion between RAS mutations and papillary
carcinoma, rather than follicular carcinoma,
in  thyroid malignant transformation
(Cameselle-Teijeiro et al., 2020). The lack of
distinction in RAS mutation prevalence be-
tween subtypes indicates that cytological phe-
notype does not necessarily confer genotype
specificity. Overall, RAS analysis can im-
prove diagnostic accuracy without neces-
sarily providing definitive subclassification
capacity between PTC variants. Additional
large-scale studies are still needed to clarify if
subtle inter-subtype differences exist in the
likelihood of harboring RAS mutations.

Currently, the ATA guidelines issue a
weak recommendation for molecular testing
to help guide the management of cytologi-
cally indeterminate thyroid nodules (Haugen,
2017). Based on our findings, we suggest that
RAS analysis is a useful diagnostic adjunct for
nodules with indeterminate cytology. Testing
can be readily performed on FNA cytology
samples prior to surgical decision-making.
Given that, nearly half of the indeterminate

nodules harbor RAS mutations, which confer
an increased risk of malignancy, a positive
RAS test result may prompt consideration of
surgical excision or more frequent ultRA-
Sound follow-up instead of continued obser-
vation. Negative RAS testing suggests lower
malignancy risk, providing reassurance for
conservative management.

Incorporating RAS analysis into indeter-
minate thyroid nodule evaluation may reduce
unnecessary surgeries for benign nodules and
allow earlier diagnosis of R4S-positive clas-
sical variant papillary cancers. There is poten-
tial value for RAS subtyping as well. Addi-
tional studies are still needed to determine if
RAS mutations can stratify malignant risk
within the AUS/FLUS, FN, and SUSP Be-
thesda categories. Future research should also
examine the prognostic significance and pre-
dictive value of RAS mutations regarding re-
sponse to adjuvant therapy in thyroid cancer
patients.

Several limitations should be considered
when interpreting our meta-analysis. There
was significant between-study heterogeneity,
which may reflect differences in geographic
cohorts, molecular methods, and histopatho-
logical classification across studies. To miti-
gate this issue, we conducted sensitivity anal-
yses, which achieved homogeneity after ex-
cluding an outlier study. Additionally, eligi-
ble studies were observational. Consequently,
the potential for residual confounding factors
cannot be ruled out.

Furthermore, while focusing on RAS sta-
tus, we recognize that other germline and so-
matic mutations might coexist and influence
the outcomes, but these factors were not ac-
counted for in our analysis due to data limita-
tions. A significant gap in our meta-analysis
is the inability to assess the prognostic signif-
icance of RAS mutations, mainly because
most of the included studies did not provide
follow-up data, which limits our understand-
ing of the long-term implications of these mu-
tations in the studied population. Finally,
providing a nuanced understanding of how
RAS mutation status might correlate with ma-
lignancy risk across different genders could
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have valuable implications for personalizing
the management of thyroid nodules and is an
essential suggestion for progressing the field.

CONCLUSIONS

Our analysis highlights that while RAS
testing can improve diagnostic accuracy, it
does not necessarily offer definitive subclas-
sification capacity between thyroid carci-
noma variants. Given that a significant pro-
portion of indeterminate nodules harbor RAS
mutations with an associated increased malig-
nancy risk, a positive RAS test may influence
management decisions, from surgical exci-
sion to more intensive monitoring, whereas
negative results may support conservative
management. In conclusion, incorporating
RAS analysis in evaluating indeterminate thy-
roid nodules could reduce unnecessary sur-
geries and facilitate earlier diagnosis of cer-
tain cancers. Further studies are warranted to
determine the prognostic significance of RAS
mutations.
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