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Abstract

Purpose The current study explored the association between 2-['®F]fluoro-2-deoxy-D-glucose (['*F]JFDG) uptake and the
quantitative expression of immunohistochemical markers related to glucose metabolism, hypoxia, and cell proliferation in
benign and malignant thyroid nodules of indeterminate cytology.

Procedures Using a case—control design, 24 patients were selected from participants of a randomized controlled multicenter trial
(NCT02208544) in which ['"*F]FDG-PET/CT and thyroid surgery were performed for Bethesda III and IV nodules. Three equally
sized groups of ["*F]FDG-positive malignant, [*F]JFDG-positive benign, and ['®F]JFDG-negative benign nodules were included.
Immunohistochemical staining was performed for glucose transporters (GLUT) 1, 3, and 4; hexokinases (HK) 1 and 2; hypoxia-
inducible factor-1 alpha (HIF1o; monocarboxylate transporter 4 (MCT4); carbonic anhydrase IX (CA-IX); vascular endothelial
growth factor (VEGF); sodium-iodide symporter (NIS); and Ki-67. Marker expression was scored using an immunoreactive score.
Unsupervised cluster analysis was performed. The immunoreactive score was correlated to the maximum and peak standardized
uptake values (SUV ., SUV ) and SUV,, ratio (SUV,,, of nodule/background SUV . of contralateral, normal thyroid) of the
['"®FIFDG-PET/CT using the Spearman’s rank correlation coefficient and compared between the three groups using Kruskal-Wallis
tests.

Results The expression of GLUT1, GLUT3, HK2, and MCT4 was strongly positively correlated with the SUV .., SUV o,
and SUV _,, ratio. The expression of GLUT1 (p=0.009), HK2 (p=0.02), MCT4 (p=0.01), and VEGF (p=0.007) was statisti-
cally significantly different between ['®F]JFDG-positive benign nodules, ['*FJFDG-positive thyroid carcinomas, and ['*F]JFDG-
negative benign nodules. In both ['®F]JFDG-positive benign nodules and ['*F]JFDG-positive thyroid carcinomas, the expression
of GLUT1, HK2, and MCT4 was increased as compared to ['®F]FDG-negative benign nodules. VEGF expression was higher
in ["*F]FDG-positive thyroid carcinomas as compared to [*F]JFDG-negative and ['®F]FDG-positive benign nodules.
Conclusions Our results suggest that ['*FJFDG-positive benign thyroid nodules undergo changes in protein expression simi-
lar to those in thyroid carcinomas. To expand the understanding of the metabolic changes in benign and malignant thyroid
nodules, further research is required, including correlation with underlying genetic alterations.

Key words Thyroid Nodule - ['®F]FDG-PET/CT - Immunohistochemistry - Glycolysis - Glucose Metabolism

Introduction metabolic activity in tissues and is successfully applied for

the diagnosis, staging, and monitoring of many types of

Positron emission tomography/computed tomography
(PET/CT) using the glucose analogue 2-['®F]fluoro-
2-deoxy-D-glucose (['8F]FDG) visualizes (increased)
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cancers and inflammatory disorders [1]. ['*F]FDG-PET/
CT exploits the Warburg effect, a well-known phenomenon
in oncology describing the altered metabolism in malig-
nancies: as compared to a low rate of glycolysis followed
by oxidative phosphorylation in normal tissues, increased
glycolysis and lactic fermentation is observed in cancer,
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even in the abundancy of oxygen and functioning mito-
chondria [2].

In differentiated thyroid carcinoma (DTC), higher ['8F]
FDG uptake is associated with more aggressive histopathol-
ogy, tumor dedifferentiation, BRAFY®"E mutations, and
other features related to an adverse prognosis [3—7].

In thyroid nodules of indeterminate cytology (defined as
Bethesda classification category III or IV), a negative ['*F]
FDG-PET/CT accurately rules out malignancy with a 94%
sensitivity and could avoid 40% of futile diagnostic surgeries
for benign nodules [8, 9]. The specificity of ['®F]FDG-PET/
CT in cytologically indeterminate thyroid nodules, however,
is mere 40% as many benign nodules also show increased
(false positive) ['*F]FDG uptake [9].

It is currently only partly understood which alterations
in the glucose metabolism underly the differences in ['*F]
FDG uptake among various types of benign and malignant
thyroid nodules.

In tumorigenesis in general, increased glucose influx
into the cell by increased expression of glucose transporters
(GLUT) is considered the primary mechanism behind the
upregulated glucose metabolism [10-12]. Next, upregulation
of the enzyme hexokinase (HK) causes increased glucose
phosphorylation as the initiating step in glycolysis. As ['®F]
FDG-6-phosphate, in contrast to glucose-6-phosphate, can-
not be degraded, HK activity results in increased accumula-
tion of ['F]FDG [10]. Although ['®F]FDG uptake cannot be
considered a surrogate for tumor hypoxia, the expression of
hypoxia-inducible factor-1 alpha (HIF1a) has been associ-
ated with ['*F]JFDG uptake [13-15]. HIF1a is a major glyco-
lytic transcription factor, regulating the expression of many
hypoxia- and glycolysis-related enzymes, including GLUT,
monocarboxylate transporter 4 (MCT4), and carbonic anhy-
drase IX (CA-IX) [16]. Whereas MCT4 transports the lac-
tate formed during (an)aerobic glycolysis out of the cell,
CA-IX neutralizes the accompanying pH disturbances by
regulating the reversible hydration of carbon dioxide [13,
17-19]. MCT4 and CA-IX are also upregulated by intracel-
lular acidification resulting from lactate formation following
aerobic glycolysis [16, 20].

As a part of tumor growth and progression, ['*FIFDG
uptake is also associated with increased cell proliferation,
reflected by the expression of nuclear protein Ki-67, which,
in turn, is associated with tumor aggressiveness [21-23].
Moreover, vascular endothelial growth factor (VEGF)
promotes tumor cell growth and is one of the main factors
involved in angiogenesis in cancer, induced by hypoxia
through HIF1a [24, 25]. As glucose delivery is a function
of perfusion, VEGF expression and ['®F]FDG uptake are
also associated in various cancer types [26, 27].

Finally, as ['®F]FDG uptake is related to tumor dedif-
ferentiation in thyroid carcinoma, an inverse relationship
is observed between ['®F]FDG and iodine uptake. While
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the glucose metabolism enhances, dedifferentiating thyroid
carcinomas gradually lose their functional iodine uptake,
reflected by the loss of the basal membranous expression of
the sodium-iodide symporter (NIS) [28-30].

The association between ['*F]JFDG uptake and the expres-
sion of various metabolic markers has been investigated in
papillary thyroid carcinoma (PTC) in a limited number of
studies with mixed results [13, 21, 26, 31-34]. Studies in
other benign and malignant thyroid nodules infrequently
included ['®*F]FDG-PET/CT data [17-19, 22, 26, 34-37].
To the best of our knowledge, no studies were previously
performed in cytologically indeterminate thyroid nodules.

In the current study, we explored the association between
["*F]FDG uptake and the expression of immunohistochemi-
cal markers related to glucose transport, glucose metabo-
lism, hypoxia, and cell proliferation in (hemi)thyroidectomy
specimens of thyroid nodules with indeterminate cytology.
We aimed to find correlations to explain why many benign
thyroid nodules show increased [ FIFDG uptake and why
the specificity of ['*FIFDG-PET/CT is limited in indeter-
minate nodules, ultimately aiming to better understand the
pathophysiology of these nodules.

Material and Methods
Study Design and Case Selection

The study included patients with a Bethesda III or IV thyroid
nodule who underwent an ['®F]JFDG-PET/CT scan of the
neck and had diagnostic thyroid surgery in the context of
their participation in the Efficacy of FDG-PET in Evalua-
tion of Cytological indeterminate Thyroid nodules prior to
Surgery (EfFECTS) trial. This prospective, randomized con-
trolled multicenter trial included 132 patients and was per-
formed in 15 hospitals in the Netherlands between July 2015
and December 2019 (Clinicaltrials.gov: NCT02208544).
Inclusion criteria and comprehensive study procedures of
this trial were previously described [9]. For the current
explorative study, including post hoc analyses of the trial
data, an individually matched case—control design was cho-
sen. We aimed to include 24 patients in three groups: eight
true positives (TP), defined as patients with a visually ['®F]
FDG-positive and histopathologically malignant index nod-
ule (i.e., differentiated (non-medullary) thyroid carcinoma),
eight false positives (FP), defined as patients with a visually
['8F]FDG-positive and histopathologically benign index
nodule, and eight true negatives (TN), defined as patients
with a visually ['®F]JFDG-negative and histopathologically
benign index nodule. ['*F]FDG-negative, histopathologi-
cally malignant index nodules (i.e., false negative ['*F]FDG-
PET/CT) are rare and were not selected for the current study
[9]. Prior to any immunohistochemical study procedures,
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patients were selected for the current study from the original
trial cohort by two of the researchers (EK and DV) based
on the best possible match of individual patients between
the three study groups while securing a balanced selection
of histopathological diagnoses within groups, representative
for the diagnoses found in the original trial and with a repre-
sentative range in the degree of ['®F]FDG uptake (expressed
as the maximum standardized uptake value, or SUV ., in
g/mL) per diagnosis [9]. Between groups, patients were
matched based on sex, age at the time of the ['®F]FDG-PET/
CT scan, histopathological size of the index nodule, and
the presence of Hiirthle cells in the histopathology sam-
ple. TP and FP cases were additionally matched based on
the SUV_,,, of the index nodule. Patients were not eligible
for inclusion in the current study if the thyroid nodule was
smaller than 10 mm (due to possible limitations regarding
the spatial resolution of the PET/CT scanner), if there was
either an [18F]FDG-positive hotspot within an ['8F]FDG-
positive nodule or central photopenia (to limit the possi-
bility of sampling error), if the ['*FJFDG-PET/CT images
showed signs of thyroiditis throughout the thyroid includ-
ing the index nodule, if the last fine needle aspiration cytol-
ogy procedure (FNAC) and ['8F]JFDG-PET/CT scan were
less than 4 weeks apart (i.e., to limit the possibility of ['*F]
FDG-positivity due to reactive tissue damage repair changes
following FNAC), if no histopathology was available (i.e.,
following patient treatment allocation in the EfFECTS trial),
and/or if review of the histopathology showed signs of lym-
phocytic thyroiditis or necrosis in the index nodule (i.e., to
limit the possibility of false positive or false negative ['*F]
FDG-PET/CT readings, respectively).

The trial, including the current secondary analysis,
was approved by the Medical Research Ethics Committee
on Research Involving Human Subjects region Arnhem-
Nijmegen, Nijmegen, the Netherlands. Written informed
consent was obtained from each of the participants prior to
any study activities.

FDG-PET/CT Acquisition, Reconstruction,
and Analysis

During the EfFECTS trial, all participants underwent a sin-
gle ['"8FIFDG-PET/CT of the neck. Scans were acquired
by 20 different scanners at 12 EARL-accredited study sites
using a standard acquisition and reconstruction protocol in
accordance with European Association of Nuclear Medicine
(EANM) guidelines [1]. Patients fasted for at least 6 h, and
serum glucose levels were between 4 and 11 mmol/L. PET
acquisition was scheduled 60 (55—75) min after intravenous
bolus administration of ['®F]JFDG. The administered activ-
ity was dependent on body weight, scan speed, bed overlap,
and scanner sensitivity, equivalent to 3.45 MBq/kg (4 min/
bed, <25% bed overlap). Low-dose, non-contrast-enhanced

CT (1dCT) scans were acquired for attenuation correction
of PET images.

All scans were centrally assessed by two independent,
experienced nuclear medicine physicians (DV, LF). They
were blinded to patient allocation and all clinical and cyto-
logical data except for the ultrasonographic size and location
of the index nodule, to ensure its correct identification. For
the visual assessment, any focal ['*F]JFDG uptake within
the thyroid that was visually higher than the physiological
background ['®F]FDG uptake of the surrounding normal thy-
roid tissue and that corresponded to the index nodule in size
and location was considered positive (Fig. 1). Quantitative
image analyses were performed using OsiriX Lite DICOM-
viewer (Pixmeo SARL, Bernex, Switzerland). SUV compu-
tation was validated after each mandatory software version
update. The SUV ., and peak SUV (SUV .\, defined as the
maximum average SUV within a 1 cm? spherical volume) of
the index nodule were semi-automatically measured. Body
weight-corrected values were used. The SUV_,, ratio was
calculated by dividing the SUV_, of the nodule by the back-
ground SUV_ . of normal thyroid tissue in the contralateral
lobe. ['®F]JFDG-positive foci in the thyroid that did not cor-
respond to the index nodule in size and location (i.e., thyroid
incidentalomas) were not analyzed in the current study.

Histopathology

During the EfFECTS trial, all postoperative patient manage-
ment was based on the /ocal histopathological diagnosis.
For scientific purposes and to limit the effect of any inter-
observer variability, all (hemi)thyroidectomy specimens
were centrally reviewed by a dedicated thyroid pathologist
(AE) in accordance with the WHO classification (4th edi-
tion) [38]. In case of discordance with the local diagnosis, an
additional dedicated thyroid pathologist (BK) was consulted
to reach consensus. Local and central histopathologists were
blinded to the ['F]FDG-PET/CT result; the two central
pathologists were also blinded to the local histopathological
diagnosis. Incidentally detected (micro)carcinomas located
outside the index nodule were not considered for the main
outcome measure.

Immunohistochemistry

Indirect chromogenic immunohistochemical staining was
performed on 5-pm thick paraffin-embedded tissue sections
on coated slide glasses. We used primary antibodies against
GLUT1 (RB-9052-P, Thermo Fisher Scientific, Waltham,
MA, USA; dilution 1:500), GLUT3 (RB-9096-P, Immu-
nologic, WellMed BV, Duiven, the Netherlands; 1:300),
GLUT4 (ab654, Abcam, Cambridge, UK: 1:1000), HK1
(MA5-15,680, Invitrogen™, Thermo Fisher Scientific;
1:7500), HK2 (MA5-15,679, Invitrogen™, Thermo Fisher

@ Springer



486

Molecular Imaging and Biology (2023) 25:483-494

['*FIFDG-
PET/CT
GLUT1

J k
HK2

m n
MCT4

P 0% ok 7 q
VEGF )

Fig.1 Representative ['®F]JFDG-PET/CT images and immunohis-
tochemical staining patterns for the three groups. Transverse and
coronal ['*FJFDG-PET/CT images of a right-sided, 19-mm, visually
['8F]FDG-negative follicular adenoma (TN group) with a SUV,,,.
of 2.2 g/mL (a, d), a right-sided, 25-mm, visually [ISF]FDG—positive
follicular adenoma (FP group) with a SUV_,. of 8.0 g/mL (b, e), and
a left-sided, 40-mm, visually ['8F]FDG-positive minimally invasive
FTC (pT2NOMx, TP group) with a SUV_,, of 10.0 g/mL (with con-
tralateral [18F]FDG—positive multinodular goiter) (c, f). Illustrative,
representative microscopy images (X40) of the immunohistochem-
istry stains observed in each of the groups show absent GLUT1 (g),
weak HK?2 (j), weak MCT4 (m), and intermediate VEGF (p) expres-
sion in TN nodules; weak cytoplasmic GLUT1 (h), intermediate HK2

Scientific; 1:200), HIF1a (ab2185, Abcam; 1:250), MCT4
(anti SLC16A4, HPA046986, Sigma-Aldrich®, Saint Louis,
MO, USA; 1:200), CA-IX (NB100-417, Novus Biologi-
cals™, Bio-techne, Centennial, CO, USA; 1:250), VEGF
(555,036, Pharmingen™, Becton Dickinson Biosciences,
San Diego, CA, USA; 1:100), NIS (ABC1453, Merck Milli-
pore, Burlington, MA, USA; 1:2000), and Ki-67 (M724001,
DAKO Agilent, Santa Clara CA, USA; 1:25).

Tissue sections were deparaffinized and rehydrated.
Next, GLUT1, GLUTS3, HIF1a, CA-IX, and Ki-67 staining
was performed using a semi-automated immunostainer

@ Springer

(k), intermediate MCT4 (n), and intermediate VEGF (q) expression
in FP nodules; and intermediate GLUT]1 (i), intermediate HK2 (1),
intermediate MCT4 (0), and strong VEGF (r) expression in TP nod-
ules. In addition, several FP and TP nodules showed strong membra-
nous GLUT1 expression in<10% of cells (h). Note: the ['*FIFDG-
PET/CT images and microscopy images in each column represent
multiple patients from each group to represent the average findings
per group; single patients with immunohistochemistry results con-
sistent with the group average were not available. FP, false positives.
FTC, follicular thyroid carcinoma. GLUT, glucose transporter. HK,
hexokinase. MCT4, Monocarboxylate transporter 4. SUV . . maxi-
mum standardized uptake value. TN, true negatives. TP, true posi-
tives. VEGF, vascular endothelial growth factor.

(Thermo Scientific, Labvision™ 488) following a stand-
ardized protocol according to manufacturer instructions.
GLUT4, HK1, HK2, MCT4, VEGF, and NIS staining was
performed manually. Detailed immunohistochemistry
procedures are provided in the Supplementary data. In
summary, antigen retrieval was performed, non-specific
immunoreactivity was blocked, and slides were subse-
quently incubated with primary and secondary antibodies.
Slides were incubated using 3,3-diaminobenzidine (DAB)
as chromogen. Negative control samples were processed
without primary antibodies. Positive control tissues were
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Table 1 Baseline TN FP TP
characteristics®
n=8 n=38§ n=2_8 p
Female 6 (75%) 5 (63%) 5 (63%) 0.83°
Age (years) (mean +SD) 5124123 54.0+11.8 54.2+20.3 0.91¢
Nodule size on histopathology, 33 (25-45) 26 (21-43) 35 (21-44) 0.83¢
mm (median, IQR)
Thyroid function
TSH, mU/L (median, IQR) 1.20 (0.46-2.05)  1.65(0.98-2.80) 1.55(1.18-1.75) 0.21¢
fT4, pmol/L (median, IQR) 16.1 (13.6-17.4)  14.1 (13.3-15.5) 13.8 (12.0-19.8)  0.53¢
['®FIFDG-PET/CT scan
SUV,,. (g¢/mL) (median, IQR) 2.1 (1.2-2.3) 7.0 (4.5-31.0) 11.1 (4.2-20.8) <0.001%¢
SUV eq (¢/mL) (median, IQR) 1.7 (1.0-2.1) 4.8 (4.0-24.6) 9.6 (2.8-15.8) 0.002*
SUV,,,ratio (median, IQR) 1.0 (0.8-1.2) 4.3 (2.3-14.3) 6.2 (1.6-14.0) <0.001%¢
Histopathological diagnosis
Hyperplastic nodule 4 (50%) 2(25%)
Follicular adenoma 4 (50%) 4 (50%)
Hiirthle cell adenoma 2(25%)
PTC 2 (25%)
FVPTC 1 (12.5%)
FTC, minimally invasive 3(37.5%)
HCC, minimally invasive 2(25%)
TNM stage
Tla 0 (0%)
Tlb 2 (25%)
T2 4 (50%)
T3 2 (25%)
NO/x 6 (75%)
Nla 2 (25%)

FP, false positives. FTC, follicular thyroid carcinoma. FVPTC, follicular variant PTC. HCC, Hiirthle cell
carcinoma. IQR, interquartile range. PTC, papillary thyroid carcinoma. SD, standard deviation. TN, true

negatives. TP, true positives

*Individual patient characteristics are presented in Supplementary Table 2

PPearson’s chi-squared
“One-way ANOVA
dKruskal-Wallis test

Post hoc analysis: SUV . p=0.001* between TN and FP groups, p <0.001* between TN and TP groups,

and p=0.89 between FP and TP groups; SUV,

p=0.003* between TN and FP groups, p=0.001*

eak

between TN and TP groups, and p=0.83 between FP and TP groups; SUV_, -ratio p=0.001* between TN
and FP groups, p <0.001* between TN and TP groups, and p=0.89 between FP and TP groups

used as recommended by the manufacturer. Finally, slides
were counterstained with hematoxylin and dehydrated.
All slides were reviewed to quantify the expression of
the immunohistochemical markers by evaluating the DAB
staining by two members of the research team (EK and AE),
who were blinded to the clinical data and ['"*FIFDG-PET/CT
results (Fig. 1). The staining was assessed using the Remmele
and Stegner immunoreactive score (IRS) by multiplying the
staining intensity (score 0-3: negative, weak, intermediate,
strong) with the proportion of stain-positive cells in the index
nodule (score 0-4: 0%, 1-10%, 11-50%, 51-80%, > 80%)
(Supplementary Table 1) [39]. Consequently, the minimum

IRS of 0 represents absent staining, and the maximum IRS
of 12 represents strong staining in a majority of cells in
the lesion. For the Ki-67 stain, the proliferation index was
assessed as the percentage of cells with positive nuclear
staining (score 1-3:<3%, 3—5%,> 5%) among at least four
representative fields of 100 tumor cells.

Statistical Analysis

Baseline characteristics were compared between the allo-
cated groups using Pearson’s chi-square for categorical
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TP: PTC (SUVmax 15.9)
[ | TP: FTC (SUVmax 10.0)

x
3
FP: HCA (SUVmax 14.9)
|| I TP: PTC (SUVmax 2.5)
TP: HCC (SUVmax 12.3)
TP: HCC (SUVmax 22.4)

FP: FA (SUVmax 46.7)

FP: HCA (SUVmax 36.4)
I TN: NH (SUVmax 2.3)
TN: NH (SUVmax 1.4)
TN: NH (SUVmax 2.3)
TN: FA (SUVmax 2.2)
TN: FA (SUVmax 1.1)
TP: FTC (SUVmax 5.7)
[ FP:NH (SUVmax 5.9)
FP: NH (SUVmax 2.7)

TP: FTC (SUVmax 50.0)
TN: FA (SUVmax 3.0)
FP: FA (SUVmax 4.9)

FP: FA (SUVmax 4.4)

TN: NH (SUVmax 2.0)
FP: FA (SUVmax 8.0)

TP: FVPTC (SUVmax 3.7)
TN: FA (SUVmax 0.7)

Fig.2 Dendrogram heatmap showing the unsupervised cluster analy-
sis of all 11 immunohistochemical stains of the 24 thyroid nodules,
including the group, histopathological diagnosis, and SUV_ . of
these nodules. The IRS is presented on a scale from 0 (dark blue,
absent stain) to 12 (dark red, strong stain in<80% of tumor cells).
CA-IX, carbonic anhydrase IX. FA, follicular adenoma. FP, false pos-
itives. FTC, follicular thyroid carcinoma. FVPTC, follicular variant
PTC. GLUT, glucose transporter. HCA, Hiirthle cell adenoma. HCC,
Hiirthle cell carcinoma. HIFla, Hypoxia-inducible factor-1 alpha.
HK, hexokinase. IRS, immunoreactive score. MCT4, Monocarboxy-
late transporter 4. NH, nodular hyperplasia. NIS, sodium-iodide sym-
porter. PTC, papillary thyroid carcinoma. SUV_ .., maximum stand-
ardized uptake value. TN, true negatives. TP, true positives. VEGF,
vascular endothelial growth factor.

data and one-way ANOVA or Kruskal-Wallis tests for
continuous data, where appropriate. Unsupervised cluster
analysis with ordered leaves was performed using the IRS
of all stains and Ki-67 proliferation index and visualized
in a dendrogram with heat map. The IRS of all stains
was correlated with each other, the SUV .., SUV ., and
SUV .« ratio using the Spearman’s rank correlation coef-
ficient with its degrees of freedom (r [df]). Next, the IRS
of all immunomarkers was compared between TN, FP,
and TP groups using Kruskal-Wallis (omnibus) tests and
visualized using violin plots. In case the Kruskal-Wal-
lis test indicated statistical significance, Dunn’s post
hoc tests were used for each pair of groups, and p values
are presented. Counteracting for multiple comparisons
was performed using Bonferroni correction; statistical
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significance after correction is indicated by an asterisk
(*). A p value of 0.05 or less was considered statistically
significant. Statistical analysis was performed using IBM
SPSS Statistics version 27 (IBM Corp., Armonk, NY,
USA) and Orange: Data Mining Toolbox version 3.30.2
(Bioinformatics Lab, University of Ljubljana, Slovenia)
[40].

Results

Twenty-four patients were included, of which 16 (67%)
were female. The mean age was 53.1 + 14.7 years. The
median nodule size was 30 mm (interquartile range
24-45). SUV . SUV oy, and SUV , ratio were statis-
tically significantly different between the groups (Table 1).
These differences were significant between TN and FP and
between TN and TP groups, but not between FP and TP
groups.

Unsupervised cluster analysis (Fig. 2) indicated fair
clustering of nodules in TN, FP, and TP groups based on
the IRS of the 11 immunomarkers. Many lesions with a
high SUV_,, appeared to have a high expression of multi-
ple markers, including FP as well as TP nodules.

The expression of multiple markers moderately posi-
tively correlated with each other: GLUT1 to GLUTS3,
GLUT4, HK2, and MCT4; GLUT3 to HK2, MCT4, and
Ki-67; HK1 to NIS; HK2 to GLUT4, MCT4, and VEGF;
and MCT4 to Ki-67 (Fig. 3).

The expression of GLUT1, GLUT3, HK2, and MCT4
was strongly positively correlated with the SUV_ ..,
SUV ea> and SUV , ratio (Table 2). For GLUT1, both
its cytoplasmic (r,(22)=0.715, p<0.001) and membra-
nous (r,(22)=0.450, p =0.03) expressions were related to
the SUV,,,.. For GLUT3, only its cytoplasmic expression
was correlated with the SUV . (r,(22)=0.649, p <0.001).

The expression of GLUT1, HK2, MCT4, and VEGF
was statistically significantly different between the TN,
FP, and TP groups (Fig. 4). Post hoc analysis demonstrated
that the expression of GLUT1, HK2, and MCT4 was simi-
larly increased in FP and TP nodules as compared to the
expression in TN nodules. VEGF expression was higher
in TP as compared to both TN and FP nodules. VEGF
expression was similar in TN and FP groups.

Discussion

When performing and interpreting ['®F]FDG-PET/
CT scans, we should aim to understand the underlying
pathophysiological processes at a cellular and molecular
level. In indeterminate thyroid nodules, the specificity of
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GLUT1 r.(22)
P
GLUT3 r.(22) 0.579
p 0.003
GLUT4 r(22) 0.526 0.343
p 0.008 0.10
HK1 r(22) 0.139 0.235 -0.069
p 0.52 0.27 0.75
HK2 rs(22) 0.556 0.406 -0.022
p - 0.005 0.05 0.92
HIF1a r.(22) 0.131 0.198 0.039 0.376 -0.036
p 0.54 0.35 0.86 0.07 0.87
mMCT4 rs(22) 0.200 0.296 0.557 0.233
CA-IX rs(22) 0.051 0.261 0.058 0.276 0.203 0.172 0.383
p 0.81 0.22 0.79 0.19 0.34 0.42 0.07
VEGF r{(22) 0.347 0.130 0.220 0.089 0.434 0.324 0.260 0.034
p 0.10 0.55 0.30 0.68 0.03 0.12 0.22 0.88
NIS r(22) -0.171 0.176 0.203 0.416 -0.125 0.309 -0.180 0.283 -0.270
p 0.42 0.41 0.34 0.04 0.56 0.14 0.40 0.18 0.20
Ki-67 r(22) 0.241 0.436 -0.062 0.030 0.122 -0.100 0.462 -0.050 -0.088 -0.394
p 0.26 0.03 0.77 0.89 0.57 0.64 0.02 0.82 0.68 0.06
GLUT1 GLUT3 GLUT4 HK1 HK2 HIF1a mMCT4 CA-IX VEGF NIS Ki-67

Fig.3 Spearman’s rank correlation coefficients (r,, df =22) of the IRS
of the 11 immunohistochemical markers, presented on a color scale
from—1 (dark blue) to 1 (dark red). CA-IX, carbonic anhydrase IX.
GLUT, glucose transporter. HIF1a, Hypoxia-inducible factor-1 alpha.

['8FIFDG-PET/CT is limited, as many benign nodules
also show increased ['®F]FDG uptake [9]. The current
explorative study demonstrated that ['SF]JFDG uptake
in indeterminate thyroid nodules was positively corre-
lated with the expression of GLUT1, GLUT3, HK2, and
MCT4. ["®F]FDG-positive benign thyroid nodules and

HK, hexokinase. IRS, immunoreactive score. MCT4, Monocarboxy-
late transporter 4. NIS, sodium-iodide symporter. VEGF, vascular
endothelial growth factor.

['8F]FDG-positive thyroid carcinomas with indetermi-
nate cytology showed increased expression of GLUTI,
HK2, and MCT4 as compared to the expression in
['8F]FDG-negative benign nodules. The expression of
VEGF was similar in [ISF]FDG—positive and ['®F]FDG-
negative benign nodules, which was lower than in ['*F]

Table 2 Correlations between

the IRS and SUV SUV ax SUV peak SUV,,,, ratio

IHC stain T T p T p
GLUT1 0.731 <0.001 0.731 <0.001 0.720 <0.001
GLUT3 0.579 0.003 0.556 0.005 0.582 0.003
GLUT4 0.301 0.15 0.315 0.13 0.294 0.16
HK1 0.182 0.40 0.237 0.27 0.096 0.66
HK2 0.695 <0.001 0.681 <0.001 0.707 <0.001
HIFla 0.102 0.64 0.111 0.61 0.124 0.56
MCT4 0.760 <0.001 0.765 <0.001 0.740 <0.001
CA-IX 0.152 0.48 0.113 0.60 0.166 0.44
VEGF 0.373 0.07 0.393 0.054 0.359 0.09
NIS -0.270 0.20 -0.270 0.20 —-0.262 0.22
Ki-67 0.319 0.13 0.275 0.19 0.354 0.09

CA-IX, carbonic anhydrase IX. GLUT, glucose transporter. HIF1a, Hypoxia-inducible factor-1 alpha. HK,
hexokinase. IRS, immunoreactive score. MCT4, Monocarboxylate transporter 4. NIS, sodium-iodide sym-
porter. r, Spearman’s rank correlation coefficient (df=22). SUV, standardized uptake value. VEGF, vascu-

lar endothelial growth factor
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«Fig.4 Violin plots demonstrating the between-group comparison of
the IRS of all IHC stains, including the median (white dot), inter-
quartile range (thick black whisker), range (thin black whisker), and
density based on counts (kernel). The boldfaced p value (bottom of
each plot) represents the overall p value (Kruskal-Wallis test). The
horizontal braces and corresponding p values represent the p values
between two groups (post hoc Dunn’s test). Single asterisk (*) indi-
cates statistical significance after Bonferroni correction for multiple
comparisons. CA-IX, carbonic anhydrase IX. FP, false positives.
GLUT, glucose transporter. HIF1a, Hypoxia-inducible factor-1 alpha.
HK, hexokinase. IRS, immunoreactive score. MCT4, Monocarboxy-
late transporter 4. NIS, sodium-iodide symporter. TN, true negatives.
TP, true positives. VEGF, vascular endothelial growth factor.

FDG-positive thyroid carcinomas. GLUT3 expression was
strongly correlated with the SUV metrices, but not sta-
tistically significantly different between the TN, FP, and
TP groups in the current dataset. These results indicate
that glucose metabolism-related alterations in the protein
expression of ['®F]FDG-positive benign thyroid nodules
may be similar to alterations occurring in thyroid carci-
nomas, at least in those deriving from cytologically inde-
terminate nodules.

To the best of knowledge, our study is the first to assess
immunohistochemical staining for metabolic markers in
comparison to ['®F]FDG-PET/CT results in cytologically
indeterminate thyroid nodules.

The previous, heterogeneous studies of these markers
in thyroid carcinomas showed mixed results, possibly hin-
dered by their oftentimes limited sample size and statisti-
cal power [21, 26, 33, 34]. An increased expression of
GLUTs and HKs was observed in PTC and to a lesser
extent in follicular thyroid carcinoma (FTC) as compared
to follicular adenoma (FA) and normal thyroid tissue [18,
35, 36, 41]. An association between ['*FIFDG uptake and
the increased expression of GLUTs and HKs was previ-
ously observed in DTC but remained unconfirmed in the
latest studies [13, 21, 26, 31-34]. ["*F]FDG-positive PTC
showed a higher expression of HIF1a as compared to ['*F]
FDG-negative PTC [13]. Higher expression of MCT4 and
CA-IX was previously found in poorly differentiated and
anaplastic thyroid carcinoma as compared to PTC and FTC
and in FTC as compared to FA [18, 19]. MCT4 was not
previously associated to ['*F]FDG uptake in thyroid neo-
plasms. Increased expression of VEGF was observed in
both PTC and FTC as compared to FA and multinodular
goiter [24, 33, 42]. In PTC and FTC, CA-IX, VEGEF, and
NIS expression appeared unrelated to ['®F]FDG uptake
[26, 33, 34]. The Ki-67 proliferation index was higher in
FTC than FA [37]. In a single study, the Ki-67 prolifera-
tion index was also associated with the SUV_,, in PTC
[21].

The current study does not resolve the origin of the
enhanced glucose metabolism and increased ['*F]FDG
uptake in the malignant and part of the benign thyroid

nodules. In thyroid carcinomas, ['®F]FDG uptake likely
reflects metabolic alterations caused by oncogenic mutations
in various pathways. In PTC, the presence of a BRAFY6%E
mutation is associated with ['*F]JFDG uptake and with over-
expression of GLUT1, GLUT3, HK2, HIFla, MCT4, and
CA-IX and loss of NIS expression [18, 32, 43, 44]. In vitro
studies also suggested the influence of RAS mutations on
['|FIFDG uptake [45]. GLUT1 expression is also regulated
by the PI3K/AKT/mTOR pathway, and in FTC, loss of func-
tion of PTEN increased the membrane expression of GLUT1
in vitro [46, 47]. Thus, at least a part of the benign nodules
may carry genetic alterations that cause metabolic changes
similar to those in thyroid carcinomas.

Hiirthle cell neoplasms are considered a separate entity
among the follicular cell-derived thyroid neoplasms. They
are distinct in their clinical and biological behavior and
carry different genetic alterations, primarily characterized
by copy number alterations [48-50]. Malignant as well as
benign Hiirthle cell neoplasms are almost without exception
strongly ['®F]FDG-positive, likely due to the abundance in
mitochondria which is a typical feature of oncocytic cells
[9, 51]. In two previous studies, the expression of GLUT1,
HK2, MCT4, and CA-IX and the Ki-67 proliferation index
were higher in Hiirthle cell thyroid carcinoma and adenoma
as compared to their non-oncocytic counterparts [19, 37].
In the current study, we included two Hiirthle cell adeno-
mas and two Hiirthle cell carcinomas, all with high SUV .
(range 12.3 to 36.4 g/mL). Similar to literature, all four
Hiirthle cell lesions also showed remarkable and relatively
strong expression of GLUTs, HK2, MCT4, and most other
markers (Fig. 2).

In previous studies in thyroid cancer, correlations were
established between various metabolic markers and signs of
adverse prognosis. For example, GLUT1 overexpression was
associated with tumor dedifferentiation, lymph node metas-
tasis, and shorter overall survival [18, 22, 35, 36]. HIF1«
overexpression was associated with metastasis in FTC [17].
A high Ki-67 index was correlated with aggressive malig-
nant behavior in both PTC and FTC [23, 37]. Loss of NIS
expression was associated with tumor dedifferentiation
[30, 43]. In Hiirthle cell carcinoma, HK2 expression was
associated with a tumor size larger than 4 cm, MCT4 with
extrathyroidal tumor extension, and CA-IX with vascular
invasion [19]. In the current study, only a limited number
of thyroid carcinoma were included, and such prognostic
correlations could not be assessed.

The main limitations of the current study were its
case—control design, which is susceptible to selection bias,
and its limited sample size. The latter limited the statistical
power and may have caused underreporting of any effects.
As the study was designed as a secondary and explorative
analysis of data acquired during a randomized controlled
trial, the current study was not powered in advance to

@ Springer



492

Molecular Imaging and Biology (2023) 25:483-494

distinguish differences in immunohistochemical staining.
In addition, during the interpretation of the data, it was
assumed that the degree of immunohistochemical expres-
sion of metabolic markers positively correlated with the
functional activity of these proteins. This assumption may
not necessarily be correct and may be considered a general
limitation of immunohistochemical studies. For example,
immunohistochemical expression of NIS is not an accurate
predictor of radioiodine uptake [29].

In conclusion, the positive correlations between ['3F]
FDG uptake and GLUT1, GLUT3, HK2, and MCT4 expres-
sion and differential expression of GLUT1, HK2, and MCT4
in ["®F]JFDG-positive benign thyroid nodules and ['*F]FDG-
positive thyroid carcinomas as compared to ['*F]FDG-
negative benign nodules in the current study suggest that
these ['*F]JFDG-positive benign nodules undergo metabolic
changes similar to those in thyroid carcinomas. Further stud-
ies in larger populations are required to confirm the findings
of the current explorative study and unravel the underlying
cellular mechanisms. A more extensive assessment, includ-
ing a comparison of the genetic alterations, protein expres-
sion, and [ISF]FDG-PET/CT results, could aid to connect
genotype to phenotype. A separate analysis is recommended
for Hiirthle cell and non-Hiirthle cell nodules.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11307-022-01776-4.
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