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18Smoking-associated inflammation: A dual F-FDG 

PET/CT analysis of tonsillar and aortic inflammation 

using liver-normalized SUVmax 

Abstract
Objective: Cigarette smoking alters immune and vascular systems, yet its dual in�ammatory impact on 
mucosal lymphoid tissues and arterial walls remains underexplored in vivo. This study employs �uorine-18-

18�uorodeoxyglucose ( F-FDG) positron emission tomography/computed tomography (PET/CT) with liver-
normalized maximum standardized uptake value (SUVmax) to assess metabolic in�ammation in Walde-
yer's ring and the thoracic aorta across smoking groups. Subjects and Methods: We retrospectively ana-

18lyzed F-FDG PET/CT scans from 222 patients categorized by smoking status. Maximum SUV was recorded 
in the palatine, lingual, and nasopharyngeal tonsils and the thoracic aorta. Values were normalized to liver 
uptake. Group di�erences were analyzed using Kruskal-Wallis tests with Bonferroni-corrected Mann-Whit-
ney post hoc comparisons. Pearson correlation assessed associations with cigarette consumption. Results: 
Smokers had slightly reduced tonsillar SUVmax values, especially in the lingual tonsil (mean 3.56 vs. 3.82 in 
non-smokers), but these di�erences were not statistically signi�cant after liver normalization. In contrast, 
raw aortic SUVmax was highest in non-smokers (2.72), but after normalization, ex-smokers demonstrated 
signi�cantly elevated aortic uptake (P=0.016). No signi�cant associations were observed between cigaret-
te quantity and regional SUV values, possibly due to individual variability and confounding metabolic fac-
tors such as body mass index (BMI). Conclusions: Fluorine-18-FDG PET/CT reveals mild immune suppres-
sion in tonsillar lymphoid tissue among smokers and persistent vascular in�ammation in ex-smokers. Liver 
normalization is essential for identifying true in�ammatory di�erences in metabolically heterogeneous 
populations. These �ndings suggest that in�ammation is a multiparametric process in�uenced by factors 
such as BMI and metabolic status, which may mask smoking-related e�ects unless properly adjusted for.
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Introduction

Cigarette smoking remains a global health burden, responsible for over 8 million 
deaths annually and implicated in cardiovascular disease, cancer, and immune 
dysfunction [1]. Its dual impact on mucosal immunity and vascular in�ammation 

is well-documented but rarely examined simultaneously in vivo.
Waldeyer's ring - including palatine, lingual, and nasopharyngeal tonsils - serves as a 

critical mucosal immune barrier. Chronic tobacco exposure impairs lymphoid architec-
ture, suppresses antigen presentation, and alters cytokine signaling [2, 3]. Vascularly, to-
bacco promotes endothelial dysfunction, leukocyte in�ltration, and macrophage activa-
tion - key hallmarks of atherosclerosis [4]. This in�ammatory cascade within the vessel 
wall, driven by immune cell in�ltration, is now recognized as a central mechanism in the 
development and progression of atherosclerotic plaques [4]. This regional disparity in im-
mune and vascular responses may be better understood through a combined imaging 
approach. Furthermore, this smoking-induced vascular damage is often compounded 
by underlying metabolic dysfunction, such as that seen in metabolic syndrome, which is 
itself characterized by a state of chronic, low-grade in�ammation [5].

18Fluorine-18-�uorodeoxyglucose ( F-FDG) positron emission tomography/computed 
tomography (PET/CT) o�ers a validated, non-invasive method to assess in�ammation by 
visualizing tissue glucose metabolism [6-8]. Fluorine-18-FDG uptake has been used to as-
sess both immune activation in lymphoid organs and vascular in�ammation in atheros-
clerotic plaques. However, prior studies have largely addressed these targets indepen-

18dently. This study addresses that gap by evaluating F-FDG uptake in both Waldeyer's 
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ring and thoracic aorta within the same cohort.
Normalization to liver maximum standardized uptake va-

lue (SUVmax) is an important methodological tool, minimi-
zing inter-subject variability linked to systemic factors such 
as obesity, hepatic steatosis, and glycemic state [5, 9]. Here, 
we compare both raw and normalized SUVmax values, aim-
ing to assess the impact of smoking and cessation on regi-
onal in�ammation.

18Recent literature supports the use of F-FDG PET/CT to 
detect in�ammation in vascular and systemic disorders. Flu-
orine-18-FDG uptake has been validated as a surrogate for 
in�ammatory activity in both large-vessel vasculitis and 
atherosclerotic disease [8, 10, 11].

18Furthermore, studies suggest that persistent aortic F-
FDG uptake is predictive of future cardiovascular events and 
re�ects active atherosclerotic in�ammation [9, 10]. Additio-

18nally, F-FDG uptake in the aortic wall has been proposed as 
a marker of active atherosclerosis, even in asymptomatic in-
dividuals, highlighting its potential role in early vascular in-
�ammation detection [12]. These �ndings reinforce our rati-
onale: dual-site imaging combined with normalization im-
proves detection of subtle in�ammatory patterns unique to 
smoking status.

Subjects and Methods

Study design and population
This retrospective study included 222 adult patients who un-

18derwent clinically indicated whole-body F-FDG PET/CT bet-
ween January 2022 and January 2025 from two tertiary hos-
pitals: Theageneio Cancer Center (n=79) and the University 
Hospital of Larissa (n=143). Ethical approval for anonymized 
data analysis was obtained from the institutional review bo-
ards of both centers.

Inclusion criteria: age ≥18 years; adequate documentation 
18of smoking history; clinically indicated F-FDG PET/CT (on-

cologic, in�ammatory, or surveillance); no major anatomical 
distortion of target regions.

Exclusion criteria: prior neck radiotherapy or tonsillectomy; 
head and neck or mediastinal malignancy; acute infection 
within 4 weeks prior to scanning; incomplete or unreliable 
smoking history; poor PET/CT image quality or misregistra-
tion artifacts.

Patients were categorized into three groups based on smo-
king status: non-smokers (n=60), lifetime cigarette consum-
ption fewer than 100 cigarettes; current smokers (n=103), ac-
tively smoking daily at the time of PET/CT; and ex-smokers 
(n=59), abstinent from smoking for more than 6 months prior 
to scanning. Clinical and demographic data collected inclu-
ded age, sex, body mass index (BMI), systolic and diastolic 
blood pressure, glucose levels at scan time, and cigarettes 
per day.

PET/CT acquisition protocol
All patients fasted for at least 6 hours before imaging, follow-
ing standard European Association of Nuclear Medicine (EA 
NM) guidelines [13]. Blood glucose was measured upon pati-

ent arrival, and scans proceeded only if glucose levels were 
below 200mg/dL, unless clinically justi�ed. Patients received 

183.7MBq/kg of F-FDG intravenously, followed by a 60-mi-
nute uptake period in a controlled, restful environment.

Positron emission tomography/CT imaging was conduc-
ted using GE Discovery 690 and 710 systems (GE Healthcare), 
each equipped with time-of-�ight and point spread function 
correction. Initially, CT imaging (120kVp, auto mA, slice thick-
ness 3.75mm) was performed for attenuation correction and 
anatomical localization, immediately followed by PET emis-
sion imaging from the skull vertex to mid-thigh, at 2-3 minu-
tes per bed position. Positron emission tomography images 
were reconstructed using iterative ordered-subset expecta-
tion maximization (OSEM), 2 iterations, 24 subsets, and a Ga-
ussian �lter of 6.4mm.

Region of interest (ROI) de�nition
All PET/CT measurements were performed by a board-certi-
�ed nuclear medicine physician (18 years of experience), 
blinded to patient history and group assignments. Images 
were reviewed using GE Advantage Workstation software 
(version 4.7, GE Healthcare).

Maximum SUV were measured within spherical 3D regi-
ons of interest (10-12mm diameter) placed on: palatine ton-
sils (right and left); lingual tonsil (posterior tongue base); na-
sopharyngeal tonsil (adenoid area); thoracic aorta (aortic 
arch level); and liver (right lobe segment VIII, for normaliza-
tion). Care was taken to avoid adjacent hypermetabolic tis-
sue and partial-volume artifacts. Maximum SUV normali-
zation was performed by dividing each region's SUVmax by 
the corresponding liver SUVmax, consistent with standard 
practice for reducing inter-individual metabolic variability 
[13, 14].

Normalization calculation

Statistical analysis
Statistical analyses were conducted using SPSS (version 27, 
IBM Corp., Armonk, NY). Continuous variables were reported 
as means±standard deviation or medians (interquartile ran-
ge). Group di�erences in raw and liver-normalized SUVmax 
values were evaluated using the Kruskal-Wallis test, followed 
by Bonferroni-adjusted Mann-Whitney U post hoc tests for 
pairwise comparisons.

Pearson correlation coe�cients assessed the relationship 
between SUVmax and daily cigarette consumption. Sta-
tistical signi�cance was set at P<0.05 (two-sided).

Results were summarized in tables showing mean SUVmax 
values (raw and normalized), intergroup comparisons, and 
correlations. Visualization included boxplots for raw and nor-
malized aortic SUVmax.

Results
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Patient characteristics
A total of 222 patients were included in the analysis, distri-
buted as follows: non-smokers, n=60; current smokers, n= 
103; ex-smokers, n=59. The mean age of the cohort was 64.2± 
9.5 years. Non-smokers had the highest average BMI (29.98± 

2 23.7kg/m ), followed by smokers (28.34±4.1kg/m ) and ex-
2smokers (27.15±4.0kg/m ). Smokers and ex-smokers repor-

ted similar cigarette consumption, averaging 25.6±8.3 and 
25.4±7.6 cigarettes per day, respectively.

18Regional F-FDG uptake: raw and liver-normalized 
SUVmax
Mean SUVmax values (raw and normalized to liver) for each 
anatomical region and group are summarized in Table 1. 
Among tonsillar structures, smokers had slightly lower 
SUVmax in the lingual tonsil compared to non-smokers (3.56 
vs. 3.82), but this was not statistically signi�cant. Nasopha-
ryngeal SUVmax showed the only regionally signi�cant 
group di�erence in uncorrected values (P=0.020, Kruskal-
Wallis), though this did not persist after normalization.

Post hoc comparisons of raw SUVmax
Post hoc testing (Bonferroni-adjusted Mann-Whitney U) of 
raw SUVmax values between groups is shown in Table 2. No 
statistically signi�cant di�erences were found in the tonsillar 
regions between any groups. However, aortic SUVmax in ex-
smokers vs. non-smokers reached signi�cance (P=0.016).

Correlation with cigarette consumption
Pearson correlation analysis of SUVmax versus daily cigaret-
te consumption revealed no strong linear relationships in 
any region. Correlation coe�cients (r) ranged from -0.10 (rig-
ht palatine) to +0.07 (aorta normalized), with no P-values re-

aching statistical signi�cance.

Visualization of aortic SUVmax by smoking group
A boxplot (see Figure 1) clearly demonstrates the di�erence 
in thoracic aortic SUVmax between groups. In raw values, 
non-smokers appeared to show the highest uptake. How-
ever, after normalization to liver SUV, ex-smokers exhibited 
the highest median aortic SUV, suggesting subclinical vas-
cular in�ammation that was otherwise obscured.

Discussion

18This study used F-FDG PET/CT to assess in�ammation in 
both lymphoid and vascular tissues in smokers, ex-smokers, 
and non-smokers. Two key �ndings emerged: (1) modest 
suppression of immune activity in Waldeyer's ring among 
active smokers, and (2) persistent vascular in�ammation in 
ex-smokers that became evident only after normalizing aor-
tic SUVmax to liver uptake.

18The lower F-FDG uptake observed in the lingual tonsil of 
current smokers supports previous histological data indica-
ting that tobacco use leads to mucosal lymphoid atrophy 
and decreased immune cell density in the upper airway [2]. 
Although not statistically signi�cant after normalization, this 
trend re�ects the immunosuppressive e�ects of chronic 
smoking on mucosal immune function, possibly due to im-
paired dendritic cell activation and altered lymphocyte traf-
�cking [15]. These e�ects contribute to the increased sus-
ceptibility of smokers to upper respiratory infections and 
may compromise mucosal antigen surveillance [2, 15].
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Table 1. Raw and liver-normalized SUVmax by smoking group.

Group
Rt Pal 
(Raw)

Lt Pal 
(Raw)

Lingual 
(Raw)

Naso 
(Raw)

Aorta 
(Raw)

Rt Pal 
(Norm)

Lt Pal 
(Norm)

Lingual 
(Norm)

Naso 
(Norm)

Aorta 
(Norm)

Non-smokers 4.33 4.51 3.82 3.96 2.72 1.22 1.27 1.08 1.12 0.76

Smokers 4.42 4.40 3.56 4.06 2.55 1.35 1.34 1.09 1.24 0.77

Ex-smokers 4.32 4.29 3.61 4.05 2.52 1.39 1.39 1.17 1.31 0.80

Rt Pal, right palatine tonsil; Lt Pal, left palatine tonsil; Naso, nasopharyngeal tonsil; Raw, unadjusted SUVmax; Norm, liver-normalized SUVmax.

Table 2. Post hoc comparisons (Bonferroni-adjusted P-values).

Region NS vs Smokers NS vs Ex-smokers Smokers vs Ex-smokers

Right palatine 1.000 1.000 1.000

Left palatine 1.000 1.000 1.000

Lingual 0.594 0.972 1.000

Nasopharyngeal 1.000 1.000 1.000

Aorta 0.055 0.016 1.000

NS, non-smokers.



However, the use of Bonferroni correction, while e�ective 
at minimizing false positives, may have been overly conser-
vative, increasing the risk of Type II error and potentially ob-
scuring subtle but clinically relevant di�erences - such as the 
near-signi�cant aortic in�ammation observed between cur-
rent and non-smokers. Furthermore, the non-smoker group 
exhibited a notably higher average BMI (29.98) compared to 
the smoker groups. Given that elevated BMI is a recognized 

18driver of systemic in�ammation and increased F-FDG up-
take, this likely explains the unexpectedly high raw aortic 
SUVmax in non-smokers. While liver normalization mitigates 
this confounding, the impact of BMI on unadjusted values 
should be carefully considered when interpreting results.

18In contrast, vascular F-FDG uptake patterns required ca-
reful interpretation. While uncorrected SUVmax values were 
highest in non-smokers, liver-normalized values revealed 
signi�cantly greater aortic activity in ex-smokers. This high-
lights the importance of liver normalization in studies of vas-
cular in�ammation, especially in populations with variable 
metabolic states, such as obesity or insulin resistance [5]. 
Without normalization, underlying arterial in�ammation 
may be underestimated due to inter-individual di�erences 

18in hepatic F-FDG metabolism [5, 14].
18The elevated aortic F-FDG uptake in ex-smokers is parti-

cularly noteworthy, as it may re�ect a prolonged in�amma-
tory response in the vascular wall that persists even after ces-
sation of smoking. This is consistent with �ndings by Rudd et 
al. (2002) and Tawakol et al. (2006), who demonstrated that 
18F-FDG uptake corresponds to macrophage-rich atheros-
clerotic plaques and active in�ammation [8, 11].

Moreover, ex-smokers may retain a pro-in�ammatory vas-
cular phenotype due to epigenetic modi�cations and resi-
dual oxidative stress [4]. Supporting this notion, Coulson et 

18al. (2010) reported signi�cantly elevated aortic F-FDG upta-
ke in ex-smokers with chronic obstructive pulmonary dise-
ase (CO PD), underscoring the durability of tobacco-induced 

vascular in�ammation [17]. In parallel, Torigian et al. (2017) 
demonstrated that chronic tobacco use leads to systemic 

18metabolic alterations detectable by F-FDG PET/CT, reinfor-
cing the view that in�ammation may not be limited to indivi-
dual vascular beds but represents a broader immune-meta-
bolic dysregulation [18]. These �ndings imply that even after 
cessation, vascular in�ammation may persist due to chronic 
im-mune activation or irreversible endothelial changes. This 

18reinforces the clinical utility of F-FDG PET/CT in identifying 
residual in�ammatory risk and supports its role in guiding 
secondary prevention strategies [9, 10].

18The absence of signi�cant di�erences in raw F-FDG up-
take between current and ex-smokers - particularly in lym-
phoid regions - may re�ect the multifactorial nature of sys-
temic in�ammation. Fluorine-18-FDG uptake is modulated 
by several variables including BMI, insulin sensitivity, hepa-
tic steatosis, and overall metabolic activity, all of which can 
a�ect both background liver SUV and regional tissue meta-
bolism. These results underscore that in�ammation is not 
driven by a single factor such as tobacco exposure alone, but 
re�ects a complex interplay of metabolic, genetic, and im-

18mune variables. The absence of a uniform F-FDG increase 
across all regions or smoking categories underscores the 
multifactorial and heterogeneous nature of in�ammation, 
in�uenced by both environmental exposure and individual 
metabolic status.

This metabolic heterogeneity may obscure in�ammation 
di�erences attributable solely to smoking status. As such, 
smoking-related immune suppression and vascular in�am-
mation likely interact with these host-speci�c parameters, 
supporting the rationale for liver normalization and for inter-
preting PET �ndings within a broader clinical context [5, 14].

Importantly, no signi�cant correlations were found bet-
18ween cumulative tobacco exposure (pack-years) and F-

FDG uptake in either region. This suggests a possible thres-
hold e�ect or inter-individual variation in in�ammatory res-
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Figure 2. Transition line graphs showing changes in (a) harmonized SUVmax, (b) harmonized SUVpeak, (c) harmonized SUVmean, (d) harmonized MBV, and (e) harmonized 
TBU between the �rst and second SPECT/CT examinations in the 23 responder lesions.



ponse to tobacco exposure [4, 10]. These �ndings align with 
the understanding that atherosclerotic in�ammation is a 
complex interplay between environmental risk factors and 
host immune responses [4, 19, 20].

The methodological importance of SUV normalization 
was reinforced by this study. Liver-corrected aortic SUVmax 
values provided clearer di�erentiation between groups, in 
line with EANM procedural guidance [13, 14]. Liver normali-
zation has been validated as a method to reduce variability 
in PET-derived in�ammation metrics, especially when evalu-
ating vascular territories in heterogeneous populations [16, 
21].

From a clinical perspective, this dual-region protocol com-
bining assessment of mucosal immune function and vascu-
lar in�ammation may be valuable in evaluating systemic im-
mune activity. Persistent aortic in�ammation in ex-smokers 
could help identify individuals at heightened cardiovascular 
risk, even after cessation, and support further evaluation 
with biomarkers such as high-sensitivity C-reactive protein 
(hsCRP) or interleukin-6 (IL-6) [9].

Limitations of this study include its retrospective design, 
the absence of serum in�ammatory biomarkers, and the lack 
of dynamic PET acquisition. The group sizes were also unba-
lanced (non-smokers: 60, current smokers: 103, ex-smokers: 
59), which is common in retrospective analyses but may re-
duce the statistical power to detect di�erences, particularly 
in the smaller groups. Nonetheless, the standardized ima-
ging protocol with consistent 60-minute post-injection 
timing adheres to current guidelines and ensures compara-
bility across subjects [13]. Minor variability may also arise 
from the use of two di�erent PET/CT scanner models across 
institutions. Although liver normalization helps mitigate in-
ter-scanner di�erences, it may not fully eliminate them. We 
also acknowledge that �ndings may not generalize to popu-
lations with low smoking burden or di�erent metabolic phe-
notypes. Additionally, while we de�ned ex-smokers as indi-
viduals abstinent for more than six months, the duration of 
cessation likely in�uences residual in�ammation. A more 
granular analysis based on years since quitting was not fe-
asible in this retrospective design but would provide valu-
able insight into the reversibility of smoking-related in�am-
mation.

Future prospective studies should integrate PET �ndings 
with biochemical and histological validation and explore 
therapeutic implications-speci�cally, whether persistent 

18arterial F-FDG uptake in ex-smokers is modi�able through 
targeted anti-in�ammatory interventions or statin therapy. 

18The cellular basis of persistent arterial F-FDG uptake may 
relate to macrophage-driven in�ammation, particularly po-
larization toward pro-in�ammatory phenotypes implicated 
in active atherosclerotic lesions [22].

Statins have demonstrated e�cacy in reducing vascular 
18in�ammation as assessed by F-FDG PET/CT in interventi-

onal studies. A recent systematic review and meta-analysis 
18con�rmed that statin therapy signi�cantly lowers arterial F-

FDG uptake, particularly with high-intensity regimens, rein-
18forcing the role of F-FDG PET/CT both as a diagnostic bio-

marker and a tool for monitoring treatment response [23]. 
These �ndings highlight a potential window for therapeutic 
modulation.

18In conclusion, F-FDG PET/CT can detect modest suppres-
sion of mucosal immune activity in smokers and persistent 
vascular in�ammation in ex-smokers. Normalization to liver 
SUVmax is essential to reveal these e�ects, especially in me-
tabolically heterogeneous populations. These �ndings high-
light the multifactorial nature of in�ammation - shaped not 
only by smoking status but also by factors such as BMI and 
metabolic status - that can confound unadjusted analyses. 
Positron emission tomography/CT with appropriate norma-
lization may serve as a valuable tool for in�ammation pro-
�ling and cardiovascular risk strati�cation in individuals with 
a history of tobacco exposure.

The authors declare that they have no con�icts of interest.
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