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Abstract
Background  Pathogenesis of atherosclerosis is largely mediated by inflammatory process. Statins are lipid-
lowering drugs which also have anti-inflammatory effects. 18 fluorine radiolabeled fluorodeoxyglucose (18 F-FDG) 
positron emission tomography-computed tomography (PET-CT) is considered to be a good indicator of arterial 
wall inflammation. Therefore, in this meta-analysis the role of statins on inflammatory process in the artery wall was 
evaluated using this method since its actual validity for this purpose is not yet well established.

Methods  PubMed, Scopus, Web of Science, ClinicalTrials.gov, and Google Scholar databases were searched using 
MESH terms and keywords. Funnel plot, Begg’s rank correlation, and Egger’s weighted regression tests evaluated 
publication bias in the meta-analysis. In cases where funnel plot asymmetry was observed, the “trim and fill” method 
was used to check the input of potentially missing studies.

Results  Findings of 10 clinical trials involving 373 subjects showed a remarkable reduction of arterial wall 18 F-FDG 
uptake according to target-to-background ratio (TBR) index after treatment with statins. Subgroup analysis showed a 
significant decrease in TBR with high-intensity and non-significant reduction of TBR with low-to-moderate-intensity 
statin therapy.

Conclusion  Treatment with statins suppressed arterial wall inflammation as shown by using 18 F-FDG PET-CT.
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Introduction
Statins are among the most widely used medications, 
which have many beneficial effects on preventing the 
progression of atherosclerotic cardiovascular disease 
(ASCVD) [1–3]. The main anti-atherosclerotic mecha-
nism of statins is based on LDL-cholesterol reduction. 
However, numerous biological and pharmacological 
effects have also been discovered for these drugs, which 
are independent of their putative cholesterol-lowering 
activity [4–14]. Since atherosclerosis is largely driven 
by inflammatory process, the anti-inflammatory role 
of statins is also beneficial [15–18]. Atherogenesis is 
a complex process in which due to binding to adhe-
sion molecules, monocytes migrate into intima where 
they mature into macrophages which became loaded 
with cholesterol rich LDL particles and are transformed 
into foam cells. All these events stimulate inflamma-
tory and immune reactions [19]. Subsequent migration 
and proliferation of smooth muscle cells lead to depo-
sition of extracellular matrix which contributes to the 
formation of a fibrous plaque. The clinical manifesta-
tions of atherosclerosis occur when vulnerable plaques 
are ruptured which causes thrombus formation on them 
which could also be triggered by inflammation [20, 21]. 
Radionuclide imaging with 18fluorine radiolabeled fluo-
rodeoxyglucose (18 F-FDG) positron emission tomogra-
phy-computed tomography (PET-CT) is for more than 
a decade considered to be a possible indicator of arterial 
wall inflammation. Compared to other cell types, acti-
vated inflammatory cells show higher 18  F-FDG uptake 
because of their increased metabolic activity [22, 23]. It 
is also a validated method for quantifying atheroscle-
rotic plaque inflammation which might help to quantify 
plaque vulnerability and thrombus formation on them 
[24, 25]. There have been a number of studies reporting 
the impact of statins on arterial wall inflammation using 
18  F-FDG PET-CT. Besides, according to some studies 
these drugs could not reduce arterial wall inflammation 
in the aorta or carotid arteries of patients with chronic 
kidney disease [26]. Meta-analysis, as the highest level of 
evidence, will enable more conclusive evidence from the 
performed studies and a more accurate estimation of the 
effect size of statins on arterial wall inflammation. There-
fore, a meta-analysis was conducted to find by using 
18  F-FDG PET-CT whether statins do have a beneficial 
effect on reducing vessel wall inflammation.

Materials and methods
Search Strategy.

The study was performed using the preferred report-
ing items for systematic reviews and meta-analysis 
(PRISMA) guidelines [27]. PubMed, Google Scholar, 
Scopus, Web of Science, and ClinicalTrials.gov data-
bases were searched based on the following terms in 

titles and abstracts: (“statin” OR “lipid lowering agents” 
OR “HMG-CoA reductase inhibitor” OR “Atorvastatin” 
OR “Pravastatin” OR “Fluvastatin” OR “Simvastatin” OR 
“Rosuvastatin” OR “Lovastatin” OR “Pitavastatin”) AND 
(18 F-fluorodeoxyglucose OR FDG OR “18 F-fluorodeox-
yglucose” OR “18 F-FDG” OR “18F-FDG” OR “FDG-18 
F” OR “FDG-18F” OR fluorodeoxyglucose OR “18F FDG” 
OR “18 F FDG” OR “18 FDG” OR 18FDG). The wild-card 
term ‘‘*’’ was used to improve the sensitivity of the search 
strategy. The search was performed from inception to 
September 5, 2023.

Study selection
Among the original studies selected, the inclusion criteria 
were: studies focused on the effect of statins on arterial 
wall inflammation by FDG PET-CT, studies that pre-
sented arterial wall FDG uptake as target-to-background 
ratio (TBR) values prior to and after statin administra-
tion or presented net change values. Exclusion criteria 
were: non-clinical and non-interventional studies such as 
observational studies with case-control, cohort designs, 
cross-sectional as well as studies that did not provide suf-
ficient data on baseline or post treatment TBR values or 
arterial wall FDG uptake.

Data extraction
Following data from eligible studies were taken into con-
sideration: (1) first author’s name, (2) the year of publi-
cation, (3) the number of included subjects, (4) study 
design (5) the type of statin therapy used, (6) the dose of 
statin, (7) the duration of treatment.

Quality Assessment
Cochrane criteria were used to assess the quality of the 
studies included in this meta-analysis [28].

Quantitative data synthesis
The meta-analysis was conducted using Comprehensive 
Meta-Analysis (CMA) V4 software [29]. To estimate the 
heterogeneity of the included publications, a random-
effects model and the generic inverse variance weight-
ing method were used [30]. Standard deviations (SDs) 
were calculated based on the reported data or estimated 
using formulas. Cochrane Q and I2 statistic were used to 
assess heterogeneity. The study presented effect sizes as 
weighted mean difference (WMD) and 95% confidence 
interval (CI). Sensitivity analysis assessed the influence of 
each single study on the overall effect size [31].

Meta-regression
A meta-regression model was used to investigate the 
relationship between the estimated effect size on arte-
rial wall inflammation and potential confounders such 
as baseline TBR, treatment duration, mean changes in 
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circulating levels of LDL-cholesterol and CRP. The model 
used random-effects and aimed to assess the impact of 
these factors on treatment response.

Publication Bias
Funnel plot and Egger’s weighted regression tests as well 
as Begg’s rank correlation evaluated publication bias in 
the meta-analysis. In cases where funnel plot asymme-
try was observed, the “trim and fill” method was used to 
check the input of potentially missing studies [32]. The 
number of potentially missing studies needed to render 
the p-value non-significant was estimated using the “fail-
safe N” method, which serves as another indicator of 
publication bias.

Results
Study selection process
Seventy-seven articles were selected following the search 
in databases, and 65 were excluded after the review 

of titles and abstracts. Then, 12 full-text articles were 
checked and two were excluded because one was a non-
interventional study and the other had incomplete data. 
Thus, 10 clinical trials were included in this meta-analysis 
(presented as Fig. 1).

Study characteristics
Ten clinical trials were included in this analysis involving 
373 individuals and 14 different treatment arms. All these 
publications analyzed the whole vessel TBR of the index 
vessel. Furthermore, four trials provided data on the 
TBR of the MDS of the index vessel. Besides the whole 
vessel TBR four trials also detected TBR of the MDS of 
the index vessel. The included studies [33–42] used dif-
ferent types and dosages of statins. They were published 
between 2010 [42] and 2021 [33]. Study designs were 
open-label [34, 39–42], a prospective randomized trial 
[33], a prospective interventional study [35] and parallel 
group studies [36–38]. Selected studies enrolled subjects 

Fig. 1  Flow chart of the number of studies selected for meta-analysis
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who had ASCVD risk factors or who had proven athero-
sclerosis [34, 37–40], stable angina pectoris [42], HIV-
infection [33, 36], acute coronary syndrome [35], and 
ankylosing spondylitis [41]. Table 1 presents the clinical 
and biochemical characteristics of the included clinical 
trials.

18 F-FDG PET CT procedure
Different studies used 18  F-FDG PET with contrast-
enhanced CT imaging to evaluate arterial wall inflam-
mation in different vessels. Ishii et al. [42] measured 
18 F-FDG uptake in the ascending aorta and right and left 
femoral arteries, while Lo et al. [36] assessed 18 F-FDG 
uptake in the aorta. Emami et al. [34] evaluated the arte-
rial FDG in the left and right carotid and aorta while Boc-
zar et al. assessed 18  F-FDG uptake in the aorta, bone 
marrow as well as spleen [33]. Two studies [38, 39] per-
formed FDG PET-CT imaging of the thoracic aorta and 
carotid arteries, while two studies [35, 41] assessed arte-
rial wall inflammation in carotid arteries. Subramanian et 
al. assessed 18  F-FDG uptake in the periodontium [37]. 
Wu et al. [40] evaluated FDG uptake in various arterial 
segments, including the aortic arch, ascending aorta, 
abdominal aorta, thoracic descending aorta, and both 
iliofemoral arteries.

Risk of Bias Assessment
In terms of random sequence generation and allocation 
concealment, three trials which were included had a 
high risk of bias [35, 40, 41]. Additionally, three studies 
were found to have a risk of bias in terms of blinding of 
participants, outcome assessors and personnel [33, 34, 

42]. However, all of the selected studies demonstrated a 
low risk of bias for incomplete outcome data and selec-
tive outcome reporting. More information regarding the 
assessment of bias can be found in Table 2.

Quantitative data synthesis
Meta-analysis of data from ten studies including 373 
participants and 14 treatment arms showed a significant 
decrease in 18  F-FDG uptake according to TBR index 
after treatment with statins (WMD: −0.100, 95% CI: 
−0.159, − 0.042, p = 0.001; I2: 84.90%) (Fig. 2A). Sensitivity 
analysis was also performed (Fig. 2B).

Four studies with five treatment arms showed a signifi-
cant reduction in arterial MDS TBR after statin adminis-
tration (WMD: −0.194, 95% CI: −0.272, − 0.126, p < 0.001; 
I2: 61.71%) (Fig.  3A). Sensitivity analysis was also per-
formed (Fig. 3B).

Subgroup analysis showed that arterial wall TBR was 
significantly reduced in those patients who were treated 
with high-intensity statins (WMD: −0.154, 95% CI: 
−0.258, − 0.051, p = 0.004) and there was a non-significant 
reduction of TBR in those treated with low-to-moderate-
intensity (WMD: −0.059, 95% CI: −0.120, 0.001, p = 0.053) 
statin therapy (Fig. 4).

Meta-regression
To evaluate the impact of potential confounding fac-
tors on the effects of statin treatment on arterial wall 
inflammation, a random-effects meta-regression was 
performed. The results suggested a significant asso-
ciation between the effect of statins on TBR and LDL-
cholesterol change (slope: 0.006; 95% CI: 0.001, 0.010; 

Table 1  Clinical and biochemical characteristics of the included clinical trials
Author Study design Target Population Treatment 

duration
n Study groups

Boczar et al. 2022 [33] Prospective randomized trial HIV infection 6 months 17
18

Rosuvastatin 10 mg/day
Control

Emami et al. 2015 [34] Open-label trial History of atherosclerosis 3 months 24
24

Atorvastatin 80 mg/day
Placebo

Ishii et al. 2010 [42] Randomized, open-label trial Adults with stable angina 
pectoris

6 months 15
15

Atorvastatin 5 mg/day
Atorvastatin 20 mg/day

Kim et al. 2020 [35] Prospective interventional
study

Acute coronary syndrome 1 month 13 Atorvastatin 20 mg/day

Lo et al. 2015 [36] Randomized, double-blind, 
placebo-controlled

HIV-infected patients 1 year 17
20

Atorvastatin 40 mg/day
Placebo

Subramanian et al. 2013 
[37]

Randomized, double-blind, 
active-controlled

Adults with risk factors or with 
established atherosclerosis

3 months 29
29

Atorvastatin 10 mg/day
Atorvastatin 80 mg/day

Tawakol et al. 2013 [38] Randomized, double-blind trial Individuals with arterial 
inflammation

3 months 34
34

Atorvastatin 10 mg/day
Atorvastatin 80 mg/day

van der Valk et al. 2016 
[41]

Open-label trial Patients with ankylosing 
spondylitis

3 months 18 Atorvastatin 40 mg/day

Watanabe et al. 2015 
[39]

Randomized, open-label trial Patients with hyperlipidemia 6 months 10
10

Pitavastatin 2 mg/day
Pravastatin 10 mg/day

Wu et al. 2012 [40] Open-label trial Patients with atherosclerosis 3 months 43
34

Atorvastatin 40 mg/day
Control
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p = 0.011), but there were no significant association with 
treatment duration (slope: 0.006; 95% CI: −0.001, 0.014; 
p = 0.119), CRP change (slope: 0.062; 95% CI: -0.021, 
0.146; p = 0.145), and baseline TBR (slope: -0.031; 95% CI: 
−0.368, 0.306; p = 0.856) (Fig. 5).

Publication Bias
After applying the “trim and fill” method to account for 
potentially missing studies the corrected effect size was 
found to be -0.121 (95% CI: -0.18, -0.06) (Fig. 6). Begg’s 
rank correlation (tau = -0.04, z = 0.21, p = 0.826) and 
Egger’s regression test (t = 0.52, df = 12, p = 0.609) did not 
indicate any publication bias. The “fail-safe N” test results 
suggested that 282 additional publications would be 
needed to reduce to zero the observed significant result. 
Since we were able to identify only ten eligible publica-
tions (with 14 treatment arms) for this meta-analysis, it 
is highly unlikely that 282 studies were missed, indicating 
the absence of any significant publication bias.

Discussion
This is the second meta-analysis ever made on this topic. 
It was performed to find whether statins have a benefi-
cial effect on arterial wall inflammation using a 18 F-FDG 
PET-CT method. Findings from ten studies including 373 
participants and 14 treatment arms demonstrated a nota-
ble decrease in arterial wall 18 F-FDG uptake according 
to TBR index following administration of statins. A large 
effect size was reported in the leave-one-out sensitivity 
analysis which was not mainly driven by any single study. 
A significant association between the effect of statins on 
TBR and LDL-cholesterol change was found, but there 
were no significant associations with treatment duration, 
CRP change and baseline TBR.

The first and only similar meta-analysis was published 
by our group several years ago and it was based on only 
seven studies that had 287 participants and 10 treatment 
arms. Following treatment with low to moderate doses of 

statins, TBR was significantly reduced. TBR values after 
treatment with statins were not influenced by duration 
and dosage of drugs, variation in plasma cholesterol and 
CRP level neither by initial TBR values [31].

Arterial wall inflammation in patients with coronary 
heart disease who were treated with statins was found to 
be lower than in those who were not treated [43]. How-
ever, most of these studies were estimating the inflamma-
tion of the coronary arteries and other arteries wall based 
upon inflammatory markers in blood such as IL-1β, 
IL-6 and particularly hsCRP concentration [44, 45]. The 
18  F-FDG PET-CT technique was only used in some 
studies to evaluate the severity of inflammation in ath-
eroma plaques [46]. 18 F-FDG PET-CT has been mostly 
used for identifying increased tracer uptake in symp-
tomatic carotid plaques, and the tracer uptake has been 
shown to correlate with plaque inflammation and vulner-
ability [47]. Therefore, 18 F-FDG PET CT is considered to 
be a promising method for noninvasive characterization 
of high-risk atherosclerotic plaques. However, it has been 
shown already several years ago that 18  F-FDG uptake 
also predicts major atherosclerotic events (MACE) in a 
stable population after adjusting for cardiovascular risk 
factors [48] but as well that 18  F-FDG uptake is higher 
in plaque-free arterial segments suggesting an arterial 
inflammatory state even at early stages of aterosclerosis 
[49]. Neverheless, it has to be stressed again that there 
are not many studies analyzing the effects of statins on 
arterial wall inflammation in humans using 18  F-FDG 
PET CT. Apart from those included in this meta-anal-
ysis, it is worth while to mention the results of another 
study which also used 18 F-FDG PET CT. This study has 
shown that anti-inflammatory effect of a statin continues 
throughout its use up to one year, even though yielding 
stable below-target plasma LDL-cholesterol levels at 3 
months [50]. Important are the results of the first study 
which evaluated the effects of statins on the inflamma-
tion of the coronary arteries by using 18  F-FDG PET 

Table 2  Quality of bias assessment of the included studies according to the Cochrane guidelines
Study Sequence

generation
Allocation
concealment

Blinding of participants, 
personnel and outcome 
assessors

Incomplete
outcome data

Selective 
outcome 
reporting

Other 
sourc-
es of 
bias

Boczar et al. 2022 [33] U U H L L U
Emami et al. 2015 [34] U U H L L U
Ishii et al. 2010 [42] U L H L L U
Kim et al. 2020 [35] H H H L L U
Lo et al. 2015 [36] L L L L L L
Subramanian et al. 2013 [37] U U L L L L
Tawakol et al. 2013 [38] U U U L L U
van der Valk et al. 2016 [41] H H H L L U
Watanabe et al. 2015 [39] U U H L L U
Wu et al. 2012 [40] H H H L L U
L, low risk of bias; H, high risk of bias; U, unclear risk of bias
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CT which showed that the anti-inflammatory effect of 
statins was substantially greater within unstable coronary 
plaques improving their internal composition and archi-
tecture [51].

Since the results of all these studies were to a cer-
tain degree controversial, this meta-analysis was per-
formed hoping that it can give some clear answers to the 
still open questions concerning the effect of statins on 

inflammation of the artery wall by using the 18  F-FDG 
PET CT tenique.

This study has some limitations. One of them is that 
the clinical outcomes were not assessed since none of 
the included studies had this data. However, our find-
ings suggest that statins had a beneficial effect decreasing 
inflammation in the arteries’ wall and most probably are 
even beneficial for the plaque composition because they 
suppress the intraplaque inflammation. Therefore, there 

Fig. 2  Quantitative Data Synthesis (arterial wall uptake). A Effect of statin therapy on arterial wall FDG uptake. Forest plot shows weighted mean dif-
ference (WMD) and 95% confidence intervals for the effect of statin administration on arterial wall FDG uptake based on whole vessel TBR index. 2 B 
leave-one-out sensitivity analysis
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Fig. 4  Forest plot stratified according to the intensity of statin therapy

 

Fig. 3  Effect of statin therapy on FDG uptake of the most diseased arterial segment (MDS). Forest plot displays weighted mean difference (WMD) and 
95% confidence intervals for the effect of statin administration on arterial wall FDG uptake based on the MDS of vessel TBR
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is a possibility that this might be a part of the explanation 
why is the treatment with statins beneficial preventing 
ASCVD and decreases clinical outcomes. Another limi-
tation is that we could not explain why the duration of 
statin therapy, variations in circulating levels of LDL-cho-
lesterol and CRP or initial values of TBR had no impact 

on TBR values following treatment with statins. Finally, 
considering the introduction of new cholesterol-lowering 
agent that can be used on top of statin therapy [52–56], 
it remains unclear if combination of statins with newer 
medications in high-risk patients could affect the attenu-
ating impact of statins on arterial wall inflammation.

Fig. 5  The results of meta-regression analyses examining the associations between different potential confounders and changes in arterial wall TBR. The 
analysis investigated the relationship between (A) treatment duration, (B) alteration in circulating LDL-cholesterol, (C) plasma levels of C-reactive protein, 
(D) baseline TBR, and mean changes in arterial wall TBR index
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Conclusion
This meta-analysis clearly showed a decrease of arterial 
wall inflammation after treatment with statins based on 
a significant reduction of arterial wall 18 F-FDG uptake 
according to TBR index using 18 F-FDG PET-CT. It has 
been also shown that 18 F-FDG PET-CT might be a use-
ful noninvasive method to evaluate the degree of arterial 
wall inflammation.
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