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Background: Atrial fibrillation (AF) is a common arrhythmia, and its most severe and
dreaded complication is stroke. The CHA2DS2-VASc score is currently recommended
for stroke risk assessment in AF. We aimed to explore the relationship between atrial
FDG uptake and stroke and whether atrial FDG uptake could provide incremental value
above the CHA2DS2-VAS score to predict stroke in AF by 18F-fluorodeoxyglucose (18F-
FDG) positron emission tomography/computed tomography (PET/CT).

Materials and Methods: From September 2017 to December 2020, we retrospectively
enrolled 230 patients (115 with AF and 115 without AF as the non-AF group, matched
for the date of PET/CT examination and the basic characteristics of the patient)
who underwent 18F-FDG PET/CT due to tumor screening or preoperative staging
after prolonged fasting and followed up for at least 12 months from the date of
PET/CT examination; the endpoint event is the occurrence of stroke. We visually and
quantitatively analyzed 18F-FDG uptake in the right and left atria (RA/LA), right and
left atrial appendage (RAA/LAA), right and left ventricle (RV/LV), and collected clinical
features. In addition, according to the endpoint event (stroke), the enrolled population
was divided into the stroke group and non-stroke group, and relevant clinical features
and atrial FDG uptake indicators of the two groups were analyzed. Univariate and
multivariate Cox regression analyzes were used to analyze the risk factors of stroke
events. The Kaplan–Meier survival curve of atrial FDG uptake was drawn, and the
log-rank method was used to compare the differences in the survival curves of the
two groups. Receiver operating characteristic (ROC) curves were used to examine the
discriminatory power of atrial FDG uptake in predicting stroke and determine whether
the addition of atrial FDG uptake improves predictive value beyond the CHA2DS2-VASc
score for stroke.

Results: In the AF group, more than half of patients had RA FDG uptake and one-fifth
had LA FDG uptake, while one patient had RA FDG uptake and two patients had LA
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FDG uptake in the non-AF group. In quantitative analysis, the maximum standardized
uptake value (SUVmax) of the RA and LA in the AF group was significantly higher than that
of the non-AF group (all P < 0.001). We followed up the patients for 28 ± 10 months,
and finally, 31 patients had stroke. In the stroke group, atrial fibrillation, RA SUVmax,
RAA SUVmax, LAA SUVmax, age ≥ 75 years, and left atrial dilation were significantly
higher than those of the non-stroke group (all P < 0.05). Multivariate Cox regression
analysis showed that high RA SUVmax (RA SUVmax ≥ 2.62) was an independent risk
factor for stroke (HR = 4.264, 95% CI 1.368–13.293, P = 0.012). By using the log-
rank test, patients with high RA SUVmax had a significantly higher incidence of stroke
compared with patients with low RA SUVmax (P < 0.001). Addition of high RA SUVmax

to the CHA2DS2-VASc score could predict stroke more effectively, with a larger AUC 0.
790 (P < 0.001).

Conclusion: This study found a significant correlation between atrial FDG uptake and
AF, especially in RA. Meanwhile, RA FDG uptake is an independent risk factor for
stroke, and patients with high RA SUVmax have a significantly higher risk of stroke.
Moreover, RA FDG uptake improves prediction of stroke above the CHA2DS2-VASc
score in patients with AF.

Keywords: stroke, atrial fibrillation, inflammation, 18F-fluorodeoxyglucose, positron emission
tomography/computed tomography

INTRODUCTION

Atrial fibrillation (AF) is the most common cardiac arrhythmia,
with a global incidence of approximately 2% (1). With
increased average global life expectancy and longer survival
with chronic conditions, the incidence and prevalence of
AF also increase, which has brought a huge burden to
the global economy and health (2). AF not only causes
heart failure and myocardial ischemia but also induces the
formation of atrial thrombus and systemic embolism, especially
stroke. Stroke is the complication of AF, and 70–80% of
patients with AF-related stroke suffer disability and even
death (3). Therefore, it is critical for the prevention and
treatment of stroke.

According to current guidelines, it is recommended to use
the CHA2DS2-VASc [congestive heart failure, hypertension,
age ≥ 75 years (double weight), diabetes, stroke (double weight),
vascular disease, age 65–74 years, sex category (female)] score to
assess the risk of stroke in patients with AF, which is based on the
calculation of the score of the common risk factors (4). However,
some studies show that the prediction effect is poor, and its score
underestimates the true risk of stroke in patients with low scores
(5, 6). The CHA2DS2-VASc score includes neither any imaging
or biomarker parameters nor some of the less common clinical
stroke risk factors. Studies have shown that indicators such as
brain natriuretic peptide (BNP), atrial morphology, spontaneous
echo contrast (SEC), and coronary artery calcium score (CACS)
may further assist decision on anticoagulant therapy for patients
with AF to prevent stroke (7, 8).

Recently, several studies have shown that inflammation
predicts the development of AF and subsequent
thromboembolism (9, 10). Inflammation plays an important role

in the pathogenesis and progression of atherosclerosis, plaque
rupture, platelet aggregation, and intravascular thrombosis,
all of which increase the risk of stroke (11). Histological
study has demonstrated that the expression of tissue factor
induced by local inflammation is involved in the formation of
thrombus in patients with AF (12). C-reactive protein (CRP),
interleukin-6 (IL-6), and lipoprotein-associated phospholipase
A2 (Lp-PLA2) are some of the inflammatory markers associated
with stroke (13–15). A pathological biopsy is invasive, and blood
inflammation indicators cannot accurately reflect inflammation
in local tissues of the heart; therefore, non-invasive imaging
techniques to detect local inflammation are essential.

Increasing evidence shows that 18F-fluorodeoxyglucose (18F-
FDG) positron emission tomography/computed tomography
(PET/CT) has important value in the diagnosis of inflammatory
diseases, the judgment of inflammatory active and inactive
periods, and the evaluation of therapeutic effects (16–18).
Studies have shown that the degree of 18F-FDG uptake was
linearly related to the density of inflammatory cells (19), so
the maximum standardized uptake value (SUVmax) of 18F-FDG
can quantitatively reflect the inflammatory activity of tissues.
Sinigaglia M et al. have analyzed the relationship between
atrial FDG uptake and stroke in patients with AF by 18F-
FDG PET/CT and found that increased atrial FDG uptake was
associated with increased prevalence of stroke (20). However,
the enrolled population was to assess cardiac inflammation
or infection, and it was finally confirmed that the study
population included valvular heart disease, coronary artery
disease, cardiac sarcoidosis, and infective endocarditis. Those
diseases and the associated confounders may have influenced
atrial uptake. Moreover, this study lacked specific timing
information, which limited the ability to assess the effect of
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time on the occurrence of events. It also did not compare the
CHA2DS2-VASc score to assess the efficacy of RA FDG uptake
in predicting stroke.

The purpose of this study is to evaluate the relationship
between atrial FDG uptake and stroke in patients with
atrial fibrillation, excluding cardiac and inflammatory
diseases, and to detect whether atrial FDG uptake could
provide incremental value above the CHA2DS2-VASc score
to predict stroke.

MATERIALS AND METHODS

Study Population
From September 2017 to December 2020, we retrospectively
enrolled 115 patients with AF who underwent 18F-FDG PET/CT
in the Nuclear Medicine Department of the Third Affiliated
Hospital of Soochow University due to tumor screening or
preoperative staging (Figure 1). Inclusion criteria are as follows:
(1) patients diagnosed with AF by a cardiologist based on
their medical history and electrocardiogram, paroxysmal AF that
terminates spontaneously or with intervention within 7 days
of onset, and persistent AF that is continuously sustained
beyond 7 days, including episodes terminated by cardioversion
(drugs or electrical cardioversion) after ≥ 7 days(4); (2)
electrocardiogram, echocardiography, and related hematological
examinations within one week; (3) relevant clinical data; and
(4) follow-up ≥ 12 months. Exclusion criteria are as follows:
(1) age ≤ 18 years; (2) complicated with other cardiac diseases
(such as coronary artery disease, congenital heart disease,
valvular disease, and pericardial disease); (3) connective tissue
disease, acute or chronic inflammatory diseases; (4) 18F-FDG
PET/CT imaging found central nervous system tumor and
lung tumor; (5) previous atrial fibrillation ablation and other
cardiac surgery; and (6) death due to tumor during the follow-
up. According to the date of PET/CT examination and the
basic characteristics of the patient [gender, age, body mass
index (BMI), heart rate, malignant tumor history, and fasting
blood-glucose], a 1:1 propensity score matching (PSM) was
used to establish the non-AF group. This retrospective study
was approved by the Institutional Ethics Committee of the
Third Affiliated Hospital of Soochow University [(2020) KD
034]. Informed consents were waived owing to the study’s
retrospective nature.

Clinical Data Collection
The clinical data of patients were collected through an electronic
medical record system, including gender, age, height, weight,
heart rate, fasting blood glucose, active smoking, active drinking,
type of atrial fibrillation, heart failure, tumor [tumor type (head
and neck, breast, digestive system, urinary system, reproductive
system, and lymphohematopoietic system) and treatment
for tumor (surgery, chemotherapy, and radiation therapy)],
medical history (hypertension, diabetes, and dyslipidemia),
and medication (antiplatelet, anticoagulant, hypolipidemic, and
antihypertensive drugs).

18F-Fluorodeoxyglucose Positron
Emission Tomography/Computed
Tomography (18F-FDG PET/CT) Imaging
The German Siemens PET/CT device (Biograph mCT 64, 52-ring
LSO crystal/64-slice spiral CT) was used for imaging. Patients
fasted for more than 12 h before the examination and were
injected 18F-FDG intravenously at a dose of 3.7 MBq/kg. After
resting for 60 min in a quiet and comfortable environment,
the patients maintained a supine position and breathed steadily.
Imaging started with the 64-slice spiral CT (120 kV, 35 mA) for
attenuation correction in all patients. After the CT scan, PET
three-dimensional (3D) collection was performed, collecting 5–
6 beds, 2.5 min/bed. The scanning range was from the top of the
skull to the middle and upper part of the femur.

18F-Fluorodeoxyglucose Positron
Emission Tomography/Computed
Tomography (18F-FDG PET/CT) Imaging
Analysis
The visual and quantitative analyzes of the image were performed
using post-processing workstations (TureD software) by two
PET/CT physicians blind to patients’ medical records.

In visual analysis (21), using a four-point grading system:
grade 0, atrial 18F-FDG uptake was lower than the adjacent blood
pool (background); grade 1, atrial 18F-FDG uptake was similar
to the background; grade 2, atrial 18F-FDG uptake was slightly
higher than the background; and grade 3, atrial 18F-FDG uptake
was evidently higher than the background. Grade 2–3 atrial 18F-
FDG uptake was defined as positive uptake. Ventricular positive
uptake interpretation criteria are as aforementioned.

In quantitative analysis (22), the maximum standardized
uptake value (SUVmax) out of all slices was selected to represent
the activity of the atrial. If no positive uptake could be found,
three circular regions of interest (ROIs) with a diameter of 5 mm
were placed on the wall of the atria. The measurement of the atrial
appendage and ventricle was carried out as described previously.
To obtain the background value of 18F-FDG uptake, a circular
ROI with a diameter of 5 mm was placed on the ascending
aorta cavity, and the mean SUV (SUVmean) was recorded (21).
Thereafter, a target-to-background ratio (TBR) was calculated for
the bilateral atria and atrial appendage (AA), respectively. The
final value of the aforementioned measurement index was the
average value measured by two physicians.

Echocardiogram
Within one week of PET/CT examination, all selected
patients completed echocardiography. The left ventricular
ejection fraction (LVEF) and left atrial diameter (LAD) were
calculated based on biplane two-dimensional echocardiography
(Simpson’s method) (23).

Follow-Up
All patients were followed up for at least 12 months from the date
of PET/CT examination and were followed up by the outpatient
clinic, readmission, or telephone. The endpoint event was the
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FIGURE 1 | Study population.

occurrence of stroke. Stroke includes transient ischemic attack
(TIA) and thromboembolism, which are confirmed by clinicians
through the patients’ symptoms and imaging examination
(computed tomography or magnetic resonance imaging) (4).

Statistical Analysis
SPSS Statistics (version 25; IBM) and MedCalc (version
20.015) were used to perform the statistical analysis. The
Kolmogorov–Smirnoff test was used to assess the normality of
the distribution of continuous variables. Continuous variables
were presented as mean ± standard deviation (SD) or median
(25th–75th percentile), and compared using Student’s t-test or
the Mann–Whitney U test. Categorical variables were presented
as percentages and compared using the chi-square test or

Fisher’s exact test. The optimal cutoff value for cardiac FDG
uptake was obtained by the Youden index of the receiver
operating characteristic (ROC) curve and transformed into
a categorical variable (Supplementary Table 1). The cardiac
SUVmax ≥ optimal cutoff value was defined as high cardiac
SUVmax. Intra- and inter-observer reproducibility of FDG uptake
measurement were assessed using the intraclass correlation
coefficient (ICC).

Cox proportional hazards models were used to explore the
relationship between baseline risk factors and stroke incidence.
The significance of each risk factor was evaluated by univariate
Cox regression analysis to investigate the independent variables
affecting the occurrence of stroke events. Multivariate Cox
proportional hazards regression analysis was used to further
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evaluate risk factors associated with stroke at the significant
level (P < 0.1). The Kaplan–Meier survival curve was drawn to
observe the survival curves of the two groups of RA SUVmax
(high and low), and the log-rank method was used to compare
the differences in the survival curves of the two groups. ROC
curves were plotted to examine the discriminatory power of
atrial FDG uptake in predicting stroke and determine whether
the addition of atrial FDG uptake improves predictive value
beyond the CHA2DS2-VASc score for stroke. A p-value < 0.05
was considered statistically significant.

RESULTS

Clinical Characteristics of Study
Population
The demographic, clinical, and ultrasound parameters of the
study population are given in Table 1. Group 1 consisted of
115 patients with a history of AF (32.2% female, 69 ± 9 years,
70.4% with persistent AF, 29.6% with paroxysmal AF). Group
2 consisted of 115 patients without AF matched for the date of
PET/CT examination and basic characteristics (34.8% female,
67 ± 7 years). Age, gender, BMI, heart rate, fasting blood
glucose, active smoking, active drinking, hypertension, diabetes,
dyslipidemia, serum cholesterol, and blood inflammation
indicators (CRP, leukocytes, neutrophils, and lymphocytes) were

not statistically different between the AF group and non-AF
group (all P > 0.05). Moreover, there was no statistically
significant difference in tumor type, treatment for tumor,
and medication between the two groups (all P > 0.05)
(Supplementary Table 2).

Compared with non-AF group, AF group had more patients
with heart failure and left atrial dilation, and the differences
were statistically significant (all P < 0.05). In the ultrasound
parameters, the LAD of the AF group was higher than that of
the non-AF group, while the LVEF was lower than that of the
non-AF group, and the differences were statistically significant
(all P < 0.05).

Atrial 18F-Fluorodeoxyglucose (18F-FDG)
Uptake and Atrial Fibrillation (AF)
For all enrolled patients, atrial visual analysis and quantitative
analysis (the SUVmax and TBR values of the atria, AA, and
ventricle) are listed in Table 2. Of the 115 patients with
AF, 70 (60.9%) showed positive uptake in RA, 26 (22.6%)
showed positive uptake in LA, and 24 (20.9%) showed positive
uptake in both atria, whereas 34 (29.6%) showed no positive
uptake in both atria. In the non-AF group, one patient showed
positive uptake in the RA and two patients showed positive
uptake in LA. The positive uptake rates of the RV in the
AF group and the non-AF group were 2.6 and 4.3%, and
the positive uptake rates of the LV were 50.4 and 40.9%, and

TABLE 1 | Characteristics of study patients.

Total population (N = 230) AF group (N = 115) Non-AF group (N = 115) P-value

Age, years 68 (8) 69 (9) 67 (7) 0.125

Female, n (%) 77 (33.5) 37 (32.2) 40 (34.8) 0.675

BMI, kg/m2 22.88 (2.91) 22.92 (3.24) 22.84 (2.56) 0.837

Heart rate, bpm 76.23 (12.20) 76.25 (13.67) 76.21 (10.60) 0.979

Fasting blood-glucose, mmol/L 5.70 (5.22 − 6.40) 5.70 (5.23 − 6.30) 5.70 (5.10 − 6.40) 0.747

Tumor, n (%) 102 (44.3) 48 (41.7) 54 (47.0) 0.426

Hypertension, n (%) 115 (50.0) 59 (51.3) 56 (48.7) 0.692

Diabetes, n (%) 37 (16.1) 17 (14.8) 20 (17.4) 0.590

Dyslipidemia, n (%) 46 (20.0) 23 (20.0) 23 (20.0) 1.000

Active smoking, n (%) 79 (34.3) 38 (33.0) 41 (35.7) 0.677

Active drinking, n (%) 40 (20.4) 23 (20.0) 24 (21.0) 0.870

Heart failure, n (%) 20 (8.7) 16 (13.9) 4 (3.4) 0.010

Left atrial dilation, n (%) 93 (40.4) 83 (72.2) 10 (8.7) 0.000

Triglyceride, mmol/L 1.21 (1.02 − 1.46) 1.17 (0.93 − 1.49) 1.21 (1.04 − 1.36) 0.633

Total cholesterol, mmol/L 4.27 (0.63) 4.21 (0.77) 4.31 (0.44) 0.247

HDL cholesterol, mmol/L 1.46 (0.48) 1.52 (0.59) 1.41 (0.34) 0.097

LDL cholesterol, mmol/L 2.20 (0.67) 2.14 (0.81) 2.27 (0.48) 0.158

CRP, mg/L 4.30 (3.50 − 5.50) 4.00 (3.50 − 5.00) 4.60 (3.50 − 5.90) 0.242

Leukocytes, 109/L 5.89 (1.59) 5.88 (1.56) 5.91 (1.63) 0.882

Neutrophils, 109/L 3.67 (2.86 − 4.55) 3.62 (2.86 − 4.59) 3.70 (2.92 − 4.55) 0.574

Lymphocytes, 109/L 1.49 (0.56) 1.51 (0.60) 1.47 (0.53) 0.250

LAD, mm 39.29 (7.17) 43.71 (6.82) 34.87 (4.15) 0.000

LVEF,% 63 (60 − 65) 61 (58 − 63) 64 (62 − 66) 0.000

AF, atrial fibrillation; BMI, body mass index; LA, left atria; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CRP, C-reactive protein; LAD, left atrial diameter;
LVEF, left ventricular ejection fraction.
P < 0.05.
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TABLE 2 | Comparison of atrial 18F-fluorodeoxyglucose (18F-FDG) uptake in atrial
fibrillation (AF) and non-AF groups.

Total
population
(N = 230)

AF group
(N = 115)

Non-AF
group

(N = 115)

P-value

Visual analysis

RA positive uptake 71 (30.9) 70 (60.9) 1 (0.9) 0.000

RV positive uptake 8 (3.5) 3 (2.6) 5 (4.3) 0.719

LA positive uptake 28 (12.2) 26 (22.6) 2 (1.7) 0.000

LV positive uptake 105 (45.7) 58 (50.4) 47 (40.9) 0.186

Quantitative analysis

RA SUVmax 2.50
(1.82–3.59)

3.58
(2.70–4.80)

1.95
(1.63–2.20)

0.000

RAA SUVmax 2.30
(1.90–3.03)

3.00
(2.36–4.22)

2.04
(1.70–2.30)

0.000

RV SUVmax 2.48
(2.15–2.80)

2.50
(2.10–1.96)

2.47
(2.19–2.67)

0.726

LA SUVmax 2.22
(1.78–2.75)

2.60
(2.00–3.30)

2.00
(1.71–2.48)

0.000

LAA SUVmax 2.22
(1.90–2.76)

2.65
(2.20–3.30)

1.95
(1.74–2.23)

0.000

LV SUVmax 4.97
(2.91–10.03)

5.70
(3.20–9.66)

3.94
(2.54–10.36)

0.052

TBR RA 1.29
(0.75–1.96)

1.82
(1.37–2.45)

0.75
(0.71–0.97)

0.000

TBR RAA 1.13
(0.83–1.82)

1.67
(1.17–2.14)

0.84
(0.74–0.97)

0.000

TBR RV 1.22
(0.99–1.41)

1.26
(1.07–1.35)

1.12
(0.95–1.35)

0.004

TBR LA 1.08
(0.80–1.51)

1.35
(1.09–1.86)

0.81
(0.73–1.07)

0.000

TBR LAA 1.05
(0.77–1.55)

1.39
(1.07–1.93)

0.81
(0.67–1.00)

0.000

TBR LV 2.18
(1.29–5.13)

3.09
(1.65–5.28)

1.86
(1.05–4.47)

0.001

AF, atrial fibrillation; RA, right atrial; RV, right ventricle; LA, left atrial; LV, left ventricle;
RAA, right atrial appendage; LAA, left atrial appendage; SUVmax , maximum
standardized uptake value; TBR, target-to-background ratio.
P < 0.05.

there was no significant difference between the two groups
(P > 0.05).

In agreement with the visual analysis, the SUVmax and
TBR values of RA, RAA, LA, and LAA in the AF group
were significantly higher than those of the non-AF group (all
P < 0.001). The AF group has more patients with left atrial
dilation than the non-AF group (72.2 vs. 8.7%, respectively,
P < 0.001), but LAD was not correlated with LA SUVmax, LAA
SUVmax, RA SUVmax, and RAA SUVmax (Figure 2). There was
no significant difference in RV SUVmax and LV SUVmax between
the two groups (P > 0.05). However, compared with the non-
AF group, the TBR (RV and LV) of patients in the AF group was
higher, and the difference was statistically significant (P < 0.05).

Atrial 18F-Fluorodeoxyglucose (18F-FDG)
Uptake and Stroke
We followed up the patients for 28 ± 10 months from the date
of PET/CT examination, during which 18 patients died (due

to tumor) and 31 patients had stroke finally. After excluding
dead patients, the enrolled patients were divided into two groups
according to stroke (Table 3). The stroke group consisted of
31 patients with stroke during the follow-up (32.3% female,
71 ± 8 years, 77.4% with AF). Non-stroke consisted of 181
patients without stroke during the follow-up (33.7% female,
68 ± 9 years, 45.9% with AF). The incidence of stroke was more
common in the AF group than the non-AF group (24 patients vs.
7 patients, respectively).

In the stroke group, atrial fibrillation, RA SUVmax, RAA
SUVmax, LAA SUVmax, age ≥ 75 years, and left atrial dilation
were significantly higher than those of the non-stroke group
(all P < 0.05). In visual analysis, only RA positive uptake
was statistically different between the two groups (P < 0.001)
(Supplementary Table 3). In visual analysis or quantitative
analysis, there was no statistically significant difference in
ventricular uptake (all P > 0.05). Moreover, tumor type,
treatment for tumor, and medication were not statistically
different between the stroke group and the non-stroke group (all
P > 0.05) (Supplementary Table 4).

Multivariate Analysis Predicts the
Occurrence of Stroke
Univariate Cox regression analyzes demonstrated that atrial
fibrillation (HR = 4.433, P = 0.001), high RA SUVmax
(HR = 5.213, P = 0.000), high RAA SUVmax (HR = 5.330,
P = 0.006), high LAA SUVmax (HR = 2.665, P = 0.012),
age ≥ 75 years (HR = 2.488, P = 0.007), left atrial dilation
(HR = 2.570, P = 0.010), and heart failure (HR = 2.986,
P = 0.044) were significantly associated with the occurrence of
stroke (Table 4). Multivariate Cox regression analysis showed
that high RA SUVmax was an independent risk factor for stroke
(HR = 4.264, 95% CI 1.368–13.293, P = 0.012). By using the log-
rank test, patients with high RA SUVmax (RA SUVmax ≥ 2.62)
(median time of stroke = 30.39 months) had a significantly
higher rate of stroke than patients with low RA SUVmax (RA
SUVmax < 2.62) (median time of stroke = 41.14 months)
(P < 0.001, Figure 3).

Meanwhile, we excluded patients with relatively high
ventricular uptake (52.4%, 111 cases) and divided the relatively
ventricular non-uptake population into the stroke group (n = 15)
and the non-stroke group (n = 86). Univariate Cox regression
analyzes demonstrated that atrial fibrillation (HR = 3.533,
P = 0.023) and high RA SUVmax (HR = 6.079, P = 0.001)
were significantly associated with the occurrence of stroke
(Supplementary Table 5). Multivariate Cox regression analysis
showed that high RA SUVmax was an independent risk factor for
stroke (HR = 4.260, 95% CI 1.240–14.634, P = 0.021).

Addition of Atrial Fluorodeoxyglucose
(FDG) Uptake to the CHA2DS2-VASc
Score for Predicting Stroke
To further assess the predictive value of atrial FDG uptake as an
adjunct to the CHA2DS2-VASc score for stroke, we performed
ROC curve analysis of three multivariate models (Figure 4):
model 1 = high RA SUVmax (AUC = 0.636, P = 0.016),
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FIGURE 2 | (A–D) Linear correlation analysis between the left atrial diameter (LAD) and the maximum standardized uptake value (SUVmax ) of left atria (LA), left atrial
appendage (LAA), right atrial (RA), and right atria appendage (RAA) (A, LA; B, LAA; C, RA; D, RAA).

model 2 = the CHA2DS2-VASc score [congestive heart failure,
hypertension, age ≥ 75 years (double weight), diabetes, stroke
(double weight), vascular disease, age 65–74 years, sex category
(female)] (AUC = 0.700, P < 0.001), and model 3 = high RA
SUVmax + CHA2DS2-VASc score (AUC = 0.790, P < 0.001).
The addition of high RA SUVmax to the CHA2DS2-VASc score
improves the predictive value of stroke (AUC 0.790 vs. 0.700,
P < 0.001).

Reproducibility
Supplementary Table 6 presents the reproducibility of
FDG uptake measurements. Both intra- and inter-observer
comparisons showed excellent reproducibility in all of the
measurements (all ICC > 0.8).

DISCUSSION

The main findings of the study were as follows: (1) In visual and
quantitative analyzes, the atrial FDG uptake of the AF group was
higher than that of the non-AF group. (2) RA FDG uptake is an
independent risk factor for stroke in multivariate Cox analysis.
(3) Patients with high RA SUVmax were more prone to stroke,

and the median time of stroke was significantly shortened. (4)
RA FDG uptake has incremental value above the CHA2DS2-VASc
score in predicting stroke.

Physiological and metabolic statuses will significantly affect
heart metabolism, thereby affecting the cardiac 18F-FDG uptake.
Prolonged fasting can reduce blood glucose and insulin levels
and increase free fatty acid levels, which can relatively reduce
myocardial glucose utilization and improve image quality (24).
Okumura et al. showed that fasting for at least 12 h can
effectively inhibit the normal metabolism of cardiomyocytes,
thereby highlighting the enhanced FDG uptake in inflammatory
tissues (25). So, all enrolled patients were fasted before the
examination (fasting time more than 12 h), which effectively
inhibited the physiological uptake of the myocardium (26)

In conventional tumor 18F-FDG PET/CT imaging, some
diseases may have influenced cardiac uptake, such as cardiac
sarcoidosis, infective endocarditis, and implantable cardiac
electronic device infection (27, 28). A study based on the Chinese
patients showed that about 60% of patients had left ventricular
myocardium uptake in oncology PET/CT, half of which were
caused by myocardial ischemia (29). Therefore, in order to
avoid the interference of confounding factors, we excluded
cardiac diseases, other than AF, from the enrolled population.
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TABLE 3 | Comparison of atria 18F-fluorodeoxyglucose (18F-FDG) uptake and
stroke risk factors in stroke group and non-stroke group.

Stroke group
(N = 31)

Non-stroke group
(N = 181)

P-value

Atrial fibrillation, n (%) 24 (77.4) 83 (45.9) 0.001

Tumor, n (%) 12 (38.7) 72 (39.8) 0.910

FDG uptake

RA SUVmax 3.60 (2.80-5.10) 2.30 (1.80-3.30) 0.000

RAA SUVmax 2.84 (2.21-4.30) 2.30 (1.90-2.90) 0.002

RV SUVmax 2.40 (1.90-2.88) 2.48 (1.29-2.77) 0.397

LA SUVmax 2.35 (1.80-3.25) 2.26 (1.80-2.70) 0.676

LAA SUVmax 2.55 (2.20-3.12) 2.20 (1.89-2.70) 0.007

LV SUVmax 6.44 (3.05-11.25) 4.99 (2.83-10.09) 0.900

Stroke risk factors

Age, n (%)

74>Age ≥ 65 years 12 (38.7) 93 (51.4) 0.192

≥ 75 years 11 (35.5) 33 (18.2) 0.029

Sex (female), n (%) 10 (32.3) 61 (33.7) 0.875

Active smoking, n (%) 12 (38.7) 60 (33.1) 0.546

Active drinking, n (%) 6 (19.4) 40 (22.1) 0.732

Hypertension, n (%) 18 (58.0) 90 (49.7) 0.391

Diabetes, n (%) 6 (19.4) 29 (16.0) 0.644

Dyslipidemia, n (%) 4 (12.9) 38 (21.0) 0.296

Left atrial dilation, n (%) 18 (58.1) 67 (37.0) 0.000

Heart failure, n (%) 4 (12.9) 11 (6.1) 0.171

RA, right atrial; RAA, right atrial appendage; RV, right ventricle; LA, left atrial; LAA,
left atrial appendage; LV, left ventricle; SUVmax , maximum standardized uptake
value; TBR, target-to-background ratio.
P < 0.05.

Otherwise, atrial glucose metabolism (mainly aerobic metabolism
and glycolysis) is significantly lower than that of the ventricle, and
the uptake of 18F-FDG in the atrium is almost invisible under
normal circumstances (30).

Previous retrospective studies only used fasting to inhibit
myocardial uptake and have shown that increased atrial FDG
uptake is related to patients with AF, especially in RA (31,
32). This study also showed that whether it was visual or
quantitative analysis, the atrial FDG uptake in the AF group
was significantly higher than that in the non-AF group, and
the differences were statistically significant. More meaningfully,
Emiri et al. performed a pathological biopsy on the atria of
patients with AF and found that numerous extravascular CD68-
positive macrophages and CD3- or CD20-positive lymphocytes
had infiltrated in the regions, demonstrating FDG uptake
(21). In patients with AF, atrial pathology showed lymphatic
mononuclear cell infiltration and necrosis of adjacent muscle
cells, which was not present in patients with sinus rhythm
(33). Several studies support a strong association between
inflammation and the pathogenesis of AF (34–36). Inflammation
promotes the structural remodeling and electrical remodeling
of the atria, thereby shortening the atrial refractory period,
causing ectopic pacing, and inducing AF (37). One hypothesis
is that the increased atrial FDG uptake detected by PET may
be caused by local inflammation, supported by these biopsy
reports. In addition, Xie et al. explored the factors that affect

TABLE 4 | Univariate and multivariate Cox analyzes of prognostic risk
factors for stroke.

Univariate analysis Multivariate analysis

HR (95% CI) P value HR (95% CI) P-value

Atrial fibrillation, n (%) 4.433
(1.897–10.360)

0.001 1.672
(0.482–5.800)

0.418

Tumor, n (%) 1.128
(0.557–2.186)

0.738

FDG uptake

High RA SUVmax 5.213
(2.488–10.921)

0.000 4.264
(1.368–13.293)

0.012

High RAA SUVmax 5.330
(1.618–17.560)

0.006 0.870
(0.607–1.247)

0.448

High RV SUVmax 1.361
(0.650–2.851)

0.414

High LA SUVmax 1.547
(0.747–3.204)

0.240

High LAA SUVmax 2.665
(1.245–5.706)

0.012 1.262
(0.487–3.270)

0.632

High LV SUVmax 1.678
(0.829–3.399)

0.150

Stroke risk factors

Age, n (%)

74>Age ≥ 65 years 0.541
(0.262–1.118)

0.097 0.826
(0.336–2.030)

0.677

≥ 75 years 2.488
(1.290–4.800)

0.007 1.643
(0.669–4.034)

0.279

Sex(female), n (%) 0.884
(0.396–1.799)

0.660

Active smoking, n (%) 1.359
(0.659–2.802)

0.406

Active drinking, n (%) 0.844
(0.346–2.059)

0.710

Hypertension, n (%) 1.409
(0.690–2.878)

0.347

Diabetes, n (%) 1.214
(0.498–2.961)

0.670

Dyslipidemia, n (%) 0.631
(0.221–1.804)

0.390

Left atrial dilation, n (%) 2.570
(1.256–5.256)

0.010 0.870
(0.347–2.179)

0.766

Heart failure, n (%) 2.986
(1.029–8.664)

0.044 2.052
(0.663–6.353)

0.212

RA, right atrial; RAA, right atrial appendage; RV, right ventricle; LA, left atrial; LAA,
left atrial appendage; LV, left ventricle; SUVmax , maximum standardized uptake
value; TBR, target-to-background ratio.
P < 0.05.

atrial FDG uptake in patients with AF and found that the activity
of epicardial adipose tissue (EAT) had a linear relationship with
atrial FDG uptake (22). EAT is not only visceral adipose tissue
but also an active endocrine organ. It can secrete a large number
of inflammatory factors to act on atrial muscles, promote atrial
fibrosis, lead to atrial remodeling, and provide a matrix for the
occurrence and maintenance of AF (38, 39).

Meanwhile, this study also suggested that RA FDG uptake
measured by 18F-FDG PET/CT is an independent risk factor for
stroke, and the increase in RA FDG uptake is proportional to the
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FIGURE 3 | Kaplan–Meier survival curves for stroke based on right atrial maximum standardized uptake value (RA SUVmax ) (high RA SUVmax ≥ 2.62;low RA
SUVmax < 2.62).

FIGURE 4 | Receiver operating characteristic (ROC) curves of different models for predicting stroke.
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increase in the risk of stroke. A previous study based on European
populations has shown a significant correlation between atrial
FDG uptake and the prevalence of stroke (20). Sinigaglia M
et al. analyzed the relationship between atrial FDG uptake and
stroke based on 18F-FDG PET/CT and found that the RA FDG
uptake of stroke patients was higher than that of non-stroke
patients. However, the enrolled patients were to assess cardiac
inflammation or infection, and it was finally confirmed that the
study population included valvular heart disease, coronary artery
disease, cardiac sarcoidosis, and infective endocarditis. Those
diseases and the associated confounders may have influenced
atrial uptake. Moreover, this study only carried out a multivariate
logistic analysis and lacked time information, which limited
the ability to assess the impact of time on the occurrence of
events. Also, this study neither assessed the efficacy of RA
FDG uptake in predicting stroke nor compared the CHA2DS2-
VASc score.

In this study, the enrolled population comprised patients
who are used for tumor screening or preoperative staging,
excluding cardiac and inflammatory diseases. Moreover,
tumor type and treatment for tumor were not statistically
different between the stroke group and the non-stroke group.
Multivariate Cox regression analysis showed that high RA
SUVmax (RA SUVmax ≥ 2.62) was an independent risk factor
for stroke (HR = 4.227, P = 0.015). An elderly woman with
persistentatrial fibrillation for 8 years underwent PET/CT
because of elevated CEA markers. PET/CT showed RA positive
uptake (SUVmax = 4.76), and stroke occurred after 13 months of
follow-up (Figure 5). This study suggests that RA FDG uptake
is related to the occurrence of stroke, which is consistent with
previous study (20). In addition, this study found that patients
with high RA SUVmax were more prone to stroke, and the
median time of stroke was significantly shortened. Due to the
retrospective nature of study, enrolled patients only fasted for

FIGURE 5 | Case example. A 75-year-old woman with persistent atrial fibrillation for 8 years underwent positron emission tomography (PET)/computer tomography
(CT) due to elevated CEA marker (final diagnosis of gastric cancer) and developed stroke after 13 months of the follow-up. Panel (B) shows the red oval circle
outlines the RA FDG uptake (SUVmax = 4.76); panel C shows acute infarcts in the left thalamus, hippocampus, and occipital lobe (yellow arrow) (A,
electrocardiogram; B1, PET image; B2 PET/CT image; C, DWI image).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 July 2022 | Volume 9 | Article 862000

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-862000 July 4, 2022 Time: 17:0 # 11

Wang et al. RA FDG Uptake and Stroke

12 h, and half of the patients had ventricular uptake. Although
the uptake of the left and right ventricles was not statistically
different between the stroke group and the non-stroke group,
in order to avoid the influence of the ventricle, we excluded
patients with high relative ventricular uptake and performed
a subgroup analysis. Univariate and multivariate Cox analyzes
showed that high RA SUVmax was associated with stroke
(P < 0.05). Consistent with the results of the whole population, it
is proved that increased RA FDG uptake is an independent risk
factor for stroke.

A Swedish atrial fibrillation cohort study showed that among
90,490 patients with non-valvular AF who had never received
anticoagulation therapy, the C statistic of the CHA2DS2-VASc
score to evaluate stroke was 0.67 (0.67–0.68) (40). In this study,
the area under the CHA2DS2-VASc score curve for predicting
stroke is 0.700, which is consistent with the aforementioned
study. Addition of RA SUVmax to the CHA2DS2-VASc score
could predict stroke more effectively, with a larger AUC 0. 790
(P < 0.001). Our study found for the first time that adding RA
FDG uptake to the CHA2DS2-VASc score could improve the
incremental value for predicting stroke.

Several studies have shown that the abnormal inflammatory
state may also drive the prothrombotic state in AF, which
may contribute to the increased risk of thrombogenesis and,
subsequently, thromboembolism (10, 41). Gregory et al. reported
that CRP was positively correlated to stroke risk and related to
stroke risk factors and prognosis (mortality, vascular events) (42).
Yoichi et al. performed a pathological biopsy on the left atrial
appendage of patients with atrial fibrillation and cardiogenic
thromboembolism and confirmed that tissue factor expression
induced by local inflammation is involved in the formation
of thrombus in patients with AF (12). The aforementioned
studies support the strong association between inflammation
and pathogenesis of stroke. This provides new ideas for the
mechanism research and prevention of stroke in future.

LIMITATIONS

This study still has certain limitations. First of all, this study is
a single-center study with a small sample size, which requires a
large-sample prospective study for verification. Due to the limited
number of studies, we could not perform subgroup analysis to
explore the differences between different types of AF. Second,
the enrolled population underwent 18F-FDG PET/CT due to
tumor screening or preoperative staging, and after excluding
18 patients who died from tumor during follow-up, there were
12 (38.7%) and 72 (39.8%) tumor patients in the stroke group
and the non-stroke group, respectively. Tumor may lead to
stroke via hypercoagulability, and although the difference was not
statistically significant in tumor type and treatment for tumor
between the two groups of patients, the potential effects of
tumor cannot be completely ruled out. In future, it is necessary
to conduct relevant research on AF patients without a history
of tumors. Third, due to the retrospective study, the enrolled
patients only had fasted for 12 h, and half of the patients
had relatively high ventricular uptake. The study showed that

between the right and left ventricular uptake had no statistical
difference between the stroke group and the non-stroke group,
and the multivariate Cox analysis results were consistent after
subgroup analysis. In future, patients need to be prepared
for long-term fasting (fasting time more than 18 h), high-fat
and low-carbohydrate diet, and intravenous bolus injection of
heparin, so as to effectively inhibit the physiological uptake
of the myocardium. Finally, this study only performed 18F-
FDG PET/CT examinations on patients and did not perform
invasive pathological biopsy on the tissues of FDG uptake in
the atria, which lacked the gold standard for the diagnosis of
inflammatory activity.

CONCLUSION

This study found a significant correlation between atrial FDG
uptake and AF, especially in RA. Meanwhile, this study found
that increased RA FDG uptake is an independent risk factor for
stroke, with high RA SUVmax being more prone to stroke and
significantly shorter median time to stroke. Addition of RA FDG
uptake to the CHA2DS2-VASc score could predict stroke more
effectively and improve incremental value of traditional score. In
future, it is necessary to carry out prospective studies.
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