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Abstract
Background: Accumulated evidence has indicated that a high-normal FT4 level is an 
independent risk factor for the clinical progression of AF. However, the association 
between elevated FT4 concentration within the normal range and AF recurrence after 
cryoballoon ablation in China is unknown.
Methods: This retrospective and observational study included 453 AF patients who 
underwent cryoballoon ablation from January 2016 to August 2018. Patients were 
classified into quartiles based on preprocedural serum FT4 concentration. The clinical 
characteristics of the patients and the long-term rate of AF recurrence after ablation 
were assessed.
Results: After a mean follow-up period of 17.4 ± 9.0 months, 91 (20.1%) patients suf-
fered from AF recurrence. The AF recurrence rate by FT4 quartile was 17.7%, 19.0%, 
21.4%, and 22.3% for participants with FT4 in quartile 1, 2, 3, and 4, respectively 
(p  <  .001). On multivariate Cox regression, FT4 concentration (HR: 1.187, 95% CI: 
1.093–1.290, p  <  .001) and left atrial diameter (HR: 1.052, 95% CI: 1.014–1.092, 
p = .007) were significant predictors of AF recurrence. When stratifying for AF type, 
the rate of postoperative recurrence was independently increased as FT4 concentra-
tion increased in paroxysmal AF, but not in persistent AF (p < .001 in paroxysmal AF 
and p = .977 in persistent AF).
Conclusion: Higher FT4 level within the normal range predicted the outcome of cry-
oballoon ablation in Chinese paroxysmal AF patients without structural heart disease.
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1  |  INTRODUC TION

Atrial fibrillation (AF), the most common cardiac arrhythmia, is fre-
quently associated with ischemic stroke and heart failure (Markides 
& Schilling, 2003). Epidemic data have shown that the incidence of 
AF is increasing rapidly worldwide, and the overall prevalence of 
community-based AF is estimated to range from 0.37% to 3.56% in 
China (Bai et al., 2017). Catheter ablation with pulmonary vein iso-
lation (PVI), including cryoballoon ablation and radiofrequency ab-
lation, has been widely acknowledged as an effective method of AF 
treatment, especially in paroxysmal AF (Parameswaran et al., 2020). 
Compared with antiarrhythmic drugs, it significantly improves the 
postoperative recurrence rate and patient quality of life (Jaïs et al., 
2008). However, the approximately 20–30% recurrence rate re-
mains unsatisfactory, and additional noninvasive and accurate risk 
factors for the early prediction of AF recurrence are needed (Buiatti 
et al., 2017).

Thyroid hormones are well established to play critical roles 
in cardiovascular function (Cappola et al., 2006). They can reg-
ulate systemic vascular resistance, blood volume, and inotropic 
and chronoscopic effects (Yen et al., 2006). Moreover, they can 
increase the propensity for atrial arrhythmias, particularly AF, 
through shortening of the action potential (AP) duration in the 
atrial myocardium (Marrakchi et al., 2015). Overt hyperthyroidism 
and subclinical hyperthyroidism have been well demonstrated as 
risk factors in AF patients and as markers of worse cardiovascu-
lar adverse outcomes, including dementia, coronary heart disease, 
and heart failure (Marrakchi et al., 2015). In patients undergoing 
AF catheter ablation, prior data showed that overt hyperthy-
roidism and subclinical hyperthyroidism were associated with an 
increased risk of AF recurrence (Wongcharoen et al., 2015). A 
recently published retrospective study reported that even higher 
free thyroxine (FT4) levels within the reference range were associ-
ated with an increased prevalence and incidence of AF (Anderson 
et al., 2019), which indicated that elevated FT4 levels within the 
reference range may be a potential target in the pathophysiology 
of AF and may consequently contribute to the low clinical success 
rates after PVI.

Cryoballoon ablation shares comparable success rates and 
safety with radiofrequency ablation and is characterized by its 
shorter learning curve and procedure duration (Kuck et al., 2016). 
Nevertheless, to the best of our knowledge, there are no available 
data regarding the effect of normal thyroid function on the clinical 
outcomes of cryoballoon ablation. Most observational studies ex-
amining catheter ablation outcomes in patients in relation to thy-
roid function used radiofrequency ablation and focused primarily on 
thyroid-stimulating hormone (TSH) and less on FT4 (Morishima et al., 
2018; Sousa et al., 2015; Tang et al., 2010). Therefore, the objective 
of this study was to evaluate the potential effects of FT4 concen-
tration on AF-free survival after cryoballoon ablation and to assess 
the free triiodothyronine (FT3) and TSH concentrations to identify 
which thyroid hormone subtype is the best biomarker for predicting 
AF recurrence in Chinese euthyroid patients.

2  |  METHODS

2.1  |  Studied population

This retrospective and observational study included 453 con-
secutive symptomatic drug-refractory paroxysmal or persistent 
AF patients who underwent cryoballoon ablation procedures in 
the Department of Cardiology, Shanghai Tenth People's Hospital 
(China) from January 2016 to August 2018. The inclusion criteria 
were in accordance with diagnostic criteria for symptomatic drug-
refractory nonvalvular AF and indications for AF ablation (January 
et al., 2014). Paroxysmal AF was defined as AF episodes that were 
self-terminating and lasted for up to 7 days, and persistent AF was 
defined as continuous AF that lasted longer than 7 days. The exclu-
sion criteria were as follows: (1) left atrial diameter (LAD) >55 mm; 
(2) myocarditis or cardiomyopathies; (3) structural heart disease; 
(4) intracardiac thrombi; (5) left atrial ablation; (6) heart failure with 
NYHA class IV; (7) acute or chronic infections or inflammatory dis-
eases, severe liver or renal dysfunction, and history of cerebral 
infarction or transient cerebral ischemia within 6 months. In addi-
tion, participants with abnormal TSH, FT3, or FT4 levels, thyroid 
medication, prior or current uncontrolled thyroid or parathyroid 
disease and patients who had been on amiodarone for 3 months 
prior to admission were excluded from the analysis. Patients were 
classified into quartiles based on preprocedural serum FT4 con-
centration. All subjects provided written informed consent before 
participating in the study. The current study complied with the 
Declaration of Helsinki and was approved by the Shanghai Tenth 
Hospital Ethics Committee.

2.2  |  Clinical data collection

Upon patient hospitalization, detailed data regarding medical his-
tory and clinical and demographic characteristics at baseline were 
collected. Diabetes was diagnosed according to the WHO criteria 
(American Diabetes, 2018). Hypertension was defined as blood 
pressure higher than 140/90 mmHg or the use of antihypertensive 
medications. Heart failure patients were those with New York Heart 
Association class IV heart failure or left ventricular ejection fraction 
(LVEF) <40%. The risk score for stroke was evaluated by CHA2DS2-
VASc score (Lip et al., 2010). Euthyroidism in our study was defined 
as TSH, FT4, and FT3 levels within the reference range while not 
taking any thyroid medication.

2.3  |  Preprocedural preparation

Standard 12-lead electrocardiogram (ECG) and Holter examination 
were recorded in all patients. Routine chest X-ray and transthoracic 
echocardiography (TTE) evaluations were performed to assess left 
atrial diameter and left ventricular ejection fraction in all patients 
within 1 week prior to ablation. To exclude the presence of thrombi 
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in the left atrium and left atrial appendage, all patients underwent 
TEE the day before the procedure.

Prior to ablation, all antiarrhythmic drugs (AADs) were with-
drawn for at least five half-lives. All patients needed to be antico-
agulated with warfarin or new oral anticoagulants (NOACs) at least 
8 weeks before the ablation procedure. For patients taking warfarin, 
ablation was performed if their INR was maintained within 2.0–3.0 
without interruption prior to ablation. Commonly used oral antico-
agulants, such as dabigatran, rivaroxaban, and warfarin, were dis-
continued 24 h before the procedure.

2.4  |  Laboratory tests

Baseline fasting blood samples were obtained from all patients 
on the first morning of hospitalization. Serum concentrations 
of N-terminal pro-brain natriuretic peptide (NT-proBNP) and 
C-reactive protein (CRP); plasma levels of glucose, high-density 
lipoprotein cholesterol (HDL), and low-density lipoprotein cho-
lesterol (LDL-C); and the international normalized ratio (INR) 
were assessed by colorimetric enzymatic assay systems (Roche 
MODULAR P-800, Switzerland). Preprocedural serum thyroid 
function was assessed with a commercial assay (ADVIA Centaur 
XP Immunoassay System; Siemens Healthcare Diagnostic Inc.,). 
The laboratory reference ranges of FT4, FT3, and TSH con-
centrations were 10.5–24.4  pmol/L, 2.8–6.3  pmol/L and 0.38–
4.34 mIU/L, respectively.

2.5  |  Cryoballoon ablation procedure

Circumferential pulmonary vein isolation following cryoballoon 
ablation was performed by experienced electrophysiologists, as 
described previously in detail (Liu et al., 2019). In short, cryob-
alloon ablation procedures were performed with patients under 
local anesthesia and conscious sedation. All patients had groin-
entry venous-route catheter introduction with entry into the left 
atrium via transseptal puncture under X-ray guidance. Selective 
PV angiography was used to identify the PVs. A standard commer-
cially available balloon catheter (Arctic Front Advance™ 10.5-F 
shaft, 23-  or 28  mm diameter, Medtronic Inc.,) was introduced 
into the left atrium via a sheath (FlexCath Advance™ Steerable 
Sheath, 15 F, Medtronic Inc.,). The choice of balloon size was 
based on the patients’ LA and PV anatomy. An 8-pole circular 
mapping catheter (Achieve™, Medtronic Inc.,) with a shaft diam-
eter of 1.1 mm and a 15 mm loop was advanced through the lumen 
of the cryoballoon catheter, replacing the guide wire. PV electro-
grams were recorded at baseline using a circular mapping catheter 
to compare with analogous recordings after ablation. The acute 
procedural endpoint was defined as the absence or dissociation of 
all PV potentials, as confirmed by bidirectional block using a cir-
cular mapping catheter after a 30 min waiting period (subsequent 
to the last ablation).

2.6  |  Postablation management

After the cryoballoon ablation procedure, all participants were 
monitored with ECG telemetry for at least 24 h and reevaluated by 
TTE to rule out pericardial effusion. Oral anticoagulation, such as 
dabigatran, rivaroxaban, or warfarin, was initiated in the evening 
after ablation. It continued for at least 3 months after the procedure 
and thereafter based on the CHA2DS2-VASc score. Antiarrhythmic 
drugs such as sotalol were continued for at least 3 months as well.

2.7  |  Follow-up and study outcome

After hospital discharge, the follow-up information of patients was 
obtained from telephone interviews or each visit in the outpatient 
clinics at 1, 3, 6, and 12 months and then every 6 months thereaf-
ter, or earlier if symptoms consistent with recurrent AF developed 
after the ablation. The primary outcome was defined as AF recur-
rence, which was any recording of AF on ECG or an episode longer 
than 30 s on 24 h ECG Holter registration after a blanking period of 
3 months. Patients who experienced a second ablation at any time 
were also classified as having recurrence.

2.8  |  Statistical analysis

Continuous variables are presented as the mean  ±  standard de-
viation (SD). Categorical variables are expressed as numbers and 
percentages. For continuous variables, one-way ANOVA was used 
to compare FT4 quartiles. Categorical variables were compared 
by the chi-square test or Fisher's exact test, as appropriate. FT4 
level was analyzed as both a continuous and a categorical variable. 
Recurrence-free survival over time regarding the FT4 quartiles 
was calculated using Kaplan–Meier curves, and differences in AF-
free survival among groups were compared by the log-rank test. 
Independent predictors of AF recurrence after the cryoballoon ab-
lation procedure were identified using a Cox proportional hazards 
model. Variables in the stepwise multivariate analysis only included 
covariates with a p value <  .05 in univariate analysis. Specific sub-
group analysis by AF type was also performed using Cox regression 
analysis. The hazard ratio (HR) and 95% confidence interval (CI) are 
reported. A two-tailed P value of less than 0.05 was considered sta-
tistically significant. All analyses were performed using Statistical 
Package for Social Sciences (SPSS) for Windows 10.

3  |  RESULTS

3.1  |  Subjects' characteristics

The present study comprised 453 symptomatic AF patients who un-
derwent cryoballoon ablation. The mean age of the participants was 
65.5 ±  9.4  years, and 286 (63.1%) were male. Of them, the mean 

 1542474x, 2021, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/anec.12874 by C

ochraneC
hina, W

iley O
nline L

ibrary on [03/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 of 9  |     PEI et al.

CHA2DS2-VASC score was 2.3 ± 1.6. There were 57 (12.6%) per-
sistent and 396 (87.4%) paroxysmal AF patients. The mean LAD was 
41.2 ± 5.4 mm, and LVEF was 60.9% ± 7.2%. The mean concentra-
tions of FT4, FT3 and TSH were 17.0 ± 2.8 pmol/l, 4.6 ± 0.6 pmol/l, 
and 2.1 ± 1.1 mIU/ml, respectively (Table 1). All patients were further 
divided into quartiles based on preprocedural FT4 level, and their 
clinical characteristics and laboratory data are shown in Table  2. 
Participants in the highest FT4 quartile were less likely to be smokers 
and alcohol drinkers than those in the lower quartiles. FT3 concen-
trations increased with increasing FT4 quartile (4.47 ± 0.51 pmol/l in 

quartile 1 vs. 4.59 ± 0.59 pmol/l in quartile 2 vs. 4.66 ± 0.56 pmol/l in 
quartile 3 vs. 4.70 ± 0.70 pmol/l in quartile 4, p < .05). There were no 
other significant differences in baseline characteristics among the 
FT4 quartile groups.

3.2  |  Patients with higher FT4 levels presented 
higher rates of AF recurrence after the cryoballoon 
ablation procedure

After a mean follow-up period of 17.4  ±  9.0 months, 91 patients 
(20.1%) experienced recurrence after cryoballoon ablation. Kaplan–
Meier survival curves showed the cumulative incidence of AF recur-
rence among FT4 quartiles. Patients with higher FT4 levels had an 
increased risk of AF recurrence after cryoballoon ablation (Figure 1). 
The recurrence rate of AF in FT4 quartile 4 (22.3%) was significantly 
higher than that in FT4 quartile 3 (21.4%), FT4 quartile 2 (19.0%), and 
FT4 quartile 1 (17.7%) (p < .001).

3.3  |  Ablation complications

Regarding safety, the overall incidence of phrenic nerve paralysis 
(PNP) was 8 (1.8%). Pericardial tamponade occurred in one patient 
and was relieved after pericardial drainage. There were no other 
complications, such as PV stenosis, esophageal fistula, gastropare-
sis, or air embolism, noted in our study.

3.4  |  Higher FT4 is independently associated with 
AF recurrence in paroxysmal but not in persistent 
AF patients

Subgroup analysis in terms of AF type was also performed using 
Cox proportional hazards regression analysis after adjusting for sex, 
age, diabetes mellitus, hypertension, dyslipidemia, smoking, alcohol 
use, CHA2DS2-vasc score, and LAD, as shown in Figure 2. The low-
est FT4 quartile (ranging from 10.68–14.71 pmol/L) was chosen as 
the reference group. The higher risk of AF recurrence with higher 
concentrations of FT4 remained significant among paroxysmal AF 
patients only. The HR for patients with persistent AF did not reach 
statistical significance.

3.5  |  Predictive value of higher FT4 levels 
within the normal range

In the univariate Cox proportional hazards analysis, FT4 concentra-
tion, LAD, and diabetes mellitus were associated with AF recurrence. 
However, no significant associations between FT3 or TSH level and 
AF recurrence were observed in univariate analysis or in multivari-
able models. In multivariable Cox regression analysis, adjustment for 
other potential risk factors, FT4 concentration (HR: 1.187, 95% CI: 

TA B L E  1 Baseline Characteristics of the Study Population

Clinical characteristics
All patients 
(Total n = 453)

Demographics

Age, years 65.5 ± 9.4

Sex, male, N(%) 286(63.1%)

Clinical parameters

CHA2DS2-vasc score 2.3 ± 1.6

Heart rate (beats/min) 80.8 ± 16.8

Paroxysmal AF, N(%) 396(87.4%)

Smoker, N(%) 80(17.7%)

Alcohol, N(%) 49(10.8%)

Diabetes mellitus, N(%) 78(17.2%)

Hypertension, N(%)) 258(57.0%)

Stroke/TIA, N(%) 126(27.8%)

Dyslipidemia, N(%) 28(6.2%)

ACE inhibitor/ARB, N (%) 154(34.0%)

β-Blockers, N (%) 140(30.9%)

Biochemical parameters

HDL, mmol/L 1.2 ± 0.3

LDL, mmol/L 2.4 ± 0.8

NT-proBNP, pg/ml 597.6 ± 785.6

CRP (mg/L) 4.0 ± 3.5

Echocardiography

LAD, (mm) 41.2 ± 5.4

LVEF, (%) 60.9 ± 7.2

Thyroid function

FT3, pmol/L 4.6 ± 0.6

FT4, pmol/L 17.0 ± 2.8

TSH, mIU/L 2.1 ± 1.1

Note: Data are reported as means ± SD for continuous variables and n 
(%) for categorical variables.
Abbreviations: ACEI, angiotensin-converting-enzyme inhibitor; AF, atrial 
fibrillation; ARB, angiotensin receptor blocker; CRP, C-reactive protein; 
FT3, free triiodothyronine; FT4, free thyroxine; HDL, high-density 
lipoprotein; LAD, left atrial diameter; LDL, low-density lipoprotein; 
LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-
brain natriuretic peptide; TIA, transient ischemic attack; TSH, thyroid-
stimulating hormone.
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1.093–1.290, p < .001), and LAD (HR: 1.052, 95% CI: 1.014–1.092, 
p  =  .007) remained significant and independent predictors for AF 
recurrence after cryoballoon ablation (Table 3).

4  |  DISCUSSION

This was the first study to investigate the impact of FT4 within the 
normal range on the efficacy of cryoballoon for nonvalvular AF in a 
Chinese population. The main findings were as follows: (1) Higher 
FT4 levels were associated with higher rates of AF recurrence, and 
participants in the highest quartile of the normal range of serum FT4 
had a higher risk of AF recurrence than those who were in the lowest 
quartile; (2) FT4 within the normal range but not TSH or FT3 was a 
significant and independent predictor for AF recurrence after cryob-
alloon ablation during long-term follow-up; (3) The impact of higher 
FT4 concentration on AF recurrence after cryoballoon ablation is 
more pronounced in patients with paroxysmal AF than in those with 
persistent AF.

Attention to good thyroid function control is increasingly critical, 
as higher thyroid hormone even within the euthyroid range has been 
associated with an increased risk of cardiovascular adverse events, 
particularly AF (Heeringa et al., 2008). In 2015, a multicenter study 
including 2843 participants investigated the relationships between 
thyroid function within the euthyroid range and the incidences of 
atrial fibrillation, coronary heart disease, heart failure, hip fracture, 
dementia, and all-cause death in older adults. That study found that 
higher FT4 was associated with an increased risk of AF, higher TSH 
was associated with a lower incidence of dementia, and total T3 
was not associated with any outcome (Cappola et al., 2015). Similar 
findings have also recently been reported by a large observational 
cohort study in which higher FT4 levels within the reference range 
were associated with an increased prevalence and incidence of AF. 
Higher thyroid hormone is correlated with more severe cardiac fi-
brosis and could shorten the action potential duration and decrease 
the speed of repolarization in atrial and ventricular myocytes, as well 
as in PV cardiomyocytes (Davis et al., 2008), ultimately facilitating 
the maintenance of multiple reentrant circuits in the heart, which 

TA B L E  2 Baseline characteristics of the participants according to the quartile of FT4 (pmol/L)

Characteristic

Serum FT4, pmol/L

Quartile 1
(10.68–14.71)

Quartile 2
(14.71–16.88)

Quartile 3
(16.88–18.83)

Quartile 4
(18.83–24.25) p value

No. of patients 113 116 112 112

Age, years 67.00 ± 8.96 65.30 ± 9.40 64.72 ± 8.92 64.83 ± 10.25 .237

Sex, male, N(%) 72 (63.7%) 76 (65.5%) 69 (61.6%) 69 (61.6%) .914

CHA2DS2-VASc 2.31 ± 1.56 2.39 ± 1.80 2.20 ± 1.46 2.44 ± 1.46 .684

Heart rate (beats/min) 78.50 ± 17.11 80.54 ± 16.37 84.15 ± 17.95 80.13 ± 15.43 .079

Type of AF: persistent (%) 20 (17.7%) 12 (10.3%) 14 (12.5%) 11 (9.8%) .262

Smoker, N(%) 29 (25.7%) 27 (23.3%) 14 (12.5%) 10 (8.9%) .001*

Alcohol, N(%) 18 (15.9%) 16 (13.8%) 8 (7.1%) 7 (6.3%) .044*

Diabetes mellitus, N(%) 18 (15.9%) 24 (20.7%) 12 (10.7%) 24 (21.4%) .120

Hypertension, N(%)) 56 (49.6%) 65 (56.0%) 64 (57.1%) 73 (65.2%) .130

Stroke/TIA, N(%) 31 (27.4%) 35 (30.2%) 31 (27.7%) 29 (25.9%) .911

Dyslipidemia, N(%) 11 (9.7%) 6 (5.2%) 5 (4.5%) 6 (5.4%) .339

ACE inhibitor/ARB, N (%) 36 (31.9%) 41 (35.3%) 36 (32.1%) 41 (36.6%) .841

β-blockers, N (%) 34 (30.1%) 40 (34.5%) 29 (25.9%) 37 (33.0%) .515

HDL, mmol/L 1.14 ± 0.30 1.14 ± 0.28 1.18 ± 0.27 1.19 ± 0.30 .410

LDL, mmol/L 2.44 ± 0.83 2.30 ± 0.82 2.40 ± 0.82 2.29 ± 0.85 .412

NT-proBNP, pg/ml 506.8 ± 598.2 592.8 ± 746.8 697.5 ± 1020.2 594.6 ± 717.4 .345

CRP (mg/L) 3.42 ± 1.03 3.90 ± 3.07 4.27 ± 4.12 4.40 ± 4.78 .164

LAD, (mm) 40.83 ± 5.03 41.77 ± 5.61 41.22 ± 5.89 41.07 ± 5.13 .603

LVEF, (%) 61.74 ± 5.22 60.72 ± 7.87 60.70 ± 7.29 60.44 ± 8.17 .546

FT3, pmol/L 4.47 ± 0.51 4.59 ± 0.59 4.66 ± 0.56 4.70 ± 0.70 .019*

TSH, mIU/L 2.25 ± 1.19 2.17 ± 1.06 1.94 ± 0.91 1.99 ± 1.10 .092

Note: Data are reported as means ± SD for continuous variables and n (%) for categorical variables.
Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blocker; CRP, C-reactive protein; FT3, 
free triiodothyronine; FT4, free thyroxine; HDL, high-density lipoprotein; LAD, left atrial diameter; LDL, low-density lipoprotein; LVEF, left ventricular 
ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide; TIA, transient ischemic attack; TSH, thyroid-stimulating hormone.
*p < .05.
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in turn contributes to the electrical and structural remodeling in the 
pathophysiology of AF (Selmer et al., 2012). However, little is known 
about whether high-normal thyroid function influences the risk of 
AF recurrence in euthyroid participants.

Several studies have assessed the effects of high-normal thyroid 
function on AF recurrence after catheter ablation. In 2010, a pro-
spective study by Tang et al first showed that a high-normal level 
of FT4 is an independent predictor of recurrence of AF after cath-
eter ablation of paroxysmal AF in both univariate and multivariate 
analyses (Tang et al., 2010). Subsequently, a larger European sample 
study of 1095 patients with AF assessed TSH and FT4 as predic-
tors of arrhythmia relapse. Sousa et al found even within the normal 
range, FT4 levels influenced the success rate of LA ablation proce-
dures. Higher FT4 quartiles were associated with a higher relapse 
rate (Sousa et al., 2015). Nevertheless, these studies had specific 
limitations because they neither strictly restricted the FT3 concen-
tration to within the normal range nor specifically investigated the 
association between normal thyroid function and AF recurrence 
following cryoballoon ablation. In our study, we restricted the FT3 

concentration within the reference range to that classified as eu-
thyroid. Our data demonstrated that high-normal FT4 levels were 
associated with a higher risk of AF recurrence after cryoballoon ab-
lation. The risk of AF recurrence is mainly associated with increased 
FT4 levels, but not with TSH or FT3. Furthermore, we found that 
when stratifying for AF type, the highest FT4 quartiles were associ-
ated with a higher risk of AF recurrence than the lowest FT4 quartile 
in paroxysmal AF patients. However, in persistent AF patients, this 
increasing risk trend was nonsignificant. One explanation could be 
that persistent AF was associated with more advanced atrial struc-
tural remodeling and more non-PV triggers than paroxysmal AF 
(Wong et al., 2017). Thus, thyroid hormone may be less able to mod-
ulate arrhythmogenic effects after cryoballoon-based PVI ablation 
than in other scenarios (Chen et al., 2002).

Cryoballoon ablation has shown significantly reduced hospital-
ization and lower complication rates compared with radiofrequency 
ablation since its launch on the market (Osório et al., 2019). The 
one-year freedom from AF after a single procedure was reported to 
be 85.8% in patients with paroxysmal AF and 61.3% in patients with 
persistent AF (Irfan et al., 2016). To further reduce the rate of AF 
recurrence and improve cardiovascular outcomes, the latest 2020 
ESC AF Guidelines recommend the integrated ABC pathway on AF 
patient management, where C represents cardiovascular risk factors 
and concomitant diseases (detection and management) (Hindricks 
et al., 2020). In previous studies, Giacomo et al. demonstrated that 
obesity, duration of symptoms before ablation, and higher LA diam-
eter can successfully predict AF recurrence after cryoballoon abla-
tion over a 5 years follow-up period (Mugnai et al., 2020). Giuseppe 
et al also identified that early recurrence of AF was a significant and 
independent predictor of recurrence in patients undergoing cryo-
balloon ablation in a large multicenter study (Stabile et al., 2020). 
In the present study, the overall recurrence rate was 20.1% after a 
mean follow-up of 17.4 ± 9.0 months, which was in accordance with 
previous studies. Our findings showed that FT4 concentration and 
LAD were independent predictors of AF recurrence after cryobal-
loon ablation. Notably, no association was found between the risk 
of AF recurrence and different levels of TSH or FT3 within the ref-
erence range in our study. It could be hypothesized that the cardiac 

F I G U R E  1 Kaplan–Meier curve for AF-free survival after 
cryoballoon ablation, according to serum FT4 quartile within the 
reference range (log-rank p < .001). AF, atrial fibrillation; PVI, 
pulmonary vein isolation; FT4, free thyroxine

F I G U R E  2 Associations between 
FT4 quartiles within the reference 
range and the risk of AF recurrence 
after cryoballoon ablation in the overall 
patients and stratified by AF type
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function responses to thyroid hormone are mainly mediated by the 
concentrations of specific receptors within the heart. Although the 
affinity of the receptor for the metabolically active form of T3 is 
much higher than that for T4 (Davis et al., 2008), the majority of 
released TH is in the form of T4, which exceeds serum FT3, and 
T3 is generated by the peripheral conversion of T4. TSH secretion 
is commonly regarded to reflect the negative feedback of thyroid 
function. However, TSH secretion can be regulated not only by thy-
roid hormone but also by other hormones, such as somatostatin and 
dopamine, from the hypothalamus (Yen, 2001). As a result, FT4 may 
play a more sensitive role in predicting arrhythmia recurrence after 
cryoballoon ablation.

Our findings underline the great importance of early detection 
and comprehensive management of thyroid function in AF patients 
who undergo cryoballoon ablation. These findings have important 
clinical implications. Thyroid function screening is a routine as-
sessment for patients with newly diagnosed AF to rule out thyroid 
disease-related AF. It is easily available in hospital and outpatient 
clinics and is convenient for patients and cardiologists to monitor 
during follow-up. Furthermore, with the advancement of catheter 

ablation techniques and technologies, complete isolation of pul-
monary veins is currently the cornerstone of AF catheter ablation 
(Parameswaran et al., 2020). However, there are differences be-
tween ablation strategies to achieve PVI, as cryoballoon ablation is 
performed in a single-shot manner, but radiofrequency ablation is 
done in a point-by-point manner (Buist et al., 2020). Our results pro-
vide evidence that euthyroid patients with higher FT4 have a greater 
tendency to have increased AF recurrence in cryoballoon ablation 
outcome. Better control of high-normal thyroid function for AF 
patients may offer potential benefits, especially in those with high 
risk of AF recurrence. Regarding the fact that patients with subclin-
ical hyperthyroidism (suppressed TSH level and normal FT4) have 
an increased risk of developing atrial fibrillation, a special report by 
Nacar et.al (Nacar et al., 2012) in 30 patients with subclinical hyper-
thyroidism have demonstrated that used propylthiouracil treatment 
to restore biochemical euthyroidism can reverse prolonged atrial 
conduction time and prevent the development of atrial fibrillation. 
Other population-based studies also found antithyroid therapy in 
subclinical hyperthyroidism could reduce the average heart rate 
and supraventricular arrhythmias and improves diastolic function at 

Variable

Univariate Cox regression 
analysis

Multivariate Cox 
regression analysis

HR (95% CI) p-Value HR (95% CI) p-Value

Age (years) 1.027 (0.987–1.068) .191

Sex: male (%) 1.090 
(0.588–2.021)

.783

CHA2DS2-vasc score 0.856 (0.581–1.260) .430

Heart rate (beats/min) 1.010 (.997–1.023) .120

Type of AF: persistent (%) 1.193 (0.638–2.232) .580

Smoking (%) 1.180 (0.548–2.539) .672

Alcohol consumption (%) 0.500 
(0.206–1.217)

.127

Diabetes mellitus (%) 2.181 (1.041–4.571) .039* 1.366 (0.794–
2.352)

.260

Hypertension (%) 0.667 (0.358–1.241) .201

History of stroke/TIA (%) 1.331 (0.720–2.463) .362

Dyslipidemia (%) 0.594 (0.244–1.447) .251

NT-proBNP, pg/ml 1.000 
(1.000–1.000)

.828

LDL, mmol/L 1.005 (0.768–1.314) .973

CRP (mg/L) 0.961 (0.882–1.048) .370

FT3, pmol/L 1.926 (0.649–1.321) . 671

FT4, pmol/L 1.199 (1.092–1.315) <.001* 1.187 (1.093–
1.290)

<.001*

TSH, mIU/L 0.822 
(0.649–1.040)

.103

LAD, (mm) 1.043 
(1.000–1.088)

. 048* 1.052 (1.014–
1.092)

.007*

LVEF, (%) .997 (0.969–1.025) .817

Abbreviations: HR: hazard ratio. CI: confidence interval. Other abbreviations as inTable 1.
*p < .05.

TA B L E  3 Univariate and multivariate 
Cox regression analysis for independent 
predictors of recurrence after cryoballoon 
ablation in patients with atrial fibrillation
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rest and systolic performance during exercise (Kaminski et al., 2011; 
Wiersinga, 2011). Our findings have revealed the fact that higher 
FT4 levels within the reference range were associated with an in-
creased recurrence of AF, even in biochemically euthyroid subjects. 
Further studies are warranted to investigate whether antithyroid 
treatment before and after the ablation procedure prevents or re-
verses AF recurrence in order to improve the success rate of cryob-
alloon ablation in patients with higher FT4 concentrations within the 
reference range.

4.1  |  Limitations

There are several limitations to our study that need to be consid-
ered. First, we did not use extended electrocardiographic monitor-
ing devices such as an implantable cardiac monitor to detect atrial 
fibrillation recurrence after cryoballoon ablation. Thus, the long-
term recurrence rates may be underestimated because our data 
do not include asymptomatic or undocumented episodes. Second, 
we did not compare the differences in electrophysiological char-
acteristics of PVs among FT4 quartiles, and we failed to evaluate 
the independent effects of individual therapies on the outcome 
of cryoballoon ablation. Finally, because of the relatively small 
number of participants with persistent AF who had AF recurrence 
after cryoballoon ablation, our findings in the research may not be 
generalizable to broader persistent AF populations. A multicenter 
study with a larger number of patients needs to be done on this 
population subset.

5  |  CONCLUSIONS

Higher FT4 levels within the normal range predicted the outcome 
of cryoballoon ablation in Chinese paroxysmal atrial fibrillation pa-
tients without structural heart disease.
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