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Background: Tissue inhibitor of metalloproteinase-1 (TIMP-1) levels is strongly

associated with cardiac extracellular matrix accumulation and atrial fibrosis.

Whether serum levels of TIMP-1 are associated with atrial fibrillation

(AF) recurrence following radiofrequency catheter ablation (RFCA) remains

unknown.

Materials and methods: Serum TIMP-1 levels of patients with AF before

they underwent initial RFCA were measured using ELISA. Univariate and

multivariate-adjusted Cox models were constructed to determine the

relationship between TIMP-1 levels and AF recurrence. Multivariate logistic

regression analyses were performed to determine predictors of AF recurrence.

Results: Of the 194 enrolled patients, 61 (31.4%) had AF recurrence within

the median 30.0 months (interquartile range: 16.5–33.7 months) of follow-

up. These patients had significantly higher baseline TIMP-1 levels than those

without AF recurrence (129.8 ± 65.7 vs. 112.0 ± 51.0 ng/ml, P = 0.041). The

same was true of high-sensitivity C-reactive protein (3.9 ± 6.0 vs. 1.9 ± 2.8

ng/ml, P = 0.001). When a TIMP-1 cutoff of 124.15 ng/ml was set, patients with

TIMP-1 ≥ 124.15 ng/ml had a higher risk of recurrent AF than those with TIMP-

1 < 124.15 ng/ml (HR, 1.961, 95% CI, 1.182–2. 253, P = 0.009). Multivariate Cox

regression analysis revealed that high TIMP-1 was an independent risk factor

for AF recurrence. Univariate Cox regression analysis found that substrate

modification surgery does not affect AF recurrence (P = 0.553). Subgroup

analysis revealed that female sex, age < 65 years, hypertension (HTN), body

mass index (BMI) ≥ 24 kg/m2, CHA2DS2-VASc score < 2, HAS-BLED score < 3,
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and EHRA score = 3 combined with high TIMP-1 level would perform well at

predicting AF recurrence after RFCA.

Conclusion: Elevated preoperative TIMP-1 levels are related to a higher risk of

AF recurrence and can independently predict AF recurrence following RFCA.

KEYWORDS

atrial fibrillation recurrence, tissue inhibitor of metalloproteinase-1, radiofrequency
catheter ablation, atrial fibrillation, extracellular matrix

Introduction

Atrial fibrillation (AF) is a common cardiac arrhythmia (1).
Patients with AF face a high risk of stroke, left ventricular (LV)
diastolic dysfunction, heart failure, and sudden cardiac death,
which seriously compromise their quality of life. The elderly
population is most susceptible to AF, which has increased their
rate of mortality, morbidity, and disability (2).

Radiofrequency catheter ablation (RFCA) has become the
first-line therapy in patients with symptomatic, drug-resistant
AF (3). AF recurrence is a major complication after RFCA, and
the rates of AF recurrence are estimated to range from 24 to 45%
following ablation (4, 5). AF recurrence after RFCA is defined as
AF, atrial flutter, or atrial tachycardia for 30 s or more after a
3-month blanking period without antiarrhythmic drugs (3, 5).

Evidence suggests that atrial remodeling and atrial fibrosis
are correlated with AF progression (2, 6, 7). Atrial fibrosis is
the process by which extracellular matrix (ECM) is deposited
within the atria, and ECM turnover is regulated by the
balance of matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinases (TIMPs) (8, 9). Some specific
molecular markers of fibrosis increase with higher arrhythmia
burden (10, 11), such as tissue inhibitor of metalloproteinase-
1 (TIMP-1) (12), matrix metalloproteinase 9 (MMP-9) (13),
and bone morphogenic protein-10 (BMP10) (14). Previous
studies showed that high plasma concentrations of TGF-β
and TIMP-1 and low ejection fraction were closely related
to the voltage and volume of the left atrium (LA) in
patients with non-valvular AF (15). Some data suggest that
plasma TIMP-1 concentrations less than 107 ng/ml combined
with the absence of a variant allele at rs10033464 might
predict a lower rate of paroxysmal AF recurrence after
RFCA (16).

Abbreviations: TIMP-1, tissue inhibitor of metalloproteinase-1; MMP-9,
matrix metalloproteinase-9; AF, atrial fibrillation; RFCA, radiofrequency
catheter ablation; BMI, body mass index; hs-CRP, high-sensitivity
C-reactive protein; CPVI, circumferential pulmonary vein isolation;
LA, left atrium; ECG, electrocardiogram; ROC, receiver operating
characteristic; ECM, extracellular matrix.

Despite the importance of atrial fibrosis being associated
with a higher risk of recurrent AF in patients (9), less is
known about whether some biomarkers for fibrosis provide
additional predictive value in risk stratification for disease
severity and AF recurrence. Therefore, we hypothesized that
the serum concentration of TIMP-1 can be used to predict
AF recurrence in patients. The purpose of this study was to
define the association of serum TIMP-1 concentration with AF
recurrence in patients after RFCA.

Materials and methods

Study design and population

This study is a prospective cohort study, which comprised
249 patients with AF who underwent their initial RFCA in the
Department of Cardiology of Beijing Anzhen Hospital between
January 2019 and December 2020. The flowchart of this study is
shown in Figure 1.

The inclusion criteria were as follows: (1) enrolling
patients > 18 years of age; (2) enrolling patients who were
diagnosed AF and underwent RFCA treatment for the first
time; and (3) voluntary participation in this study and signed
informed consent.

The exclusion criteria were as follows: (1) history or
findings of cardiovascular disease, including heart failure
symptoms, abnormal cardiac structural disease, and history
of coronary artery bypass graft surgery (CABG), cryoballoon
ablation, and other cardiac surgeries; (2) other diseases
including mental disease, severe renal dysfunction, advanced
malignant tumor, acute and chronic inflammatory diseases,
and autoimmune diseases; (3) pregnancy; and (4) LA
anteroposterior diameter > 50 mm.

This study was designed and performed in accordance
with the Declaration of Helsinki for Human Research and was
approved by the Beijing Anzhen Hospital Ethics Committee
(Approval No: 2022042X). Informed consent was obtained from
all participants.
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FIGURE 1

Flow diagram showing population selection and study design. The algorithm of patients included in this study after excluding patients not
meeting the inclusion criteria. Refer to the text for details with regard to the exclusion criteria.

Data collection

The following demographic and clinical data of all patients
were collected: (1) general clinical data: age, gender, body
mass index (BMI, kg/m2), type of AF, comorbidities and
calculation of EHRA score, CHA2DS2-VASc score, HAS-
BLED score, and history of medication and echocardiographic
parameters (preoperative measurements were performed with
a Philips 7C color Doppler ultrasound); (2) hematological
indices (results of fasting blood sample obtained on the latest
preoperative morning): white blood cell (WBC), red blood
cell (RBC), platelet count (PLT), hemoglobin (Hb), creatinine
(CREA), fasting blood glucose (Glu), glycated albumin
(GA), homocysteine (HCY), alanine aminotransferase (ALT),
aspartate transaminase (AST), gamma-glutamyl transpeptidase
(GGT), total protein (TP), albumin (Alb), globulin (Glo),
total bilirubin (Tbil), triacylglycerol (TG), total cholesterol
(Tcho), and low-density lipoprotein cholesterol (LDL-c).
Three biomarkers were measured including high-sensitivity
C-reactive protein (hs-CRP), B-type natriuretic peptide (BNP),
and D-dimer.

Blood sampling and enzyme-linked
immunosorbent assay

Serum samples separated from peripheral venous blood
were obtained and processed on the day prior to RFCA.
Serum TIMP-1 levels were determined using an enzyme-linked
immunosorbent assay (ELISA) (Bioss, # bsk11100, Beijing,
China). The 96-well microtiter plates were coated with diluted
capture TIMP-1 primary antibody and incubated overnight at

4◦C. After being washed and blocked, the plates were ready to
add diluted samples or standards and incubated for 2 h at room
temperature (RT). Then, the detection antibody was incubated
for 1 h, and streptavidin-HPR was incubated for 20 min at
RT. The 3,3’,5,5’-tetramethylbenzidine (TMB) liquid substrate
solution was added and incubated in the dark for 15 min. The
color reaction was arrested by adding a stop solution. Optical
density was immediately measured using a microplate reader at
a wavelength of 450 nm. A standard curve was constructed by
plotting absorbance for standard samples, and then the TIMP-1
concentration of the serum sample was calculated.

Radiofrequency catheter ablation

All patients underwent transesophageal echocardiography
to exclude atrial thrombus before RFCA. After written informed
consent was obtained from patients, ablation procedures
were performed under local anesthesia with mild conscious
sedation. Circumferential pulmonary vein isolation (CPVI)
was the initial part of ablation in all participants and
was achieved by circumferential ablation around PV ostia.
Intravenous heparin was administered continuously to maintain
an activated clotting time between 300 and 350 s after the
transseptal puncture. A mapping catheter (PentaRay R©; Biosense
Webster, Diamond Bar, California, United States) and an ST
ablation catheter (Thermocool smarttouch R©; Biosense Webster,
Diamond Bar, California, United States) were inserted into
the LA through non-steerable long sheathes, followed by 3-
dimensional mapping conducted using PentaRay. CPVI was
performed using irrigated ablation catheters (Thermocool
Smarttouch; Biosense Webster, Diamond Bar, California,
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TABLE 1 Baseline clinical characteristics of the participants stratified
according to post-ablation AF recurrence.

Characteristic Total
(194)

Recurrence
(61)

No recurrence
(133)

P
value

Demographics

Age, years 59.9 ± 10.2 59.5 ± 9.6 60.0 ± 10.4 0.76

Gender (M, %) 129(66.5) 34(55.7) 95(71.4) 0.032

BMI, kg/m2 26.6 ± 4.2 26.6 ± 4.1 26.6 ± 4.2 0.993

Duration of AF,
months

40.6 ± 44.4 44.1 ± 45.1 38.9 ± 44.2 0.447

Type of atrial
fibrillation

0.19

Paroxysmal, n(%) 93(47.9) 25(41.0) 68(51.1)

Persistent, n(%) 101(52.1) 36(59.0) 65(48.9)

Medical
history

CAD, % 21(10.8) 6(9.8) 15(11.3) 0.765

HTN, % 102(52.6) 31(50.8) 71(53.4) 0.741

DM, % 27(13.9) 7(14.5) 20(15.0) 0.507

Stroke, % 15(7.7) 6(9.8) 9(6.8) 0.459

Smoking, % 54(27.8) 12(19.7) 42(31.6) 0.087

Drinking, % 12(6.2) 3(4.9) 9(6.8) 0.622

Drug
administration

Diuretic, % 4(2.1) 0 4(3.0) 0.172

Statins, % 43(22.2) 12(19.7) 31(23.3) 0.572

ACEI/ARB, % 39(20.1) 15(24.6) 24(18) 0.292

CCB, % 25(12.9) 8(13.1) 17(12.8) 0.949

Beta-block, % 31(16.0) 10(16.4) 21(15.8) 0.915

AF related
score

EHRA score 0.736

1, n(%) 15(7.7) 6(9.8) 9(14.8)

2, n(%) 108(55.7) 33(54.1) 75(56.4)

3, n(%) 71(36.5) 22(36.1) 49(36.8)

CHA2DS2-VASc
score

0.621

0 or 1, n(%) 110(56.7) 33(54.1) 77(57.9)

≥2, n(%) 84(43.3) 28(45.9) 56(42.1)

HAS-BLED score 0.425

≥3, n(%) 10(5.2) 2(3.3) 8(6.0)

Substrate
modification, n(%)

94(48.5) 31(50.8) 63(47.4) 0.657

Echocardiography

LAd, mm 40.9 ± 5.6 40.5 ± 6.0 41.1 ± 5.4 0.478

LVEF, % 62.0 ± 5.5 62.3 ± 5.6 61.9 ± 5.4 0.665

LVEDD, mm 47.9 ± 4.5 47.1 ± 4.9 48.2 ± 4.2 0.118

LVESD, mm 31.5 ± 4.1 31.2 ± 4.7 31.7 ± 3.9 0.457

AF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; HTN,
hypertension; DM, diabetes mellitus; ACEI, angiotensin-converting enzyme inhibitors;
ARB, angiotensin receptor blocker; CCB, calcium channel blocker; LAd, left atrium
diameter; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic
dimension; LVESD, left ventricular end-systolic dimension.

United States) in a power control mode at 35 W (irrigation
flow 17 ml/min). The procedural endpoint of ablation was
AF termination. Selective additional atrial ablation (i.e.,
cavotricuspid isthmus ablation, superior vena cava isolation,
or LA linear ablation) was only performed in patients
with AF persisting despite completion of CPVI according
to the mapping results [selective ablation of complex-
fractionated atrial electrograms, atrial low-voltage sites, or
other atrial arrhythmias (atrial flutter and atrial tachycardia)].
The electrophysiological endpoint of CPVI was a bidirectional
conduction block between the LA and PVs.

Follow-up

Regular follow-up visits in outpatient clinics were conducted
at 3, 6, 12, 24, and 36 months. At each visit, a detailed
medical and physical examination, 12-lead electrocardiogram
(ECG), and 24-h Holter monitoring were performed. They were
strongly recommended to visit the nearest hospital for an ECG
if they felt symptoms that could be attributed to arrhythmia
or noticed any irregularity of their peripheral pulse by routine
self-measurement. The outcome was AF recurrence defined as
any documented atrial tachyarrhythmia (AF, atrial flutter, or

TABLE 2 Baseline laboratory examination of the participants stratified
according to post-ablation atrial fibrillation recurrence.

Characteristic Total
(194)

Recurrence
(61)

No recurrence
(133)

P
value

RBC, 109/l 4.8 ± 0.5 4.8 ± 0.7 4.7 ± 0.5 0.555

WBC, 109/l 6.7 ± 1.5 6.7 ± 1.6 6.7 ± 1.5 0.916

PLT, 109/l 217.0 ± 52.7 225.7 ± 47.7 212.9 ± 54.6 0.117

Hb, g/l 149.3 ± 18.8 149.5 ± 16.7 149.3 ± 19.8 0.935

CREA, umol/l 74.4 ± 40.3 67.1 ± 15.0 77.7 ± 47.3 0.089

GLU, mmol/l 5.8 ± 1.3 5.8 ± 1.1 5.8 ± 1.3 0.749

GA, % 14.5 ± 2.5 14.3 ± 2.3 14.6 ± 2.6 0.426

HCY, umol/l 15.6 ± 8.4 15.1 ± 10.1 15.8 ± 7.5 0.626

ALT, U/l 25.3 ± 20.0 27.9 ± 26.2 24.2 ± 16.4 0.234

AST, U/l 24.4 ± 15.0 25.0 ± 15.0 24.1 ± 15.0 0.693

GGT, U/l 34.8 ± 28.0 35.9 ± 29.6 34.3 ± 27.3 0.717

TP, g/l 71.5 ± 5.4 71.4 ± 4.9 71.6 ± 5.6 0.764

Alb, g/l 44.6 ± 4.3 44.5 ± 4.1 44.7 ± 4.3 0.768

Glo, g/l 26.9 ± 4.8 26.9 ± 3.6 26.9 ± 5.2 0.938

Tbil, umol/l 14.8 ± 6.9 15.2 ± 7.4 14.7 ± 6.6 0.654

TG, mmol/l 1.7 ± 1.2 1.4 ± 0.7 1.8 ± 1.4 0.078

Tcho, mmol/l 4.4 ± 1.0 4.5 ± 1.1 4.4 ± 0.9 0.428

LDL-c, mmol/l 2.7 ± 1.0 2.8 ± 1.1 2.7 ± 0.9 0.544

AF, atrial fibrillation; WBC, white blood cell; RBC, red blood cell; PLT, platelet count;
Hb, hemoglobin; CREA, creatinine; Glu, fasting blood glucose; GA, glycated albumin;
HCY, homocysteine; ALT, alanine aminotransferase; AST, aspartate transaminase;
GGT, gamma-glutamyl transpeptidase; TP, total protein; Alb, albumin; Glo, globulin;
Tbil, total bilirubin; TG, triacylglycerol; Tcho, total cholesterol; LDL-c, low-density
lipoprotein cholesterol.
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FIGURE 2

Circulating levels of tissue inhibitor of metalloproteinase-1 (TIMP-1) and high-sensitivity C-reactive protein (hs-CRP) in patients with atrial
fibrillation (AF) recurrence compared with the non-recurrence group. ***P < 0.05.

atrial tachycardia) episode lasting for at least 30 s after ablation,
excluding a 3-month blanking period.

Follow-up records were based on telephone interviews,
and patients’ regular visits to outpatient clinics at the Beijing
Anzhen Hospital and outcomes were adjudicated by trained
study personnel and cardiologists.

Statistical analysis

Continuous variables with normal distribution are
expressed as mean ± standard deviation (SD), and non-
normally distributed variables were described as the median
and interquartile range (IQR). Comparisons of means between
groups were analyzed using the independent sample t-test for
normally distributed data and the Mann-Whitney U-test for
non-normally distributed data. Categorical data were presented
as frequencies or percentages and compared between groups
using the chi-squared test or Fisher’s exact test, as appropriate.
Univariate and multivariate Cox regression analyses were
performed to determine risk factors for AF recurrence, and the
hazard ratio (HR) and 95% CI were calculated. Variables with
values of P < 0.05 in the univariate analysis were included in the
multivariate analysis. Time-dependent survival between groups
(TIMP1 and hs-CRP) was evaluated using Kaplan-Meier curves
and the log-rank test. To enhance the ability of biomarkers
predicting AF recurrence after ablation, a receiver operating
characteristic (ROC) curve was constructed, and the area under
the curve (AUC) best cutoff value was calculated. Stratified
analyses were also performed using the following variables:
age (≥ 65 vs. < 65 years), BMI (≥ 24 kg/m2 vs. < 24 kg/m2),
sex, hypertension (HTN), diabetes, coronary artery disease,
LV ejection fraction (≥ 50 vs. < 50%), hypertriglyceridemia
(> 1.7 mmol/L), and hyperhomocysteinemia (> 15 µmol/L).
Multiplicative interactions were calculated in each subgroup. All
data were analyzed using the SPSS 20.0 (IBM Corp., Armonk,
NY, USA), R (version 4.0.4), and GraphPad Prism 6.0 software

(CA, USA). Two-tailed P-values of < 0.05 were considered
statistically significant.

Results

Patient clinical characteristics

From January 2019 to December 2020, we enrolled 249
patients with AF who underwent their initial RFCA at the
Department of Cardiology of Beijing Anzhen Hospital in the
study. We excluded 55 patients, i.e., 32 patients were lost to
follow-up, 15 patients had incomplete clinical information, and
8 patients had a follow-up of less than 1 year (Figure 1).

All patients were followed up for at least 12 months
following ablation. Of the 194 patients with AF (aged
59.9 ± 10.2 years, 66.5% male) included in our analyses, 61
(31.4%) experienced AF recurrence after ablation, as shown in
Figure 1.

The baseline clinical characteristics of the participants are
shown in Tables 1, 2. As shown in Table 1, more men
underwent AF ablation than women (66.5% vs. 33.5%), but the
proportion of women in the recurrence group was higher than
that in the non-recurrence group (44.3 vs. 28.6%, P < 0.05).

TABLE 3 Baseline biomarkers of the participants stratified according
to post-ablation atrial fibrillation recurrence.

Characteristic Total
(194)

Recurrence
(61)

No recurrence
(133)

P
value

TIMP-1, ng/ml 117.6 ± 56.5 129.8 ± 65.7 112.0 ± 51.0 0.041

hsCRP, ng/ml 2.5 ± 4.2 3.9 ± 6.0 1.9 ± 2.8 0.001

BNP, pg/ml 125.6 ± 109.6 135.0 ± 123.7 121.4 ± 103.1 0.449

D-dimer, ng/ml 143.7 ± 461.6 215.8 ± 794.1 111.0 ± 152.4 0.145

AF, atrial fibrillation; TIMP-1, tissue inhibitors of metalloproteinase-1; hsCRP, high-
sensitivity C-reactive protein; BNP, B-type natriuretic peptide.
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FIGURE 3

Kaplan-Meier survival curves for freedom from AF recurrence of all patients and stratified by TIMP-1 and hsCRP.

A total of 94 people underwent substrate modification surgery
(recurrence group 31 (50.8%) vs. no-recurrence group 63
(47.4%), P = 0.657). We found no significant differences in
clinical characteristics, including age, BMI, medical history,
AF-related score, echocardiographic parameters, and laboratory
examination (Table 2) between the recurrence and non-
recurrence groups.

Baseline TIMP-1 and hs-cRP level is
positively correlated with atrial
fibrillation recurrence

We measured the levels of TIMP-1 and hs-CRP using serum
samples obtained from patients before AF ablation. Patients
were assigned to two groups according to the recurrence of AF
after the 3-month blanking period.

Figure 2 compares TIMP-1 and hs-CRP concentrations
between the AF recurrence and non-recurrence groups. The
level of TIMP-1 in the recurrence group was significantly higher
than that in the non-recurrence group (129.8 ± 65.7 ng/ml
vs. 112.0 ± 51.0 ng/ml, P = 0.041), and participants with AF
recurrence had a significantly higher level of hs-CRP than those
without AF recurrence (3.9 ± 6.0 mg/L vs. 1.9 ± 2.8 mg/L,
P < 0.05). Among the patients with AF, there was no statistically
significant difference in the level of BNP (135.0 ± 123.7 vs.
121.4 ± 103.1, P = 0.449) or D-dimer (215.8 ± 794.1 vs.
111.0 ± 152.4, P = 0.145) between patients with AF recurrence
and those without (Table 3).

Clinical outcomes and subgroup
analysis

The median follow-up time after RFCA was 30.0 months
(IQR: 16.5–33.7 months), and 61 patients experienced
recurrence after AF ablation during the follow-up period. The
Kaplan–Meier survival table showed that the rate of 12 months
of freedom from AF recurrence was 85.4% (Figure 3), with

paroxysmal AF at 90.3% and persistent AF at 80.8% (P = 0.053).
The AUC of the continuous variables was calculated for the
ROC, and the best cutoff value was selected as the boundary
value of the categorical variables. Finally, the variables with
P < 0.05 by univariate Cox analysis were TIMP-1, hs-CRP, PLT,
and TCHO levels (Supplementary Table 1). We can also find
from Supplementary Figure 1 whether undergoing substrate
modification surgery does not affect AF recurrence.

Subsequently, we performed multivariate Cox analyses
using the above variables, and the results showed that a high

TABLE 4 Multivariate Cox analysis of risk factors for atrial
fibrillation recurrence.

Parameter Recurrence

HR (95% CI) P value Best cut-off value

Hs-CRP 1.513(0.883–2.593) 0.132 1.12

TIMP-1 1.793(1.062–3.021) 0.029 124.15

PLT 1.65(0.893–3.047) 0.11 196.5

TCHO 1.847(0.851–4.008) 0.121 5.94

AF, atrial fibrillation; TIMP-1, tissue inhibitors of metalloproteinase-1; hs-CRP, high-
sensitivity C-reactive protein; PLT, platelet count; Tcho, total cholesterol.

TABLE 5 Adjusted hazard ratios of post-ablation AF recurrence by a
high level of TIMP-1 (>124.15 ng/ml) relative to the level of TIMP-1
(≤124.15 ng/ml).

Model adjustment Recurrence

HR (95% CI) P value

Unadjusted TIMP1 1.961(1.182–3.253) 0.009

Model 1 TIMP1 2.228(1.309–3.79) 0.003

Model 2 TIMP1 2.28(1.289–4.034) 0.005

Model 3 TIMP1 2.052(1.118–3.767) 0.02

AF, atrial fibrillation; TIMP-1, tissue inhibitors of metalloproteinase-1.
Model 1: adjusted for age (≥65 years, <65 years), sex.
Model 2: adjusted for age, sex, hypertension (HTN), diabetes, CAD, stroke,
smoking, and drinking.
Model 3: adjusted for age, sex, HTN, diabetes, CAD, stroke, smoking, drinking,
LVEF (≥50%, <50%), BMI (≥24, <24 kg/m2), type of AF, AF duration, and
substrate modification.
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FIGURE 4

Based on serum TIMP-1 level for atrial fibrillation recurrence in different subgroups.

TIMP-1 level was an independent risk factor for AF recurrence
(Table 4). The HR for AF recurrence was 1.793 (95% CI: 1.062–
3.021, P = 0.029).

The unadjusted models revealed the relationship between
high TIMP-1 level and AF recurrence, and the HR of high TIMP-
1 level in predicting AF recurrence was largely unchanged after
model adjustment, as shown in Table 5.

Subgroup analyses of participants based on serum TIMP-
1 level and age, sex, type of AF, BMI, HTN, and AF-related
score were carried out to determine the factors associated
with AF recurrence. From Figure 4, we found that female
sex, age < 65 years, HTN, BMI ≥ 24 kg/m2, CHA2DS2-VASc
score < 2, HAS-BLED score < 3, and EHRA score = 3 combined
with high TIMP-1 level could better predict AF recurrence after
RFCA. No significant difference was found in other subgroup
comparisons.

Discussion

In this study, we prospectively explored the predictive value
of the TIMP-1 level for AF recurrence after RFCA. We found
that patients with AF who had elevated preoperative baseline
levels of TIMP-1 had an increased rate of recurrence. These
findings were consistently observed whether TIMP-1 levels were

analyzed as continuous data or dichotomized around a cutoff
value of 124.15 ng/ml, indicating that the present results are
robust and do not depend on a certain cutoff point. In this
study, further univariate Cox regression analysis revealed that
high TIMP-1, hs-CRP, PLT, and TCHO levels were significantly
associated with AF recurrence after RFCA. Multivariate Cox
regression analysis showed that a high TIMP-1 level was an
independent risk factor for AF recurrence.

Atrial fibrosis is a pathological process of AF structural
remodeling (17). Atrial fibrosis in AF causes an imbalance in
ECM formation and degradation. In profibrotic stimuli, the
homeostatic balance in the ECM was disrupted by an increase
in ECM formation over degradation. TIMPs are thought to
regulate ECM remodeling through direct inhibition of MMP-
dependent ECM proteolysis. Four TIMPs and 23 MMPs have
been described in humans and play roles in cardiac fibrosis (18).
A study evaluating atrial remodeling in aortic stenosis patients
with chronic AF showed a decrease in the MMP16/TIMP4 ratio
in patients with AF along with an increased serum TIMP1
and TIMP2 proteins (7). Prior studies have associated high
plasma TGF-β1 and TIMP-1 levels with the electroanatomical
remodeling of the LA in patients with non-valvular AF (15).
Chromosome 4q25 variant alleles and TIMP-1 levels are also
associated with clinical outcomes in those with paroxysmal AF
(16). Our study showed that TIMP-1 is an independent risk
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factor for AF recurrence following RFCA. These studies have
yielded meaningful results and may provide predictive value in
risk stratification for AF recurrence after RFCA.

Previous studies have reported various biomarkers of AF,
such as hs-CRP (19), MMP-9 (18), N-terminal pro-B type
natriuretic peptide (NT-proBNP) (20), bone morphogenic
protein-10 (BMP10) (14), growth differentiation factor (GDF-
15) (21), and serum soluble ST2 (sST2) (22). The appearance
of AF is closely related to atrial structural remodeling and
electrical remodeling. In the meantime, some studies also
suggested that inflammation may play an important role in atrial
remodeling (23–25). hs-CRP is a biological marker of local and
systemic inflammation (19, 26). Many studies have shown that
elevated levels of hs-CRP are independently associated with an
increased risk of incident AF and AF recurrence after catheter
ablation (26). Therefore, hs-CRP was used as a positive reference
for predicting AF recurrence in our study compared with
TIMP1. Our results showed that baseline TIMP-1 levels were
associated with AF recurrence after a median follow-up period
of 30 months. This TIMP-1 activity could help us understand
AF pathogenesis and help predict cardiovascular risk and event
recurrence. At the same time, high TIMP-1 levels and combined
with women, age < 65 years, HTN, BMI ≥ 24 kg/m2, low
CHA2DS2-VASc score, low HAS-BLED score, and high EHRA
score will have a tendency to AF recurrence after RFCA.

Conclusion

In a monocentric cohort of AF patients, baseline serum
TIMP-1 levels before the initial RFCA procedure had an
independent prognostic value in predicting long-term
recurrence. Patients with a high TIMP-1 level were related
to a higher risk of recurrent AF.

Limitations

There are four limitations to our study. First, we measured
serum TIMP-1 levels only at baseline and, thus, could not
assess the effects of postoperative TIMP-1 levels, or the effect
of the changes in TIMP-1 levels over time. Second, 24-h Holter
monitoring may lead to an underestimation of the recurrence
rates compared with the implanted loop recorder. Third, TIMP1
is not a routine laboratory examination in hospitals. Fourth,
the study sample included patients with AF after RFCA and
is a single-center study with a small sample size, and the
generalizability of the results to other populations is unclear.
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