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Abstract

Background: This research focuses on the unresolved question of how low muscle mass influences the likelihood of atrial fibrillation
(AF) recurrence after ablation treatment. Despite the growing body of evidence highlighting the importance of muscle mass in cardio-
vascular health, the specific impact of low muscle mass on the recurrence of AF following ablation has yet to be well-established. Thus,
this study evaluated the relationship between a low computed tomography (CT)-based skeletal muscle index (SMI) of muscle sites at the
fourth thoracic level (T4-SMI) and AF recurrence post-radiofrequency ablation. Furthermore, this study aimed to determine whether the
T4-SMI is a predictive marker for AF recurrence. Methods: This study included 641 patients with AF who underwent radiofrequency
ablation. T4 muscle sites were determined using SliceOmatic software. Height- and body mass index (BMI)-corrected SMIs were cal-
culated. Results: The lowest quartile in the T4-SMI group was defined for each sex as the “low SMI” group. The height-adjusted
T4-SMI thresholds were 69.7 cm?/m? for males and 55.91 cm?/m? for females. The BMI-adjusted thresholds were 8.10 cm?/kg/m? for
males and 5.78 cm?/kg/m? for females. After potential confounder adjustment, low T4-SMI was associated with a higher risk of AF
recurrence. The correlation between T4-SMI (height) and AF recurrence was fully validated by constructing multiple models, and ad-
justing for different covariates barely altered the results. Fully adjusted models suggested that compared with the fourth T4-SMI (height)
quartile, the risk odds ratio (OR) with a 95% confidence interval (CI) of the “low SMI” group was 1.57 (0.76-3.22). Finally, subgroup
analysis and interaction according to gender, age, overweight/obesity, hypertension, or diabetes indicate that the differences between
different layers are not significant. Conclusions: Low CT-based BMI- or height-adjusted T4-SMIs were risk factors for AF recurrence
post-radiofrequency ablation. A lower T4-SMI (height) significantly correlated with AF recurrence post-ablation, regardless of gender,
age, or overweight/obesity. The height adjustment performed better than the BMI adjustment in that regard.
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1. Introduction

The prevalence of atrial fibrillation (AF) in the Chi-
nese adult population has been reported to be 1.6%, which
increases with age [1]. Catheter ablation is considered an al-
ternative treatment option to pharmacotherapy with antiar-
rhythmic drugs due to its superior ability to maintain sinus
rhythm. Although pulmonary vein isolation can success-
fully resolve AF in most cases, recurrence is possible and
is dependent on factors, such as patient’s age, the type and
duration of AF, atrial function, and the presence of comor-
bid metabolic diseases. Obesity, defined as a severely ele-
vated body mass index (BMI), has been shown to increase
AF risk [2]. However, more recent studies have demon-
strated that the lean body mass, as opposed to obesity-
specific parameters, is the main anthropometric risk factor
for the AF development [3,4]. A Danish longitudinal study
reported that greater lean body mass, estimated via bio-

electrical impedance analysis (BIA), was associated with
an increased risk of AF [4]. Sarcopenia, as defined by the
2019 criteria by the Asian Working Group for Sarcopenia
(AWGS), is associated with an elevated risk of cardiovascu-
lar disease (CVD) in middle-aged and older Chinese adults
[5]. In middle-aged and older adults without clinical heart
failure, the presence of sarcopenia, assessed using Dual-
Energy X-ray Absorptiometry (DXA), has been shown to
be significantly associated with the occurrence of AF [6].
However, its relationship with clinical outcomes after ra-
diofrequency ablation in the general population remains un-
known. Assessment of the cross-sectional area of skeletal
muscle using individual cross-sectional computed tomog-
raphy (CT) scans is commonly used as a valid proxy for
whole-body muscle mass and to determine the skeletal mus-
cle index (SMI), which can be adjusted in various ways [7].
CT is simpler to perform and more effective compared with
DXA and BIA in assessing the presence of sarcopenia. Ad-
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ditionally, CT is unaffected by the presence of excess fat or
bodily fluids [8]. Therefore, the imaging modality can be
used to assess preoperative “low SMI” to measure skeletal
muscle area (SMA) at the fourth thoracic (T4) level (T4-
SMA) [9]. The present aimed study to investigate the re-
lationship between preoperative CT-based SMI values de-
rived from height- or BMI-adjusted SMA measurements at
the T4 level (T4-SMI) and the likelihood of AF recurrence
following radiofrequency ablation. We hypothesized that at
the T4 level, low SMI obtained by quantifying chest skele-
tal muscles on single-layer axial chest CT may be a strong
risk factor for recurrence following radiofrequency ablation
in AF patients.

2. Materials and Methods

The data collection work for this study began in May
2023 and ended in November 2023. The data analysis was
conducted in December 2023, and the final report was fi-
nalized in March 2024.

2.1 Study Population

Patients with non-valvular, drug-refractory AF who
underwent catheter ablation from January 2020 to June
2022 at Zhejiang Provincial People’s Hospital were eligi-
ble for inclusion in the present study. The flow diagram
depicting the selection process of subjects in this study is
shown in Fig. 1. The exclusion criteria were: patients with
treatable causes of AF (hyperthyroidism), rheumatic heart
disease, congenital heart disease, autoimmune diseases, se-
vere liver and renal dysfunction, and malignant tumours,
and those who did not undergo chest CT examination. Of
730 cases, 3 were lost to follow-up, 21 died (from advanced
age, new coronavirus infections, or other factors), 2 expe-
rienced cerebral infarcts, 61 had no CT imaging data, and 2
lacked information on clinical characteristics. Eventually,
641 (401 male and 240 female patients) were included in
the study.

2.2 Patient Management, Data Collection, and Clinical
Follow-up

All participants in this study underwent successful ra-
diofrequency ablation of AF. After the surgery, all patients
need to take warfarin or new oral anticoagulants orally for
2-3 months to ensure anticoagulant efficacy and prevent
the risk of thrombosis. For patients with frequent episodes
of preoperative fibrillation, they are advised to take amio-
darone, propafenone or beta-blockers for 2—3 months af-
ter surgery to control symptoms and reduce recurrence,
with amiodarone being the most commonly used. In or-
der to avoid gastrointestinal adverse reactions during med-
ication, all patients must take proton pump inhibitors, gas-
tric mucosal protectants, and prokinetic drugs orally for
1-2 months after discharge. Beta-blockers such as Meto-
prolol Succinate Sustained-release Tablets, Metoprolol Tar-
trate Tablets are usually half a pill/one to start with, and

the dosage is adjusted later according to his blood pres-
sure and heart rate. The actual dosage of medication should
be determined based on the patient’s specific condition and
the doctor’s guidance. Baseline information were collected
from patient admission records. After discharge, regular
outpatient follow-up visits were planned at the end of the
first month and every 3—6 months thereafter; they included
routine surface electrocardiography and 24-h ambulatory
electrocardiography to assess AF recurrence. Patients were
recommended to have the additional examinations when
they had suspicious symptoms that related to arrhythmias.
Follow-up visits were conducted by telephone for out-of-
towners and those with limited access to transportation. AF
recurrence was defined as the presence of AF, atrial flut-
ter, or tachyarrhythmia >30 s in duration 3 months after
catheter ablation (with a blanking period of 3 months). An
atrial arrhythmia lasting longer than 30 s that had occurred
within the previous 3 months was classified as an early re-
currence.

2.3 Definition of Low SMI and SMI Assessment Methods

BMI was determined from dividing weight by height
squared (kg/m?). In the present study, preoperative
chest CT images were used to retrospectively quantify the
SMA of the chest muscles from T4-level imaging, using
hounsfield units (HU) thresholds and representations to dif-
ferentiate between tissue types: CT-measured HUs ranging
between —29 and 150 and —190 and —30 were used to clas-
sify skeletal muscle and adipose tissue, respectively. Mus-
cle sites were identified using SliceOmatic software (ver-
sion 5.0; Tomovision, Montreal, QC, Canada), and the T4-
SMA of the corresponding tissues within the outlined range
were automatically calculated, such as the cross-sectional
areas of the pectoralis, intercostals, paraspinals, serratus,
and vastus muscles, along with the mean skeletal muscle
density at the T4 level (T4-SMD), as shown in Fig. 2. The
SMI was subsequently calculated using the relative height-
or BMI-adjusted muscle mass to infer the muscle mass size;
that is cross-sectional area of skeletal muscle mass at the T4
level divided by the height? (or the BMI?) [10]. Due to the
lack of an established reference value for defining sarcope-
nia using the T4-SMI in Asian populations, a sex-specific
cut-off point analysis was performed, and “low SMI” clas-
sification was defined as an T4-SMI below the respective
sex-specific quartile [11-13]. When patients were strati-
fied by T4-SMA divided by height square, the cutoff value
corresponds to the lowest quartile (Q1) of T4-SMI (Height)
(male <69.70 cm?/m?; female <55.91 cm?/m?, respec-
tively). When correcting SMA with BMI, the cutoff value
corresponds to the lowest quartile (Q1) of T4-SMI (BMI)
(male <8.10 cm?/kg/m?; female <5.78 cm?/kg/m?, respec-
tively).
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Fig. 1. Flow chart of the study.

2.4 Statistical Analysis

To ensure the variables distribution patterns were
identified, we applied the Shapiro-Wilk test. In cases where
variables exhibited a normal distribution with continuous
data, the mean and standard deviation (SD) were calculated
and reported. Conversely, for variables with a continuous
distribution that was not normal, the median and interquar-
tile range (IQR) were the reported statistics. For categorical
data, the reported statistics were the counts and the corre-
sponding percentages.

During the analysis of the initial subject characteris-
tics, several statistical tests were utilized to evaluate and
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Body Composition Analysis

compare the variables across different groups: the ¢-test was
used for variables with a normal distribution, the chi-square
test or Fisher’s exact test was applied for categorical vari-
ables, and the Kruskal-Wallis test was employed for vari-
ables with a skewed distribution.

Given the variation in baseline muscular conditions
between genders, participants were categorized into four
groups—Q1, Q2, Q3, and Q4—Dbased on their T4-SMI val-
ues, separately for men and women. Logistic regression
analyses, both univariate and multivariate, were performed
to explore the correlation between T4-SMI parameters and
the recurrence of AF, with adjustments for potential con-
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Fig. 2. Example of a fourth thoracic (T4) computed tomography scan with tissue quantification, with skeletal muscle settings

shown in red in the SliceOmatic software (version 5.0; Tomovision, Montreal, QC, Canada).

founding factors. The initial model did not include any co-
variates, while Model 1 included adjustments for age, sex,
and BMI. Model 2 built upon Model 1 by incorporating ad-
ditional comorbidities such as hypertension and diabetes.
Model 3 further adjusted for the duration of AF and the left
atrial diameter, expanding on Model 2.

Patients were stratified into quartile groups based on
gender-specific intervals to examine the link between T4-
SMI and the recurrence of AF within these groups. Sub-
group and interaction analyses were also conducted, consid-
ering variables such as gender, age, BMI, hypertension, and
diabetes, to assess the stability of the study’s findings. All
statistical analyses were conducted using Statistical Pack-
age for the Social Sciences (SPSS) software, version 25.0
(IBM Corp., Armonk, NY, USA). The threshold for statis-
tical significance was set at a two-tailed p value less than
0.05.

3. Results
3.1 Patient Characteristics

Baseline characteristics of the study subjects are pro-
vided in Table 1. Eighty-two patients (12.8%) experienced
AF recurrence, age and the BMI was higher in the recur-
rence group (24.5 & 3.3 kg/m?) than that in the no recur-
rence group (24.4 & 3.3 kg/m?), as were the disease dura-
tion (36.0 versus 12.0 months, respectively; p = 0.012), the
concentration of BNP and left atrial diameter (44.2 + 7.4
versus 41.7 + 7.2 mm, respectively; p = 0.004). In addi-

tion, the prevalence of comorbidities such as hypertension,
diabetes mellitus, stroke and coronary heart disecase was
also higher in the recurrence group compared with the non-
recurrence group. However, the T4-SMA was significantly
lower in patients in the recurrence group compared with the
non-recurrence group (187.2 4 42.6 versus 200.3 + 46.5
cm?; p = 0.016). The T4-SMI was significantly lower in
the recurrence group than that in the non-recurrence group,
regardless of which of the two methods was used to adjust
for the T4-SMA before calculating the T4-SMI (T4-SMI
(BMlI-adjusted): 7.7 & 1.8 versus 8.3 & 2.0 cm?/kg/m?, re-
spectively, p = 0.013; T4-SMI (Height-adjusted): 68.9 +
13.2 versus 73.0 & 14.1 cm?/m?2, respectively, p = 0.014).
The early recurrence rate was also significantly higher in the
recurrence group compared with the non-recurrence group
(26.8% versus 7.9%, respectively; p < 0.001).

3.2 Univariate and Multivariate Analysis of Recurrence of
Atrial Fibrillation

In terms of sex, 62.6% were male patients. The male
patients had higher BMIs and Heights than the female pa-
tients, as well as higher values for the T4-SMA.. Due to these
significant differences, the male and female patients were
stratified, their data were analysed separately. There was
no clear cut-off point for low SMI based on chest CT at the
T4 level, we divided the patients into four groups according
to T4-SMI quartiles in male and female, respectively. And
the lowest quartile of T4-SMI group was defined as “low
SMI” group (Q1), the rest were normal group (Q2 + Q3 +
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Table 1. Comparison of baseline characteristics and radiographic muscle measures between recurrence group and

non-recurrence group.

All (n=641) Non-recurrence group (n =559)  Recurrence group (n=82)  p value
Demographics
Age (y) 67.7+9.3 68.0 +9.2 66.1 +10.3 0.085
Male (%) 401 350 (62.6%) 51(62.2%) 0.942
Weight (kg) 66.8 + 11.7 66.8 + 11.7 66.6 + 11.9 0.914
BMI (kg/m?) 244 £33 244433 245433 0.751
Height (m) 1.7+ 0.1 1.7+0.1 1.6 £ 0.1 0.477
Duration of AF (months) 12.0 (2.0, 60.0) 12.0 (1.0, 60.0) 36.0 (3.0, 72.0) 0.012
CHA2DS2-VASc 3.0(2.0,4.0) 3.0(2.0,4.0) 3.0 (1.0, 4.0) 0.416
LAD (mm) 42.0+73 41.7+72 442+ 7.4 0.004
LVEF (%) 60.8 £9.2 60.8 £9.3 60.8 + 8.7 0.977
BNP (pg/mL) 112.2 (49.4,212.4) 108.5 (47.2,211.3) 136.8 (61.0, 235.4) 0.198
LDL-C (mg/dL) 23408 23408 22407 0.310
HDL-C (mg/dL) 1.1+0.3 1.1+03 1.1+03 0.559
Creatinine (umol/L) 85.4 +28.7 85.8 +30.3 823+ 14.0 0.078
Comorbidities
Hypertension (n, %) 405 344 (61.5%) 61 (74.4%) 0.024
Diabetes (n, %) 123 100 (17.9%) 23 (28.0%) 0.029
Stroke (n, %) 83 72 (12.9%) 11 (13.4%) 0.893
Coronary heart disease (n, %) 138 120 (21.5%) 18 (22.0%) 0.921
Muscle mass status
T4-SMA (cm?) 198.6 + 46.2 200.3 + 46.5 187.2 +42.6 0.016
SMI (BMI) (cm?/kg/m?) 82+20 83420 7.7+1.8 0.013
SMI (Height) (cm2/m?2) 72.5 +£14.0 73.0 £ 14.1 68.9 +13.2 0.014
Muscular density T4 (HU) 37.7+5.1 37.7+5.1 37.8+5.5 0.845
Early recurrence (n, %) 66 44 (7.9%) 22 (26.8%) <0.001

Values are mean + SD or n (%) and median and interquartile range (IQR).
Abbreviations: BMI, body mass index; AF, atrial fibrillation; LAD, left atrial diameter; LVEF, left ventricular ejection fraction; BNP,
B-type natriuretic peptide; T4, the fourth thoracic level; SMA, skeletal muscle area; SMI, skeletal muscle index; LDL-C, low-density

lipoprotein cholestero; HDL-C, high-density lipoprotein cholesterol; y, year; CHA2DS2-VASc, congestive heart failure, hypertension,

age >75y (doubled), diabetes mellitus, stroke (doubled)-vascular disease, age 65-74 and sex category (female) scoring system.

Q4). And when patients were stratified according to the T4-
SMA divided by height squared, “low SMI” was defined as
a T4-SMI (Height) <69.70 cm?/m? for male and <55.91
cm?/m? for female, respectively. When patients were strat-
ified according to the T4-SMA divided by the BMI, “low
SMI” was defined as a T4-SMI (BMI) <8.10 cm?/kg/m?
for males and <5.78 cm?/kg/m? for female, respectively.
The potential risk factors for AF recurrence initially
identified from the univariate logistic regression analysis
included the duration of AF (odds ratio, OR = 1.01, 95%
confidence interval (CI) = 1.00-1.01, p = 0.001) and left
atrial diameter (OR = 1.04, 95% CI=1.01-1.08, p = 0.004).
They also comprised the presence of hypertension (OR =
1.82,95% CI=1.07-3.07, p=0.026), and diabetes mellitus
(OR=1.79,95% CI=1.06-3.03, p=0.031), T4-SMA? (OR
=0.94, 95% CI =0.89-0.99, p = 0.017), T4-SMI° (Height)
(OR =0.80, 95% CI = 0.68-0.96, p = 0.014) and T4-SMI°
(BMI) (OR = 0.20, 95% CI = 0.06-0.71, p = 0.013). (See
Table 2 for a detailed explanation of superscript letters).
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The subsequent multifactorial logistic regression anal-
ysis revealed that the duration of AF, left atrial diameter,
presence of diabetes mellitus, and T4-SMI (both BMI- and
height-adjusted) were still associated with AF recurrence.
Left ventricular ejection fraction was lower in the recur-
rence group than in the non-recurrence group. But left ven-
tricular ejection fraction is not significant in Univariate and
multivariate analyses. The reason may be there is indeed
an association between AF recurrence and ejection fraction,
but this association is not simply linear.

As shown in Table 2, there was a statistically nega-
tive association between the T4-SMA® and risk of AF re-
currence without adjustment. The OR gradually increased
as the level of the T4-SMI¢ (Height) decreased in compari-
son with Q4 group. The ORs across quartiles (first to third
quartiles) for AF recurrence were 1.38 (95% CI = 0.72—
2.66, p =0.333), 1.26 (95% CI = 0.65-2.45, p = 0.5), and
1.00 (95% CI=0.50-2.00, p =0.999). Among those classi-
fied according to the T4-SMI" (BMI), the risk of recurrence
was increased to 2.31-fold in patients with AF in the low-
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est versus the highest T4-SMI' (BMI) quartile (95% CI =
1.17-4.55, p = 0.016). However, no trend of sequential in-
crease in recurrence risk with decreasing T4-SMI" (BMI)
was observed in the second and third quartile (Q2, OR =
0.86, 95% CI =0.38-1.9, p = 0.707 versus Q3, OR =2.13,
95% CI=1.07-4.24, p=0.031). (See Table 2 for a detailed
explanation of superscript letters).

3.3 Associations between Baseline SMI and Recurrence of
Atrial Fibrillation

In Table 3, we further explored the association be-
tween SMI and AF recurrence by model adjustment. There
were strong significant associations between decreased
SMI? (Height) and increased AF recurrence risk in all mod-
els. In Model 1, after adjusting for demographic factors,
quartile classification results showed a trend in association
between SMI® (Height) and risk of AF recurrence. The
ORs for recurrence in quartiles (first to third) were 1.73
(0.85-3.48), 1.45 (0.73-2.9) and 1.08 (0.53-2.18). In addi-
tion to Model 1 adjusted factors, Model 2 further adjusted
the presence of diabetes and hypertension. Using the SMI®
(Height)-Q4 group as a reference, the risk ORs and 95%
ClIs for recurrence of AF in the Q1, Q2, and Q3 groups were
1.67(0.82-3.38), 1.37(0.69-2.75) and 1.08 (0.53-2.18), re-
spectively. In the fully adjusted Model (Model 3), we still
observe a significant trend toward an increased risk of re-
currence of AF as the SMI® (Height) quartile decreases. As
a result of the final Model, the ORs with 95% CIs for AF
recurrence comparing the first, second, and third quartile of
the SMIP (Height) with the fourth quartile were 1.57 (0.76—
3.22), 1.42 (0.7-2.88), and 1.19 (0.58-2.44), respectively.
The link between lower SMI® (BMI) and the increased risk
of AF recurrence remained consistent and statistically sig-
nificant, regardless of the adjustments made in the model.
The first and third quartiles of SMI¢ (BMI) (Q1 and Q3) had
significantly increased risk ORs for AF recurrence com-
pared with Q4 group. Specifically, ORs for patients in the
first quartile tend to be higher, with model 1 (OR = 3.32,
95% CI=1.52-7.23), model 2 (OR =3.15, 95% CI = 1.43—
6.97), model 3 (OR = 3.16, 95% CI = 1.40-7.15). How-
ever, we failed to observe a trend of sequentially increasing
risk of AF recurrence with decreasing SMI¢ (BMI) quar-
tiles. (See Table 3 for a detailed explanation of superscript
letters).

3.4 Subgroup Analyses

This study stratified all research subjects by gender,
age and BMI, the presence of hypertension and diabetes,
and adjusted variables other than stratified variables, in-
cluding left atrial diameter and duration of AF. In sub-
group analyses (Fig. 3), the results remained approximately
consistent when grouped by sex (p value for interaction =
0.314). In addition, the results of the study showed that
the risk of AF recurrence, regardless of age above or be-
low 60 years (p value for interaction = 0.983) and over-

weight/obesity (p value for interaction = 0.196), whether
the patient suffers from hypertension (p value for interac-
tion = 0.899) or diabetes (p value for interaction = 0.874)
was significantly associated with SMI (Height).

4. Discussion

The main findings of this study were: First, patients
with a low relative muscle mass were more likely to experi-
ence AF recurrence. Second, a low T4-SMI adjusted for ei-
ther BMI or height exhibited predictive value for assessing
the likelihood of adverse outcomes in patients with AF who
had undergone radiofrequency ablation, with the height ad-
justment being superior to the BMI adjustment in terms of
the diagnostic accuracy for “low SMI”. Thirdly, subgroup
analysis was also conducted to stratify patients based on
gender, age, and BMI, the presence of hypertension and
diabetes, in order to fully demonstrate the role of T4-SMI
(Height) in predicting AF recurrence after ablation. These
findings have important clinical implications, as methods
for improving muscle status before catheter ablation in pa-
tients with AF could help reduce recurrence rates.

Clinically, AF occurrence and the expected prognosis
are closely related to nutritional status [ 14]. As an indicator
for assessing obesity and nutritional status in patients with
AF, every five-unit increase in the BMI has been shown to
be associated with a 13% increase in AF recurrence post-
ablation [2,15]. Additional evidence suggests that patients
with obesity with AF have a lower risk of all-cause mortal-
ity compared with that in patients with AF who have a nor-
mal BMI, demonstrating an apparent obesity paradox [16].
Highlighting that the BMI does not accurately reflect one’s
body composition is important, as it cannot distinguish be-
tween the relative weight of various components such as
that of fat, muscle, and bone. Therefore, body composition
measurements may be a better indicator of the risk of AF re-
currence than BMI alone for assessing individual metabolic
consequences [5].

Various imaging techniques have been utilized to es-
timate muscle mass or lean body mass, including magnetic
resonance imaging (MRI), CT, DXA, and BIA. DXA and
BIA cannot provide direct measurements and may over-
or underestimate an individual’s actual muscle mass, es-
pecially in those who are obese or have experienced heart
failure. However, CT analysis allows for an accurate and
specific examination of the SMA and muscle density from
individual cross-sections and is considered the “gold stan-
dard” imaging modality for estimating muscle mass.

Traditionally, CT images at the L3 level have been
used to quantify skeletal muscle and fat mass. However,
the L3 cut-off for determining sarcopenia is only applica-
ble to patients undergoing abdominal CT imaging. In pa-
tients undergoing radiofrequency ablation of AF, abdomi-
nal CT images are not readily available. A large population-
based study established more specific cut-offs for normal
values of the cross-sectional area of muscle tissues based
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Table 2. Univariate and multivariate analysis of recurrence of atrial fibrillation.

Variable Univariable analysis Multivariable analysis
OR 95%CI) pvalue OR  (95% CI) p value
Age (y) 098  0.96-1.00  0.086
Male 098  0.61-1.58  0.942
Weight (kg) 1.00  0.98-1.02 0914
Height (m) 036  0.02-5.85 0476
BMI (kg/m?) 1.01  0.94-1.09 0.751
Duration of AF (months) 1.01 1.00-1.01  0.001 1.01  1.00-1.01 0.008
Hypertension (n, %) 1.82  1.07-3.07 0.026 147 0.85-2.53 0.167
Diabetes (n, %) 1.79  1.06-3.03  0.031 1.81 1.04-3.13 0.035
Stroke (n, %) 1.05  0.53-2.07 0.893
Coronary heart disease (n, %) 1.03 0.59-1.8 0.921
LAD (mm) 1.04 1.01-1.08 0.004 1.05 1.02-1.08 0.003
LVEF (%) 1.00  0.97-1.03  0.977
CHA2DS2-VASc 094 0.81-1.08  0.389
LDL-C (mg/dL) 0.87  0.65-1.17  0.360
HDL-C (mg/dL) 1.28 0.56-291  0.559
Creatinine (umol/L) 0.99  0.98-1.01 0.288
BNP (pg/mL) 1.00  1.00-1.01  0.486
T4-SMA? (cm?) 094  0.89-0.99 0.017
T4-SMAP (cm?) sex-stratified quartiles
Q1 (male <196.20; female <139.08) 1.77  0.93-338  0.084
Q2 (male 197.08-220.61; female 139.58-156.90)  1.20 0.6-2.39 0.600
Q3 (male 220.83-245.76; female 157.42-175.70)  1.00  0.49-2.04  0.999
Q4 (male >245.77; female >175.71) Ref
SMI¢ (Height) (cm?/m?) 0.80 0.68-0.96 0.014 0.81 0.68-0.98 0.026
SMI¢ (Height) sex-stratified quartiles
Q1 (male <69.70; female <55.91) 1.38  0.72-2.66  0.333
Q2 (male 69.81-76.2; female 55.92—63.56) 1.26  0.65-2.45 0.5
Q3 (male 76.27-85.36; female 63.73-71.57) 1.00  0.50-2.00  0.999
Q4 (male >85.40; female >71.62) Ref
SMI°¢ (BMI) (cm?/kg/m?) 020  0.06-0.71  0.013
SMIf (BMI) sex-stratified quartiles 1.000
QI (male <8.10; female <5.78) 2.31 1.17-4.55  0.016
Q2 (male 8.11-9.14; female 5.79-6.46) 0.86 0.38-1.9 0.707
Q3 (male 9.15-10.09; female 6.47-7.40) 213 1.074.24 0.031
Q4 (male >10.14; female >7.41) Ref
Muscular density T4 (HU)—Total group 1.00  0.96-1.05 0.845

T4-SMA®? was entered as a continuous variable per 10 cm?.

T4-SMAP sex-stratified quartiles based on separate quartiles intervals for males and females in cm?.

SMI® (Height) was entered as a continuous variable per 10 cm?/m?.

SMI¢ (Height) sex-stratified quartiles based on separate quartiles intervals for males and females in cm?/m?2.

SMI® (BMI) was entered as a continuous variable per 10 cm?/kg/m?.

SMIf (BMI) sex-stratified quartiles based on separate quartiles intervals for males and females in cm?/kg/m?.

Abbreviations: OR, odds ratio; CI, confidence interval.

on CT imaging performed at different levels [17]. The pec-
toral muscle area measured using chest CT correlates with
whole-body skeletal muscle mass measured by the BIA
method [18]. The planes selected for most of the recent
studies have been at the T4 or T12 level [9,19]. Other stud-
ies have used a low skeletal muscle mass, as determined
by chest CT, as a poor prognostic indicator in patients with
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acute pulmonary embolism [19], chronic obstructive pul-
monary disease [ 18], left ventricular assist device implanta-
tion [20], coronavirus disease 2019 infection [21], and lung
cancer [22]. Zuckerman et al. [23] also reported that the
T4-SMA correlated with markers of frailty in older adults
undergoing cardiac surgery. Thus, the T4-SMA measured
in the present study may reflect the whole-body muscle
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Table 3. Association between skeletal muscle index (SMI) and recurrence of atrial fibrillation.

. Model 1 (OR, Model 2 (OR, Model 3 (OR,
Variable p p
95% CI) 95% CI) 95% CI)
SMI® (Height) (cm2/m?) 0.7(0.57-0.87)  0.001  0.71 (0.57-0.88)  0.002  0.74 (0.59-0.92)  0.007
SMIP (Height) sex-stratified quartiles
Q1 (male <69.70; female <55.91) 1.73(0.85-3.48)  0.128  1.67(0.82-3.38)  0.155  1.57(0.76-3.22)  0.222

Q2 (male 69.81-76.2; female 55.92-63.56) 1.45(0.73-2.9)  0.289  1.37(0.69-2.75)  0.369 1.42(0.7-2.88)  0.325
Q3 (male 76.27-85.36; female 63.73-71.57)  1.08 (0.53-2.18)  0.836  1.08 (0.53-2.18)  0.838  1.19(0.58-2.44) 0.643

Q4 (male >85.40; female >71.62) 1 (Reference) 1 (Reference) 1 (Reference)
SMI¢ (BMI) (cm?/kg/m?) 0.20 (0.00-0.14)  <0.00  0.03 (0.00-0.18) <0.00 0.31(0.00-0.24) 0.001
SMI4 (BMI) sex-stratified quartiles
Q1 (male <8.10; female <5.78) 3.32(1.52-7.23)  0.003  3.15(1.43-6.97) 0.005 3.16 (1.40-7.15) 0.006
Q2 (male 8.11-9.14; female 5.79-6.46) 1.05(0.46-2.41) 0912 1.00(0.43-2.33) 0997 1.04(0.44-2.44) 0.938
Q3 (male 9.15-10.09; female 6.47-7.40) 2.37(1.17-4.80) 0.016 2.38(1.16-4.87) 0.018 2.58(1.24-5.36) 0.011
Q4 (male >10.14; female >7.41) 1 (Reference) 1 (Reference) 1 (Reference)

SMI? (Height) was entered as a continuous variable per 10 cm?/m?2.

SMIP (Height) sex-stratified quartiles based on separate quartiles intervals for males and females in cm?/m?2.
SMI® (BMI) was entered as a continuous variable per 10 cm?/kg/m?.

SMI¢ (BMI) sex-stratified quartiles based on separate quartiles intervals for males and females in cm?/kg/m?2.
Model 1 adjusted for age, sex, BMI in continuous analyses, no adjustment for sex in sex-stratified quartiles.
Model 2 adjusted as for model 1, additionally adjusted for hypertension, diabetes.

Model 3 adjusted as for model 2, additionally adjusted for duration of atrial fibrillation (AF), LAD.

Subgroup Total Event (%) OR (95%CI) P for interaction
Female 240 31(12.9) 0.84 (0.58~1.21) O 0.341
Male 401 51(12.7) 0.66 (0.5~0.87) e

Age<60 128 20 (15.6) 0.74 (0.46~1.19) [ | 0.983
Age=60 513 62 (12.1) 0.77 (0.61~0.98) S

Normal weight 297 38 (12.8) 0.84 (0.6~1.17) || 0.196
Overweight 344 44 (12.8) 0.67 (0.49~0.9) I

No hypertension 236 21 (8.9) 0.64 (0.42~0.98) B 0.899
Hypertension 405 61 (15.1) 0.79 (0.61~1.02) — B

No diabetes 518 59 (11.4) 0.72 (0.56~0.93) B 0.874
Diabetes 123 23(18.7) 0.8 (0.53~1.21) |

035 050 071 1.0 141
Effect(95%Cl)

Fig. 3. Subgroup analysis between SMI (Height) and recurrence of atrial fibrillation.
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mass and provide a quick and easy means of identifying a
reduction in skeletal muscle.

A study that has assessed the risk of AF based on body
size and composition measurements in older adults have
suggested that body size, rather than the BMI, may be a
more significant indicator of the risk of AF development
[24]. There is a linear correlation between height and the
incidence rate of atrial fibrillation in the elderly, reflecting
the lower lean body mass in elders and its closer depen-
dence on height. However, our study focused on individ-
uals of all ages, and it is important to note that there is a
greater lean mass per unit of body weight in this age group
compared to older participants. So the same relationships
between height and AF that have been documented in older
individuals may not apply equally in younger people. Thus
the patient’s whole body size should be considered when
assessing the presence of sarcopenia (Here it refers to “low
SMI”). In this study, the relative muscle mass was adjusted
for either height or BMI. The diagnostic prevalence of “low
SMI” varies depending on the correction methods used [7].

Low relative muscle mass has been shown to be asso-
ciated with poor health outcomes in patients with CVD and
it may serve as a surrogate marker for vulnerability to acute
stressors such as cardiac surgery [25]. The association of
low relative muscle mass with CVD is driven by various un-
derlying mechanisms, some of which include mitochondrial
dysfunction in muscle tissues, oxidative stress, excessive
inflammatory states, microvascular endothelial dysfunc-
tion, and several metabolic disorders, such as metabolic
syndrome, insulin resistance, and non-alcoholic fatty liver
disease [26-28]. Furthermore, both low relative muscle
mass and CVD are affected by similar lifestyle factors, such
as malnutrition and physical inactivity [29]. To date, body
composition has not been included as a standard indicator of
frailty in patients undergoing major cardiovascular surgery.

Sarcopenia in older patients is associated with elec-
trocardiographic abnormalities, including AF [30]. Lower
muscle mass, and higher fat mass, indirectly calculated us-
ing body composition prediction equations, are known to be
associated with an increased AF risk [31]. An in vivo study
in a mouse model in which the myocardium specifically ex-
pressed a muscle growth inhibitory prepeptide to inhibit the
effects of muscle growth inhibitory hormone demonstrated
the presence of atrial enlargement and fibrosis and AF pro-
motion [32]. A clinical study also reported an increased
risk of AF in middle-aged and older adults without clinical
heart failure in whom sarcopenia was identified using DXA
[6]. The association between sarcopenia and AF is only sig-
nificant in overweight/obese participants. However, to our
knowledge, the present study is the first to examine the re-
lationship between CT-diagnosed low relative muscle mass
and AF recurrence following radiofrequency ablation. Due
to the lack of reference values for low relative muscle mass
at the T4 level, the lowest quartile of T4-SMI group was de-
fined as “low SMI” group. Furthermore, this study found
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that, a lower height-adjusted T4-SMI significantly corre-
lated with AF recurrence post-ablation, regardless of over-
weight/obesity. Low muscle mass participates in a mutually
reinforcing and influential relationship with hypertension
and diabetes. In turn, hypertension and diabetes mellitus,
which are confirmed cardiovascular risk factors, simultane-
ously contribute to AF recurrence. In the present study, the
significant relationship between a low SMI and AF recur-
rence after radiofrequency ablation remained, even after ad-
justment for above mentioned comorbidities and other risk
factors.

As mentioned earlier, the dysfunction of skeletal mus-
cle mitochondrial activity and the increase in insulin re-
sistance can mutually amplify with aging. However, AF
may result from energy metabolism disorders caused by
mitochondrial dysfunction, inflammation, and oxidative
stress, which as key upstream mediators of atrial elec-
trical and structural remodelling are also involved in the
pathophysiological processes that drive AF by influencing
atrial ion channel alterations [33—35]. Patients with AF
exhibit greater hyperinsulinemia resistance, which exacer-
bates the delay in atrial conduction velocity, leading to per-
sistent electrophysiological remodelling in atrial tissue and
increasing the likelihood of recurrence following ablation
[36]. The effect of low muscle mass on AF occurrence can
also be impacted by sex hormones; for example, in men, the
levels of testosterone, which acts as an anabolic hormone
in muscle, decrease with age, and testosterone deficiency
has been shown to be associated with an increased risk of
AF [37]. In contrast, in women, hormones such as oestra-
diol and progesterone can ameliorate insulin resistance and
mitochondrial dysfunction by altering mitochondrial H202
production in skeletal muscle, and the loss of oestrogen in
menopausal women results in a significant decline in mus-
cle performance, leading to autonomic disturbances that in-
crease the susceptibility to AF [38]. Learning more about
the aforementioned mechanisms is expected to advance the
current understanding of the pathophysiological processes
that mediate the correlation between low relative muscle
mass and AF recurrence after radiofrequency ablation.

Previous research study has stated that at least some
cases of low muscle mass, particularly those with obesity,
are preventable [39]. Therefore, therapeutic interventions
that actively to increase aerobic capacity and muscle mass
are likely to be effective in preventing AF recurrence, in-
cluding resistance training exercises and nutritional strate-
gies that increase protein and micronutrient intake, such as
supplementation of omega-3 polyunsaturated fatty acid and
vitamin D [40,41]. The 2020 European Society of Cardi-
ology (ESC) guidelines for the diagnosis and management
of AF state that there is a U-shaped relationship between
exercise intensity and the incidence of AF, with regular
moderate-intensity exercise performed over a long period
of time being effective in reducing the risk of AF. However,
those guidelines do not recommend high-intensity exercise
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[42]. The ACTIVE-AF study of the ESC published in 2021
showed that performing aerobic exercise over a six-month
period helped minimise AF recurrence [43]. However,
the 2023 American College of Cardiology/American Heart
Association/American College of Chest Physicians/Heart
Rhythm Society (ACC/AHA/ACCP/HRS) Guidelines for
the Diagnosis and Management of Atrial Fibrillation rec-
ommend 210 min per week of moderate-to-vigorous exer-
cise training to improve cardiac rehabilitation in patients
with AF who undergo ablation [44]. However, vigorous
exercise increases the risk of AF, possibly by promoting
myoelectric and anatomical remodelling of atrial tissues
[45]. In addition, both testosterone replacement therapy and
treatment with growth hormone analogues promote muscle
growth and fat loss. Although active counselling of patients
with obesity or overweight with AF is an effective inter-
vention for facilitating appropriate weight loss, the great-
est benefits of weight loss depend on the ability to preserve
muscle tissues. Therefore, optimising patient’s body com-
position by increasing lean body mass and decreasing fat
weight is important, a strategy that is more effective than
simply targeting BMI reduction [46].

This study has several limitations. First, the sam-
ple size was limited, and all patients were from a single
treatment centre. Second, this study was retrospective and
participant muscle strength data was not available. Third,
skeletal muscle composition and mass may not have been
precisely quantified, as the main focus of this study was
on SMA and low SMI. In addition, muscle status varies
between races, sexes, and age groups, and the prevalence
of low relative muscle mass and its association with clini-
cal outcomes can vary widely depending on the assessment
methods. Although the height-based adjustment resulted in
better predictive ability of the model compared with that of
the BMI-based adjustment in the present study, the supe-
riority of some methods of SMI correction have not been
conclusively demonstrated. Therefore, establishing a uni-
versal definition of sarcopenia remains difficult. Fourthly,
we attempt to include various diseases in our exclusion cri-
teria; However, some diseases that may affect muscle mass,
such as chronic obstructive pulmonary disease, heart fail-
ure, chronic kidney disease, and cachexia, have not been
excluded.

Instead of using methods such as BIA and DXA to
assess lean body mass, this study used CT-based imaging
of cross-sectional areas to rapidly quantify skeletal mus-
cle mass to calculate the BMI- or height-adjusted T4-SMI
as a parameter for assessing muscle mass, not only in the
elderly but also in individuals in other age ranges and of
both sexes to determine its ability to predict AF recurrence
after radiofrequency ablation. Low relative muscle mass
is likely to remain undetected in the clinical setting. The
present study demonstrated that pre-procedural CT scan-
ning can help detect “low SMI”, allowing for earlier inter-
vention with nutritional or exercise therapies to reduce the
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loss of skeletal muscle and the accumulation of adipose tis-
sue in patients, thereby improving their clinical prognosis.
The data emphasise the importance of preventing AF, re-
gardless of gender, age or overweight/obesity, by protecting
against muscle deterioration.

5. Conclusions

This is the first study to evaluate the predictive value
of the SMI measured at the T4 level using CT in patients
with AF. Both BMI- or height-adjusted T4-SMI had good
sensitivity for predicting AF recurrence. The height adjust-
ment performed better than the BMI adjustment in that re-
gard. A decreased T4-SMI adjusted for height was strongly
associated with an increased risk of AF recurrence follow-
ing radiofrequency ablation, irrespective of patients’ gen-
der, age, or status of being overweight/obese. The correla-
tion between T4-SMI (height) and AF recurrence was fully
validated by constructing multiple models, and adjustment
for different sets of covariates barely altered the results.
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