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Abstract The long-term impact of atrial fibrillation
(AF) and systemic inflammation on muscle health
and, hence, functional decline remains unclear. This
study investigates the link between AF and longitudi-
nal trajectories of muscle mass and strength, consid-
ering the role played by systemic inflammation. Data
were obtained from 2048 participants (>60 years)
in the Swedish National Study on Aging and Care
in Kungsholmen (SNAC-K), followed for 12 years.
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Muscle mass and strength were assessed using calf
circumference, handgrip strength, and chair stand
test. Inflammatory marker interleukin-6 (IL-6) and
the stress-response mediator growth differentiation
factor-15 (GDF-15) were measured at baseline. Lin-
ear mixed models examined the longitudinal changes
in muscle outcomes according to AF status and the
combination of AF status with inflammatory markers.
Participants with AF experienced a steeper increase
in the duration of the chair stand test (3=1.49; 95%
CI: 0.82 to 2.16). High levels of GDF-15 amplified
declines in muscle mass (= —0.12; 95% CI.—0.20

C. Okoye
Deparment of Medicine and Surgery, University
of Milano-Bicocca, Monza, Italy

C. Okoye
Fondazione IRCCS San Gerardo Dei Tintori, Monza, Italy

P. D. L’Angiocola
Clinical Cardiology Service, Nova Salus Healthcare
Company, Gorizia, Italy

A. Calderén-Larrafiaga - D. L. Vetrano
Stockholm Gerontology Research Center, Stockholm,
Sweden

G.Y. H. Lip

Danish Center for Health Services Research, Department
of Clinical Medicine, Aalborg University, Aalborg,
Denmark

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-026-02319-3&domain=pdf
http://orcid.org/0009-0000-3874-2753
https://doi.org/10.1007/s11357-026-02319-3
https://doi.org/10.1007/s11357-026-02319-3

GeroScience

to—0.05) and chair stand test performance (f=2.48;
95% CI: 1.66 to 3.30) in individuals with AF. Par-
ticipants with AF and high IL-6 levels also experi-
enced an accelerated decline of calf circumference
(B=—-0.12;95% CI: —0.19 to —0.05) and chair stand
test performance (f=2.20; 95% CI: 1.39 to 3.01).
AF is associated with a steeper decline in muscle
mass and strength over time, exacerbated by elevated
inflammatory biomarkers, underscoring the impor-
tance of systemic inflammation in AF-related func-
tional decline.

Keywords Atrial fibrillation - Inflammation - GDF-
15 - IL-6 - Muscle mass - Muscle strength

Introduction

Atrial fibrillation (AF), the most common arrhyth-
mia, has increased by 30% over the past two decades
due to improved diagnostics and population aging. Its
prevalence increases sharply with age, from 6.4% at
65-69 years to 28.5% at> 85 years [1, 2].

In older adults, AF may reflect a state of systemic
biological vulnerability that accompanies the process
of aging itself, while at the same time it may contrib-
ute to accelerate aging and increased risk of physical
decline [3]. AF has been consistently associated with
poorer physical performance, including reduced grip
strength, decreased muscle mass, and slower walk-
ing speed [4-7]. It is frequently accompanied by a
chronic pro-inflammatory state [8, 9], which may co-
occur with the processes underlying sarcopenia and
functional decline. In this context, biomarkers reflect-
ing inflammatory and stress-response pathways are of
particular interest for risk stratification and monitor-
ing in older adults.
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An international expert consensus recognised
interleukin-6 (IL-6), growth differentiation factor 15
(GDF-15), muscle mass, handgrip strength, and the
chair stand test as validated biomarkers of age-related
functional decline [10]. These biomarkers became
increasingly relevant also in the context of AF [11],
where age-related decline, cardiovascular risk fac-
tors, and other comorbidities frequently co-exist [12].
Increased levels of both IL-6 and GDF-15 have been
shown to be associated with a higher risk of AF and
AF-related adverse outcomes [13, 14]. Elevated IL-6
plays a role in the pathophysiology of AF, leading
to its development, recurrence, and poor long-term
health outcomes such as thrombosis and bleeding
[13, 15]. Accordingly, GDF-15 has been identified as
a predictor for AF-related adverse outcomes, includ-
ing major bleeding [14]. In addition to their associa-
tions with cardiovascular health, increased levels of
IL-6 and GDF-15 are consistently linked to reduced
muscle strength, poor physical performance, and
slower gait speed [14, 16—19]. Of note, GDF-15 lev-
els are significantly higher in sedentary individuals
compared to active individuals, independent of age,
suggesting an association between GDF-15, reduced
muscle performance and increased inflammation
[20]. These findings highlight the potential of GDF-
15 and IL-6 as biomarkers for identifying individu-
als with AF at a higher risk of functional decline and
AF-related adverse outcomes, suggesting their pos-
sible role in the development of targeted preventive
interventions.

This population-based study of people aged
60 years and older aimed to assess the interplay
between AF and baseline inflammatory markers in
relation to trajectories of muscle mass and strength
over a 12-year follow-up.

Methods
Study population

We used data from the Swedish National study
on Aging and Care in Kungsholmen (SNAC-K),
an ongoing prospective study that includes adults
aged 60 years and older, from central Stock-
holm, Sweden. The initial phase (2001-2004)
of the study included individuals from 11 age
cohorts (ages 60, 66, 72, 78, 81, 84, 87, 90, 93,
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Fig. 1 Baseline inflamma- 6
tory markers by AF status
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Notes: The values higher than 30 pg/mL for IL-6 were excluded from the boxplot due to extreme
outlier distribution (24 participants), which may affect the graphical interpretation. This threshold was
applied just for visualization purposes; we kept all the data for statistical analysis.

96, and>99 years), who were followed up every
6 years (those aged <78 years) or every 3 years
(those aged>78 years). The baseline SNAC-K
cohort included 3363 participants, of whom 1315
were excluded for the following reasons: 321 with
dementia, 191 residing in institutions, 4 with multi-
ple sclerosis, 40 with Parkinson’s or Parkinsonism,
422 without baseline data for handgrip strength, 22
without baseline data for chair-stand tests, 22 with-
out baseline data for calf circumference, and 1248
without baseline GDF-15 and IL-6 measurements
(Fig. 1). After applying these criteria, 2048 partici-
pants remained in the study, including 1917 non-AF
and 131 AF individuals. Data from baseline to the
12-year follow-up were considered.

The SNAC-K study complies with the principles
of the Declaration of Helsinki and was approved by
the Regional Ethical Review Board in Stockholm.
Written informed consent to participate in the study
was collected from all participants or the next of kin
for those with cognitive impairment.

Study variables
Atrial fibrillation

The presence of AF at baseline was ascertained
through the physician’s interview, examination, and
electrocardiogram (ECG), with undetectable discrete
P waves and irregular ventricular rate on a 12-lead

ECG [7]. In addition, data from health records in the
Swedish National Patient Register comprising hos-
pital and specialized outpatient care, were integrated
to retrieve atrial fibrillation diagnoses in individuals
with a recorded history.

Muscle mass

Muscle mass was assessed using calf circumference
measurement, in line with the European Working
Group on Sarcopenia in Older People 2 (EWGSOP2)
consensus [21]. Low muscle mass was defined as a
calf circumference below the 20th sex-specific per-
centile of our sample, specifically, <34 cm for men
and <32 cm for women. These thresholds are consist-
ent with previously established cut-offs for moder-
ately to severely reduced calf circumference [22, 23].

Muscle strength

The assessment of muscular strength involved hand-
grip strength for upper limb strength, and chair stand
test for lower limb strength. While the handgrip
strength test was performed seated with the arm at
90°, with higher scores indicating greater strength,
the chair stand test measured the participant’s abil-
ity to stand up five times as quickly as possible, with
shorter time indicating greater lower limb strength
[24]. Low muscle strength is indicated by handgrip
strength of less than 27 kg for males and less than
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16 kg for women, or by requiring more than 15 s to
complete five rises from a chair [21]. Participants
who were unable to perform the handgrip test were
given a value of 0 kg. The highest reported value of
75 s was assigned to individuals who could not com-
plete the chair stand test due to physical limitations.

Inflammatory biomarkers

Blood samples were collected at baseline without
fasting. Serum samples were obtained post-cen-
trifugation and stored at—80 °C at the Karolinska
Institutet BioBank. Baseline IL-6 was measured at
Accelerator Laboratory Services, Quanterix Corp., in
Billerica (MA, USA), using Simoa CorPlex Human
Cytokine Panel 1 on the Quanterix® SP-XTM imag-
ing and analysis platform. GDF-15 was quantified in
serum samples using a custom designed Magnetic
Luminex Assays—Human Premixed Multi-Analyte
assay at the Affinity Proteomics-Stockholm Unit of
the SciLifeLab (Solna, Sweden). The average intra-
and inter-coefficient variations for replicated samples
were 4.5% and 5.9%, respectively. Inflammatory bio-
markers were converted into z-scores using the base-
line mean and standard deviation of the total sample,
facilitating the comparison of coefficients.

Covariates

This study included multiple covariates, includ-
ing age, sex, educational attainment (primary or
high school and above), civil status (partnered or
unpartnered), alcohol intake (never, light to moder-
ate, or heavy), and smoking (never, former, or cur-
rent smoker). Physical activity scores were classified
as (a) inadequate, <2 or 3 times per month of light
and/or moderate/intense exercise; (b) health-enhanc-
ing, light exercise several times per week; and (c)
fitness-enhancing, moderate/intense exercise several
times per week [25]. Body mass index (BMI) was
calculated as measured weight divided by measured
height squared (kg/m?). Chronic diseases were identi-
fied through clinical interviews, examinations, labo-
ratory parameters, medication use, and the National
Patient Register, and coded according to the Interna-
tional Classification of Diseases (ICD) 10th revision.
For this study, we considered cerebrovascular disease,
heart failure (HF), diabetes mellitus, chronic kidney
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disease (CKD), and chronic obstructive pulmonary
disease (COPD).

Statistical analysis Baseline characteristics were
reported using numbers and percentages and either
mean and standard deviation (SD) or median and
interquartile range [IQR]. The comparisons of char-
acteristics between groups were performed using the
4 test for categorical variables and either Student’s
t-test or the Mann—Whitney U test for continuous vari-
ables, depending on data distribution. Linear mixed-
effect models with random intercept and random slope
were used to assess the association between AF, base-
line inflammatory biomarkers, and changes in muscle
mass and strength over 12 years of follow-up time. An
interaction between each exposure and time in years
was entered in the models, with the resulting § coef-
ficients indicating the annual change in muscle mass
and strength in relation to the exposure. Specifically,
a model was first fitted to explore the change in mus-
cle outcomes between individuals with and without
AF over follow-up time (AF status X year). To further
investigate the influence of baseline inflammation, a
four-level categorical variable was constructed by
combining AF status with biomarker levels (non-AF
with low biomarker, non-AF with high biomarker, AF
with low biomarker, and AF with high biomarker).
This approach was applied separately for GDF-15 and
IL-6, with biomarker levels classified as low when
the baseline z-score was below the median and high
when above. The 4-level variables represent baseline
clinical profiles and were entered into the model as the
exposure groups. Their interactions with time (profiles
x year) were included to assess whether the annual rate
of change in muscle mass and strength differed across
profiles.

Accordingly, the p coefficients from these models
indicate the estimated differences in annual change in
muscle outcomes for each exposure group relative to
the reference category (non-AF with low biomarker).

Adjustments included age, sex, education, diabetes
mellitus, HF, CKD, COPD, smoking status, alcohol,
BMI, and physical activity score.

In sensitivity analysis, to assess the robustness of
the association between AF and muscular outcomes,
we performed additional linear mixed models by
adjusting for cerebrovascular disease. Cerebrovas-
cular disease may confound or mediate the observed
estimations due to their potential shared vascular or
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inflammatory pathways with both AF and muscular
impairment [26]. In additional analyses, we intro-
duced AF x biomarker x time interaction terms, with
biomarkers modelled categorically, to test whether
AF status modifies the biomarker-time association.
The three-way interaction beta coefficient represents
the difference in the biomarker-related annual change
in muscle outcomes between individuals with and
without AF. In addition, to examine whether cogni-
tive decline in individuals with AF might influence
the loss of muscle mass and strength, we conducted a
sensitivity analysis excluding incident dementia cases
within the first 6 years of follow-up. Analyses were
performed using STATA SE 19 (StataCorp, Texas,
USA). A two-tailed p-value<0.05 was considered
statistically significant in all analyses.

Results

Baseline characteristics of participants with AF
(6.4%) compared to those without AF are presented
in Table 1. Participants with AF were older, less
likely to be female, and had lower-level education,
and a higher prevalence of CKD, HF, and cerebrovas-
cular diseases. They also showed a longer duration of
the chair stand test and lower handgrip strength. Fig-
ure 1 shows elevated baseline levels of both GDF-15
(1.12 ng/mL vs. 0.87 ng/mL, p-value <0.001) and
IL-6 (2.13 pg/mL vs 1.42 pg/mL, p-value <0.001) in
participants with AF.

Over the 12-year follow-up, participants with AF
had a significant annual increase in chair stand test
duration compared to those without AF (B per year
1.49 [95% CI 0.82 to 2.16]). Although handgrip
strength and calf circumferences declined over time
in both groups, these changes were not statistically
significant (Table 2).

When AF status was combined with inflammatory
markers, individuals without AF and high GDF-15 lev-
els showed accelerated annual decline in calf circumfer-
ence (P per year—0.08 [95% CI—0.10 to—0.05]) and
handgrip strength (B per year—0.11 [95% CI-0.17
to—0.06]), as well as greater annual increase in chair
stand test duration (p per year 1.22 [95% CI 0.95 to
1.49]) compared to those without AF and low GDF-15.
Participants with AF and a low GDF-15 had increased
duration of chair stand test compared with the refer-
ence group, while those with both AF and high GDF-15

experienced steeper declines in calf circumference,
and chair stand test performance, but not in handgrip
strength, relative to the reference group (Table 3).

High IL-6 levels, regardless of AF status, were
associated with a greater annual increase in chair
stand duration (non-AF: B per year 0.81 [95% CI
0.54 to 1.09]; AF: B per year 2.20 [95% CI 1.39 to
3.01]) and reduced calf circumference (non-AF: {3
per year—0.02 [95% CI-0.05 to—0.001]; AF: p
per year—0.12 [95% CI—0.19 to— 0.05]) compared
to the reference group (non-AF, low IL-6) (Table 4).
Participants with AF and high IL-6 levels experi-
enced significantly greater annual decline in calf
circumference (f per year—0.12 [95% CI-0.19
to—0.05]) and annual increase in chair stand test
duration (p per year 2.20 [95% CI 1.39 to 3.01])
compared to the reference group. Even though grip
strength declined in all AF/IL-6 profiles, these
changes were not statistically significant.

Participants with AF and high GDF-15 expe-
rienced the steeper decline in chair stand perfor-
mance (from 18.5 to 58.1 s), and notable reduc-
tions in handgrip strength and calf circumference
(Fig. 2). In addition, calf circumference signifi-
cantly decreased in participants with high GDF-15,
regardless of AF status. High IL-6 levels also cor-
related with reduced calf circumference and decline
in both handgrip strength and chair stand perfor-
mance. Particularly, individuals with AF and high
IL-6 showed the greatest decline in chair stand per-
formance (from 18.2 to 56.3 s) (Fig. 2). Supplemen-
tary Table 1 and 2 present the absolute predicted
trajectories of muscle outcomes over 12 years
for each AF/biomarker profile, derived from the
adjusted mixed-effects models.

Sensitivity analyses showed that additional adjust-
ment for cerebrovascular disease did not alter the sig-
nificant increase in chair stand duration among AF
participants and the combined impact of AF and ele-
vated inflammatory markers in muscle decline over
time (Supplementary Table 3).

Since participants with high inflammatory bio-
marker levels, both with and without AF, showed a
steeper decline in muscle outcome, we conducted
additional interaction analyses to evaluate whether
AF status modified the association between those
biomarkers and muscle decline. In these analyses, AF
did not significantly modify the association between
GDF-15 or IL-6 and longitudinal changes in muscle
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Table 1 Baseline
characteristics by AF status

Numbers are expressed as
mean (standard deviation),
median [interquartile range]
or number (percentage)

as appropriate. P values
refer to the comparison
between individuals with
and without AF, and
significancy defined as
p<0.05. Abbreviations:
MMSE, mini-mental state
examination; BMI, body
mass index; COPD, chronic
obstructive pulmonary
disease. *Low muscle
mass was defined as a

calf circumference below
the 20th sex-specific
percentile of our sample,
specifically, <34 cm for
men and <32 c¢m for
women. * Low upper limb
strength was defined as
handgrip strength <27 kg
for males and < 16 kg

for women, and low

lower limb strength was
defined as chair stand test
duration> 15 s to complete
five rises from a chair

Missing  data:  smoking
(n=10), alcohol consump-
tion (n=7), BMI (n=6)

mass or strength, indicating that the biomarker-related
declines were similar in individuals with and without
AF (Supplementary Table 4).

@ Springer

Variables Overall Non-AF AF p value
(N=2048) (N=1917;93.6%) (N=131;6.4%)

Age (years) 66.6 [60.6, 78.2] 66.5 [60.6,78.2]  78.2[72.1,81.8] <0.001

Sex (female) 1228 (60.0) 1164 (60.7) 64 (48.9) 0.010

Education level 0.022

Elementary 262 (12.8) 237 (12.4) 25 (19.1)

High school or more 1786 (87.2) 1680 (87.6) 106 (80.9)

Civil status 0.183

Partnered 1092 (53.3) 1030 (53.7) 62 (47.3)

Unpartnered 956 (46.7) 887 (46.3) 69 (52.7)

Smoking 0.664

Never 887 (43.3) 828 (43.2) 59 (45.0)

Former or current 1151 (56.2) 1079 (56.3) 72 (55.0)

Alcohol consumption 0.148

Never 544 (26.6) 504 (26.3) 40 (30.5)

Light to moderate 1118 (54.6) 1047 (54.6) 71 (54.2)

Heavy 379 (18.5) 363 (18.9) 16 (12.2)

Physical activity 0.106

Inadequate 436 (21.3) 401 (20.9) 35(26.7)

Health enhancing 1082 (52.8) 1011 (52.7) 71 (54.2)

Fitness enhancing 530 (25.9) 505 (26.3) 25 (19.1)

BMI (kg/m?) 0.434

<185 22 (1.1) 22 (1.1) 0(0.0)

18.5-25 851 (41.6) 797 (41.6) 54 (41.2)

25-30 883 (43.1) 820 (42.8) 63 (48.1)

>30 286 (14.0) 272 (14.2) 14 (10.7)

MMSE 29.0[29.0,30.0] 29.0[29.0,30.0]  29.0[28.0,30.0] 0.140

Comorbidities

Number of chronic diseases 3.4 (2.1) 3.3(2.0) 5.5(2.3) <0.001

Chronic kidney diseases 559 (27.3) 503 (26.2) 56 (42.8) <0.001

COPD 73 (3.6) 67 (3.5) 6 (4.6) 0.517

Diabetes 157 (7.7) 143 (7.5) 14 (10.7) 0.179

Heart failure 98 (4.8) 63 (3.3) 35 (26.7) <0.001

Cerebrovascular diseases 81 (4.0) 66 (3.4) 15 (11.5) <0.001

Number of drugs 3.0[1.0,5.0] 2.0[1.0,5.0] 5.0 [3.0, 8.0] <0.001

Muscle mass and performance

Calf circumference (cm) 36.6 (3.3) 36.6 (3.3) 36.7 (3.3) 0.800

Low muscle mass* 164 (8.0) 155 (8.1) 9(6.9) 0.620

Chair stand test (s) 13.0 [10.0, 17.0] 12.0[10.0, 17.0] 15.0 [12.0,24.5] <0.001

Low lower limb strength* 646 (31.5) 581 (30.3) 65 (49.6) <0.001

Handgrip strength (kg) 26.2 (11.4) 26.3 (11.4) 24.5(11.4) 0.078

Low upper limb strength* 459 (22.4) 411 (21.4) 48 (36.6) <0.001

To minimize the potential confounding effect of
cognitive decline, we performed a sensitivity analy-
sis excluding participants who developed demen-
tia within the initial 6 years of follow-up. The
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Table 2 Association between atrial fibrillation and annual change in muscle mass and strength

Calf circumference Chair stand test Handgrip Strength

change per year change per year change per year

B (95% CI) p-value B (95% CI) p-value B (95% CI) p-value
AF —0.05 (-0.11, 0.01) 0.088 1.49 (0.82, 2.16) <0.001 —0.13 (-0.28, 0.02) 0.078

The table presents the outcomes of linear mixed effect models. Adjustments involved age, sex, and education, diabetes, HF, CKD,
COPD, smoking, alcohol, BMI, physical activity. Bold characters indicate statistically significant results, defined as p <0.05

Table 3 Association between atrial fibrillation and annual change in muscle mass and strength by blood GDF-15 level

AF status and GDF-15 Calf circumference Chair stand test Handgrip Strength
marker levels change per year change per year change per year

B (95% CI) p value B (95% CI) p-value B (95% CI) p-value
Non-AF, low GDF-15 ref ref ref ref ref ref
Non-AF, high GDF-15  —0.08 (—0.10,—0.05) <0.001 1.22(0.95,149) <0.001 -0.11(-0.17,—0.06) <0.001
AF, low GDF-15 —-0.02 (-0.12,0.09) 0.770 1.12 (0.03,2.20)  0.045 —0.21(-=0.44,0.01) 0.066
AF, high GDF-15 —0.12 (- 0.20,—0.05)  0.002 248 (1.66,3.30) <0.001 —0.15(—0.34,0.04) 0.115

The table presents the outcomes of linear mixed effect models analyzing longitudinal annual changes in muscle mass and strength in
relation to the baseline clinical profiles defined by AF status and categorized GDF-15 levels. Adjustments involved age, sex, and edu-
cation, diabetes, HF, CKD, COPD, smoking, alcohol, BMI, physical activity. Bold characters indicate statistically significant results,
defined as p <0.05

Table 4 The change in muscle mass and strength over follow-up time by combined baseline IL-6 marker level and AF status

AF status and IL-6  Calf circumference Chair stand test Handgrip strength
marker levels change per year change per year change per year

B (95% CI) p value B (95% CI) p-value B (95% CI) p-value
Non-AF, low IL-6 ref ref ref ref ref ref
Non-AF, high IL-6 —0.02 (—0.05,—0.001) 0.042 0.81 (0.54, 1.09) <0.001 —0.30 (- 0.84, 0.25) 0.283
AF, low IL-6 0.05 (—0.05, 0.16) 0.320 1.10 (- 0.07, 2.26) 0.065 —2.20(—4.63,0.24) 0.077
AF, high IL-6 —0.12 (- 0.19,—0.05) 0.002 2.20 (1.39, 3.01) <0.001 —1.02 (-2.82,0.78) 0.269

The table presents the outcomes of linear mixed effect models analyzing longitudinal annual changes in muscle mass and strength in
relation to the baseline clinical profiles defined by AF status and categorized IL-6 levels. Adjustments involved age, sex, and educa-
tion, Diabetes, HF, CKD, COPD, smoking, alcohol, BMI, physical activity. Bold characters indicate statistically significant results,
defined as p <0.05

associations between AF and muscle mass or strength
decline, as well as those observed for the AF/bio-
markers profiles, remained broadly consistent with
the main analyses (Supplementary Table 5).

Compared with participants included in the analy-
sis, those excluded due to missing data or exclusion
criteria were older and had a higher burden of comor-
bidities (p<0.05). This indicates that the analytical
sample may represent a relatively healthier subset of
the original cohort (Supplementary Table 6).

Discussion

In this longitudinal population-based study, we
explored the 12-year trajectories of muscle mass and
strength in older adults with and without AF, while
considering the baseline levels of the inflammatory
markers GDF-15 and IL-6. Our findings showed that
AF was associated with a steeper decline in the chair
stand test performance. Declines in muscle mass
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Fig. 2 Predicted longitudinal changes of muscle outcomes by AF and levels of inflammatory biomarkers

and lower-limb strength were also greater in the AF/
high-biomarker profiles compared to the non-AF/low-
biomarker profiles, suggesting that individuals with
AF and elevated inflammatory markers exhibited the
most pronounced deterioration over time.

Our study revealed that individuals with AF
showed a significant increase in duration to complete
the chair stand test over the 12-year follow-up period,
even after adjusting for clinical and socio-demo-
graphic covariates. The chair stand test assesses lower
limb functionality and neuromuscular coordination
[24, 27], indicating a decline in functional capacity.
This result aligns with previous studies indicating
that AF is linked to impaired lower limb function and
mobility limitations, including longer chair-stand test
durations, after adjusting for comorbidities and demo-
graphic variables [4, 6, 28]. AF may impair func-
tional mobility through multiple pathways, including
reduced cardiac output and cerebral blood flow, and
an increased risk of stroke, that can contribute to cog-
nitive and motor deficits. Its association with frailty
may further increases the energy cost of walking,
while polypharmacy and low physical activity, both
common in AF, can also negatively affect mobility [4,
6]. Although no consensus exists on a cut-off defining
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clinically meaningful deterioration in chair-stand per-
formance, previous population-based work [29] sug-
gests that a decline of approximately one second per
year is associated with increased disability risk. Thus,
the average annual change observed in individuals
with AF in our study falls within a range considered
clinically relevant in older adults.

Although previous studies found a significant
decline in handgrip strength among patients with
AF [4, 28], our overall findings did not show statis-
tically significant reductions in handgrip strength or
calf circumference. This may suggest that the associa-
tion between AF and muscle decline was not uniform
across all participants, but rather more evident in spe-
cific subgroups of AF combined with higher inflam-
matory levels. Consistent with this interpretation, we
observed that individuals with elevated circulating
levels of GDF-15 and IL-6, particularly those with
AF, experienced more substantial losses in muscle
mass and both upper and lower limb strength over
time. These findings suggest a possible concurrent
effect of systemic inflammation and mitochondrial
stress on musculoskeletal deterioration in the context
of AF, a condition already characterized by altered
hemodynamics and cellular stress. Notably, GDF-15,
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a cytokine induced by cellular stress, has emerged as
a sensitive biomarker of mitochondrial dysfunction
to the point of being classified as mitokine [30-32].
This latter is upregulated in response to mitochondrial
damage, oxidative stress, and impaired mitochon-
drial protein synthesis, all of which are commonly
observed in aging and chronic disease states, includ-
ing AF [30, 33]. Elevated GDF-15 has been linked
to impaired physical function, frailty and sarcope-
nia [18, 19, 32], and evidence from the Atheroscle-
rosis Risk in Communities Study (ARIC) indicates
that high GDF-15 levels also predict the long-term
risk of incident AF [34], underscoring its position
at the intersection of cardiovascular and functional
decline. In our cohort, individuals with higher base-
line GDF-15 levels, regardless of AF status, had
significant declines in both muscle mass and lower
limb strength, suggesting that GDF-15 may contrib-
ute to, rather than merely reflect, impaired muscle
performance. Similarly, IL-6, a pleiotropic cytokine
involved in immune regulation, has been associated to
mitochondrial stress and fragmentation, reduced oxi-
dative phosphorylation, and increased reactive oxy-
gen species in skeletal muscle [18], all of which con-
tributes to muscle wasting. Elevated IL-6 contributes
to oxidative stress in skeletal muscle by impairing the
nuclear factor erythroid 2-related factor 2 antioxidant
response (Nrf2), thereby promoting muscle degrada-
tion and functional decline [35]. In our study, higher
IL-6 levels were associated with were associated with
poorer chair stand performance and reduced muscle
mass regardless of AF. These findings corroborate
prior studies showing that IL-6 is a pro-inflammatory
cytokine linked to muscular decline and impaired
physical performance, including poor performance at
the chair stand test, and increased cardiovascular risk
[17, 36]

Taken together, these findings emphasize the rel-
evance of assessing inflammatory and mitochondrial
stress markers such as GDF-15 and IL-6 when eval-
uating muscle health in older adults with AF. These
biomarkers may provide insight into the underlying
cellular dysfunction that possibly leads to progres-
sive muscle impairment and may represent intercon-
nected manifestation of underlying aging processes.
The convergence of systemic inflammation and AF-
related physiological stressors, including endothelial
dysfunction, heightened oxidative stress, reduced
nitric oxide bioavailability, mitochondrial energy

deficits, and compromised skeletal muscle perfusion,
provides a possible framework for understanding why
AF often co-occur with accelerated functional decline
[6]. Rather than implying a causal pathway, these pat-
terns may reflect a shared vulnerability state in which
AF, chronic systemic inflammation, and declining
muscle function emerge as interconnected features
of biological aging. Nevertheless, it should be noted
that, although aging is frequently accompanied by
low-grade inflammation [37], circulating inflamma-
tory marker levels are dynamic and may fluctuate
in response to transient stressors, acute illnesses, or
short-term physiological changes. As a result, a single
time-point biomarker measurement may be subject
to regression dilution bias [38], potentially attenuat-
ing the underlying association between inflamma-
tion, AF and longitudinal muscle decline. Addition-
ally, AF status was only assessed at baseline, which
prevents us from determining how AF and systemic
inflammation relate both at the onset and over time.
Future studies incorporating repeated assessments of
inflammatory markers and AF status will be essential
to clarify the temporal dynamics and to better under-
stand the underlying pathophysiological mechanisms.

Clinical implications

Results from our investigation underscore the impor-
tance of incorporating functional and muscular
assessments in longitudinal studies of AF-related
aging populations. The observed decline in chair
stand performance among individuals with AF may
reflect progressive impairments in the interplay
between the musculoskeletal and cardiovascular sys-
tems. Regular evaluations of lower limb function may
therefore be a practical and cost-effective approach
for monitoring functional decline in clinical settings.
Although inflammatory biomarkers were measured
only at baseline, their associations with long-term
muscle trajectories support their role in risk stratifica-
tion for older adults with AF. Circulating GDF-15 and
IL-6, rather than serving solely as diagnostic markers,
could be integrated into a multidimensional geriatric
assessment to complement clinical and functional
evaluation with information on systemic inflamma-
tion and mitochondrial stress. Such combined assess-
ment could help identify older individuals with AF
who are at heightened risk of accelerated functional
decline and who may benefit from timely preventive
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strategies. The interplay between systemic inflamma-
tion and AF-related muscle deterioration highlights
the potential benefits of inflammation-targeted inter-
ventions to preserve physical function. In individuals
with AF and elevated inflammatory markers, inte-
grated management approaches, including targeted
physical training (e.g., lower limb strengthening and
endurance training), nutritional interventions and life-
style modifications may help mitigate future physical
decline. Early interventions may reduce the risk asso-
ciated with AF, including falls, cognitive impairment,
bleeding, and other cardiovascular complications
[6]. Future longitudinal and interventional studies
are needed to evaluate concurrent changes in inflam-
matory biomarkers and muscle performance, and to
determine whether biomarker-guided preventive strat-
egies can attenuate muscle decline and improve long-
term functional outcomes in older adults with AF.

Strengths and limitations

Key strengths of this study include the longitudinal
population-based design, the application of two differ-
ent muscle strength measurements, and the repeated
assessments over 12 years within the SNAC-K cohort.
In addition, results were adjusted for several con-
founders, and the robustness of the findings was con-
firmed with sensitivity analysis. However, several
limitations warrant discussion. First, SNAC-K par-
ticipants are healthier and of higher socioeconomic
status compared with the general Swedish population,
potentially affecting the generalizability of our results.
In addition, 39% of the original cohort was excluded
due to missing data on key variables and exclusion
criteria. Comparison of included and excluded par-
ticipants showed that excluded participants were older
and had higher burden of comorbidities. Therefore,
the association between AF, inflammation, and mus-
cle decline may be underestimated or potentially dis-
torted due to healthy participant bias. Calf circumfer-
ence was used as a proxy for muscle mass, in line with
the EWGSOP2 recommendations [21] indicating that
it may be used when more precise methods (e.g., bio-
electrical impedance analysis) are unavailable. How-
ever, it is an indirect measure and may be influenced
by adiposity or peripheral edema, particularly relevant
in AF, where fluid retention is common. However,
edema would be expected to inflate calf circumference
and thereby bias results toward underestimating true
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muscle loss. The fact that the association persisted
despite this potential attenuation suggests that the
underlying relationship between inflammation, AF,
and muscle mass decline is unlikely to be explained by
measurement limitations alone.

Moreover, biomarker assessments were restricted
to baseline values, without the possibility of evalu-
ating changes over time in inflammatory levels. AF
status was defined at baseline, and we did not model
incident AF during follow-up. Consequently, some
participants classified as non-AF at baseline may have
developed AF later, and we cannot fully disentangle
whether muscle decline preceded or followed AF
onset in these individuals. This temporal ambiguity
raises the possibility of reverse causation or shared
underlying pathology rather than a strictly causal
effect of AF on muscle decline. Accordingly, our
findings should be interpreted as reflecting long-term
associations and differential trajectories rather than
definitive causal relationships. Finally, although we
accounted for several key confounders, residual con-
founding from unmeasured factors such as subclinical
cardiac conditions, or nutritional status and protein
intake, may still be present.

Conclusion

Our study indicates that community-dwelling older
adults with AF experience a significant progressive
decline in lower limb function, as assessed by the
chair stand test. Moreover, elevated baseline levels
of GDF-15 and IL-6, both separately and together
with AF, were associated with a substantial reduction
in muscle mass and strength over time. These find-
ings underline the role of AF in age-related muscle
degeneration and suggest that systemic inflammation
may exacerbate this process, accelerating functional
decline. In clinical practice, GDF-15 and IL-6 could
be incorporated into routine AF follow-up, help-
ing identify individuals who may benefit from more
intensive monitoring and tailored interventions to
mitigate musculoskeletal deterioration and prevent
AF-related adverse outcomes.
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