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Abstract

Key words

Background and Aims: Abdominal aortic aneurysm (AAA) is a common vascular disorder associated
with substantial morbidity and mortality. Although physical activity and exercise training have well-
established benefits in cardiovascular diseases, their associations with AAA risk and clinical outcomes
remain incompletely understood. This study aimed to investigate the dose-response relationship between
physical activity and AAA risk and to evaluate the effects of exercise training on exercise capacity,
aneurysm progression, and perioperative outcomes in patients with AAA.

Methods: PubMed, Embase, and the Cochrane Library were searched for prospective cohort studies and
randomized controlled trials (RCTs) investigating physical activity or exercise interventions in AAA up
to December 13, 2025. Robust error Meta-regression (REMR) was used to assess the dose-response
relationship between physical activity and AAA risk. Random-effects meta-analysis was performed for
RCTs, and pooled effects were expressed as standardized mean differences (SMD) with 95% confidence
intervals (CI).

Results: Sixteen studies were included. Four prospective cohort studies involving 94 109 participants
were eligible for dose-response analysis. Physical activity was linearly associated with a lower risk of
AAA occurrence or screening detection (P for non-linearity=0.582), with a 14% reduction in risk for
every 20 metabolic equivalent of task (MET) -hour/week increase in physical activity. Six RCTs
demonstrated that exercise training did not increase aneurysm diameter (SMD=-0.03, 95% CI=-0.29-
0.24, P=0.85), but significantly improved MET levels at both 3 months (SMD=0.49, 95% CI=0.20-0.78,
P<0.001) and 12 months (SMD=0.71, 95% CI=0.47-0.96, P<0.001). No significant effects were
observed on blood pressure, BMI, or serum MMP-9 levels. In perioperative patients, preoperative
exercise-based prehabilitation significantly reduced the length of hospital stay (SMD=-0.75, 95% CI=
-1.08--0.42, P<0.001).

Conclusion: Higher levels of habitual physical activity are associated with a lower risk of AAA. In
patients with small AAA, long-term exercise training appears safe and improves exercise capacity
without accelerating aneurysm growth. In patients undergoing AAA repair, preoperative exercise-based
prehabilitation may facilitate postoperative recovery and shorten the hospital stay.

Aortic Aneurysm, Abdominal; Physical Exertion; Exercise Training; Meta-analysis
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Table 1 Characteristics of the four studies included in the dose-response Meta-analysis
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Figure 2 Dose-response Meta-analysis of physical activity and risk of AAA
dose-response model; C: Sensitivity analysis; D: Funnel plot; E: Egger's test; F: Begg's test
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A: Linear dose-response model; B: Nonlinear
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Table 2 Characteristics of the six RCTs evaluating exercise interventions in patients with small AAA
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Table 2 Characteristics of the six RCTs evaluating exercise interventions in patients with small AAA (continued)
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Treatment Control SMD Weight
Study N Mean SD N Mean SD AAA B A& (mm) with 95% CI (%)
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Niebauer, 252312021 42 049 1.45 54 037 1.2 —— 0.09 [-0.31, 0.49] 45.23
Overall T -0.03[-0.29, 0.24]

Heterogeneity: T°=0.00, I’=0.00%, H*=1.00
Test of 0=0: Q(2)=0.59, P=0.74

Test of 0=0: Z=-0.19, P=0.85 r T T 1
-1 -0.5 0 0.5

Random-effects Hedges model A

Treatment Control SMD Weight
Study N Mean SD N Mean SD BMI (kg/m?) with 95% CI (%)
Myers, 2212010 26 05 417 31 03 34 _  gu Z021[-0.72,031] _ 32.10
Tew, Z2212012 1 -01 0.6 14 -02 0.7 - 0.15[-0.62,0.91] 14.59
Niebauer, 252 2021 42 02 -02 54 -01 355 —_— ~0.02[-0.42,038] 5331
Overall -~ -0.06 [-0.35, 0.23]

Heterogeneity: T°=0.00, I=0.00%, H*=1.00
Test of 6,0 Q(2)=0.63, P=0.73

Test of 0=0: Z=—0.39, P=0.69 T
-1 -0.5 0 0.5 1.0
Random-effects Hedges model B
Treatment Control SMD Weight
Study N Mean SD N Mean SD SBP (mmHg) with 95% CI (%)
Myers, 22 2010 26 3 2751 31 9 302  mm 041[-011,093] 349
Tew, %212012 11 -12 12 14 -3 25 - -0.43[-1.20, 0.35] 24.20
Niebauer, 252312021 42 -2 28 54 -12 3242 —il— 0.32[=0.08, 0.73]  40.88
Overall —E I — 0.17 [-0.34, 0.68]
Heterogeneity: T°=0.12, I’=61.53%, H*=2.60
Test of 0=0: Q(2)=3.43, P=0.18
Test of 0=0: Z=0.66, P=0.51 T
-1 -0.5 0 0.5 1.0
Random-effects Hedges model C
Treatment Control SMD Weight
Study N Mean SD N Mean SD DBP (mmHg) with 95% CI (%)
Myers, 22972010 26 -2 1153 31 -3 1836 mm 006[-045,058) 3242
Tew, %:%212012 11 -3 9 14 2 12 - -0.45[-1.22, 0.33] 14.32
Niebauer, 252¥ 2021 42 -19 1237 54 228 23.69 —— -0.21[-0.61, 0.19] 5327
Overall e -0.16[-0.45, 0.14]
Heterogeneity: T°=0.00, I°=0.00%, H*=1.00
Test of 0=0: Q(2)=1.32, P=0.52
Test of 0=0: Z=-1.05, P=0.29 L T T T 1
-1.5 -1 -0.5 0 0.5
Random-effects Hedges model D
Treatment Control SMD Weight
Study N Mean SD N Mean SD 3IAHLFEQFK/min) with 95% CI (%)
Myers, 25212010 22 1 854 22 -3 9.54 - 043[-0.15, 1.02]  44.18
Lima, %%12017 33 0.9 2318 32 24 18.2—il— -0.07[-0.55, 0.41] 55.82
Overall —— e ———— 0.15[-0.34, 0.64]
Heterogeneity: T°=0.005, I’'=41.20%, H*=1.70
Test of 6,=6.: Q(1)=1.70, P=0.19
Test of 0=0: Z=0.61, P=0.54 r T T 1
Random-effects Hedges model 0.5 0 05 L0 E
Treatment Control SMD Weight
Study N Mean SD N Mean SD 124 B DFEQR/min) with 95% CI (%)
Myers, 2212010 26 1 2352 31 0 24.06 S E— 0.04[-0.47, 0.56] 2231
Myers, 512014 53 -8 19.97 58 -3 1852 — -0.26[-0.63, 0.11]  34.76
Tew, 42212012 11 -10 14 14 -3 10 = -0.57[-1.35, 0.21] 11.30
Niebauer, 25212021 42 0 2406 54 -3 24 —i— 0.12[-0.28, 0.52]  31.63
Overall ey -0.11[-0.39, 0.17]
Heterogeneity: T°=0.02, I*=27.98%, H*=1.39
Test of 0=0.: (3)=3.58, P=0.31 r b v i .
e -1.5 -1 -0.5 0 0.5

Test of 0=0: Z=-0.74, P=0.46
Random-effects Hedges model F

3 EHTEXNAAA BEEBIERZWE Meta 547 A K105 AAA HARCRIARME; B: (K753 5 BMI XK
RIIFRMIE; C: (AT15 3N 5 SBP XA ARMIE; D: S5 505 DBP LR MARME; E: AT1iG3h5 3 HLARLRK
AL Fe TGS 120 HO R R AR

Figure 3 Meta-analysis of the effects of exercise intervention on anthropometric and hemodynamic outcomes in patients with

small AAA A: Forest plot of aneurysm diameter; B: Forest plot of BMI; C: Forest plot of SBP; D: Forest plot of DBP;
E: Forest plot of heart rate at 3 months; F: Forest plot of heart rate at 12 months
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2.3.2 VO, RER Z MET izsi4l7E T 145 P=0.18) ([#14B). @204+l 341 J5 1 MET W]
VO, A&, (55X 4 2 55 o g it X 3N (SMD=0.49, 95% C1=0.20~0.78, P=0.00) ([X]4C),
(SMD=0.24, 95% CI=-0.02~0.51, P=0.07) ([&[4A), 124 H J5 (1 MET 45 5 R 1 8 3 o (SMD=
KBS M AR AT & (P=0.57, P=0.00%) ; 0.71, 95% CI=0.47~0.96, P=0.00) ([ 4D). HJk&
Egger & 5 & $2& 75 48 it 2% & R i 5 (P=0.304 3) . PERL 50 M Egger K 50 4 R W45 AR Fa 2, BARS

2B B T4 T (E RER (T B 86 ], X A i e K 6 R L 15)@?%/\6)%9&&2&/"
Moo ), ZRER, B THOREHBRE KRR A 05 R
AAA 4 [ RER (SMD=1.28, 95% CI=-0.58~3.14,

Treatment Control SMD Weight
Study N Mean SD N Mean SD 0, . [mL/(kg-min)] with 95% CI (%)
Lima, 212017 33 1.1 4.66 32 -0.1 577 — g 0.23[-0.26, 0.71] 31.02
Myers, 42112014 60 09 607 61 02 65 — mE— 0.17[-0.18,0.53]  57.26
Tew, 22212012 11 18 35 4 01 15 0.64[-0.14,142]  11.73
Overall e 0.24[-0.02, 0.51]

Heterogeneity: T°=0.00, I°=0.00%, H*=1.00
Test of 6=0.: Q(2)=1.14, P=0.57
Test of 0=0: Z=1.79, P=0.07

Random-effects Hedges model
Treatment Control SMD Weight
Study N Mean SD N Mean SD RER with 95% CI (%)
Lima, 21912017 33 02  0.09 32 -0.01 0.095 N E— 2.24[1.63,2.86] 49.13
Myers, 2212014 53 004 0.3 58 0 0.1 —— 0.34[-0.03,0.72]  50.87
Overall e — 1.28 [-0.58, 3.14]
Heterogeneity: T°=1.74, I’°=96.26%, H*=26.71
Test of 0=0: Q(1)=26.71, P=0.00
Test of 6=0: Z=1.35, P=0.18 r T T 1
Random-effects Hedges model 0 ! 2 3 B
Treatment Control SMD Weight
Study N Mean SD N Mean SD 34HMET with 95% CI (%)
Lima, 251912017 33 1.1 1.9 32 -01 2.45 = 0.5410.05, 1.03] 34.95
Myers, 22112014 60 1.3 2.46 61 0.1 2.75 i 0.46[1.10, 0.82] 65.05
Overall e ——— 0.49[0.20, 0.78]
Heterogeneity: T°=0.00, I*=0.00%, H*=1.00
Test of =0 Q(1)=0.08, P=0.78
Test of 0=0: Z=3.30, P=0.00 r T 1
Random-effects Hedges model 0 0.5 L0 C
Treatment Control SMD Weight
Study N Mean SD N Mean SD 124H MET with 95% CI (%)
Myers, Z£2°1 2010 26 1.5 2.33 31 -0.3 2.8 = 0.6810.15, 1.21] 21.91
Myers, 252112014 53 1.5 2.46 58  -04 271 —_— 0.7310.35, 1.11] 42.04
Niebauer, Z212021 42 1.6 2.4 54  -03 2.81 —— 0.7110.30, 1.13] 36.05
Overall eii— 0.71[0.47, 0.96]
Heterogeneity: T°=0.00, I*=0.00%, H*=1.00
Test of 6=0: Q(2)=0.02, P=0.99
Test of 0=0: Z=5.64, P=0.00 v T T d
0 0.5 1 1.5 D

Random-effects Hedges model
4 BEBEHTFEX/DAAA BEIEIERIEREMA Meta 47T A: K85 VO, B RMAE; B: K176 8)5 RER
BRI C: RJ0A 305 3 A MET Bl iOARMRIE ;. D: K335 3) 5 121 A MET s i) 2Rk 2]
Figure 4 Meta-analysis of the effects of exercise intervention on exercise capacity in patients with small AAA A: Forest plot
of VO2max; B: Forest plot of RER; C: Forest plot of METs at 3 months; D: Forest plot of METs at 12 months

2.3.3 wiFAMirEHARTE 2T BEPIPELE T 0.374) (K 5A), HWFRMAAAESERRME (P
, OB asE R BN E S TR B BB AAA R 97.01%) . iz sh 2+l 1 4F )5 B9 ML 35 MMP-9 /K45
E<J TC 7&K ¥ (SMD=1.94, 95% CI==2.34~62, P= TR#EH, BERLEIT¥%E X (SMD=-0.19,
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5 35 &

95% CI1=-0.49~0.10, P=0.19) ([¥5B), %45 H 5%
PEBLAR (P=0.11%) , Egger Ko 5 A £ 75 W] W (14 1 147
K (P=0.725) . B FALA 1 B4 & T CRP

B A (SMD=-0.61, 95% Cl=—1.13~=0.08, P=0.02)
(F5C), iLpEK-SEA ik, H2% X5

22 X (SMD=-0.45, 95% Cl=-0.97~0.07, P=0.09)

I K DSt 3 A 488 3 A 5 A 10 R St Meta (155D o
GHT . MRS Myers SEPO A SY L 38 B AL CRP 7K P
Treatment Control SMD Weight
Study N Mean SD N Mean SD TC (mg/dL) with 95% CI (%)
Myers, Tr‘ 42012010 26 -34 2951 31 32 36.17 - -0.20 [-0.71, 0.32] 51.13
Myers, 212014 11 3.8 0.4 14 0 112 —i— 4.16[2.78, 5.55] 48.87
Overall ——————EEems—— ] 04 [-2.34, 6.21]
Heterogeneity: T°=9.22, I°’=97.01%, H*=33.48
Test of 0.0 Q(1)=33.48, P=0.00
Test of 0=0: Z=0.89, P=0.37 T
Random-effects Hedges model 0 2 4 6 A
Treatment Control SMD Weight
Study N Mean SD N Mean SD MMP-9 (ng/mL) with 95% CI (%)
Myers, 452912010 26 -13.6 310.517 31 77.1246.842 __ gm -0.32[-0.84,0.20]  31.99
Tew, 42212012 11 97 129 14 94 203 - 0.02 [-0.75, 0.78] 14.69
Niebauer, 22 2021 42 19.18 2794 54 7424 330 —— -0.18[-0.58,0.22]  53.32
Overall s -0.19 [-0.49, 0.10]

Heterogeneity: T°=0.00, I°=0.00%, H*=1.00
Test of 0=0.: Q(2)=0.54, P=0.77
Test of 0=0: Z=-1.31, P=0.19

Random-effects Hedges model B
Treatment Control SMD Weight

Study N Mean SD N Mean SD CRP (mg/mL) with 95% CI (%)

Myers, 252 2010 26 -0.11 0.32 31 0.19 0.9 = -0.61[-1.13,-0.08]  100.00

Overall R — —-0.61 [-1.13, -0.08]

Test of 0=0: Z=-2.27, P=0.02

Random-effects Hedges model —1 :() _0..5 () C
Treatment Control SMD Weight

Study N Mean SD N Mean SD M (mg/dL) with 95% CI (%)

Myers, Z2°1 2010 26  -3.6 15 31 32 14.8 - -0.45[-0.97,0.07]  100.00

Overall -0.45[-0.97, 0.07]

Test of 6=0: Z=-1.70, P=0.09

Random-effects Hedges model -1.0 ~05 0 D

BE5 EBETEI/NAAA BEMBFEDIREDZIDE Meta 347 A (KIEZS TCLRMARNIE: B: K153 5 MMP-9

KEMBAE ;. C: (KI1EZ 5 CRPCRRIARMIE ;. D: I3 35 MM OC R HARARIE

Figure S Meta-analysis of the effects of exercise intervention on serum biomarkers in patients with small AAA

A: Forest

plot of TC; B: Forest plot of MMP-9; C: Forest plot of CRP; D: Forest plot of blood glucose
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Treatment Control SMD ‘Weight
Study N Mean SD N Mean AEBERHE (d) with 95% CI (%)
Barakat %51 2015 62 7 0.8603 62 8.1763 1.3549 S E— -1.03 [-1.40, -0.66] 44.66
Hayashi 252712016 36 9.8 2.1 31 11.2 _ g -0.57 [-1.05, -0.08] 32.03
Wnuk %28 2016 31 6.195 0.789 16  6.56 L -0.47[-1.07,0.13] 23.31
Overall —EEE— -0.75 [-1.08, -0.42]
Heterogeneity: T°=0.03, I’=31.25%, H*=1.45
Test of Gi:ej: Q(2)=3.54, P=0.17
Test of 0=0: Z=—4.47, P=0.00 r T T 1

-1.5 -1.0 -0.5 0

Random-effects Hedges model

El6 EzhTISER EXRAFRKE

Figure 6 Forest plot of the relationship between exercise intervention and hospital length of stay
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