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Aims We investigated the impact of aerobic exercise on clinical outcomes in patients with diabetes undergoing percutaneous cor-
onary intervention (PCI).

Methods We analyzed a nationwide prospective population database from the Korean National Health Insurance System. We in-

and results cluded 8225 patients with diabetes who had undergone PCl and documented their aerobic exercise habits before and after
the procedure (mean interval: 2.0 years). The patients were categorized into four groups: persistent non-exercisers, new
exercisers, exercise discontinuers, and exercise maintainers. The primary outcome was major adverse cardiovascular events
(MACE), a composite of all-cause death, myocardial infarction, revascularization, and heart failure. We assessed the risk of
clinical events using inverse probability-weighted Cox proportional hazards models. During a mean follow-up of 4.9 years,
exercise maintainers, discontinuers, and new exercisers were associated with a significantly lower risk of MACE compared
to non-exercisers. The lowest risk was observed in exercise maintainers (maintainers: aHR, 0.78; 95% Cl: 0.71-0.86; discon-
tinuers: aHR, 0.88; 95% Cl: 0.79-0.98; new exercisers: aHR, 0.89; 95% ClI: 0.80-1.00). A J-curve relationship between the
amount of aerobic exercise and adverse clinical outcomes was observed, with the lowest risk identified at 1000—1499
MET-min/week. Benefits diminished with exercise intensity >1500 MET-min/week.

Conclusion Aerobic exercise maintenance after PCl was associated with a reduced risk of cardiovascular events in patients with diabetes,
with a moderate amount of exercise providing maximal benefit. Therefore, aerobic exercise is advisable for patients with
diabetes undergoing PCl, and the optimal exercise dosage warrants further research.

Lay summary  This large-scale prospective population study, based on the Korean National Health Insurance System, demonstrated that
maintaining aerobic exercise in patients with diabetes undergoing percutaneous coronary intervention is significantly asso-
ciated with a lower risk of cardiovascular events.

e A J-curve relationship was observed between the amount of aerobic exercise and clinical outcomes, with the lowest risk
observed at 1000-1499 MET-min/week for both new exercisers and the entire study population.

e However, exercising beyond 1500 MET-min/week offers diminishing returns, highlighting the need for balanced exercise
intensity.
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Graphical Abstract

The Korean National Health Insurance System Database

» 8,225 diabetic patients completed two consecutive regular health check-ups (2009-2012)
« Underwent PCI between these examinations

Exercise ® Diabetes ® Percutaneous coronary intervention ® Cardiovascular event
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Introduction

Diabetes mellitus (DM) is a significant risk factor for cardiovascular dis-
eases,’ which are the leading causes of death and complications in pa-
tients with diabetes.’ Globally, the rate of diabetes is increasing,3 with
an estimated prevalence of 20-30% among individuals with coronary
artery disease receiving percutaneous coronary intervention (PCI).*
Aerobic exercise is a cornerstone of the maintenance and improve-
ment of cardiovascular health, both for primary prevention®® and man-
agement of diabetes.” Regular aerobic exercise is crucial for preventing
and controlling weight gain, lowering blood pressure, enhancing insulin
sensitivity and glucose management, and improving lipid profiles.®
These benefits counter critical risk factors for type 2 diabetes develop-
ment, underscoring the importance of exercise in managing the disease
and promoting overall cardiovascular health.” However, the impact of
aerobic exercise on the clinical outcomes of patients with diabetes
undergoing PCl is yet to be comprehensively studied. Key questions in-
clude how exercise habits and their changes before and after PCl affect
outcomes in this patient group, as well as the relationship between aer-
obic exercise dose and clinical outcomes. Therefore, we aimed to ad-
dress these issues using a large-scale population database from the
Korean National Health Insurance System (NHIS), a single insurer in
the Republic of Korea that covers 97% of the Korean population.

Methods

Data source and study population

This study utilized the Korean NHIS database, which comprises various
subsets of health-related data for individuals in the Republic of Korea.
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Specifically, this database provides information regarding baseline
demographics, health check-ups, and diagnostic codes for diseases, medi-
cation prescription, and mortality. All Koreans enrolled in the NHIS are
encouraged to undergo health check-ups at least every 2 years. Among
2741135 patients with DM who underwent check-ups between
1 January 2009 and 31 December 2012, 1 970 945 adult (aged >20 years)
completed two consecutive regular check-ups. Among them, 20 006
patients underwent PCl between the two examinations. To avoid
confounding by pre-existing diseases, individuals with a history of heart
failure (n = 6541) or myocardial infarction (Ml, n=5081) before the se-
cond check-up were excluded from the analysis. After excluding patients
with missing data (n =159), the final study population comprised 8225
individuals (Figure 7). Time intervals between the first health check-up
and the index PCl, as well as between the index PCl and the second
check-up, were measured. The follow-up duration began on the date
of the second check-up for each individual and extended until the occur-
rence of any clinical event or 31 December 2018, whichever came
first. This study was conducted in accordance with the principles of
the Declaration of Helsinki and was approved by the Institutional
Review Board of Seoul National University Hospital (Approval Code:
E-2310-004-1472).

Measurements and definitions

Data on aerobic exercise intensity (light, moderate, or vigorous) and fre-
quency (number of days per week) were collected using a self-reported
questionnaire. This questionnaire included three questions asking about
the frequency (days per week) of the following activities during the
past week: (i) light exercise (e.g. slow walking, carpet sweeping)'® for
at least 30 min per day, ( ii ) moderate exercise (e.g. brisk-paced walking,
tennis, leisurely bicycling)'® for at least 30 min per day, and (iii ) vigorous
exercise (e.g. running, climbing, fast cycling, aerobics)'® for at least 20 min
per day.
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Exercise and outcomes in diabetic patients following PCI

2,741,135 DM patients underwent health
examinations in 2009-2012

Excluded (n=770,190)
- Did not undergo consecutive

A4

health examinations after 2 years:
770,159

1,970,945 patients underwent 2 consecutive
regular health check-ups

- Age under 20 years: 31

1,950,939 patients did not

A4

received PCI

before and after received PCI

20,006 DM patients with available data from 2
consecutive health examinations within 2 years

Excluded (n=11,781)

- Prior history of HF before index
date: 6,541

Y

- Prior history of Ml before index

8,225 patients underwent regular health check-up

date: 5,081
- Missing data: 159

Figure 1 Selection and categorisation of the study population. (A) Flowchart illustrating the selection process of the study population.
(B) Categorisation of the study population-based on the change in exercise habits. DM, diabetes mellitus; HF, heart failure; MI, myocardial infarction;

PCI, percutaneous coronary intervention.

To define aerobic exercise status, ‘yes’ was assigned to individuals who
engaged in moderate or vigorous exercise for >30 or >20 min, respective-
ly, at least once a week. In contrast, ‘no’ was designated for those who did
not perform any moderate or vigorous exercise, irrespective of engage-
ment in light exercise. The study population was divided into the following
four groups based on exercise status before and after PCl: (i) persistent
non-exercisers (no/no), individuals who exercised neither before nor after
PCI; (i) new exercisers (no/yes), patients who did not exercise before PCI
but started exercising after the procedure; (ii) exercise discontinuers
(yes/no), individuals who exercised before PCl but stopped afterwards;
and (iv) exercise maintainers (yes/yes), patients who exercised both before
and after PCI. To distinguish the impact of low-intensity exercise from no
exercise, we also conducted an analysis re-assigning ‘yes’ to patients with
any amount of exercise and ‘no’ to those with no exercise.

To determine the optimal amount of aerobic exercise required to im-
prove cardiovascular outcomes, we analyzed hazard ratios (HR) based on
stratified exercise amount. Exercise amount was determined using a self-
reported questionnaire that recorded the frequency of each aerobic exer-
cise intensity type over a specific duration. To calculate the total amount of
exercise, we first assigned metabolic equivalents of task (METs) to different
exercise intensities as follows: 2.9 METs for light exercise, 4.0 METs for
moderate exercise, and 7.0 METs for vigorous exercise."! The total amount
of exercise was then calculated as the sum of products obtained by
multiplying these MET values by the reported weekly frequency and min-
imum duration of light, moderate, and vigorous exercise, respectively.
Subsequently, we stratified the amount of exercise into four categories
as follows: (i) <500, (i) 500-999, (iii) 1000-1499, and (iv) >1500
MET-min, using an explorative approach. For instance, 500 MET-min/week
equates to either 125 min/week of moderate- or 71 min/week of vigorous-
intensity exercise.

Covariates and outcome measurement

Demographic data, comorbidities, medications, laboratory findings, an-
thropometric measurements, self-reported questionnaire results, and

income-based insurance contributions were collected during the health
examination following the index PCl. The primary outcome of interest
for this study was major adverse cardiovascular events (MACE), which com-
prised all-cause death, M, revascularization, and heart failure. The individual
components of MACE were considered secondary outcomes. Clinical out-
comes were identified using codes from the International Classification of
Diseases, 10th Revision, Clinical Modification, in both in- and out-patient re-
cords. The date of the health check-up conducted after PCl was considered
the index date, and the study population was followed up until the date of the
first occurrence of any clinical event or 31 December 2018, whichever oc-
curred first.

Statistical analyses

Continuous variables are presented as mean + SD, whereas categorical
variables are reported as percentages. The incidence rate for each outcome
was calculated as the number of events divided by the follow-up duration
(per 1000 person-years). For cases in which combined endpoints occurred
in one patient, the first event was recorded. An inverse probability-
weighted (IPW) Cox proportional hazards regression model was employed
to address potential selection or predisposition bias. The propensity score,
derived from baseline covariates, including demographic characteristics, co-
morbidities, medications, laboratory findings, anthropometric measure-
ments, lifestyle, and income-based insurance contributions, was used to
balance the weights across the four patient groups. A maximum absolute
standardized difference (ASD) < 0.1 was considered a satisfactory covariate
balance. The risk of clinical events was assessed using Cox proportional ha-
zards models weighted by IPW. To elucidate the effects of aerobic exercise
habits, the persistent non-exerciser (no/no) group was defined as the refer-
ence group, and adjusted HRs (aHRs) with 95% confidence intervals (Cls)
were computed. Multivariable Cox proportional hazards regression ana-
lyses adjusting for age, sex, comorbidities, smoking status, social income,
medications, and body mass index were also performed to estimate aHR
and the corresponding 95% Cls for the association between exercise
amount and clinical outcomes.
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Results

Baseline characteristics and study
population

A total of 8225 patients with DM who had undergone PCl were
included in the analysis. The mean age of the study cohort was
64.7 + 8.6 years, and 5728 patients (69.6%) were male. At the time
of the second health check-up, 2617 patients (31.8%) were classified
as persistent non-exercisers, 1482 (18.0%) as new exercisers, 1533
(18.6%) as exercise discontinuers, and 2593 (31.5%) as exercise maintai-
ners. The new exerciser and exercise maintainer groups were compara-
tively younger, had a higher proportion of male patients, and exhibited a
lower prevalence of conditions such as hypertension, peripheral arterial
disease, chronic obstructive pulmonary disease, stroke, and chronic kid-
ney disease (Table 7). The maximum ASDs, indicating successful covariate
balancing after IPVV, were all <0.1. Additional multiple comparisons of
covariates and analysis of the degree of balance achieved among the
four groups were performed by calculating ASDs (see Supplementary
material online, Table S7). The mean time period from the first health
check-up to the index PCl was 0.9 + 0.6 years, while the mean duration
from the index PCIl to the second check-up was 1.0 + 0.6 years. The
average interval between the two check-ups was 2.0 + 0.5 years.

Changes in aerobic exercise habits and
clinical outcomes

The mean follow-up durations since the second check-up for MACE,
all-cause death, cardiovascular death, M, revascularization, and heart
failure were 49 +2.1, 58+14, 58+14, 57+ 1.6, 52+2.0, and
5.5 + 1.6 years, respectively. The clinical outcomes of the four exercise
groups after IPW adjustment are summarized in Table 2. New exerci-
sers, discontinuers, and exercise maintainers exhibited progressively
lower risks of MACE compared with persistent non-exercisers (main-
tainers: aHR, 0.78; 95% ClI: 0.71-0.86, discontinuers: aHR, 0.88; 95% ClI:
0.79-0.98, new exercisers: aHR 0.89; 95% Cl: 0.80-1.0). Regarding
other clinical outcomes, including all-cause death, cardiovascular death,
MI, revascularization, and heart failure, exercise maintainers showed
a significantly lower risk than that of persistent non-exercisers.
Although new exercisers and discontinuers displayed numerically lower
risks of adverse clinical outcomes, these differences were not statistic-
ally significant (Table 2 and Figure 2). Further analysis, in which any
amount of exercise was categorized as the exercise group, also showed
a similar trend (see Supplementary material online, Table $2). When the
amount of exercise was categorized using a cutoff value of 500
MET-min/week, a similar trend was observed regarding the impact of
exercise habits on clinical outcomes (see Supplementary material
online, Table $3). Individuals who engaged in exercise for >500
MET-min/week both before and after the index PCl showed better clin-
ical outcomes than those of individuals who engaged in exercise for
<500 MET-min/week before and after PCI.

Relationship between exercise amount
and risk of clinical events

To determine the appropriate amount of exercise required after PCl, a
multivariable-adjusted Cox proportional hazards analysis was con-
ducted based on the amount of exercise recorded at the time of the
second health check-up (Table 3 and Figure 3). Notably, a J-curve rela-
tionship was observed between the amount of exercise and adverse
clinical outcomes adjusted by multivariable analysis, with the lowest

risk occurring at 1000-1499 MET-min/week. The benefits of exercise
appeared to diminish at >1500 MET-min/week. Finally, when the ana-
lysis was conducted for new exercisers alone, a similar J-curve trend
was evident between the amount of exercise and clinical outcomes
(see Supplementary material online, Table $4).

Subgroup analysis of MACE

The relationship between aerobic exercise habits and MACE, with the
lowest risk observed in exercise maintainers, remained consistent
across various subgroups, including those classified according to age,

sex, DM duration, insulin usage, and number of DM medications
(Figure 4).

Discussion

To our knowledge, this is the first population-based study to investigate
the impact of aerobic exercise on cardiovascular outcomes in patients
with DM who underwent PCl. The key findings of this study were as
follows: (i ) among patients with diabetes, the maintenance of aerobic
exercise after PCl was significantly associated with a lower risk of car-
diovascular events; and (i) a J-curve relationship was observed be-
tween aerobic exercise amount and clinical outcomes, with the
lowest risk observed at 1000-1499 MET-min/week for both new exer-
cisers and the entire study population.

Current evidence and clinical guidelines
supporting aerobic exercise in patients
with diabetes

Aerobic exercise plays a pivotal role in improving cardiovascular risk
factors, including insulin resistance, elevated blood glucose, poor lipid
profiles, and high blood pressure. Glucose uptake by skeletal muscle
occurs through facilitated diffusion, which is dependent on the glucose
transporter 4 (GLUT4) on the cell surface."® Notably, muscle contrac-
tion translocates GLUT4 to the plasma membrane in an insulin-
independent manner. Therefore, exercise is the most effective stimulus
for increasing skeletal muscle GLUT4 e><pression.13 Furthermore,
although nitric oxide-mediated endothelial function is impaired in indi-
viduals with diabetes, exercise improves endothelial-dependent vaso-
dilation in these patients.'* Data from a prospective cohort study
and a meta-analysis of prospective studies showed that exercise signifi-
cantly reduces the risk of overall mortality in patients with diabetes.'®
Specifically, randomized trials and meta-analyses have shown that en-
gaging in aerobic exercise for >150 min/week decreases haemoglobin
Alc levels in people with diabetes or prediabetes.'®™'® Consequently,
current guidelines for individuals with diabetes recommend engaging
in >150 min/week of moderate-to-vigorous aerobic exercise.”'**
Similarly, the guidelines for patients with chronic coronary disease®'
and for primary prevention of cardiovascular disease®® advise
>150 min/week of moderate- or >75 min/week of vigorous-intensity
aerobic exercise. However, the effect of aerobic exercise on the clinical
outcomes of patients with diabetes undergoing PCl has not yet been
fully explored. Our large-scale population-based study offers significant
evidence in favor of promoting aerobic exercise in this patient
population.

Long lasting effects of aerobic exercise

The effects of aerobic exercise on insulin sensitivity are known to be
short-lived, lasting only for 24—72 h. Based on this finding, an interval
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Exercise and outcomes in diabetic patients following PCI

Table2 Hazard ratios and 95% Cls of MACE, all-cause death, cardiovascular death, revascularization, and Ml according

to aerobic exercise status

n Events Follow-up Duration
(n) (person-years)

MACE?

Persistent 2616.4 962.3 12703.2

non-exercisers

New exercisers 14764 492.2 72748

Exercise discontinuers  1530.0 506.5 7609.5

Exercise maintainers 26121 7751 13 1461
All-cause death

Persistent 2616.4 271.0 15 083.7

non-exercisers

New exercisers 14764 1282 8497.2

Exercise discontinuers  1530.0 143.0 8849.3

Exercise maintainers 26121 183.8 151185
Cardiovascular death

Persistent 2616.4 69.1 15 083.7

non-exercisers

New exercisers 14764 337 8497.2

Exercise discontinuers  1530.0 37.0 8849.3

Exercise maintainers 26121 46.3 151185
Myocardial infarction

Persistent 2616.4 168.8 14 6431

non-exercisers

New exercisers 14764 82.0 8302.4

Exercise discontinuers  1530.0 87.9 8675.8

Exercise maintainers 26121 120.4 14 819.5
Revascularization

Persistent 2616.4 471.5 13 429.2

non-exercisers

New exercisers 14764 259.9 75931

Exercise discontinuers  1530.0 256.6 7949.8

Exercise maintainers 26121 388.2 13 678.6
Heart failure

Persistent 2616.4 413.6 14 296.0

non-exercisers

New exercisers 14764 221.6 8111.7

Exercise discontinuers  1530.0 226.0 8429.6

Exercise maintainers 26121 334.6 14 547.6

Incidence rate (per 1000 IPW-adjusted HR (95%

person-years) CI)
75.8 1 (ref)
67.7 0.89 (0.80-1.00)
66.7 0.89 (0.79-0.98)
59.0 0.78 (0.71-0.86)
18.0 1 (ref)
151 0.84 (0.68-1.04)
16.2 0.90 (0.73-1.10)
12.2 0.68 (0.56-0.82)
4.6 1 (ref)
4.0 0.87 (0.58-1.31)
42 0.91 (0.61-1.36)
3.1 0.67 (0.46-0.97)
11.5 1 (ref.)
9.9 0.86 (0.66-1.12)
10.1 0.88 (0.68-1.14)
8.1 0.71 (0.56-0.89)
35.1 1 (ref))
342 0.98 (0.84-1.13)
323 0.92 (0.79-1.07)
284 0.81 (0.71-0.93)
289 1 (ref)
27.3 0.95 (0.81-1.12)
268 0.93 (0.79-1.09)
23.0 0.79 (0.69-0.92)

Cl, confidence interval; HR, hazard ratio; IPWV, inverse probability-weighted; MACE, Major adverse cardiovascular events.

?Defined as a composite of all-cause death, M|, revascularization, and heart failure.

of no more than 72 h between successive aerobic exercise sessions was
recommended.? However, a recent study revealed that the total volume
of exercise, rather than an even distribution of exercise throughout the
week, is more relevant for reducing the risk of future disease.”®
Furthermore, improvements in hepatic lipid content and insulin sensitivity
persisted even after 4 weeks following the completion of a 12-week high-
intensity interval training program.2* This may be attributed to a sus-
tained increase in antioxidant proteins and small extracellular vesicles.**

Interestingly, our study found that exercise discontinuers (those who
stopped exercising after PCI) still had a lower risk of MACE than per-
sistent non-exercisers. Aerobic exercise may have long-lasting effects
that persist for some time, even after the discontinuation of exercise.

Data from the 10-year follow-up of the Studies Targeting Risk
Reduction Interventions through Defined Exercise (STRIDE) trial, in
which overweight or obese men and women with mild-to-moderate
dyslipidemia were randomized into the control or exercise group for
8 months, revealed that the benefits of exercise to waist circumference
and fasting insulin levels persisted 10 years later. This suggests the long-
lasting effects of 8 months of exercise training.*> The exact mechanism
behind these long-lasting effects is unclear, but they may result from an
improved baseline health status that persists over time. Additionally,
individuals who have engaged in exercise may become more health-
conscious, maintaining healthier lifestyles even after discontinuing
regular exercise.
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Table3 Hazard ratios and 95% Cls for MACE, all-cause death, cardiovascular death, revascularization, and Ml according
to aerobic exercise amount (MET-min/week) after PCI

MET-min/week

n

Events

Follow-up
Duration
(person-years)

Incidence rate
(per 1000
person-years)

Unadjusted HR
(95% ClI)

Multivariable-adjusted

HR (95% CI)

0 MET-min/week

<500 MET-min/week

500-999 MET-min/week

1000-1499 MET-min/week

>1500 MET-min/week
All-cause death

0 MET-min/week

<500 MET-min/week

500-999 MET-min/week

1000-1499 MET-min/week

>1500 MET-min/week
Cardiovascular death

0 MET-min/week

<500 MET-min/week

500-999 MET-min/week

1000-1499 MET-min/week

>1500 MET-min/week
Myocardial infarction

0 MET-min/week

<500 MET-min/week

500-999 MET-min/week

1000-1499 MET-min/week

>1500 MET-min/week
Revascularization

0 MET-min/week

<500 MET-min/week

1977
2006
2126
1010
1106

1977
2006
2126
1010
1106

1977
2006
2126
1010
1106

1977
2006
2126
1010
1106

1977
2006

765
686
674
273
351

250
173
164
66
83

55
51
39
16
23

146
112
107
37
56

351
356

9507.4
9825.3
10 598.0
5209.6
5506.2

11 285.0
11 570.2
12 282.4
5961.6
6440.5

11 285.0
11 570.2
12 282.4
5961.6
6440.5

10 969.2
112872
12 022.7
5871.6
62919

10 034.2
10 320.3

80.5
69.8
63.6
52.4
63.7

222
15.0
134
11.1
129

4.9
4.4
32
2.7
36

13.3
9.9
8.9
6.3
8.9

350
345

1 (ref)
0.87 (0.78-0.96)
0.79 (0.71-0.88)
065 (0.56-0.75)
0.79 (0.70-0.90)

1 (ref)
068 (0.56-0.82)
060 (0.50-0.73)
049 (0.38-0.65)
0.58 (0.45-0.74)

1 (ref)
0.90 (0.62-1.32)
0.65 (0.43-0.98)
0.54 (0.31-0.95)
0.73 (0.45-1.18)

1 (ref)
0.75 (0.58-0.95)
067 (0.52-0.86)
047 (0.33-0.67)
067 (0.49-0.91)

1 (ref))
0.99 (0.85-1.14)

1 (ref.)
0.92 (0.83-1.02)
0.84 (0.76-0.93)
0.71 (0.62-0.82)
0.85 (0.75-0.97)

1 (ref)
0.78 (0.64-0.95)
0.70 (0.57-0.85)
0.64 (0.49-0.85)
0.66 (0.51-0.85)

1 (ref)
1.05 (0.71-1.5)
0.78 (0.51-1.18)
0.72 (0.40-1.27)
0.90 (0.54-1.48)

1 (ref.)
0.79 (0.62-1.02
0.75 (0.58-0.96
0.53 (0.37-0.77
0.76 (0.55-1.04

NasN NS N2

1 (ref)
0.99 (0.85-1.15)

Continued
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Exercise and outcomes in diabetic patients following PCI

Table 3 Continued

MET-min/week n Events Follow-up Incidence rate Unadjusted HR Multivariable-adjusted
Duration (per 1000 (95% CI) HR (95% CI)
(person-years) person-years)
500-999 MET-min/week 2126 354 11 066.6 320 0.92 (0.79-1.06) 0.94 (0.81-1.09)
1000-1499 MET-min/week 1010 147 5370.7 274 0.79 (0.65-0.96) 0.79 (0.65-0.96)
>1500 MET-min/week 1106 187 5753.8 325 0.93 (0.78-1.11) 0.95 (0.79-1.14)
Heart failure
0 MET-min/week 1977 344 10 669.2 322 1 (ref) 1 (ref.)
<500 MET-min/week 2006 306 10 990.7 27.8 0.87 (0.74-1.01) 0.97 (0.83-1.14)
500-999 MET-min/week 2126 284 117746 24.1 0.75 (0.64-0.87) 0.85 (0.72-1.00)
1000-1499 MET-min/week 1010 101 57711 17.5 0.53 (0.43-0.66) 0.65 (0.52-0.81)
>1500 MET-min/week 1106 152 6164.5 247 0.76 (0.63-0.92) 0.89 (0.73-1.08)

Cl, confidence interval; HR, hazard ratio; MACE, Major adverse cardiovascular events; MET, metabolic equivalents of task.

?Defined as a composite of all-cause death, M, revascularization, and heart failure.
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Figure 3 HRsand 95% Cls for adverse clinical outcomes according to aerobic exercise amount (MET-min/week). Bars represent weighted incidence
rates, dots indicate adjusted HRs, and whiskers represent 95% Cls. aHR, adjusted hazard ratio; MACE, major adverse cardiovascular events; MET, meta-

bolic equivalents of task; MI, myocardial infarction.

J-curve relationship between aerobic
exercise amount and cardiovascular
outcomes

The impact of high amounts of aerobic exercise on clinical outcomes is
complex and not yet fully understood. Long-term excessive endurance
exercise may lead to pathological structural remodelling of the heart
and arteries, including myocardial fibrosis, > diastolic dysfunction,®”
and coronary artery calcification,?” as well as an elevated risk of atrial
fibrillation.?® A prospective observational study on jogging found that
light and moderate joggers had lower mortality rates than non-joggers,
whereas the mortality rate of strenuous joggers was not statistically
different from that of sedentary individuals.*’ A cohort study of pa-
tients with stable coronary heart disease identified a curvilinear rela-
tionship between exercise amount and mortality.*® While increasing
exercise was associated with a lower risk of mortality, particularly
among those who were initially sedentary, the incremental benefits

diminished at higher levels of habitual physical activity.30 Individuals
who were already engaging in regular moderate or vigorous exercise
experienced less pronounced mortality benefits from further increas-
ing their activity levels.>° Additionally, a recent study identified a non-
linear relationship between exercise intensity and cardiovascular out-
comes in patients with diabetes, with an increased risk of adverse
outcomes among individuals with a high polygenic risk score for
type 2 diabetes.?’

To the best of our knowledge, this is the first study to explore the
relationship between aerobic exercise dose and clinical outcomes in pa-
tients with diabetes undergoing PCl. We observed that the greatest
benefits of aerobic exercise were seen in patients who engaged in
1000-1499 MET-min/week of activity, with diminished benefits at
>1500 MET-min/week. Given that heavy physical exertion may trigger
Ml and sudden cardiac death,* and considering the elevated risk for
complex coronary artery disease and high ischaemic burden in patients
with diabetes, we speculate that excessive aerobic exercise may raise
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Subgroup p':;;e::s Events aHR IPW-(anSI‘;,SéIe)d o int;::.:ion
Age

<65 years
Persistent non-exercisers 1297.0 413.4 1 (reference)
New exercisers 697.3 194.1 _— 0.855 (0.720 - 1.014)
Exercise discontinuers 736.7 2234 _—— 0.947 (0.804 - 1.115)
Exercise maintainers 1240.6 320.5 D E— 0.789 (0.682 - 0.913)
65-74 years
Persistent non-exercisers 1019.1 403.1 1 (reference)
New exercisers 628.7 229.7 e e 0.935 (0.795 - 1.100) 0.80
Exercise discontinuers 631.8 219.7 —— 0.848 (0.719 - 0.999)
Exercise maintainers 1084.8 339.4 —_—i 0.752 (0.651 - 0.870)
275 years
Persistent non-exercisers 300.3 145.8 1 (reference)
New exercisers 150.5 68.4 i 0.892 (0.668 - 1.190)
Exercise discontinuers 161.5 63.5 & 0.817 (0.608 - 1.099)
Exercise maintainers 286.8 115.3 & 0.811(0.634 - 1.037)
Sex
Male
Persistent non-exercisers 1823.1 678.6 1 (reference)
New exercisers 1027.3 349.0 —_—— 0.895 (0.786 - 1.019)
Exercise discontinuers 1064.9 347.4 —_— 0.858 (0.754 - 0.976)
Exercise maintainers 1808.8 557.8 —— 0.799 (0.714 - 0.894) 0.43
Female
Persistent non-exercisers 793.3 283.7 1 (reference)
New exercisers 449.1 143.2 —_— T 0.895 (0.732 - 1.095)
Exercise discontinuers 465.1 159.2 — 0.943 (0.776 - 1.145)
Exercise maintainers 803.3 217.3 — 0.717 (0.600 - 0.856)
DM duration
<5 years
Persistent non-exercisers 877.9 286.4 1 (reference)
New exercisers 509.8 139.6 e p— 0.826 (0.675 - 1.012)
Exercise discontinuers 503.9 138.2 e 0.803 (0.655 - 0.985)
Exercise maintainers 902.7 2334 —_— 0.758 (0.637 - 0.901) 0.65
25 years
Persistent non-exercisers 1738.5 675.9 1 (reference)
New exercisers 966.6 352.7 — 0.925 (0.813 - 1.052)
Exercise discontinuers 1026.1 368.4 — 0.917 (0.807 - 1.041)
Exercise maintainers 1709.4 541.7 ) 0.781 (0.697 - 0.875)
Insulin use
No
Persistent non-exercisers  2357.0 838.3 1 (reference)
New exercisers 1332.1 428.9 —— 0.889 (0.791 - 0.998)
Exercise discontinuers 1379.8 437.1 —— 0.865 (0.771 - 0.971)
Exercise maintainers 2353.5 660.7 —+— 0.753 (0.680 - 0.834) 0.50
Yes
Persistent non-exercisers 259.4 124.0 1 (reference)
New exercisers 144.3 63.3 i 0.937 (0.691 - 1.269)
Exercise discontinuers 150.2 69.5 1.006 (0.749 - 1.351)
Exercise maintainers 258.6 114.4 i 0.923 (0.715 - 1.192)
Number of DM medication
<2
Persistent non-exercisers ~ 1015.8 390.6 1 (reference)
New exercisers 570.1 194.7 —— 0.847 (0.713 - 1.007)
Exercise discontinuers 589.4 198.1 —— 0.838 (0.706 - 0.995)
Exercise maintainers 1014.6 314.7 — 0.774 (0.667 - 0.899) 0.75
22
Persistent non-exercisers 1600.6 571.7 1 (reference)
New exercisers 906.3 297.5 —— 0.929 (0.807 - 1.069)
Exercise discontinuers 940.6 3085 — 0.914 (0.795 - 1.050)
Exercise maintainers 1597.5 460.4 —— 0.774 (0.685 - 0.876)
Favors exercisers < P Favors non-exercisers
I L] L] L] L] L] L] L] L] L] I

Figure 4 Subgroup analysis of MACEs. DM, diabetes mellitus; HR, hazard ratio; IPWV, inverse probability weighting.
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1

the risk-benefit ratio. The potentially increased risk of exercise-induced
hypoglycaemia in patients with diabetes who take glucose-lowering
therapies, such as insulin and sulfonylureas, should also be considered.”
The current guidelines recommend >150 min/week of moderate-to-
vigorous aerobic exercise,”'”*® which is equivalent to 600—1050
MET-min/week. Our study indicates that an exercise amount approxi-
mately 1.5-2.5-fold greater than this threshold may reduce the benefits
of aerobic exercise in patients with diabetes undergoing PCl. Hence,
while aerobic exercise should be encouraged in this patient group, re-
commending a suitable dosage may be important to ensure ideal out-
comes. This finding, as well as the optimal range of aerobic exercise
quantity in patients with diabetes undergoing PCI, requires verification
through future research.

Study limitations

Our study has several limitations that should be considered when inter-
preting the results. First, exercise, especially resistance training, effect-
ively lowers blood sugar levels and insulin resistance.>> However, due to
limited questionnaire data, only aerobic exercise was included in this
study, potentially overlooking the impact of resistance training on pa-
tient outcomes. Second, despite our efforts to perform multivariable
analysis and IPW adjustments, unmeasured confounders might have in-
fluenced our results, given the nature of non-randomized data. Third,
we could not determine why patients in the exercise discontinuers
group stopped aerobic exercise after PCl. While some may have dis-
continued due to PCl-related complications, the proportion of exercise
discontinuers (1529 of 8225, or 19%) suggests that such cases re-
present only a subset. Moreover, their better clinical outcomes com-
pared with persistent non-exercisers indicate that most were unlikely
to have experienced severe complications, which would likely have
negatively impacted outcomes. Fourth, the self-reported questionnaire
used to assess aerobic exercise intensity covered only the past week,
which may not fully capture patients’ usual exercise levels. However,
this method is based on the seven-day Physical Activity Recall
(PAR),** a widely used tool in epidemiological studies. The seven-day
PAR has demonstrated good correlation with seven-day diaries® and
directly measured energy expenditure,®® and its validity has been sup-
ported by comparisons with heart rate monitoring records.’ Fifth,
the Korean NHIS database used in this study does not include variables
specific to cardiac rehabilitation, limiting our ability to analyze its poten-
tial impact on outcomes. However, in South Korea, the systematic im-
plementation of cardiac rehabilitation programs is not widespread due
to limited insurance coverage. As a result, the proportion of patients
who received cardiac rehabilitation after PCl is likely to be small.
Additionally, our study followed patients for a mean duration of 4.9 years
after their second health check-up. This extended follow-up period likely
exceeds the typical duration of most cardiac rehabilitation programs, sug-
gesting that the observed results may reflect long-term lifestyle changes
rather than relatively short-term effects of rehabilitation. Finally, this
study utilized an existing large-scale database that was not specifically col-
lected for the analysis presented in this manuscript. As a result, the study
design is exploratory in nature and was not statistically powered to de-
tect the observed associations, raising the possibility that some significant
results may have occurred by chance. Further prospective studies are
warranted to validate these findings in a more controlled setting.

Conclusion

Based on a large nationwide population database, our study showed
that maintaining aerobic exercise after PCl in patients with diabetes
was associated with a lower risk of adverse cardiovascular events. In
addition, we observed a J-curve relationship between the amount of
aerobic exercise and clinical outcomes. Aerobic exercise should be en-
couraged to achieve better outcomes in patients with diabetes who
undergo PCl, although the optimal exercise dosage warrants further
investigation.
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Supplementary material is available at European Journal of Preventive
Cardiology.
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