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While obesity, rapid weight loss, and sedentary lifestyles contribute to gallstones, the impacts of 
long-term weight patterns and physical activity on gallstone risk have not been extensively studied 
at the population level. Using Korea’s population-based health database, we created a cohort of 
5,062,154 subjects who received over five consecutive biannual health check-ups from 2002 to 2018. 
Gallstone risk was calculated using hazard ratios (HRs) based on weight patterns (gain, loss, and 
cycling) and physical activity. Adjustments were made for covariates, such as body mass index (BMI), 
waist circumference, diabetes, and life style factors. Subgroup analysis was performed by sex and 
age groups (< 45 and ≥ 45 years). All groups with weight changes showed increased HRs 1.32 (95% CI 
1.07–1.65) for > 20% weight loss, 1.13 (0.96–1.33) for > 20% weight gain, 1.04 (1.02–1.06) for weight 
cycling, 1.03 (1.01–1.05) for 5–20% weight gain, and 1.02 (1.00–1.04) for 5–20% weight loss. Risk 
increased with weight loss or gain in underweight or overweight BMI categories, respectively, and 
in any weight change for normal BMI. Males and older individuals had higher risks with weight loss, 
while females and younger individuals had higher risks with weight gain. Weight cycling increased risk 
for both sexes. Regular physical activity reduced gallstone risk in weight changers to levels similar to 
weight maintainers, with the highest reduction in those with > 20% weight gain (61%) and the lowest 
in weight cycling (1%). The risks of gallstones associated with weight gain, loss, or cycling can be 
mitigated by regular physical activity. The risks vary by sex and age.
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Obesity is a global health concern, not only due to its prevalence but also because of the intense social pressures 
for weight reduction towards a lean body image. However, sustainable weight management is a challenge for most 
obese individuals, characterized by weight cycling—defined as intentional weight loss followed by unintentional 
weight regain—and gradual weight gain1. In South Korea, the prevalence of overweight and obesity among 
adults surged to 36.1% during 2005–2021, reflecting a growing public health issue2. Studies among Korean adults 
have shown an increasing trend of older adults overestimating their weight status, with significant percentages of 
non-overweight individuals attempting weight loss—15% of men and 25% of women over 60 years old2.

The prevalence of gallstones is increasing worldwide, affecting about 20% of the population in Western 
countries and 5% in Eastern countries3,4. Obesity not only increases the risk of developing gallstones due to 
excessive body weight but also through the mechanisms involved in body weight reduction5,6. Previous research 
has indicated that weight cycling, particularly the intensity and frequency of such fluctuations, can exacerbate 
the risk of symptomatic gallstones6,7. This association, well-documented in Western populations—who generally 
have higher rates of obesity, weight cycling, and gallstones—has not been extensively studied in Eastern contexts.

Recent shifts in health paradigms suggest that increasing physical fitness and activity may be more beneficial 
than focusing solely on weight loss for reducing health risks, including mortality and gallstone formation1,8. 
Indeed, engaging in physical activity is associated with reduced risks of cholecystectomy and gallstone 
development, suggesting that interventions aimed at promoting physical activity could be particularly effective9. 
However, the specific effects of physical activity in relation to long-term weight patterns on gallstone risk remain 
largely unexplored.

This study aims to assess the risks of gallstones relative to long-term weight patterns and physical activity using 
a population-based cohort from the National Health Insurance (NHI) and National Health Screening Program 
(NHSP) databases in South Korea. These databases provide comprehensive lifestyle and anthropometric data for 
all insured Korean populations, facilitating a detailed examination of these associations.
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Results
Study population demographics
Table 1 summarized the demographics and covariates of individuals based on long-term weight patterns. Among 
the 5,062,154 individuals in the study, 31.6% maintained their weight and 27.5% experienced weight cycling over 
10 years. Weight changes of 5–20% (gain or loss) were observed in 24.4% and 16.1% of subjects, respectively. 
Extreme weight changes of more than 20% (gain or loss) were observed in 0.2% and 0.1% of subjects, respectively. 
Compared to males, females had lower rates of weight maintenance (33.7% for males vs. 28.6% for females) and 
higher rates of weight cycling (24.5% for males vs. 31.9% for females). Among all groups, weight maintainers 
had the highest socioeconomic status (SES). Clinical characteristics varied distinctly by weight pattern. The 
mean ages (with standard deviations) of subjects ranged from the lowest in the group with more than 20% 
weight gain to the highest in the group with more than 20% weight loss, with ages of 38 (13.9) in more than 20% 
weight gain, 40 (12.1) in 5–20% weight gain, 44 (13.5) in weight cycling, 49 (12.1) in 5–20% weight loss, and 51 
(14.3) years in more than 20% weight loss. The proportions of individuals with overweight and obesity, upper 
quartile (Q75–100) waist circumference (WC), liver dysfunction, hypertension, wide pulse pressure (PP), and 
high cholesterol levels increased progressively from the group with more than 20% weight gain to the group with 
more than 20% weight loss.

Risk analysis of gallstones according to long-term weight patterns
We analyzed gallstone risk according to body mass index (BMI) and WC (Fig.  1). Both overall and central 
obesity are correlated with gallstone risk, with a greater risk associated with central obesity, hazard ratio (HR) 
1.32 (95% confidence interval [CI], 1.24–1.41) for BMI ≥ 30 kg/m2 and HR 1.58 (95% CI 1.54–1.62) for WC75-
100. The association between gallstone risk and overall obesity was stronger in females (HR 1.32 for females 
compared to 1.14 for males). However, the association between gallstone risk and central obesity was more 
pronounced in males (HR 1.68 for males compared to 1.54 for females).

Table 2 illustrated the incidence rates, incidence rate ratio (IRR) and HR of gallstones by weight patterns. The 
highest gallstone rates were in subjects with either more than 20% weight gain or loss (50.7 per 10,000 person-
years for both), followed by those with 5–20% weight loss (38.1 per 10,000), weight cycling (35.3 per 10,000), and 
the lowest in those with 5–20% weight gain (31.6 per 10,000). After adjusting for covariates, all weight change 
groups showed increased HRs compared to those who maintained weight, with the following values: 1.32 (95% 
CI 1.07–1.65) in more than 20% weight loss, 1.13 (0.96–1.33) in more than 20% weight gain, 1.04 (1.02–1.06) in 
weight cycling, 1.03 (1.01–1.05) in 5–20% weight gain, and 1.02 (1.00–1.04) in 5–20% weight loss.

We analyzed gallstone relative risk to long-term weight patterns and BMI categories (Fig.  2). In the 
underweight BMI group (< 18.5  kg/m2), an increased risk of gallstones was associated with more than 20% 
weight loss. For those with a normal BMI (18.5–25.0 kg/m2), any weight change was a risk factor for gallstones. 
In the overweight category (25.0–29.9 kg/m2), only weight gain was a risk factor. However, for those with obesity 
(> 30.0 kg/m2), no long-term weight patterns were significantly associated with gallstone risk.

Subgroup analyses on gallstone risks by sex and age
Subgroup analyses, as presented in Table 2, indicated that the risks associated with different weight patterns 
varied between males and females. Males primarily showed increased risks with weight loss, while females 
showed increased risks with weight gain. Weight cycling posed an increased risk for both sexes.

When analyzing HRs according to age at enrollment, younger individuals (under 45 years) displayed the 
highest risks associated with weight cycling, whereas older individuals (45 years and above) faced the highest 
risks with more than 20% weight loss (Fig. 3). In particular, younger males were most at risk in the weight cycling 
category, while older males were predominantly at risk in the weight loss category. Notably, weight gain did 
not significantly affect the risk of gallstones in males. In contrast, females exhibited different patterns: younger 
females showed the highest risk with more than 20% weight gain, while older females were most at risk with 
more than 20% weight loss.

Risk analysis of gallstones by the physical activity and long-term weight patterns
Risks of gallstones by the physical activity and long-term weight patterns were presented in Fig. 4. Consistent 
physical activity reduced the gallstone risk, revealing an HR of 0.92 (95% CI 0.89–0.96) in both males (0.90; 
0.86–0.94) and females (0.93; 0.88–0.98). In individuals with consistent physical activity, all weight changers 
reduced their gallstone risk to levels similar to weight maintainers. Conversely, those with no or intermittent 
physical activity showed increased risks for all types of weight changes except the 5–20% weight loss group. The 
most significant risk reductions attributed to regular physical activity were observed in those gaining more than 
20% of their weight (61%), followed by those losing more than 20% (17%), those gaining between 5 and 20% 
(3%), and those experiencing weight cycling (1%), in descending order. The risk reduction by physical activity 
manifested in both males and females.

Risk analysis of covariates associated with gallstones
Covariates that increased the risk of gallstones included older age, male sex, low SES, proteinuria, prediabetes 
or diabetes, abnormal liver function tests, and heavy smoking. In addition, levels of cholesterol, blood pressure 
(BP), and PP did not show a correlation with the risk of gallstones, as illustrated in Fig. 5.

Discussion
This study demonstrated that the risks associated with gallstones correlate with long-term weight patterns and 
physical activity. Subjects experiencing weight changes had an increased risk of gallstones compared to those 

Scientific Reports |        (2024) 14:25817 2| https://doi.org/10.1038/s41598-024-77218-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


C
ha

ra
ct

er
is

tic
s

W
ei

gh
t m

ai
nt

ai
ne

rs

W
ei

gh
t c

ha
ng

er
s

W
ei

gh
t g

ai
ne

rs
 2

0%
+

W
ei

gh
t g

ai
ne

rs
 5

 ~
 20

%
W

ei
gh

t c
yc

le
rs

W
ei

gh
t l

os
er

s 5
 ~

 20
%

W
ei

gh
t l

os
er

s 2
0%

+
N

um
be

r o
f s

ub
je

ct
s, 

%
1,

60
0,

13
1

31
.6

10
,7

06
0.

2
1,

23
6,

88
2

24
.4

1,
39

44
13

27
.5

81
5,

68
0

16
.1

43
42

0.
1

Se
x

 M
al

e
1,

00
3,

01
5

33
.7

59
04

0.
2

79
9,

92
3

26
.9

72
8,

08
9

24
.5

43
5,

79
4

14
.6

21
72

0.
1

 F
em

al
e

59
7,

11
6

28
.6

48
02

0.
2

43
6,

95
9

20
.9

66
6,

32
4

31
.9

37
9,

88
6

18
.2

21
70

0.
1

A
ge

s (
ye

ar
s, 

m
ea

n,
 S

D
)

45
11

.5
38

13
.9

40
12

.1
44

13
.5

49
12

.1
50

14
.3

BM
I (

kg
/m

2 )

 <
 18

.5
37

,0
78

2.
3

20
89

19
.5

55
,6

85
4.

5
46

,8
03

3.
4

11
,2

79
1.

4
18

0.
4

 1
8.

5–
25

.0
1,

02
7,

97
6

64
.2

77
63

72
.5

90
9,

66
9

73
.5

91
5,

53
9

65
.7

47
0,

72
7

57
.7

13
69

31
.5

 2
5.

1–
29

.9
50

2,
31

0
31

.4
79

1
7.

4
25

3,
50

9
20

.5
38

7,
95

6
27

.8
30

3,
42

5
37

.2
17

83
41

.1

 ≥
 3

0.
0

32
,7

67
2.

0
63

0.
6

18
,0

19
1.

5
44

,1
15

3.
2

30
,2

49
3.

7
11

72
27

.0

W
ai

st
 ci

rc
um

fe
re

nc
e

 Q
1–

25
41

0,
84

3
25

.7
13

82
12

.9
27

2,
99

6
22

.1
39

4,
62

6
28

.3
27

1,
10

9
33

.2
19

63
45

.2

 Q
26

–5
0

40
6,

54
1

25
.4

18
39

17
.2

30
5,

36
0

24
.7

34
0,

92
2

24
.4

21
0,

26
0

25
.8

90
4

20
.8

 Q
51

–7
5

40
1,

73
0

25
.1

24
58

23
.0

31
3,

76
4

25
.4

32
9,

19
7

23
.6

18
6,

09
9

22
.8

75
4

17
.4

 Q
75

–1
00

38
0,

86
5

23
.8

49
89

46
.6

34
4,

53
5

27
.9

32
9,

41
1

23
.6

14
8,

14
0

18
.2

71
9

16
.6

So
ci

oe
co

no
m

ic
 st

at
us

 M
ed

ic
ar

e
93

5
0.

1
14

0.
1

93
4

0.
1

14
29

0.
1

75
3

0.
1

3
0.

1

 Q
1–

25
19

3,
24

6
12

.1
13

61
12

.7
14

6,
70

4
11

.9
21

2,
68

8
15

.3
12

3,
44

7
15

.1
63

7
14

.7

 Q
26

–5
0

44
1,

12
5

27
.6

41
66

38
.9

39
4,

75
9

31
.9

47
2,

07
4

33
.9

25
0,

06
7

30
.7

13
10

30
.2

 Q
51

–7
5

73
2,

17
6

45
.8

43
63

40
.8

55
7,

59
7

45
.1

57
4,

10
7

41
.2

34
4,

43
5

42
.2

19
24

44
.3

 Q
75

–1
00

21
8,

23
4

13
.6

68
7

6.
4

11
8,

51
7

9.
6

11
8,

92
3

8.
5

91
,5

75
11

.2
43

5
10

.0

C
ho

le
st

er
ol

 (m
g/

dl
)

 <
 20

0
92

1,
08

8
57

.6
74

22
69

.3
80

9,
93

9
65

.5
83

6,
60

9
60

.0
43

7,
43

9
53

.6
22

57
52

.0

 2
00

–2
39

49
6,

33
4

31
.0

24
63

23
.0

32
4,

09
8

26
.2

40
5,

93
1

29
.1

26
7,

94
3

32
.8

14
08

32
.4

 ≥
 2

40
18

1,
57

7
11

.3
80

8
7.

5
10

1,
85

4
8.

2
15

0,
66

7
10

.8
10

9,
68

8
13

.4
67

1
15

.5

Pr
ot

ei
nu

ria

 N
eg

at
iv

e/
eq

ui
vo

ca
l

1,
57

5,
13

2
98

.4
10

,5
02

98
.1

1,
21

8,
99

0
98

.6
1,

36
9,

96
3

98
.2

79
9,

99
1

98
.1

42
52

97
.9

 P
os

iti
ve

21
,6

06
1.

4
16

1
1.

5
15

,0
27

1.
2

20
,6

56
1.

5
13

,7
15

1.
7

78
1.

8

FB
G

 (m
g/

dl
)

 ≤
10

9
1,

41
9,

59
5

88
.7

96
96

90
.6

1,
13

9,
00

0
92

.1
1,

23
2,

50
4

88
.4

68
2,

74
1

83
.7

36
34

83
.7

 1
10

–1
25

11
3,

81
5

7.
1

62
0

5.
8

64
,4

78
5.

2
96

,0
55

6.
9

75
,3

03
9.

2
40

6
9.

4

 ≥
 1

26
66

,1
51

4.
1

38
2

3.
6

32
,9

79
2.

7
65

,2
03

4.
7

57
,2

56
7.

0
29

7
6.

8

A
LT

 (U
/L

)

 ≤
 4

0
1,

39
8,

85
9

87
.4

97
41

91
.0

1,
11

8,
04

1
90

.4
1,

24
0,

18
0

88
.9

70
4,

31
6

86
.3

37
44

86
.2

 ≥
 4

1
20

0,
16

0
12

.5
95

2
8.

9
11

7,
87

2
9.

5
15

3,
06

5
11

.0
11

0,
77

0
13

.6
59

2
13

.6

A
ST

 (U
/L

)

 ≤
 4

0
1,

50
3,

91
1

94
.0

10
,1

43
94

.7
1,

17
6,

50
7

95
.1

1,
30

8,
46

6
93

.8
75

6,
22

3
92

.7
40

06
92

.3

 ≥
 4

1
95

,0
67

5.
9

55
0

5.
1

59
,3

81
4.

8
84

,7
48

6.
1

58
,8

46
7.

2
33

0
7.

6

G
G

T 
(U

/L
)

 ≤
 7

6
1,

39
0,

12
1

86
.9

97
53

91
.1

1,
11

6,
74

8
90

.3
1,

22
7,

84
3

88
.1

69
3,

97
7

85
.1

37
23

85
.7

C
on

tin
ue

d

Scientific Reports |        (2024) 14:25817 3| https://doi.org/10.1038/s41598-024-77218-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


C
ha

ra
ct

er
is

tic
s

W
ei

gh
t m

ai
nt

ai
ne

rs

W
ei

gh
t c

ha
ng

er
s

W
ei

gh
t g

ai
ne

rs
 2

0%
+

W
ei

gh
t g

ai
ne

rs
 5

 ~
 20

%
W

ei
gh

t c
yc

le
rs

W
ei

gh
t l

os
er

s 5
 ~

 20
%

W
ei

gh
t l

os
er

s 2
0%

+

 ≥
 7

7
20

9,
38

3
13

.1
94

3
8.

8
11

9,
65

5
9.

7
16

5,
84

0
11

.9
12

1,
30

1
14

.9
61

1
14

.1

SB
P/

D
BP

 (m
m

H
g)

 <
 12

0/
<

 8
0

48
5,

70
0

30
.4

39
03

36
.5

43
5,

77
6

35
.2

45
5,

30
8

32
.7

22
2,

98
7

27
.3

10
71

24
.7

 1
20

–1
29

/<
 8

0
16

1,
10

9
10

.1
10

39
9.

7
12

9,
73

7
10

.5
13

9,
89

6
10

.0
79

,3
61

9.
7

41
5

9.
6

 1
30

–1
39

/8
0–

89
57

4,
28

3
35

.9
39

05
36

.5
44

5,
24

3
36

.0
48

6,
65

0
34

.9
28

5,
70

4
35

.0
14

48
33

.3

 1
40

–1
79

/9
0–

11
9

37
0,

22
6

23
.1

18
08

16
.9

22
1,

30
2

17
.9

30
3,

87
7

21
.8

22
1,

02
0

27
.1

13
56

31
.2

 ≥
 1

80
/≥

 1
20

84
79

0.
5

49
0.

5
45

88
0.

4
84

20
0.

6
64

47
0.

8
50

1.
2

Pu
lse

 p
re

ss
ur

e 
(m

m
H

g)

 <
 39

23
9,

97
0

15
.0

16
96

15
.8

19
3,

94
8

15
.7

20
6,

95
4

14
.8

11
0,

15
3

13
.5

50
1

11
.5

 4
0–

59
1,

16
4,

48
4

72
.8

79
08

73
.9

91
8,

27
3

74
.2

1,
00

7,
39

0
72

.2
57

8,
93

4
71

.0
30

21
69

.6

 ≥
 6

0
19

5,
30

2
12

.2
11

00
10

.3
12

4,
39

1
10

.1
17

9,
76

8
12

.9
12

6,
39

8
15

.5
81

7
18

.8

Sm
ok

in
g 

(P
ac

k-
Ye

ar
)

 0
–1

0
1,

10
0,

42
5

68
.8

69
86

65
.3

75
6,

13
4

61
.1

97
8,

83
1

70
.2

60
3,

69
3

74
.0

33
18

76
.4

 1
0–

19
35

5,
89

9
22

.2
29

29
27

.4
37

7,
07

4
30

.5
30

1,
56

3
21

.6
14

0,
36

6
17

.2
70

4
16

.2

 ≥
 2

0
10

6,
88

5
6.

7
65

1
6.

1
83

,5
95

6.
8

94
,0

51
6.

7
55

,8
46

6.
8

24
4

5.
6

Ph
ys

ic
al

 a
ct

iv
ity

 (≥
 1

/w
ee

k)

 N
on

e
95

,7
22

6.
0

90
9

8.
5

85
,7

66
6.

9
11

6,
08

8
8.

3
59

,4
51

7.
3

48
5

11
.2

 In
te

rm
itt

en
t

1,
23

2,
93

3
77

.1
85

43
79

.8
96

7,
27

4
78

.2
1,

10
3,

32
8

79
.1

64
0,

03
5

78
.5

33
78

77
.8

 C
on

tin
en

t
25

1,
16

2
15

.7
11

04
10

.3
16

7,
30

8
13

.5
14

9,
58

1
10

.7
10

2,
59

2
12

.6
37

0
8.

5

A
lc

oh
ol

 d
rin

ki
ng

 N
on

e
52

5,
01

9
32

.8
37

09
34

.6
38

4,
88

1
31

.1
50

4,
14

5
36

.2
30

4,
79

8
37

.4
17

73
40

.8

 <
 5 

[4
] d

rin
ks

 p
er

 w
ee

k
23

3,
51

6
14

.6
16

68
15

.6
18

2,
68

8
14

.8
20

3,
42

1
14

.6
11

3,
58

1
13

.9
56

7
13

.1

 <
 5 

[4
] d

rin
ks

 tw
ic

e 
a 

w
ee

k
36

8,
55

2
23

.0
26

58
24

.8
33

2,
38

3
26

.9
28

3,
67

3
20

.3
14

7,
60

9
18

.1
68

5
15

.8

 ≥
 5 

[4
] d

rin
ks

 tw
ic

e 
a 

w
ee

k
99

,2
30

6.
2

53
9

5.
0

70
,6

67
5.

7
75

,6
29

5.
4

47
,8

35
5.

9
20

3
4.

7

Ta
bl

e 
1.

 D
em

og
ra

ph
ic

 a
nd

 h
ea

lth
 ch

ar
ac

te
ris

tic
s o

f t
he

 st
ud

y 
po

pu
la

tio
n.

 A
ll 

da
ta

 re
pr

es
en

t n
um

be
r o

f p
at

ie
nt

s (
pe

rc
en

t) 
or

 m
ea

n 
(s

ta
nd

ar
d 

de
vi

at
io

n)
. P

hy
sic

al
 a

ct
iv

ity
, n

on
e/

in
te

rm
itt

en
t 

(le
ss

 th
an

 o
nc

e 
pe

r w
ee

k)
 a

nd
 co

nt
in

uo
us

 (m
or

e 
th

an
 o

nc
e 

pe
r w

ee
k)

 o
ve

r t
he

 d
ec

ad
e;

 B
M

I, 
bo

dy
 m

as
s i

nd
ex

; F
BG

, F
as

tin
g 

bl
oo

d 
gl

uc
os

e;
 A

ST
, A

sp
ar

ta
te

 a
m

in
ot

ra
ns

fe
ra

se
; A

LT
, A

la
ni

ne
 

am
in

ot
ra

ns
fe

ra
se

: G
G

T,
 g

am
m

a-
gl

ut
am

yl
 tr

an
sf

er
as

e;
 S

BP
/D

BP
, s

ys
to

lic
 b

lo
od

 p
re

ss
ur

e/
di

as
to

lic
 b

lo
od

 p
re

ss
ur

e.

 

Scientific Reports |        (2024) 14:25817 4| https://doi.org/10.1038/s41598-024-77218-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


maintaining stable weight, regardless of overall or central obesity. However, consistent physical activity mitigated 
the gallstone risk associated with weight changes, bringing it to the level of those who maintained their weight.

In this study, weight changers, both weight loss and weight gain as well as weight cycling, heightened the 
risk of gallstones relative to stable weight, at equivalent levels of obesity. The magnitude of risk varied with the 
amount of weight change. Subjects with weight changes exceeding 20% exhibited a higher risk compared to 
those with weight changes between 5% and 20% (increased gallstone risk: 13% vs. 3% for weight gain, and 32% 
vs. 2% for weight loss, respectively).

While having a low BMI or low WC is associated with a reduced risk of developing gallstones, rapid or 
excessive weight loss can paradoxically increase the risk of gallstone formation. This is because rapid weight loss 
triggers several metabolic changes that create a prolithogenic state—a condition that favors the formation of 
gallstones10. During weight loss, the bile cholesterol saturation index increases and gallbladder stasis occurs11. 
Weight gain may also increase gallstone risk, potentially related to a fat-dominant body composition, microbial 
changes, or dietary factors12.

Among the individuals with weight loss or gain, the risk of gallstones was greater in the individuals with 
severe weight loss (more than 20% of body weight) than severe weight gain (more than 20% of body weight). 
These results are consistent with previous study, such as one that found the risk of cholecystectomy in women 
increasing by 14% and 61% with weight gain or loss of more than 5 pounds, respectively, compared to weight 
maintainers6.

Weight cycling presents another independent risk for gallstones, regardless of obesity status. It alters body 
composition, leading to fat accumulation, muscle loss, and ectopic fat deposition, which can damage the 
intestinal barrier, increase epithelial permeability, and cause lipotoxicity13. Subsequent weight loss following 
obesity can prime adipose macrophages for enhanced inflammation upon weight regain, potentially worsening 
glucose tolerance14. However, the increased gallstone risk due to weight cycling in this study was only 4%, which 
is lower compared to 11–51% in Western men7 and 20–68% in Western women6. The lesser impact in Asian 
populations may be due to less severe weight fluctuations and a lower prevalence of cholesterol stones, although 
the increasing rates of weight cycling and obesity in recent years suggest that this risk may rise2.

This study also revealed demographic differences in gallstone risk: the increased risk associated with weight 
gain was more pronounced in females and younger individuals, consistent with previous studies3,10. The gallstone 
risk from weight loss was more distinct in males and older individuals. Weight loss induces a catabolic state 
through caloric restriction, which significantly elevates the accumulation of excess fat, possibly linked to the 
gallstone risk, particularly among the elderly15. The reasons for linking weight loss and males are not clarified. 
Weight cycling, despite being more frequent in females16, increased the gallstone risk across both sexes but was 
more significant in younger males. The reasons for sex-predominant gallstone risk by weight patterns need 
further studies.

An inverse association between physical activity and gallstone was also confirmed in this study9,17,18. Engaging 
in regular physical activity more than once per week can reduce the risk of gallstones among individuals with 
weight changes to the level of weight maintainers. Their protective effects were more substantial in those gaining 
weight compared to those losing weight or cycling in this study. The risk reduction by physical activity is effective 
in both sexes consistent with previous studies17,18. Physical activity directly reduces gallstone risk by decreasing 
biliary cholesterol supersaturation and enhancing gallbladder motility10,19. In addition, it reduces the level of 

Fig. 1. Analysis of gallstone risk associated with obesity in males and females. (A) Body mass index, (B) Waist 
circumference. Adjusted by age, blood pressure, pulse pressure, cholesterol, fasting blood glucose, proteinuria, 
AST/ALT, r-GTP, socioeconomic status, physical activity, drinking and smoking.
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deoxycholic acid by accelerating colonic transit. It is also effective in improving glucose tolerance and reducing 
insulin levels through the enhancement of glucose utilization20.

This study also confirmed that both overall (BMI) and central adiposity obesity (WC) are correlated with 
gallstone risk, with a greater risk associated with central obesity21,22. Consistent with previous studies8,23, the 
gallstone risk associated with overall obesity was greater in females. However, the effect of central obesity was 
greater in males in this study, whereas it was higher in females in Mexican-American24. Additionally, various 
types of weight changes were linked with gallstone risk across different BMI categories. A new finding in this 
study was that all types of weight changes were associated with gallstone risk in individuals with a normal BMI. 
Therefore, maintaining a stable weight is essential to prevent gallstones, even in non-obese individuals.

This study identified several risk factors for gallstones, including older age, male sex, low SES, the presence 
of proteinuria, prediabetes or diabetes, abnormal liver function tests, and heavy smoking. Conversely, moderate 
alcohol consumption seemed to have a protective effect against gallstones25,26. Diabetes is recognized as a risk 
factor for gallstones18,27, with insulin levels playing a role in gallbladder kinetics28. Smoking may influence 
gallstone formation by promoting endothelial dysfunction and thrombosis, as well as affecting the immune 
response and microbial composition8,27. Older age contributes to gallstone risk due to slowed metabolism and 
reduced physical activity. In this study, males exhibited a 10% higher risk of gallstones than females, contrary to 
trends in Western populations where females predominantly suffer from gallstone12. Low SES, proteinuria, and 
abnormal liver function tests were also identified as risk factors.

This study offers several advantages over previous research. Firstly, it employs a cohort study design, 
tracking both weight changers and maintainers to provide a time-based estimate of gallstone risk. Secondly, 
unlike studies drawing cases from specialized clinics or medical centers, our population-based study included 
a broader spectrum of the general population in Korea. Thirdly, this is the first study to explore the long-term 
effects of weight patterns and physical activity on gallstone risk within an Asian context, where the prevalence 
of gallstone and the predominance of cholesterol stones are lower compared to Western countries. Furthermore, 
a wide range of covariates related to gallstone risk, including anthropometric measurements, metabolic factors, 
lifestyle factors, and comorbidities, were adjusted for in the analysis.

However, this study has several limitations. Firstly, symptomatic and asymptomatic gallstones could not be 
differentiated, as the identification of gallstones relied solely on ICD-10 codes. Some asymptomatic cases may 
have been overlooked. Additionally, we could not differentiate between intentional and unintentional weight 

Fig. 2. Analysis of gallstone risk associated with long-term weight patterns by body mass index. (A) 
BMI < 18.5 kg/m2, (B) BMI 18.5–24.9 kg/m2, (C) BMI 25.0–29.9 kg/m2, (D) BMI 18.5–24.9 kg/m2. BMI, 
body mass index; HR, hazard ratio. Adjusted by age, sex, waist circumference, blood pressure, pulse pressure, 
cholesterol, fasting blood glucose, proteinuria, AST/ALT, r-GTP, socioeconomic status, physical activity, 
drinking, and smoking.
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loss. Given the demographics of those experiencing weight loss, who were more likely to be obese and exhibit 
metabolic risk factors, we suggest a significant proportion were likely attempting intentional weight loss. Lastly, 
we were unable to identify other potential risk factors such as diet29, genetics, medications, and microbiome 
influences in this study.

In conclusion, the risks of gallstones associated with weight gain, loss, or cycling can be mitigated by regular 
physical activity. Maintaining stable body weight with normal BMI combined with regular physical activity are 
particularly crucial to reduce the risk of gallstones.

Methods
Data sources
Data for this study were sourced from the NHI database of Korea, which contains comprehensive healthcare 
utilization records, including diagnoses (International Classification of Disease, 10th Revision, ICD-10 codes), 
screenings, and demographics.

The NHSP, a population-based health screening program, mandates biannual standardized health check-ups 
for all insured individuals and their dependents. These check-ups capture data through a standard questionnaire 
on lifestyle habits such as alcohol consumption, smoking, and physical activity. Additionally, they include 

Fig. 3. Analysis of gallstone risk associated with long-term weight patterns by sex and age. (A) All, < 45 years 
old, (B) All, ≥ 45 years old, (C) Male, < 45 years old, (D) Male, ≥ 45 years old, (E) Female, < 45 years old, (F) 
Female, ≥ 45 years old. HR, hazard ratio. Adjusted by body mass index, waist circumference, blood pressure, 
pulse pressure, cholesterol, fasting blood glucose, proteinuria, AST/ALT, r-GTP, socioeconomic status, physical 
activity, drinking, and smoking.
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Fig. 4. Analysis of gallstone risk associated with long-term weight patterns by physical activity. (A) All, (B) 
Male, (C) Female. PA, physical activity; WG++, > 20% weight gain; WG+, 5–20% weight gain; wc, weight 
cycling; WL+, 5–20% weight loss; WL++, > 20% weight loss. Adjusted by age, sex, body mass index, waist 
circumference, blood pressure, pulse pressure, cholesterol, fasting blood glucose, proteinuria, AST/ALT, r-GTP, 
socioeconomic status, drinking, and smoking.
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anthropometric measurements like BMI, WC, and BP, along with basic laboratory tests for fasting blood glucose 
(FBG) levels, lipid profiles, proteinuria, and liver enzymes.

Study population
From the NHI and NHSP databases, we identified 5,246,103 individuals who underwent consecutive biannual 
standardized health checkups more than five times from 2002 to 2018. We excluded individuals with prior 
histories of gallstones or cholecystectomy (ICD-10 codes K80, or cholecystectomy codes Q7380 and Q7410; 
n = 169,680), those outside the age range of 20–80 years (n = 14,044), and those with missing data (n = 225). 
Consequently, 5,062,154 individuals were included in the study (Fig.  6). We focused on individuals newly 
diagnosed with gallstones (ICD-10 code K80) within the study timeframe.

Assessment of weight patterns, physical activity, and covariates
Weight patterns over the 10-year observation period were categorized based on biennial health check-up 
data: weight maintainers (individuals whose net weight change was within ± 5%), weight gainers (individuals 
who experienced more than 5% net weight gain, further subdivided into 5–20% and more than 20%), weight 
losers (individuals who experienced more than 5% net weight loss, similarly subdivided), and weight cyclers 
(individuals who gained more than 5% of body weight followed by a loss of more than 5%, while those whose net 

Fig. 5. Risk analysis of covariates associated with gallstones.
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weight change remained within ± 5%). Physical activity was assessed as light to moderate-intensity activity for at 
least 30 min per day, or vigorous-intensity activity for at least 20 min per day30. Consistency over the decade was 
classified as none/intermittent (less than once per week) or continuous (more than once per week).

The covariates for the adjusted model related to gallstone risk were selected based on previous studies, which 
include obesity (BMI and WC), metabolic factors (FBS, cholesterol level, BP, and PP), lifestyle factors (smoking 
and alcohol consumption), SES, and comorbidities (liver function tests and proteinuria31). We have included a 
Directed Acyclic Graph (DAG) in the supplementary Fig. 1 to illustrate the minimal adjustment model.

BMI was calculated as underweight (< 18.5 kg/m2), normal (18.5–24.9 kg/m2), overweight (25.0–29.9 kg/
m2), and obese (≥ 30 kg/m2). WC at last health check-up was divided into quartiles: Q1–25, Q26–50, Q51–75, 
and Q75–100. Based on their NHSP response at enrollment, smoking was categorized according to pack-years of 
< 10, 10 to < 20, and ≥ 20. Alcohol consumption was categorized according to never, < 5 [4] drinks per week, < 5 
[4] drinks twice a week, or ≥ 5 [4] drinks twice a week; numbers in parentheses represent the amount of alcohol 
consumption in women. Serum biochemical parameters, including FBG (categorized as < 100 mg/dl for normal, 
100–125 mg/dl for prediabetes, and ≥ 126 mg/dl for diabetes), total cholesterol (categorized as < 200 mg/dl for 
normal, 200–239 mg/dl for borderline high, and ≥ 240 mg/dl for high), aspartate aminotransferase (AST) or 
alanine aminotransferase (ALT) (≤ 40 U/L for normal and > 41 U/L for high), and gamma-glutamyl transferase 
(GGT) (≤ 76 U/L for normal and > 76 U/L for high), were also included as covariates. Systolic and diastolic 
BP (SBP/DBP, < 120/<80, 120–129/<80, 130–139/80–89, 140–179/90–119, 180+/120 + mmHg) and PP (< 40, 
40–59, 60 + mmHg) were also categorized. Proteinuria was categorized (negative/equivocal or positive). SES 
was determined by insurance premium categories ranging from below the poverty line to the highest quintile.

Statistical analysis
The study population was followed from enrollment until a diagnosis of gallstone, death, or the end of the study 
period, calculating person-years accordingly. Cox proportional hazards regression models estimated the IRR 
and HR with CI for gallstones, adjusted for the identified covariates and stratified by age (< 45 or ≥45 years) and 
sex. The proportional hazards assumption was verified using Schoenfeld residuals. We used Stata version 15.0 
(Stata Corp) in the execution of all statistical analyses.

Ethical considerations
The study was conducted in accordance with the Declaration of Helsinki and was approved by the Institutional 
Review Board Ethics Committee of Korea University College of Medicine (KUIRB-2021-0403-01). Given the 
retrospective and anonymous nature of the data, informed consent was waived. The data were accessed through 
the NHIS database of Korea (https://nhiss.nhis.or.kr).

Fig. 6. Flow chart of the study. Wt, weight; NHSP, National Health Screening Program.
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Data availability
The data used in this study were acquired from the Korean National Health Insurance (KNHI) Service (https://
www.nhis.or.kr/english/index.do) and the Korean National Health and Nutrition Examination Survey (KN-
HANES, https://knhanes.cdc.go.kr/knhanes/eng/sub03/sub03_01.do). Due to restrictions on the availability of 
the data, it was used with permission for the current study and is therefore not publicly available. However, the 
date is available from the corresponding author on reasonable request and with the permission of KNHI and 
KNHANES.
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