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ABSTRACT
Aims/Introduction: We investigated the associations between a combination of
lifestyle factors and changes to these factors and the subsequent risk of severe
hypoglycemia (SH) in type 2 diabetes patients.
Materials and Methods: Individuals with adult type 2 diabetes who underwent
consecutive 2-year interval health screening programs from 2009 to 2012 from the Korean
National Health Insurance Service database were included and followed up until 2018.
Information on history of smoking status, alcohol consumption and physical activity, as
well as changes to these factors, was obtained. The primary outcome was incident SH.
Results: Of the 1,490,233 type 2 diabetes patients, 30,539 (2.1%) patients developed SH.
Current smokers and heavy drinkers had increased risk of SH, compared with non-
smokers and non-drinkers, respectively (hazard ratio 1.28, 95% confidence interval 1.23–
1.34; hazard ratio 1.22, 95% confidence interval 1.15–1.30). However, regular physical
activity was associated with reduced SH risk (hazard ratio 0.79, 95% confidence interval
0.77–0.82). A combination of unhealthy lifestyle habits was associated with increased SH
risk in a dose-dependent fashion (P for trend <0.001). Compared with participants without
changes in their unhealthy lifestyles, participants who improved lifestyles had decreased
risk of SH.
Conclusions: Greater adherence to healthy lifestyle factors and any improvement in
unhealthy lifestyle habits were associated with a substantially lower risk of SH in
individuals with type 2 diabetes.

INTRODUCTION
Hypoglycemia in people with diabetes is troublesome and an
important obstacle in diabetes care, especially for implementing
intensification of glycemic control. According to the revised clas-
sification by the International Hypoglycemia Study Group, severe
hypoglycemia (SH) is defined as severe events characterized by
altered mental and/or physical status requiring assistance for
recovery1. SH is an advanced and life-threatening form of

hypoglycemia that can cause seizures, loss of consciousness,
dementia, cardiovascular disease (CVD) and even death2. The
incidence of SH in randomized controlled trials has been shown
to be at least a two- to threefold higher in groups undergoing
intensive glucose control than in conventional controls3,4.
An increase in hypoglycemia severity has a negative impact

on health-related quality of life and overall healthcare resource
use, including costs5,6. More importantly, the clinical signifi-
cance of SH is that it is closely associated with an increased risk
for subsequent cardiovascular (CV) outcomes and mortality in
people with type 2 diabetes7–10. Analyses of several large-scale,
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long-term randomized CV outcome trials evaluating glucose-
lowering agents or intensive treatment strategies have identified
an approximately 1.5–3.5-fold increased risk of CV events, CV
mortality or all-cause mortality among participants with type 2
diabetes who had SH than among those who did not have
SH8,9. Therefore, it is important to establish strategies for pre-
venting and identifying predictors, especially for patients with
type 2 diabetes at high risk of SH.
Nevertheless, regarding the risk factors for SH among type 2

diabetes patients, most high-risk patients with SH generally are
very old, are fragile, have long-standing diabetes, are treated
with insulin and have multiple underlying advanced comorbidi-
ties11. For these reasons, it is not easy to find preventable and
modifiable risk factors for intervention. If practicable strategies,
such as adherence to a healthy lifestyle, could be used to help
prevent SH, many vulnerable patients with type 2 diabetes
could avoid this harmful and dangerous situation.
Lifestyle management is essential and foundational to achiev-

ing proper care for type 2 diabetes12,13. Unhealthy lifestyles,
such as heavy alcohol consumption, sedentary behavior, smok-
ing and unhealthy diet, have been associated with an increased
risk of complications in diabetes14–17. However, evidence is very
limited regarding the impact of lifestyle habits on incident SH
in type 2 diabetes.
Therefore, in the present study, we aimed to investigate the

associations between clusters of unhealthy lifestyle factors,
defined by combinations of smoking, heavy alcohol consump-
tion and a lack of regular exercise, and the risk of SH in indi-
viduals with type 2 diabetes using a longitudinal Korean
nationwide population-based cohort.

MATERIALS AND METHODS
Study population
We used the Korean National Health Insurance Service-Health
Screening Cohort (NHIS-HEALS) database, which includes
qualified claims data based on International Classification of
Diseases (ICD)-10 codes, health checkups, prescription dispens-
ing records and death information18,19. The NHIS provides a
regular national health examination program for the public,
and all Korean adults are recommended to undergo general
health screening at least once every 2 years, including the col-
lection of demographic information, laboratory tests and self-
administered questionnaires on lifestyle behaviors20. The pre-
sent study was carried out in accordance with the Declaration
of Helsinki. Because the NHIS-HEALS database has been made
publicly available with anonymous and deidentified informa-
tion, the requirement of consent from individual participants
was waived. This study was approved by both the NHIS and
the institutional review board of the Catholic University of
Korea (VC21ZISI0094), and followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
reporting guidelines21.
In this analysis, we screened 2,745,637 individuals with

type 2 diabetes who were aged ≥20 years and underwent health

examination from 1 January 2009 to 31 December 2012. To
investigate the association of any lifestyle changes with SH
development, we included participants who received an addi-
tional consecutive health examination within 2 years from base-
line (n = 1,947,440) and followed them up until 31 December
2018. Exclusion of those with missing information on lifestyle
factors, cancer, liver cirrhosis, end-stage renal disease or alco-
holic liver disease resulted in a total of 1,490,233 participants
for the main analysis (Figure S1).

Lifestyle factors
Information on history of smoking status, alcohol consump-
tion and physical activity was obtained from a health checkup
self-report questionnaire. Smoking status was classified as
non-smoker, ex-smoker or current smoker. The frequency of
alcohol consumption per week and an average amount of
alcohol consumption per drinking session were collected.
Then alcohol consumption was categorized as none, mild-to-
moderate alcohol consumption (<30 g/day) or heavy alcohol
consumption (≥30 g/day) based on the assumptions for calcu-
lating the amount of alcohol consumption18–20. The structured
questionnaire was based on the International Physical Activity
Questionnaire, and both the reliability and validity of the
Korean version of the International Physical Activity Ques-
tionnaire short form have been proven22,23. Regular exercise
was defined as carrying out moderate-intensity physical activ-
ity for at least 30 min/day at least five times/week or
strenuous-intensity physical activity for at least 20 min/day at
least three times/week20–23. The same questionnaire form was
used in the biennial health examinations during 2009–2012.
The primary exposures of interest were lifestyle factors and
changes in lifestyle factors between the two separate biennial
health examinations.
To assess the impact of clusters of unhealthy lifestyle factors,

we assigned 0 points for a healthy level and 1 point for an
unhealthy level in each lifestyle factor. Then, we divided the
participants into four groups based on the combinations of
each unhealthy lifestyle habit as follows: (i) participants without
any unhealthy lifestyle factors (score 0); (ii) those with a single
unhealthy lifestyle factor (score of 1); (iii) those with different
combinations of two unhealthy lifestyle factors (score of 2);
and (iv) participants with all three unhealthy lifestyle factors
(score of 3). Thus, the higher score represents more unhealth-
ier lifestyle.
We also further investigated the changes in each lifestyle

habit between the two consecutive health examinations. We
classified changes in the smoking and alcohol consumption fac-
tors as follows according to the response on questionnaires at
the first and second examination: healthy habit maintained,
no–no; starting or restarting of unhealthy habits, no–yes;
unhealthy habits discontinued, yes–no; and unhealthy habit
maintained, yes–yes. As regular exercise is a healthy habit, for
this factor, we expressed “healthy habit maintained” as “yes–
yes”, and “unhealthy habit maintained” as “no–no”.
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Primary outcome and assessment of covariates
We collected all episodes reporting SH as the primary outcome,
which was defined as the diagnostic clinical codes for hypo-
glycemia (ICD-10 codes of E 160–162, E1165, E1465) from the
emergency room claims dataset24. We also extracted informa-
tion on a prior SH history within 3 years before the second
health screening examination.
Type 2 diabetes was defined based on: (i) ICD-10 codes

(E11–E14) and the claims for antidiabetic medications; or (ii) a
fasting glucose level test (≥126 mg/dL) during a health screen-
ing program. The criteria for socioeconomic status were based
on the average monthly insurance payments imposed by the
Korean NHI Corporation. Hypertension was defined based on
diagnostic ICD-10 codes (I10-13 or I15) and at least one claim/
year for antihypertensive medication or systolic/diastolic blood
pressure ≥140/90 mmHg25. Dyslipidemia was defined based on
diagnostic codes (E78) and at least one claim/year for a lipid-
lowering agent or total cholesterol ≥240 mg/dL25,26. CVD was
defined as diagnostic codes of I21-22 or I63-6425,26. All types of
cancer, liver cirrhosis and end-stage renal disease were also
identified using the ICD-10 codes, and then excluded25,26. The
estimated glomerular filtration rate (eGFR) was calculated from
serum creatinine using the Modification of Diet in Renal Dis-
ease Study Group equation27.

Statistical analysis
Baseline characteristics are presented as numbers and percent-
ages for categorical variables, and the mean – standard devia-
tion for continuous variables. The annual incidence rate of the
primary outcome is presented as the number of events per
1,000 person-years. After the index date of the second health
checkup, participants were followed up for incident SH until
death or until the end of the study period, 31 December 2018,
whichever came first. Cox proportional hazard regression was
used to estimate the hazard ratios (HRs) and 95% confidence
intervals (CIs) for the associations of each lifestyle habit and
the overall healthy lifestyle score (score 0, 1, 2 or 3) with risk
of SH in type 2 diabetes patients. Next, we analyzed the associ-
ation between unhealthy lifestyle habit changes and the subse-
quent risk of SH in type 2 diabetes patients. We classified
participants into four groups based on the change in each
unhealthy lifestyle factor from the first to the second health
examination: constantly unhealthy, starting or restarting
unhealthy, starting or restarting healthy and constantly healthy.
We further checked whether the changes in unhealthy lifestyle
habits could influence the risk of SH during the follow-up per-
iod. In multivariate models, we adjusted for age, sex, smoking
status, heavy alcohol consumption, regular exercise habit,
socioeconomic status (lower 25%), duration of treatment with
antihyperglycemic agents (≥5 vs <5 years), prior history of SH
within the past 3 years, body mass index, eGFR, oral hypo-
glycemic agents (≥3 classes), fasting glucose level, insulin use
and the presence of comorbidities (hypertension, dyslipidemia,
CVD). We assessed potential effect modification through

stratified analysis and interaction testing using a likelihood ratio
test. Analyses were further stratified by age (<65 or ≥65 years),
sex, treatment duration of diabetes (<5 or ≥5 years), income
status (lower 25% or ≥25%), insulin or sulfonylurea use, pres-
ence of chronic kidney disease (CKD) or CVD and prior his-
tory of SH. Sensitivity analyses that calculated the risk of SH at
1 year from the index date as the outcome were carried out to
show the robustness of our results. Schoenfeld residuals were
used to assess the proportional hazard assumption. A two-sided
P-value of <0.05 was considered significant. All statistical analy-
ses were carried out using SAS version 9.4 (SAS Institute, Inc.,
Cary, NC, USA).

RESULTS
Baseline characteristics
The baseline clinical characteristics of the study population
according to SH development are presented in Table 1. Among
1,490,233 participants with type 2 diabetes, 30,539 patients
(2.1%) experienced incident SH during a median follow-up per-
iod of 6.4 years. Participants’ mean age was 58.1 – 12.4 years,
and 57.6% were men. The proportion of participants who had
diabetes treatment for > 5 years was 36.0%. The prevalence of
current smokers was 23.2%, that of heavy alcohol drinkers was
7.4% and that of participants engaging in regular exercise was
22.4%. Compared with patients without SH events, patients
with SH events were older; were more likely to be female; had
lower body mass index; had a higher level of fasting glucose;
had a lower level of eGFR; had a higher prevalence of hyper-
tension and CVD; were more likely to have a previous history
of an SH event; had a longer duration of diabetic medication,
insulin or sulfonylurea use; and were more likely to be taking
multiple classes of oral hypoglycemic agents. Current smoking
and heavy alcohol drinking were more common in patients
without incident SH; however, the proportion of participants
who carried out regular exercise was lower in patients with
incident SH (all P-values <0.001; Table 1). Clinical baseline
characteristics according to the number of severe hypoglycemia
events are also shown in Table S1. We further classified into
five subgroups according to eGFR category to identify SH risk
factors. As shown in Table S2, participants with a lower eGFR
category were more prone to SH events. Furthermore, repeated
SH events occurred more frequently in patients with reduced
renal function (Table S2).

Risk of severe hypoglycemia according to baseline unhealthy
lifestyle habits
In the multivariable Cox proportional hazard model, after mul-
tiple demographic, laboratory and comorbidity confounders
were adjusted for, the risk of SH was significantly increased in
the group with current smokers or heavy alcohol drinkers com-
pared with that in the group with non-smokers or non-alcohol
drinkers (Table 2). However, the regular exercise group signifi-
cantly reduced the subsequent SH risk by 21% compared with
those who did not exercise regularly among those with type 2
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diabetes (Table 2). In the subgroup analysis, consistent results
were observed when further stratified by age, low income, treat-
ment duration of diabetes, presence of CKD, sulfonylurea use
and multiple classes of oral hypoglycemic agents (Figure 1).
However, no significant association between unhealthy lifestyle
factors and incident SH was found in the following subgroups
for each lifestyle factor: female participants and participants
with a prior history of SH for smoking factors (Figure 1a);
female participants, insulin users and participants with a prior
history of SH or CVD for alcohol consumption factors (Fig-
ure 1b); and participants with a prior history of SH for regular
exercise factors (Figure 1c). Remarkably, for patients with previ-
ous SH experience, no significant associations between all three
unhealthy lifestyle factors and the risk of incident SH were
detected (Figure 1).
In the categorization of participants based on their unhealthy

lifestyle factors, 16.8% of participants did not have any
unhealthy lifestyle factors (score of 0), 61.4% had only one
unhealthy factor (score of 1), and 18.7% and 3.1% had two
(score 2) and three (score 3) unhealthy lifestyle factors, respec-
tively. A total of 83.2% of the total study population had at
least one unhealthy lifestyle factor. An increased score was

significantly associated with a higher risk of incident SH in a
dose-dependent fashion. Compared with participants with a
score of 0, the participants with a score of 1 had an HR of 1.29
(95% CI 1.25–1.34), those with a score of 2 had an HR of 1.46
(95% CI 1.35–1.58) and those with a score of 3 had an HR of
1.81 (95% CI 1.51–2.12) for incident SH risk in type 2 diabetes
(P for trend <0.0001, Figure 2). The participants with all three
unhealthy lifestyle factors showed an 81% higher risk of SH
compared with those without any unhealthy lifestyle factor.

Risk of severe hypoglycemia according to unhealthy lifestyle
behavior changes
Next, the participants were divided into four categories accord-
ing to the change in each lifestyle behavior over 2 years:
healthy-healthy, healthy-unhealthy, unhealthy-healthy and
unhealthy-unhealthy. Compared with no change to an
unhealthy lifestyle, any improvement in each lifestyle factor was
significantly associated with a lower risk for SH incidence
(Table 3). In the case of smoking habits, compared with con-
stant non-smokers, those who newly started smoking, those
who stopped smoking and constant smokers had HRs of 1.32,
1.17 and 1.30, respectively (P for trend <0.001). A similar trend

Table 1 | Baseline clinical characteristics of the study population according to incident severe hypoglycemia

Total Severe hypoglycemia

n = 1,490,233 No (n = 1,459,694) Yes (n = 30,539) P-value

Age (years) 58.1 – 12.4 57.9 – 12.4 68.0 – 10.3 <0.001
Male sex 857,561 (57.6) 843,661 (57.8) 13,900 (45.5) <0.001
Weight (kg) 65.7 – 11.8 65.8 – 11.8 60.6 – 10.5 <0.001
BMI (kg/m2) 24.9 – 3.3 24.9 – 3.3 24.3 – 3.4 <0.001
SBP (mmHg) 127.9 – 15.2 127.8 – 15.2 130.7 – 16.9 <0.001
DBP (mmHg) 78.1 – 10.0 78.2 – 9.9 77.2 – 10.5 <0.001
Income status (lower 25%) 347,032 (23.3) 339,326 (23.3) 7,706 (25.3) <0.001
Hypertension (yes) 824,802 (55.4) 801,260 (54.9) 23,542 (77.1) <0.001
Dyslipidemia (yes) 644,992 (43.3) 629,207 (43.1) 15,785 (51.7) <0.001
CVD history (yes) 80,103 (5.4) 76,106 (5.2) 3,997 (13.1) <0.001
SH history within 3 years (yes) 6,606 (0.4) 5,145 (0.4) 1,461 (4.8) <0.001
No. SH events

No SH 1,482,994 (99.5) 1,454,190 (99.6) 28,804 (94.3) <0.001
SH, 1 time 6,242 (0.42) 4,907 (0.34) 1,335 (4.37)
SH, ≥2 times 997 (0.07) 597 (0.04) 400 (1.31)

Duration of diabetic medication ≥5 years 537,114 (36.0) 514,062 (35.2) 23,052 (75.5) <0.001
SU use (yes) 572,185 (38.4) 550,229 (37.7) 21,956 (71.9) <0.001
Meglitinide (yes) 16,963 (1.14) 15,841 (1.09) 1,122 (3.67) <0.001
Insulin use (yes) 120,638 (8.1) 111,093 (7.61) 9,545 (31.3) <0.001
Oral hypoglycemic agents (≥3 classes) 233,139 (15.6) 222,919 (15.3) 10,220 (33.5) <0.001
Glucose (mg/dL) 131.8 – 45.5 131.7 – 45.1 138.1 – 59.9 <0.001
eGFR (mL/min/1.73 m2) 86.7 – 38.5 87.0 – 38.6 72.6 – 31.1 <0.001
Current smoker (yes) 345,474 (23.2) 340,922 (23.4) 4,552 (14.9) <0.001
Heavy alcohol consumption (yes) 109,600 (7.4) 108,265 (7.4) 1,335 (4.4) <0.001
Regular exercise (yes) 333,749 (22.4) 328,344 (22.5) 5,405 (17.7) <0.001

Data are mean – SD or n (%). BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration
rate; SBP, systolic blood pressure; SH, severe hypoglycemia; SU, sulfonylurea.
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was observed in type 2 diabetes patients with heavy alcohol
consumption (P for trend <0.001). Compared with constant
non-drinkers, constant heavy drinkers and alcohol abstainers
had increased risk of SH by 28% and 13%, respectively. The
SH risk significantly increased in the group starting or restart-
ing heavy alcohol consumption over 2 years compared with
that in the constant non-drinker group (HR 1.20, 95% CI
1.11–1.31). In addition, the risk of subsequent SH was signifi-
cantly reduced by 27% in participants who constantly exercised
regularly in both periods compared with the participants who
did not. In particular, in the case of regular exercise, starting
regular exercise could lower the risk of SH by 20% (Table 3).
We further carried out multivariate sensitivity analysis, which
investigated the relationship between changes in unhealthy life-
style factors and the risk of SH at 1 year from the index date
as the outcome. We also found consistent results that patients
who maintained constant unhealthy lifestyle factors had an
increased subsequent SH risk for all three exposure factors
compared with those who had constant healthy lifestyles
(Table S3).
In the subgroup analysis, we investigated the interaction of

lifestyle changes and multiple main variables in the context of
SH risk, and found that the association of SH risk with lifestyle
changes varied by age, sex, sulfonylurea or insulin use, presence
of CKD and previous history of SH (Table S4).

DISCUSSION
In the present large prospective nationwide cohort study, we
found that unhealthy lifestyle factors, defined as current smok-
ing, heavy alcohol consumption and lack of regular exercise,
were significantly associated with increased risk of SH in indi-
viduals with type 2 diabetes. A combination of unhealthy life-
style factors was significantly associated with higher SH risk in
people with type 2 diabetes in a dose-dependent manner. Nota-
bly, compared with those who were adherent to unhealthy life-
styles, individuals with any improvements in these unhealthy

lifestyle factors had a lower risk of subsequent SH events. These
beneficial effects appeared even at the 1-year follow up after a
behavior change within 2 years. To the best of our knowledge,
this is the first long-term nationwide study on the association
of lifestyle habits and its interval changes with the risk of SH in
type 2 diabetes patients.
Lifestyle modification is an essential component of diabetes

self-care, optimal glycemic control and CV health outcomes
among individuals with type 2 diabetes12–14. The Nurses’
Health Study and the Health Professionals Follow-Up Study
found that an overall healthy lifestyle after diabetes diagnosis,
defined as eating a high-quality diet, not smoking, engaging in
moderate-to-vigorous intensity physical activity and drinking
alcohol in moderation, was significantly associated with a lower
risk of CVD incidence and CVD mortality28. In addition to
type 2 diabetes, adherence to a healthy lifestyle among adults
with mild-to-moderate CKD was associated with a reduced risk
for adverse outcomes, including progression of CKD,
atherosclerotic events and all-cause mortality29, even in adults
receiving maintenance hemodialysis30,31. However, the beneficial
effect of lifestyle modification on the prevention of SH in
type 2 diabetes patients has not been fully evaluated.
Studies reporting the relationship between SH and lifestyle

behavior in people with diabetes are very limited. In young
people with type 1 diabetes, patients who reported SH events
were more likely to be physically active and to have lower gly-
cated hemoglobin levels, and being physically active was associ-
ated with an 87% higher likelihood of SH events32. Smoking
habit was not associated with SH. For type 2 diabetes patients,
the independent predictors of incident SH among lifestyle fac-
tors in the longitudinal observational Fremantle Diabetes Study
were alcohol consumption (≥10 g/day) and current smoking33.
In contrast, current alcohol consumption was not associated
with SH in Japanese insulin-treated patients with type 1 dia-
betes and type 2 diabetes34. For patients with type 2 diabetes
treated with insulin from the Dutch Diabetes Pearl cohort

Table 2 | Lifestyle factors and risk of severe hypoglycemia in type 2 diabetes patients

n SH IR Model 1 P-value Model 2 P-value

Current smoker
No 1,144,759 25,987 3.57 Reference <0.001 Reference <0.001
Yes 345,474 4,552 2.03 1.23 (1.18–1.28) 1.28 (1.23–1.34)

Heavy alcohol consumption
No 1,380,633 29,204 3.31 Reference <0.001 Reference <0.001
Yes 109,600 1,335 1.88 1.14 (1.07–1.21) 1.22 (1.15–1.30)

Regular exercise
No 1,156,484 25,134 3.41 Reference <0.001 Reference <0.001
Yes 333,749 5,405 2.50 0.80 (0.78–0.83) 0.79 (0.77–0.82)

Data are hazard ratios (95% confidence interval). Model 1: age, sex, smoking, drinking, regular exercise and income (lower 25%). Model 2: model 1
plus hypertension, dyslipidemia, presence of cardiovascular diseases, body mass index, estimated glomerular filtration rate level, fasting glucose level,
previous severe hypoglycemia (SH( events, insulin use, multiple classes of oral hypoglycemic agents (≥3 classes) and duration of diabetes treatment
≥5 years. IR, incidence rate (per 1,000 person-years).
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study, there were no significant differences between the group
with and without impaired hypoglycemia unawareness regard-
ing smoking and alcohol consumption (≥14 glasses/week)35. In
the post-hoc epidemiological analysis of the Action to Control
Cardiovascular Risk in Diabetes (ACCORD) trial, alcohol habits
did not interact with glycemic treatment and SH36.
In the current study, current smoking, heavy alcohol con-

sumption and lack of regular exercise were associated with
28%, 22% and 21% higher risks for new-onset SH in type 2
diabetes patients, respectively. The results of the present study
further provided evidence of the effect of current smoking and
heavy alcohol consumption on the risk of SH in individuals
who were aged <65 years, had a relatively short-term diabetes
duration (<5 years), had underlying CVD or CKD, or were
non-insulin users, although these groups are known to have a

low risk of hypoglycemia. Therefore, the detrimental effect of
unhealthy lifestyle on the risk of SH should be emphasized
from the early stage of type 2 diabetes, especially for individu-
als at high risk for SH. At the same time, patients with a high
risk of SH, especially those with previous experience with SH,
might require more special strategies other than lifestyle modi-
fication. Therefore, we suggest that for these high-risk popula-
tions, more specific strategies than lifestyle management,
including specialized intensive education about hypoglycemia
and close glucose monitoring using technological approaches,
are required37.
More meaningful findings of the present study show that,

compared with participants without changes in lifestyle, those
who improved their lifestyles had decreased risk of incident
SH. Starting unhealthy lifestyle habits was as detrimental as

Smoking status

HR[95% CI]
P for

interaction

Age, <65 years

≥65 years

Sex, male

Sex, female

Income, lower 25%

Income, ≥25%

DM duration <5 years

DM duration ≥5 years

SU, non-user

SU, user

Insulin, non-user

Insulin user

Multiple classes of OHA, <3

Multiple classes of OHA, ≥3

CKD, no

CKD, yes

CVD, yes

Previous SH, no

Previous SH, yes

CVD, no

1.25 [1.19, 1.32]

1.31 [1.25, 1.36]

1.27 [1.22, 1.33]

1.34 [1.21, 1.49]

1.26 [1.20, 1.32]

1.34 [1.26, 1.43]

1.29 [1.21, 1.37]

1.28 [1.22, 1.34]

1.44 [1.35, 1.52]

1.21 [1.16, 1.27]

1.19 [1.14, 1.25]

1.53 [1.44, 1.64]

1.31 [1.25, 1.38]

1.22 [1.14, 1.29]

1.28[ 1.22, 1.33]

1.26 [1.18, 1.36]

1.23 [1.11, 1.37]

1.26 [1.21, 1.32]

1.78 [1.53, 2.08]

1.0 1.2 1.4 1.6

Hazard Ratio

1.8 2 2.2

1.29 [1.23, 1.34]

0.143

0.329

0.061

0.861

<.0001

<.0001

0.023

0.794

<.0001

0.431

(a)

Figure 1 | Stratified analysis of the association of lifestyle factors with severe hypoglycemia in type 2 diabetes patients. (a) Smoking status, (b)
heavy alcohol consumption and (c) regular exercise. CI, confidence interval; CKD, chronic kidney disease; CVD, cardiovascular disease; DM, diabetes
mellitus; HR, hazard ratio; OHA, oral hypoglycemic agent; SH, severe hypoglycemia; SU, sulfonylurea.
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maintaining them. In particular, prior experience with regular
exercise could prevent SH events, even after discontinuation,
similar to the “legacy effect” of early intensive glycemic control

for the prevention of diabetic complications. Therefore, more
attention should be directed at modifiable unhealthy lifestyles
for the prevention of incident SH in type 2 diabetes.
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Figure 2 | Multivariable-adjusted hazard ratios (HRs; 95% confidence intervals [CIs]) of severe hypoglycemia incidence according to the lifestyle fac-
tor score among people with type 2 diabetes. We assigned 0 points for a healthy level and 1 point for an unhealthy level (including current smok-
ing, heavy alcohol consumption and lack of regular exercise) for each lifestyle factor, and divided the cohort into four groups based on the
combinations of each unhealthy lifestyle habit as follows: (i) participants without any unhealthy lifestyle factors (score 0); (ii) those with a single
unhealthy lifestyle factor (score of 1); (iii) those with different combinations of 2 unhealthy lifestyle factors (score of 2); and (iv) participants with all
three unhealthy lifestyle factors (score of 3).

Table 3 | Risk of severe hypoglycemia according to the changes in unhealthy lifestyle factors between the two health examinations during the
study period

1st/2nd health exam (change) Model 1 P-value Model 2 P-value Model 3 P-value

Current smoking
No–no 1 (Ref.) <0.001 1 (Ref.) <0.001 1 (Ref.) <0.001
No–yes 1.25 (1.17–1.35) 1.31 (1.21–1.41) 1.32 (1.23–1.43)
Yes–no 1.23 (1.16–1.31) 1.23 (1.15–1.31) 1.17 (1.10–1.24)
Yes–yes 1.21 (1.16–1.25) 1.25 (1.19–1.30) 1.30 (1.25–1.36)

Heavy alcohol consumption
No–no 1 (Ref.) 0.717 1 (Ref.) <0.001 1 (Ref.) <0.001
No–yes 1.01 (0.93–1.09) 1.13 (1.04–1.23) 1.20 (1.11–1.31)
Yes–no 1.004 (0.94–1.08) 1.07 (0.995–1.15) 1.13 (1.05–1.21)
Yes–yes 1.05 (0.97–1.13) 1.16 (1.07–1.26) 1.28 (1.18–1.39)

Regular exercise
No–no 1 (Ref.) <0.001 1 (Ref.) <0.001 1 (Ref.) <0.001
No–yes 0.80 (0.77–0.83) 0.81 (0.78–0.84) 0.80 (0.77–0.83)
Yes–no 0.90 (0.87–0.93) 0.90 (0.87–0.94) 0.86 (0.83–0.89)
Yes–yes 0.73 (0.70–0.76) 0.75 (0.72–0.78) 0.73 (0.70–0.76)

Data are hazard ratios (95% confidence interval). Model 1: age and sex. Model 2: model 1 plus smoking, drinking, regular exercise and income
(lower 25%). Model 3: model 2 plus hypertension, dyslipidemia, presence of cardiovascular diseases, body mass index, estimated glomerular filtration
rate level, fasting glucose level, previous severe hypoglycemia (SH) events, sulfonylurea or insulin use, multiple classes of oral hypoglycemic agents
(≥3 classes) and duration of diabetes treatment ≥5 years. IR, incidence rate (per 1,000 person-year).
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Several mechanisms for unhealthy lifestyle-induced SH might
be proposed. Smoking is known to reduce insulin clearance38.
Nicotine exposure might paradoxically increase the incidence of
SH in insulin-treated patients, possibly through reduced clear-
ance of subcutaneous insulin and enhancement of insulin
action39. The increased risk after alcohol consumption in dia-
betes patients was mainly explained by a reduction in endoge-
nous hepatic gluconeogenesis and/or glycogenolysis40. Despite
the controversial results, an increase in insulin secretion and a
reduction in growth hormone secretion after drinking can be
possible mechanisms that worsen with the combination of
defects in the glucose counterregulatory response in people with
SH41. Alcohol can cause hypoglycemia unawareness and cogni-
tive impairment, despite exaggerated physiological changes
against hypoglycemia42. In addition, a healthy lifestyle including
sustained regular exercise might reflect usual good self-
management. Glycemic control and glucose monitoring are
likely to be better in individuals with healthy lifestyles.
The strengths of the present study were that it was a large-

scale nationwide study with long-term follow up, measured out-
comes within a heavily subsidized healthcare system with a
high retention rate and carried out repeated measurements of
lifestyle factors of the same qualified items from biennial health
checkups.
There were also several limitations. Lifestyle habits were

obtained by a self-report questionnaire. Second, the present
study lacked important variables for glycemic control status,
such as HbA1c or blood glucose level, medication dosage and
detailed information about disease duration. Third, the partici-
pants who were enrolled were relatively healthy and could
receive national health screening programs regularly, therefore,
selection bias might have occurred. Fourth, among lifestyle fac-
tors, dietary quality was not evaluated. Finally, only individuals
of Asian ethnicity were included. For generalization, further
study in a more diverse ethnic population is required.
Nevertheless, the present study has provided novel evidence

to suggest that adopting a healthy lifestyle could be a feasible,
cost-effective and practical prevention strategy for people with
type 2 diabetes to reduce the risk of developing SH. Further-
more, behavioral modification from an unhealthy to a healthier
lifestyle was also associated with lower SH in adults with type 2
diabetes. However, populations with a very high risk of SH,
such as very old, vulnerable patients with a previous history of
SH, require more specific intervention strategies beyond lifestyle
modification. Therefore, a more intensive, individualized and
patient-centered detailed approach for the prevention of SH
should also be developed in this high-risk population for type 2
diabetes.
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Figure S1 | Study design and enrollment flow.

Table S1 | Clinical baseline characteristics according to the number of severe hypoglycemia events

Table S2 | Baseline clinical characteristics of the study population according to the incidence of severe hypoglycemia.

Table S3 | The risk of severe hypoglycemia according to the changes in unhealthy lifestyle factors between the two health examina-
tions at the 1-year follow up

Table S4 | Stratified analysis of the association of the changes in lifestyle factors with severe hypoglycemia in type 2 diabetes
patients.
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