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Abstract

Background Underweight status increases the risk of cardiovascular disease and mortality in the general population.
However, whether underweight status is associated with an increased risk of developing end-stage kidney disease is
unknown.

Methods A total of 9 845 420 participants aged >20 years who underwent health checkups were identified from the
Korean National Health Insurance Service database and analysed. Individuals with underweight (body mass index
[BMI] < 18.5 kg/m?) and obesity (BMI > 25 kg/m?) were categorized according to the World Health Organization
recommendations for Asian populations.

Results During a mean follow-up period of 9.2 = 1.1 years, 26 406 participants were diagnosed with end-stage kidney
disease. After fully adjusting for other potential predictors, the moderate to severe underweight group (<17 kg/m?)
had a significantly higher risk of end-stage kidney disease than that of the reference (normal) weight group (adjusted
hazard ratio, 1.563; 95% confidence interval, 1.337-1.828), and competing risk analysis to address the competing risk
of death also showed the similar results (adjusted hazard ratio, 1.228; 95% confidence interval, 1.042-1.448).
Compared with that of the reference BMI group (24-25 kg/m?), the adjusted hazard ratios for end-stage kidney disease
increased as the BMI decreased by 1 kg/m?. In the sensitivity analysis, sustained underweight status or progression to
underweight status over two repeated health checkups, when compared with normal weight status, had a higher
hazard ratio for end-stage kidney disease.

Conclusions Underweight status is associated with an increased risk of end-stage kidney disease, and this association
gradually strengthens as BMI decreases.
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Introduction

Obesity is a traditional risk factor for hypertension, heart fail-
ure, coronary heart disease, obstructive sleep apnoea and
chronic kidney disease (CKD), all of which are associated with
increased mortality.”™® Although the results were conflicting,
most previous studies determined an association between

cardiovascular disease or CKD and obesity, rather than
underweight status, which is defined as a body mass index
(BMI) < 18.5 kg/m?. This is related to the fact that the
worldwide prevalence of obesity has nearly doubled over
the past two decades.® According to a pooled analysis of
2416 population-based studies, the prevalence of moderate
and severe underweight status did not change considerably
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between 1975 and 2016 compared with that of the increase
in the prevalence of obesity.'® Nevertheless, recent studies
have shown that underweight status increases the risk of
fractures,***? atrial fibrillation,*® infection-related in-hospital
mortality,* lung diseases,*> %’ cardiovascular diseases*®*°
and all-cause mortality, especially in patients with CKD.?%?*
However, large nationwide population-based studies provid-
ing evidence that an underweight status increases the risk
of kidney failure in the general population are limited by
the small sample size and the lower societal concern for
underweight status than that for obesity.

To address this knowledge limitation, we evaluated the as-
sociation between underweight status and the development
of end-stage kidney disease (ESKD) using the National Health
Insurance Service (NHIS) health checkup data from 2009 to
2018. In this large nationwide population-based study, we
aimed to demonstrate the real-world association between
the degree of underweight status and the risk of ESKD in
Korea using more subdivide BMI categories.

Methods
National Health Insurance Service data source

Anonymized data are publicly available from the NHIS data-
base (https://nhiss.nhis.or.kr/bd/ab/bdaba000eng.do), which
includes all claims data provided by the NHIS and Medical
Aid programmes. Data extracted from the NHIS database
were considered representative of the entire South Korean
population, and the details of this database have been previ-
ously described.?? All insured Koreans aged >40 years un-
dergo a biannual health checkup, whereas insured employees
aged >20 years are recommended to undergo an annual
health checkup supported by the NHIS.

Main study population and follow-up

We identified 10 586 248 participants aged >20 years who
had undergone a health checkup in 2009. Individuals with a
history of ESKD before the health checkup (n = 17 576) and
those with missing data (n = 695 591) were excluded. We also
excluded participants who developed ESKD within 1 year of
follow-up (n = 27 661). Finally, 9 845 420 participants were
included in this study and were followed up from baseline
to the date of ESKD diagnosis during the follow-up period,
the date of loss of health insurance qualification or the end
of the study period (31 December 2018). To determine the
effect of sustained underweight status or progression to un-
derweight status on the risk of ESKD, a sensitivity analysis
was performed. Among the main population, participants
who did not undergo a health checkup in 2011 and who
had developed ESKD before the 2011 health checkup were

excluded. Finally, 6 694 003 participants were included in
the sensitivity analysis. A detailed enrolment flowchart is
shown in Figure 1.

Measurements and definitions

For each participant, BMI was calculated by dividing body
weight (kg) by height squared (m?). We defined underweight
status as a BMI < 18.5 kg/m?, which was divided into the
following two subgroups: moderate to severe underweight
(<17 kg/m?) and mild underweight (<17-18.5 kg/m?)
statuses according to the World Health Organization (WHO)
recommendations.”> We also defined normal weight
(18.5-23 kg/m?), overweight (23-25 kg/m?), obesity grade 1
(25-30 kg/m?) and obesity grade 2 (>30 kg/m?) according
to the WHO recommendations for Asian populations.?*

Hypertension was defined as a previous diagnosis of
hypertension (International Classification of Diseases Tenth
Revision, Clinical Modification [ICD-10-CM] codes 110-13
and 115), a history of taking at least one antihypertensive
drug or a recorded systolic blood pressure > 140 mmHg or
diastolic blood pressure > 90 mmHg in the health examina-
tion database. Diabetes was defined as a previous clinical
diagnosis of diabetes (ICD-10-CM codes E11-14), medical his-
tory of diabetes or recorded fasting serum glucose
level > 126 mg/dL in the health examination database.
Dyslipidaemia was defined as the presence of ICD-10-CM
code E78, a history of lipid-lowering drug use or a total se-
rum cholesterol level > 240 mg/dL in the health examination
data.?®%® Previous cancer and myocardial infarction were
defined based on the diagnostic codes (ICD-10-CM codes
C00-99 and 121-25), and stroke was defined using ICD-10-
CM codes 163 and 164. CKD was defined as an estimated glo-
merular filtration rate (eGFR) < 60 mL/min/1.73 m?, which
was calculated using the Modification of Diet in Renal Dis-
ease formula.?’ The modified diagnostic criteria for meta-
bolic syndrome were used by the International Obesity Task
Force of the Asia-Pacific region for Korean adults proposed
by the Korean Society for the Study of Obesity.?® The partic-
ipants were additionally categorized into three groups ac-
cording to smoking status (non-smokers, former smokers
and current smokers) and into three categories according
to alcohol consumption (non-drinkers [0 g alcohol/day],
moderate drinkers [<30 g alcohol/day] and heavy drinkers
[>30 g alcohol/day]). Regular exercise was defined as intense
physical activity for at least 20 min/day for >3 days or mod-
erate physical activity for at least 30 min/day for >5 days
during the previous week.

Proteinuria was measured using a dipstick test. Fasting
blood glucose (mg/dL), total cholesterol (mg/dL), triglycerides
(mg/dL), high-density lipoprotein cholesterol (mg/dL),
low-density lipoprotein cholesterol (mg/dL), aspartate
aminotransferase (IU/L), alanine aminotransferase (IU/L)
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Korean National Health Insurance health checkup database

10,586,248 participants who were aged 220 years underwent
national health checkup in 2009

| Main analysis |

17,576 participants were excluded due to a
history of end-stage kidney disease before the
health checkup

695,591 participants were excluded due to
missing covariate data

27,661 participants who had end-stage kidney

di within 1-year of follow-up were
excluded

9,845,420 participants were included in the main analysis

3,150,879 participants who did not performed
health checkup in 2011 were excluded

Sensitivity analysis

538 participants who developed end-stage
kidney disease until 2011 health checkup

6,694,003 participants were included in the sensitivity analysis

Figure 1 Flowchart of participant enrolment.

and gamma-glutamyl transferase (IU/L) levels were measured
in the fasting state. The quality of all laboratory tests was
confirmed by the Korean Association for Laboratory Medi-
cine, and the NHIS certified that hospitals participated in
the NHIS health checkup programmes.

Study outcomes

The study outcome was incident ESKD, defined as the
requirement of haemodialysis, peritoneal dialysis or kidney
transplantation. Patients with ESKD were identified using a
combination of ICD-10-CM codes (N18-19, 749, 794.0 and
799.2) and a special code (V001, procedure-related
outpatient care or inpatient treatment on the day of
haemodialysis; V003, peritoneal dialysis; and V005, kidney
transplantation).

Statistical analyses

+

Data are presented as mean standard deviation for
continuous variables and as numbers with proportions for
categorical variables. Non-normally distributed variables are
presented as geometric means with 95% confidence intervals
(Cls). Intergroup differences were tested using the
chi-squared test or analysis of variance, as appropriate. The
incidence rates of ESKD are presented per 1000 person-
years. To identify the risk of ESKD according to BMI catego-
ries, we calculated hazard ratios (HRs) with 95% Cls and
analysed these data using multivariable Cox proportional
hazard regression models. In Model 1, calculations were ad-
justed for age and sex. Model 2 was additionally adjusted for
smoking, alcohol consumption, regular exercise, history of
diabetes, hypertension, dyslipidaemia, eGFR and proteinuria.
Model 3 included all covariates in Model 2, along with
cardiovascular disease (myocardial infarction or stroke) and
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cancer. Moreover, we performed competing risk analysis
using the Fine and Gray model, because a mortality event
could compete with our outcome of interest.?*° Smooth
HR curves of the BMI were plotted after adjusting for all
covariates (Model 3). Subgroup analyses were conducted
according to age, sex, diabetes, hypertension, metabolic
syndrome, cardiovascular disease, CKD and proteinuria. For
subgroup analyses according to age, the participants were
classified into <65- and >65-year groups. Interaction terms
were added to test for effect modification across the sub-
groups. Sensitivity analyses were performed to identify the
effects of a sustained BMI or a reduction in BMI leading to
progression to an underweight status on the risk of ESKD
over a 2-year period. BMI status at each evaluation year
(pre- and post-BMI) was divided into four categories: under-
weight, normal, overweight and obesity statuses. All statisti-
cal analyses were performed using the Statistical Analysis
System (SAS) software (Version 9.4; SAS Institute, Cary, NC,
USA), and all two-tailed tests with P < 0.05 were considered
statistically significant.

Results
Baseline characteristics

The mean baseline age of the participants was 47.2 years,
and 54.6% were men. The characteristics of the participants,
stratified according to BMI categories, are presented in
Table 1. In our study population, the percentage of under-
weight participants was 3.7% (n = 364 139), whereas the per-
centage of those with obesity was 32.6% (n = 3 213 808). The
participants in the underweight group were less likely to be
smokers and alcohol drinkers; had a lower prevalence of dia-
betes, hypertension, metabolic syndrome and dyslipidaemia;
had a better lipid profile; and had a higher eGFR than those
in the overweight and obesity groups. However, underweight
participants were less likely to exercise regularly and had a
higher prevalence of cancer. Underweight and obesity partic-
ipants have a greater prevalence of proteinuria than that of
the normal weight group.

Body mass index categories and risk of end-stage
kidney disease

During a mean follow-up period of 9.2 + 1.1 years, 26 406
participants were diagnosed with ESKD. The associations
between the BMI categories and the incidence and risk of
ESKD are presented in Table 2. The incidence rates of ESKD
were 0.273 (per 1000 person-years) in the moderate to se-
vere underweight group, 0.197 in the mild underweight

group, 0.239 in the normal weight group, 0.294 in the over-
weight group, 0.353 in the obesity grade 1 group and 0.464
in the obesity grade 2 group. After fully adjusting for other
potential predictors of ESKD (Cox Model 3), the under-
weight group had a significantly higher risk of ESKD than
that of the reference (normal) BMI group. The adjusted
HR for ESKD was the highest in the moderate to severe un-
derweight group (adjusted HR, 1.563; 95% Cl, 1.337-1.828).
Moreover, these results were consistent even after
competing risk analysis with death as a competing event
for ESKD progression (BMI < 17 kg/m?* adjusted HR,
1.228; 95% Cl, 1.042-1.448; BMI < 17-18.5 kg/m*:
adjusted HR, 1.222; 95% Cl, 1.115-1.339). However, partic-
ipants with obesity showed a lower risk of ESKD than those
with normal BMIL.

To determine the relationship between the BMI categories
and the risk of ESKD more specifically, the incidence rate and
adjusted HRs for ESKD were analysed according to a 1 kg/m?
increase in BMI from 16 to 36 kg/m? (Figure 2). The incidence
of ESKD tended to increase with higher BMI values. However,
after multivariable adjustments, the association changed to a
more pronounced increased risk of ESKD in the lower BMI
categories. Compared with that of the reference BMI of 24—
25 kg/m?, the adjusted HRs for ESKD increased as the BMI de-
creased. Therefore, the highest HRs were observed in the
lowest BMI category (<16 kg/m?) (adjusted HR, 2.590; 95%
Cl, 1.963-3.416). These associations were confirmed by
smooth HR curve analyses performed after the adjustment
of all covariates (Figure S1). In contrast, the risk of ESKD sig-
nificantly decreased in the BMI 25-32 kg/m? group, whereas
the association between BMI and risk of ESKD disappeared in
the BMI > 32 kg/m? group.

Subgroup analyses

We further investigated the association between under-
weight status and the risk of ESKD after stratification accord-
ing to age, sex, diabetes, hypertension, cardiovascular dis-
ease, CKD and the presence of metabolic syndrome and
proteinuria in the subgroup analyses (Table 3). In all subgroup
analyses, underweight status (<18.5 kg/m?) was consistently
associated with the risk of ESKD. The correlation between un-
derweight status and the risk of ESKD was significantly higher
in participants aged <65 years than in those aged >65 years
(P for interaction < 0.001). Underweight participants with a
history of diabetes, hypertension, cardiovascular disease,
metabolic syndrome or proteinuria had a relatively lower risk
of developing ESKD than those without these comorbidities
and those with normal body weight. However, the adjusted
HRs were not significantly different between participants
with and without CKD.
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Table 2 Incidence rates and hazard ratios for end-stage kidney disease according to body mass index status

Adjusted HR (95% Cl)

y

Fine and Gra
model®

Model 3¢
1.563 (1.337-1.828)
1.379 (1.263-1.507)

Model 2°
1.577 (1.348-1.844)
1.385 (1.269-1.513)

Model 1¢
1.171 (1.002-1.370)

Incidence rate, per
1.039 (0.952-1.135)

Incidence  Follow-up duration,
of ESKD

Number of
participants

1000 person-years

person-years

BMI,
kg/m?
<17

1.228 (1.042-1.448)
1.222 (1.115-1.339)

0.273
0.197
0.239

585 906
2 683 625
35173 146

160
528
8416

67 329
296 810

17-18.5
18.5-23
23-25
25-30
>30

1 (reference)
0.798 (0.772-0.825)

1 (reference)
0.761 (0.736-0.786)
0.662 (0.642-0.682)
0.656 (0.620-0.694)

1 (reference)
0.759 (0.734-0.784)
0.660 (0.640-0.680)
0.653 (0.618-0.691)

1 (reference)
1.017 (0.984-1.050)
1.200 (1.165-1.236)
1.966 (1.861-2.078)

Abbreviations: BMI, body mass index; Cl, confidence interval; ESKD, end-stage kidney disease; HR, hazard ratio.

a

3842 439

0.707 (0.686-0.730)
0.692 (0.654-0.734)

0.294
0.353
0.365

22 266 679
26 306 102
3205078

6538
9278
1486

2425034
2 864 438

349 370
Model 2 was adjusted for age, sex, smoking, alcohol consumption, regular exercise, estimated glomerular filtration rate, proteinuria and history of diabetes, hypertension and

dyslipidaemia.
Fine and Gray model was adjusted for age, sex, smoking, alcohol consumption, regular exercise, estimated glomerular filtration rate, proteinuria and history of diabetes, hypertension,

dyslipidaemia, myocardial infarction, stroke and cancer.

“‘Model 3 was adjusted for age, sex, smoking, alcohol consumption, regular exercise, estimated glomerular filtration rate, proteinuria and history of diabetes, hypertension,

dyslipidaemia, myocardial infarction, stroke and cancer.

Model 1 was adjusted for age and sex.

b
d

Sensitivity analyses

During repeated health checkups, the sustained underweight
(<18.5 to <18.5 kg/m?), progression from underweight to
normal (<18.5 to 18.5-23 kg/m?), progression from normal
to underweight (18.5-23 to <18.5 kg/m?) and progression
from overweight to underweight (23-25 to <18.5 kg/m?)
groups had a higher HR for ESKD even after fully adjusting
for potential predictors than that of the sustained normal
weight group (18.5-23 to 18.5-23 kg/m?) (Table 4). In addi-
tion, the adjusted HR for ESKD was the highest in the group
whose BMI progressed from overweight to underweight sta-
tus over a 2-year period (adjusted HR, 2.339; 95% ClI,
1.258-4.351). However, the risk of ESKD decreased in partic-
ipants whose BMI progressed from normal to overweight,
those with a sustained overweight status and those whose
BMI progressed from overweight to obesity, according to
sensitivity analyses (Models 2 and 3).

Discussion

Our results showed that underweight individuals (<18.5 kg/
m?) had a higher risk of ESKD than those with normal BMI.
Moreover, as underweight status worsened, the adjusted
HRs for ESKD tended to increase gradually. Our sensitivity
analyses showed that persistent underweight status or
progression to underweight status was associated with the
development of ESKD. Considering these results, our large
population-based study that included 9.8 million individuals
suggests that severe and progression to underweight status
may be a considerable risk factor for the development of
ESKD in the Korean population.

Obesity is a major health issue with an increasing incidence
worldwide and is considered an important risk factor for
hypertension, diabetes and cardiovascular diseases.’%2°
Therefore, most previous studies have focused on determin-
ing the association between obesity and CKD progression or
the development of ESKD in the general population®®3!
while excluding underweight individuals. Although some data
exist on the relationship between underweight status and
kidney outcomes, the results are conflicting. For example, in
a retrospective cohort study using health checkup data from
Korea, underweight status rather than obesity was associated
with the development of albuminuria in healthy women.?? In
addition, a small retrospective study showed that graft sur-
vival was low in kidney transplant recipients with low BMI
(<23 kg/mz).33 Moreover, similar to our findings on the asso-
ciation between underweight status and the risk of ESKD, a
Chinese cohort study identified that underweight individuals
(<18 kg/m?) had a higher risk of ESKD than those with a
normal weight.3* Conversely, in another study, underweight
status in adolescents, defined as a BMI below the fifth
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Figure 2 Incidence rates and adjusted hazard ratios for the development of end-stage kidney disease according to a 1 kg/m2 increase in body mass
index (BMI). Vertical lines represent the range for 95% confidence intervals (Cls). Models were adjusted for age, sex, smoking, alcohol consumption,
regular exercise, estimated glomerular filtration rate, proteinuria and previous history of diabetes, hypertension, dyslipidaemia, myocardial infarction,

stroke and cancer.

percentile, was not significantly associated with the future
risk of ESKD.3> These conflicting results might be explained
by the relatively smaller population of underweight individ-
uals than those with obesity, their single-centre nature and
the inclusion of various ethnicities among the studies.

The main strength of the current study was the enrolment
of a large general population of approximately 10 million
Koreans from a nationwide health checkup database.
Although underweight participants accounted for a relatively
small proportion of our entire study population compared
with those with obesity (3.7% vs. 32.6%), a large absolute
number of underweight participants (n = 364 139) were
analysed in our study. This allowed us to subdivide the
underweight population into mild and moderate to severe
categories to evaluate the association between the severity
of underweight status and the development of ESKD. Our
results showed that this association strengthened as the
severity of underweight status increased.

In addition, we were able to identify all participants who
developed ESKD, because all dialysis and kidney transplant
recipients were registered as special Medical Aid programme
beneficiaries. Moreover, we excluded participants who devel-
oped ESKD within 1 year of follow-up to account for the pos-
sibility of reverse causation, and we performed a sensitivity
analysis to evaluate the effect of sustained or progression

to underweight status on ESKD. Through careful collection
of outcomes and additional analyses, we obtained highly reli-
able evidence that underweight status is associated with the
risk of ESKD in the Korean population.

Our subgroup analyses showed that the relative risk of
ESKD attributable to underweight status might be increased
in participants aged <65 years or those without comorbid
conditions such as diabetes, hypertension, cardiovascular dis-
ease or proteinuria. These findings suggest that the relative
effect of being underweight per se on the risk of ESKD is
lower when it is accompanied by traditional risk factors for
ESKD. Nevertheless, the adjusted HRs for ESKD were signifi-
cantly higher in the underweight group than in the normal
weight group, regardless of age, sex or comorbid conditions
in the general population.

The mechanisms by which underweight status may
contribute to CKD progression or the development of ESKD
are not clearly understood. One explanation for this associa-
tion between underweight status and the risk of ESKD is
that decreased muscle mass is associated with systemic
oxidative stress and inflammation.®® The activation of pro-in-
flammatory cytokines (e.g., interleukin-6 or tumour necrosis
factor-a) and chemokines leads to cell death, which contrib-
utes to CKD progression.®” In our study, although this positive
effect disappeared with increased BMI > 32 kg/m?, partici-
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pants with obesity had a lower risk of ESKD than those with a
normal weight. Similar to our findings, the obesity paradox
has been observed in older adults and in patients with cardio-
vascular disease.’>® The favourable effects of obesity are ex-
plained by haemodynamic stability and attenuation of the re-
nin—angiotensin response in addition to altered cytokine
profiles.®® Consequently, chronic systemic inflammation or
malnutrition and the diminished effect of the obesity paradox
may also play a role in the development of ESKD in under-
weight individuals.

Our study has several limitations. First, the study was lim-
ited to the Korean population. As Asians have a lower preva-
lence of obesity than that of Caucasians, the BMI cut-off
values for overweight status and obesity are different in
Asian populations.*® Although relevant studies are lacking,
ethnic disparities may be observed in underweight individ-
uals. Therefore, our findings cannot be generalized to other
ethnicities. Second, BMI alone does not accurately predict
body fat distribution or adiposity. A previous study showed
that increased visceral-to-subcutaneous fat area was associ-
ated with all-cause mortality.** Nevertheless, BMI can be eas-
ily measured in a clinical setting, and a low BMI can be pre-
dicted to lead to the development of ESKD in the general
population. Third, because of the retrospective nature of this
study, the causal relationship between underweight status
and the development of ESKD could not be confirmed. How-
ever, to clarify causality, we excluded participants with a his-
tory of ESKD and those with newly developed ESKD during
the first year of follow-up.

In conclusion, this Korean nationwide population-based
cohort study found that being underweight was associated
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