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A B S T R A C T

Objectives: Koreans experienced unexpected shortages of food and refugee life during the Korean War
(1950�1953). In the present study, we used the Korean War as a natural experiment for early life malnutri-
tion with the aim of evaluating the risk for metabolic syndrome in adulthood according to participant expo-
sure status during the Korean War.
Methods: We used data from 25 708 participants from the fourth through seventh Korean National Health
and Nutrition Examination Survey, a nationally representative database of Korea. By years of birth, we
divided the study participants into non-exposed (1959�1963 and 1954�1958), fetal-exposed (1951�1953),
early childhood�exposed (1946�1950), late-childhood-exposed (1941�1945), and adolescent-exposed
(1936�1940) groups according to participants’ ages during the Korean War. We calculated the risk for meta-
bolic syndrome in adult life using logistic regression analysis.
Results: Compared with the non-exposed group, women exposed to the Korean War while in utero and dur-
ing early childhood were associated with increased risk for abdominal obesity and elevated triacylglycerol
levels, whereas men showed low high-density lipoprotein cholesterol levels. Fetal and early childhood expo-
sure increased the risk for metabolic syndrome in adults compared with the non-exposed group (fetal-
exposed men: odds ratio [OR], 1.28; 95% confidence interval [CI], 0.93�1.76; fetal-exposed women: OR, 1.35;
95% CI, 1.01�1.80; early-childhood�exposed men OR, 1.25; 95% CI, 0.82�1.90; and early-child-
hood�exposed women OR, 1.41; 95% CI, 0.97�2.06).
Conclusions: Fetal and early childhood experiences during the Korean War were associated with increased
risk for some components of metabolic syndrome. The present study suggested that early life malnutrition
due to the Korean War may be associated with metabolic syndrome in later life.
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Introduction

Metabolic syndrome is a cluster of metabolic risk factors that
includes abdominal obesity, hypertension, glucose intolerance, and
dyslipidemia [1]. It is associated with increased risk for type 2 dia-
betes and cardiovascular disease morbidity and mortality [2,3]. The
prevalence of metabolic syndrome is increasing worldwide and
about 30% to 35% of Korean and U.S. adults have metabolic syn-
drome [2,3]. The causes of metabolic syndrome are believed to be
overweight, physical inactivity, and genetic factors; however, the
exact mechanisms and linkages between each risk factor of the
syndrome are not fully understood [1].

One explanation for the pathogenesis of metabolic disease is
developmental origins of chronic disease hypothesis [4,5]. Accord-
ing to findings from the Helsinki Birth Cohort, low birthweight is
associated with increased risk for coronary heart disease, stroke,
hypertension, and type 2 diabetes in later life [6]. In addition, the
risks increased in children who had low birthweight and in those
who experienced rapid increase of body mass index (BMI) in their
childhood. These findings suggest that the nutritional environment
during pregnancy may be associated with lifelong risk for meta-
bolic disease and a mismatch between the early (poor) and later
life (improved) nutritional status may exacerbate the risk [6,7].

The linkages between early life exposure to malnutrition and
adverse health outcomes in adults have been proposed by the
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Dutch and the Chinese famine studies. By analyzing newborn
infants born during the Dutch famine period, it was shown that
early life exposure to famine is associated with type 2 diabetes, cor-
onary heart disease, atherogenic lipid profile, increased BMI, and
abdominal obesity [8�13]. However, exposure to the Dutch famine
was not significantly associated with metabolic syndrome,
although it showed positive association [14].

According to the Chinese famine studies, fetal and early child-
hood exposure to famine was associated with increased risk for
metabolic syndrome [15�18]. In addition, early exposure to the
Chinese famine was associated with type 2 diabetes, non-alcoholic
fatty liver disease, hypertension, and increased BMI [19�23]. How-
ever, because famine studies are based on rare historical events,
there are limited number of studies that replicated the Dutch and
the Chinese famine study findings.

In June 1950, sudden invasion from North Korea initiated the
Korean War, and South Korea lost 90% of its territory in the first 2
mo of the war. After the United Nation's support, South Korea reha-
bilitated its territory and headed toward the North (November
1950), but the joining of the Chinese communist force with North
Korea led to a battle that lasted until the armistice in July 1953. The
occupation of Seoul (the South Korean capital city) changed four
times during the war, and many civilians had to endure 3 y of war
and life as a refugee. About 70% of textile and chemical industries
and 40% of agricultural and machinery industries were destroyed
during the first 4 mo of the war, and >40% of factories and produc-
tion facilities were damaged by the middle of 1951 [24]. About 800
000 to 999 000 South Korean civilians were sacrificed, injured, or
abducted; and total war damage was estimated at USD $6.9 billion
(which was 86% of the gross national product of South Korea at the
end of the war) [24]. Among 50 wars in recent history worldwide,
the Korean War ranks third in scale, intensity, and scope, behind
World Wars I and II [25].

According to a recent survey, >50% of adult Koreans responded
“yes” to having heard about their family members’ refugee experi-
ences during the Korean War [26]. Despite emergency aids and
ration distributions, refugees experienced chronic shortages of
food and water during the war [27]. Destruction of agricultural
facilities, impoverished soil, and decreased manpower during the
war resulted in >33% reduction in agricultural productivity in 1952
compared with the years between 1945 and 1950 [24].

Therefore, it is plausible to assume that young Koreans experi-
enced unexpected shortages of food and refugee life during the
Korean War. On the basis of the developmental origins of chronic
disease hypothesis and based on previous findings from Dutch and
Chinese famine studies, we hypothesized that early life exposure
to malnutrition during the Korean War is associated with meta-
bolic syndrome in adults. To prove this hypothesis, we analyzed
data from the Korean National Health and Nutrition Examination
Survey (KNHANES), a nationally representative database of Korea,
using the Korean War as a natural experiment for early life malnu-
trition.
Materials and methods

Study participants

We used the yearly survey data from the fourth (2007�2009), fifth
(2010�2012), sixth (2013�2015), and seventh (2016) cycles of KNHANES. Detailed
study design and survey contents were published previously [28]. In summary,
KNHANES is an ongoing national surveillance system that assesses the health and
nutritional status of Koreans. Since the fourth survey cycle, KNHANES adopted a
stratified, multistage, probability sampling design to generate nationally represen-
tative values. We used health interview and physical examination data, which
included anthropometric measurements, biochemical blood tests, and partici-
pants’ characteristic information.
Among the 81 503 participants from the fourth to seventh KNHANES cycles,
we identified 29 300 who were born between 1936 and 1963. After excluding
3592 participants with missing questionnaire answers, anthropometric measure-
ments, and biochemical blood tests, we included data from 25 708 participants
(men: 11 180; women: 14 528; Supplementary Fig. 1).

Korean War exposure classification

We divided the study participants into non-exposed (born between 1959 and
1963; born between 1954 and 1958), fetal-exposed (born between 1951 and
1953), early childhood�exposed (born between 1946 and 1950), late-childhood-
exposed (born between 1941 and 1945), and adolescent-exposed (born between
1936 and 1940) groups according to the participants’ age at the beginning of the
Korean War (June 1950; Supplementary Fig. 2). We referred to the seven stages of
the human life cycle suggested by Bogin, which was adopted in previous famine
studies [8,15]. Number of study participants per group and their weighted percent-
age and sex ratio (men to women) are summarized in Supplementary Table 1. The
sex ratio (men to women) per each exposure group varied from 0.72 to 1.01, simi-
lar to the sex ratio of 2010 and 2015 population census data.

Definition of the metabolic syndrome

We used the National Cholesterol Education Program—Third Adult Treatment
Panel criteria to define metabolic syndrome and its risk components [29]. Partici-
pants with three or more findings on the following risk variables were regarded as
having MetS:

� waist circumference �90 cm in men or �80 cm in women;
� fasting plasma glucose �100 mg/dL or undergoing treatment;
� low high-density lipoprotein cholesterol <40 mg/dL in men or <50 mg/dL in

women or undergoing treatment;
� high serum triacylglycerols �150 mg/dL or undergoing treatment; and
� increased blood pressure �130/85 mmHg or undergoing treatment

The modified waist circumference criteria for Asian-Pacific population was
applied to the present study.

For a sensitivity analysis, we used the International Diabetes Federation (IDF)
criteria to define metabolic syndrome [30]. Anyone with abdominal obesity (waist
circumference �90 cm in men or �80 cm in women) and two or more of the fol-
lowing four risk parameters was classified as having a metabolic syndrome:

� fasting plasma glucose �100 mg/dL or previously diagnosed type 2 diabetes;
� low HDL cholesterol<40 mg/dL in men or <50 mg/dL in women or undergoing

treatment;
� high serum triacylglycerols �150 mg/dL or undergoing treatment; and
� increased blood pressure �130/85 mmHg or undergoing treatment.

Study variables

The health interview, physical examination, and biochemical blood tests were
performed by trained staff and interviewers at the KNHANES mobile examination
centers. The following variables from the health interview were selected as poten-
tial confounders based on a previous literature review: age; household income
(high; middle high; middle low; low); smoking status (yes, those who smoked
more than five packs of cigarettes; no, person who never smoked or smoked less
than five packs of cigarettes; don't know); drinking status (yes, current drinker or
past drinker; no, never drinker; don't know); exercise status (number of days with
muscle exercise per week, �3 d or more; 1�2 d; never; don't know); and current
treatment (yes; no; don't know) of hypertension, diabetes (type 1 and type 2), or
hyperlipidemia.

All participants were instructed to fast for >12 h before the blood test. Venous
blood samples were collected at the mobile center and sent to a certified labora-
tory for an analysis. Fasting plasma glucose and cholesterol levels were analyzed
enzymatically using Advia 1650 (Siemens, New York, NY, USA) and Hitachi Auto-
matic Analyzer 7600 (Hitachi, Japan).

Trained examiners measured participants’ height, weight, waist circumfer-
ence, and blood pressure, following KNHANES standard physical examination pro-
tocols. Height and weight were measured using portable stadiometer (Seriter,
Bismarck, ND,USA) and calibrated balance beam scale (Giant-150 N; Hana, Seoul,
Korea), respectively. BMI was calculated as weight in kilograms divided by height
in meter square (kg/m2). Waist circumference was measured at the end of the nor-
mal expiration by measuring the lower borders of the rib cage and the iliac crest.
Systolic and diastolic blood pressures were measured twice using a mercury
sphygmomanometer (Baumanometer; Baum, Hopague, NY, USA) in a sitting posi-
tion after 10 min of rest. Average values of systolic and diastolic blood pressure
were used in the present analysis. Total daily energy intake level and percentage
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of energy from carbohydrates, protein, and fat were calculated based on 24-h
recall nutritional survey results. The percentage of energy from carbohydrates,
protein, and fat were calculated as the ratio of energy from each nutrient to total
daily energy intake.

Statistical analysis

All statistical analyses were performed by reflecting the sampling design and
sample population weights of KNHANES. Because four cycles of KNHANES survey
were used, we recalculated new sample weights for each participant according to
the KNHANES analysis guidelines. All analyses were conducted with SAS version
9.4 (SAS Institute Inc., Cary, NC, USA) and a conventional two-tailed a level of 0.05
was applied to the analysis.

First, we used the SURVEYFREQ procedure to compare categorical baseline
characteristics of the study participants according to exposure status of the Korean
War. Second, we compared the least square geometric means (LSGMs) of continu-
ous variables related to metabolic syndrome (height, weight, BMI, waist circumfer-
ence, blood pressure, fasting blood glucose, triacylglycerols, and HDL cholesterol)
by exposure status of the Korean War. We used the SURVEYREG procedure to con-
struct multivariable regression models adjusting for age, household income, smok-
ing, drinking, exercise status, and KNHANES survey cycle to calculate LSGMs.

Last, the risk of metabolic syndrome and its individual features (abdominal
obesity, hypertension, glucose intolerance, and dyslipidemia) were estimated by
exposure status of the Korean War using logistic regression model with SURVEY-
LOGISTIC procedure. The logistic regression model was adjusted for age, household
income, smoking, drinking, exercise status, and KNHANES survey cycle. According
to previous famine studies with sex-specific results, we conducted sex-stratified
analysis.

Several sensitivity analyses were conducted to confirm the robustness of the
study findings. First, we used a different metabolic syndrome definition, the IDF
criteria, and conducted the same analysis. Second, because the small number of
participants with “don't know” answers may lead to potential bias, we excluded
participants who responded with “don't know” in the sensitivity analysis. Third,
because menstrual status may affect middle-age and elderly women's health, we
further adjusted for menstrual status (having a period; pregnant; in menopause;
others; don't know) in our sensitivity analysis. Fourth, because early life exposure
to malnutrition may lead to preference of high-fat diet in adulthood [10], we com-
pared the total daily energy intake levels and percentage of energy from carbohy-
drates, protein, and fat by the exposure status of the Korean War. We conducted
sensitivity analysis by additionally adjusting for nutritional status in our main
analysis model.

Results

Table 1 shows the weighted characteristics of study participants
by their exposure status to the Korean War. Owing to the cross-
sectional survey design of KNHANES, adolescent- and childhood-
exposed groups were generally older than non-exposed groups. In
men, non-exposed groups tended to report that their household
income was high and were more likely to be drinkers than other
groups. Early childhood�exposed groups were more likely to be
smokers, exercise frequently, and currently be taking hyperlipid-
emia medication. The late childhood-exposed group took hyper-
tension and diabetes mellitus medications more frequently than
the other groups. In women, the non-exposed group tended to
report that their household income was high and were more likely
to be smokers and drinkers, but also exercise frequently. Those in
the early childhood�exposed group tended to take hyperlipidemia
medication, whereas those in the adolescent-exposed group were
more likely to be smokers and were taking hypertension and dia-
betes medications.

The LSGMs of the risk factors of metabolic syndrome are sum-
marized in Table 2. In men, LSGMs of height, weight, BMI, waist cir-
cumference, and blood pressure were highest in the non-exposed
group. However, fasting plasma glucose and triacylglycerol levels
were highest in the fetal-exposed group; whereas the late-child-
hood�exposed group showed the lowest HDL-cholesterol levels. In
women, height and fasting plasma glucose levels were highest in
the non-exposed group; whereas the HDL-cholesterol levels were
lowest in the adolescent-exposed group. However, weight, waist
circumference, and systolic blood pressure were highest in the
early-childhood�exposed group. BMI was highest in the fetal-
exposed group, and triacylglycerol was highest in the late-child-
hood�exposed group. Figure 1 shows the patterns of LSGMs of BMI
and waist circumference by participants’ exposure status of the
Korean War. Although men showed monotonic increasing pattern
with the highest estimates in the Korean War non-exposed group,
the point estimates of BMI and waist circumference were highest
in the fetal-exposed group of women.

Table 3 shows the weighted association between metabolic
syndrome and participants’ exposure status to the Korean War.
Compared with the Korean War non-exposed group born between
1959 and 1963, the fetal-exposed and early-childhood�exposed
groups showed increased risk for metabolic syndrome in women
(odds ratio [OR], 1.35; 95% confidence interval [CI], 1.01�1.80; OR,
1.41; 95% CI, 0.97�2.06, for fetal-exposed and early-child-
hood�exposed groups, respectively). Although not statistically sig-
nificant, fetal-exposed and early-childhood�exposed men also
showed increased risk for metabolic syndrome (fetal-exposed OR,
1.28; 95% CI, 0.93�1.76; early-childhood�exposed OR, 1.25; 95%
CI, 0.82�1.90).

With the additional analysis of each risk component of meta-
bolic syndrome, fetal-exposed and early-childhood�exposed
women showed increased risk for abdominal obesity (fetal-
exposed: OR, 1.66; 95% CI, 1.25�2.20); early-childhood�exposed:
OR, 1.59; 95% CI, 1.10�2.29) and high fasting triacylglycerol levels
or hyperlipidemia treatment (fetal-exposed: OR, 1.56; 95% CI,
1.18�2.07; early-childhood�exposed: OR, 1.55; 95% CI, 1.08�2.22)
compared with the non-exposed group. In men, fetal-exposed and
early-childhood�exposed groups showed increased risk for
reduced HDL-cholesterol levels or hyperlipidemia treatment (fetal-
exposed: OR, 1.55; 95% CI, 1.13�2.12; early-childhood�exposed:
OR, 1.67; 95% CI, 1.10�2.52).

By using a different metabolic syndrome definition with central
obesity as an obligatory component, we found similar results
in women but attenuated risk estimate in men (Supplementary
Table 2). The analysis without participants who answered “don't
know” in the questionnaire survey showed similar results to the
main findings (Supplementary Tables 3). Further adjustment for
menstrual cycles in women did not change the present study
results (Supplementary Table 4). Preference for fatty foods was not
observed in the fetal-exposed or early-childhood�exposed groups
(Supplementary Table 5). Further adjustment for nutritional status
(total daily energy intake or percentage of energy from carbohy-
drates, protein, and fat) did not change the study results (Supple-
mentary Tables 6, 7).

Discussion

In the present study, we used the Korean War as a natural
experiment for early life exposure to malnutrition and evaluated
the risk for metabolic syndrome according to the participants’
exposure status during the Korean War (non-exposed, fetal-
exposed, early- and late-childhood�exposed, and adolescent-
exposed). Fetal and early-childhood exposure to the Korean War
was associated with increased risk for metabolic syndrome in
women. Although it was not statistically significant, fetal and
early-childhood exposure to the Korean War in men also was asso-
ciated with increased risk for metabolic syndrome.

Series of meta-analyses suggested that low birthweight, a sur-
rogate marker for fetal malnutrition, is associated with type 2 dia-
betes and hypertension in adult life [31,32]. The Dutch famine and
the Chinese famine studies replicated the results by using historical
famine events as a natural experiment for malnutrition during
early life. By analyzing data from the European Prospective



Table 1
Weighted characteristics* of the study population by the Korean War exposure status (N = 25,708)

Characteristics

Adolescent-
exposed
(born between
1936-1940)

Late childhood-
exposed
(born between
1941-1945)

Early childhood-
exposed
(born between
1946-1950)

Fetal-
exposed
(born between
1951-1953)

Non-
exposed
(born between
1954-1958)

Non-
exposed
(born between
1959-1963)

Age at the beginning of the
KoreanWar (years)

10-14 5-9 0-4 fetal period-3

Men n = 1,667 n = 1,777 n = 2,106 n = 1,208 n = 2,189 n = 2,233
Mean age (years) 73.66 (0.09) 68.66 (0.08) 63.55 (0.07) 59.62 (0.08) 55.55 (0.06) 50.72 (0.07)
Household income
High 150 (9.3) 223 (13.4) 440 (20.8) 383 (30.9) 848 (37.7) 886 (38.7)
Middle high 226 (13.2) 301 (17.7) 541 (25.6) 351 (30.6) 599 (27.2) 672 (30.6)
Middle low 426 (24.4) 598 (32.7) 688 (32.8) 299 (24.9) 517 (23.7) 474 (21.7)
Low 865 (53.1) 655 (36.2) 437 (20.8) 175 (13.7) 225 (11.3) 201 (9.1)

Smoking
Yes 1320 (79.4) 1399 (78.4) 1716 (81.2) 954 (79.5) 1780 (81.1) 1811 (81)
No 321 (18.6) 357 (20.1) 370 (17.5) 239 (18.9) 382 (17.4) 404 (18)
Don't know 26 (2.1) 21 (1.5) 20 (1.3) 15 (1.5) 27 (1.5) 18 (1)

Drinking
Yes 1456 (87) 1615 (91.2) 1951 (92) 1123 (92.6) 2070 (94.4) 2126 (94.6)
No 187 (11) 146 (7.6) 137 (6.8) 70 (5.8) 95 (4.1) 89 (4.4)
Don't know 24 (1.9) 16 (1.2) 18 (1.1) 15 (1.5) 24 (1.4) 18 (1)

Exercise (/week)
3 or more times 328 (19.7) 415 (23.7) 585 (27.2) 303 (25.3) 468 (21.4) 462 (20.7)
1-2 times 104 (5.8) 164 (9.2) 223 (10.4) 163 (14.6) 318 (14.6) 346 (15.5)
Never 1198 (71.6) 1165 (64.7) 1266 (60.3) 711 (57.2) 1347 (61.3) 1365 (60.8)
Don't know 37 (2.9) 33 (2.4) 32 (2.1) 31 (3) 56 (2.7) 60 (2.9)

HTN medication
Yes 746 (46.1) 837 (47.9) 872 (40.8) 416 (33.4) 589 (27.1) 428 (19.3)
No 898 (52) 926 (51.2) 1208 (57.5) 771 (64.5) 1559 (71) 1766 (78.7)
Don't know 23 (1.9) 14 (0.9) 26 (1.7) 21 (2.1) 41 (1.9) 39 (2)

HLD medication
Yes 187 (11.4) 262 (15.2) 411 (19.1) 218 (17.6) 325 (14.2) 283 (12)
No 1459 (86.9) 1501 (84) 1669 (79.2) 970 (80.4) 1819 (83.5) 1911 (86)
Don't know 21 (1.8) 14 (0.9) 26 (1.8) 20 (2) 45 (2.2) 39 (2)

DMmedication
Yes 271 (15.5) 337 (19.1) 363 (17.6) 197 (16.4) 233 (11) 162 (6.8)
No 1376 (82.8) 1426 (80) 1717 (80.7) 992 (81.7) 1915 (87) 2033 (91.2)
Don't know 20 (1.7) 14 (0.9) 26 (1.8) 19 (1.9) 41 (2) 38 (1.9)

Women n = 2,113 n = 2,273 n = 2,505 n = 1,511 n = 2,934 n = 3,192
Mean age (years) 74.09 (0.08) 68.82 (0.07) 63.56 (0.07) 59.79 (0.07) 55.57 (0.07) 50.83 (0.06)
Household income
High 166 (8) 215 (9.1) 367 (14.3) 338 (22.1) 904 (30) 1212 (37.1)
Middle high 222 (10.6) 310 (13.4) 491 (19.7) 375 (26.4) 798 (27.9) 933 (29)
Middle low 438 (20) 602 (26.6) 806 (32.2) 494 (31.4) 805 (28) 740 (24)
Low 1287 (61.4) 1146 (50.9) 841 (33.8) 304 (20.1) 427 (14.2) 307 (9.9)

Smoking
Yes 159 (8.5) 112 (4.7) 125 (4.9) 74 (5.6) 169 (6.5) 232 (8.1)
No 1904 (88.5) 2128 (93.6) 2354 (93.7) 1422 (93) 2743 (92.6) 2921 (90.4)
Don't know 50 (3) 33 (1.7) 26 (1.4) 15 (1.4) 22 (0.9) 39 (1.5)

Drinking
Yes 1152 (54.1) 1372 (60.6) 1689 (67.2) 1111 (73.9) 2285 (79) 2630 (82.6)
No 915 (43.1) 872 (37.9) 797 (31.8) 385 (24.8) 627 (20.1) 526 (16)
Don't know 46 (2.8) 29 (1.5) 19 (1) 15 (1.4) 22 (0.9) 36 (1.4)

Exercise (/week)
3 or more times 91 (4.7) 163 (6.9) 252 (10.2) 150 (9.3) 322 (10.3) 363 (12)
1-2 times 53 (2.5) 104 (4.6) 133 (5.1) 102 (6.8) 247 (8.8) 317 (9.8)
Never 1907 (89.3) 1960 (85.5) 2079 (82.6) 1230 (81.8) 2316 (78.9) 2435 (75.4)
Don't know 62 (3.4) 46 (3) 41 (2.1) 29 (2.1) 49 (2) 77 (2.8)

HTN medication
Yes 1201 (58.5) 1172 (52.4) 1044 (42) 486 (34.2) 722 (24.3) 473 (14.6)
No 885 (39.8) 1063 (45.3) 1432 (56.6) 997 (63.9) 2176 (74.3) 2656 (83)
Don't know 27 (1.6) 38 (2.3) 29 (1.4) 28 (1.9) 36 (1.4) 63 (2.4)

HLD medication
Yes 436 (22.1) 642 (29.3) 746 (29.8) 410 (27) 627 (21.1) 379 (11.6)
No 1651 (76.3) 1591 (68.2) 1729 (68.6) 1074 (71.2) 2276 (77.7) 2748 (85.9)
Don't know 26 (1.6) 40 (2.6) 30 (1.5) 27 (1.8) 31 (1.2) 65 (2.5)

DMmedication
Yes 395 (20.7) 399 (17.6) 331 (13) 159 (10.9) 170 (6.1) 128 (4.2)
No 1689 (77.5) 1838 (80.2) 2149 (85.8) 1328 (87.4) 2734 (92.7) 3006 (93.6)
Don't know 29 (1.8) 36 (2.2) 25 (1.2) 24 (1.7) 30 (1.1) 58 (2.3)

HTN, hypertension; HLD, hyperlipidemia; DM, diabetes mellitus.
*Results are shown as N (weighted percent) for categorical variables and mean (standard error) for continuous variables.
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Table 2
Weighted blood and body measurements* of the study population by the Korean War exposure status (N = 25,708)

Adolescent-
exposed
(born between
1936-1940)

Late childhood-
exposed
(born between
1941-1945)

Early childhood-
exposed
(born between
1946-1950)

Fetal-
exposed
(born between
1951-1953)

Non-
exposed
(born between
1954-1958)

Non-
exposed
(born between
1959-1963)

Men
Height (cm) 166.72 (0.62) 167.14 (0.43) 167.00 (0.28) 166.75 (0.28)y 167.14 (0.32) 167.65 (0.47)
Weight (kg) 65.01 (1.02)y 66.27 (0.71) 67.26 (0.48) 67.34 (0.48) 67.82 (0.53) 68.58 (0.78)
Body Mass Index (kg/m2) 23.36 (0.32) 23.70 (0.23) 24.09 (0.16) 24.19 (0.16) 24.24 (0.17) 24.35 (0.25)
Waist circumference (cm) 83.11 (0.92)y 84.26 (0.64) 85.46 (0.43) 85.87 (0.42) 85.86 (0.47) 86.33 (0.70)
Systolic blood pressure (mmHg) 121.72 (1.83) 123.36 (1.27) 124.09 (0.83) 124.41 (0.82) 124.73 (0.94) 124.87 (1.45)
Diastolic blood pressure (mmHg) 75.37 (1.13) 76.56 (0.78) 77.80 (0.49) 78.41 (0.49) 78.87 (0.57) 78.89 (0.89)
Fasting blood glucose (mg/dL) 102.75 (3.17) 106.85 (2.39) 109.32 (1.50) 111.11 (1.47) 109.31 (1.64) 107.70 (2.35)
Triglycerides (mg/dL) 132.35 (13.49) 137.39 (9.23) 143.43 (5.68) 154.41 (6.33) 152.73 (6.42) 149.49 (10.38)
HDL (mg/dL) 44.92 (1.20) 44.84 (0.86) 45.25 (0.58) 45.43 (0.56) 45.72 (0.61) 46.69 (0.91)

Women
Height (cm) 153.02 (0.52)y 154.33 (0.37) 154.86 (0.27) 154.59 (0.25)y 154.77 (0.27)y 155.32 (0.38)
Weight (kg) 56.10 (0.78) 57.42 (0.56) 58.24 (0.39) 58.06 (0.38) 57.36 (0.41) 57.21 (0.59)
Body Mass Index (kg/m2) 23.96 (0.31) 24.11 (0.22) 24.28 (0.15)y 24.29 (0.15)y 23.92 (0.17) 23.69 (0.24)
Waist circumference (cm) 81.49 (0.92) 81.94 (0.64) 82.60 (0.44)y 82.58 (0.43)y 81.26 (0.47) 80.61 (0.69)
Systolic blood pressure (mmHg) 120.41 (1.65) 122.17 (1.17) 123.07 (0.85) 122.18 (0.87) 122.04 (0.88) 120.90 (1.27)
Diastolic blood pressure (mmHg) 72.72 (0.98) 74.33 (0.68) 75.61 (0.47) 75.77 (0.48) 75.99 (0.51)y 74.99 (0.74)
Fasting blood glucose (mg/dL) 97.10 (2.21)y 99.09 (1.69) 102.17 (1.24) 103.83 (1.36) 103.27 (1.21) 104.24 (1.72)
Triglycerides (mg/dL) 145.69 (9.08) 148.75 (6.88) 143.08 (5.19) 141.66 (4.56) 137.49 (4.92)y 130.51 (6.4)
HDL (mg/dL) 49.36 (1.13) 50.13 (0.82) 50.28 (0.62) 50.19 (0.65) 51.37 (0.72) 51.42 (0.97)

HDL, high-density lipoprotein.
*Estimates are least square geometric means and SE calculated from multivariable regression models. Model adjusted for age, household income, smoking, drinking, exercise
status, and KNHANES survey cycle.
yP< 0.05 compared to Non-exposed group (1959-1963).
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Investigation into Cancer and Nutrition study, self-reported degree
of the Dutch famine exposure during childhood (ages 0�9 y) and
adolescence (ages 10�17 y) were associated with increased type 2
diabetes in elderly women [8]. In addition, self-reported degree of
famine exposure during adolescence was positively associated
with coronary heart disease [9].

By analyzing the Dutch Famine Birth Cohort and other
related retrospective cohort data, researchers found that expo-
sure to famine during the early gestational period was associ-
ated with increased atherogenic lipid profile and increased risk
Fig. 1. Body mass index and waist circumference by exposure status to the Korean War. E
resents least square geometric means; error bars represent 95% confidence intervals. M
Korean National Health and Nutrition Examination Survey cycle.
for taking lipid-lowering medication in later life [10,33]. In
addition, prenatal exposure to famine was associated with
increased blood pressure, impaired glucose tolerance, increased
risk of coronary artery disease, and obesity [11,12,34�36].
However, by analyzing 783 members of the Dutch Famine Birth
Cohort, exposure to famine in utero was not significantly asso-
ciated with metabolic syndrome, although it showed positive
association (OR, 1.2; 95% CI, 0.9�1.7) [14]. In addition, analysis
with the risk factors of metabolic syndrome in the study
showed that fetal exposure to famine was associated with
stimates were calculated from multivariable regression models. The data point rep-
odels adjusted for age, household income, smoking, drinking, exercise status, and



Table 3
Weighted association [Odds ratio (95%CI)]* between the KoreanWar exposure status and metabolic health outcomes in elderly individuals

Adolescent-
exposed
(born between
1936-1940)

Late childhood-
exposed
(born between
1941-1945)

Early childhood-
exposed
(born between
1946-1950)

Fetal-
exposed
(born between
1951-1953)

Non-
exposed
(born between
1954-1958)

Non-
exposed
(born between
1959-1963)

Men
Increased BMI (� 23 kg/m2) 0.62 (0.30-1.28) 0.78 (0.43-1.38) 0.95 (0.61-1.46) 0.97 (0.7-1.33) 0.90 (0.73-1.11) 1.00 (ref)
Increased WC (� 90 cm) 0.58 (0.27-1.24) 0.70 (0.38-1.26) 0.89 (0.57-1.38) 0.82 (0.59-1.16) 0.85 (0.68-1.06) 1.00 (ref)
Raised BPy or having HTN tx 0.62 (0.31-1.27) 0.83 (0.47-1.45) 0.93 (0.61-1.41) 0.96 (0.70-1.32) 0.93 (0.76-1.14) 1.00 (ref)
Raised glucosez or having DM tx 0.49 (0.24-0.99) 0.79 (0.45-1.37) 0.93 (0.61-1.40) 1.15 (0.84-1.56) 1.11 (0.91-1.36) 1.00 (ref)
Raised TGx or having HLD tx 0.60 (0.30-1.21) 0.77 (0.44-1.33) 0.92 (0.62-1.38) 1.07 (0.78-1.46) 0.99 (0.82-1.20) 1.00 (ref)
Reduced HDL{ or having HLD tx 1.38 (0.68-2.77) 1.55 (0.89-2.68) 1.67 (1.10-2.52) 1.55 (1.13-2.12) 1.25 (1.03-1.53) 1.00 (ref)
Metabolic Syndrome 0.69 (0.34-1.41) 0.95 (0.54-1.68) 1.25 (0.82-1.90) 1.28 (0.93-1.76) 1.14 (0.93-1.39) 1.00 (ref)

Women
Increased BMI (� 23 kg/m2) 1.16 (0.62-2.15) 1.34 (0.81-2.21) 1.45 (1.00-2.1) 1.46 (1.10-1.94) 1.15 (0.96-1.37) 1.00 (ref)
Increased WC (� 80 cm) 1.18 (0.63-2.20) 1.32 (0.80-2.17) 1.59 (1.10-2.29) 1.66 (1.25-2.20) 1.19 (1.01-1.42) 1.00 (ref)
Raised BPy or having HTN tx 0.85 (0.45-1.60) 0.96 (0.58-1.60) 1.14 (0.79-1.64) 1.00 (0.76-1.33) 1.04 (0.86-1.25) 1.00 (ref)
Raised glucosez or having DM tx 0.84 (0.45-1.56) 1.03 (0.62-1.71) 1.09 (0.75-1.56) 1.23 (0.92-1.64) 1.10 (0.92-1.32) 1.00 (ref)
Raised TGx or having HLD tx 1.01 (0.55-1.87) 1.34 (0.83-2.19) 1.55 (1.08-2.22) 1.56 (1.18-2.07) 1.32 (1.10-1.57) 1.00 (ref)
Reduced HDL{ or having HLD tx 1.00 (0.53-1.90) 1.24 (0.75-2.04) 1.27 (0.88-1.83) 1.27 (0.95-1.70) 1.10 (0.92-1.31) 1.00 (ref)
Metabolic Syndrome 0.90 (0.47-1.70) 1.17 (0.70-1.96) 1.41 (0.97-2.06) 1.35 (1.01-1.80) 1.15 (0.96-1.37) 1.00 (ref)

BMI, body mass index; WC, waist circumference; BP, blood pressure; HTN, hypertension; DM, diabetes mellitus; TG, triglycerides; HLD, hyperlipidemia; HDL, high-density
lipoprotein.
*Model adjusted for age, household income, smoking, drinking, exercise status, and Korean National Health and Nutritional Examination Survey cycle.
ySystolic BP � 130 mmHg or diastolic BP � 85 mmHg.
zRaised fasting plasma glucose (� 110 mg/dL).
xRaised fasting triglyceride (� 150 mg/dL).
{40 mg/dL > (men) and 50 mg/dL > (women).
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increased blood triacylglycerol levels in both men and women
and lower HDL-cholesterol levels in men [14].

According to the Chinese famine study, early life exposure to
famine was associated with metabolic syndrome. By analyzing
7874 adults from the 2002 China National Nutritional and
Health Survey, exposure to famine during fetal life and early
childhood was associated with three times higher risk of meta-
bolic syndrome in adulthood compared with the non-famine
exposed group (OR, 3.13; 95% CI, 1.24�7.89) [16]. By analyzing
the annual physical examination data of 5040 participants from
the public health center in Chongqing, China, fetal and early
childhood (0�2 y) exposure to famine was associated with an
increased risk for metabolic syndrome in women (fetal-exposed:
OR, 1.87; 95% CI, 1.15�3.04; early-childhood�exposed: OR, 1.50;
95% CI, 1.20_1.87) [17]. From a population-based cross-sectional
survey of East China with 6445 participants, fetal and childhood
exposure (0�10 y) to the Chinese famine was associated with
higher prevalence of metabolic syndrome in women (fetal-
exposed: OR, 1.47; 95% CI, 1.05_2.07; childhood-exposed: OR,
1.80; 95% CI, 1.22�2.67) [15]. By analyzing 7915 participants
from Dongfeng-Tonji cohort, early-, mid-, and late- childhood
exposure to the Chinese famine was associated with increased
risk for metabolic syndrome, particularly in women (early child-
hood�exposed women: OR, 1.26; 95% CI, 1.02�1.56; mid-child-
hood�exposed women: OR, 1.43; 95% CI, 1.14�1.78; late-
childhood�exposed women: OR, 1.47; 95% CI, 1.18�1.84) [18].
In addition, prenatal exposure to Chinese famine was associated
with type 2 diabetes, non-alcoholic fatty liver disease, hyperten-
sion, and increased BMI in adult life [19�23,37,38].

In the present study, we demonstrated that fetal and early-
childhood exposures to famine were significantly associated with
increased BMI, waist circumference, triacylglycerol levels, and met-
abolic syndrome in women. Previous famine studies also showed
sex-specific results suggesting that early life exposure to malnutri-
tion shows more profound effects on women. Exposure to the
Dutch famine during early gestational stages was associated with
increased BMI and waist circumference in women by age 50 y, but
not in men [12]. In the Chinese famine study, effects of early life
famine exposure on metabolic syndrome, non-alcoholic fatty liver
disease, and increased BMI were significant in women, but not in
men [15,17�19,37,38].

These sex-specific results of famine studies can be explained by
the mortality selection of fetuses and the cultural background of
East-Asian countries [15,39]. Boys are considered to be more sus-
ceptible to malnutrition during the fetal period. Boys tend to grow
faster during the fetal period and become longer than girls in rela-
tion to their placenta size, which suggests lower nutritional reser-
voir capacity and greater risk for undernourishment during the
gestational stage [40]. In the Dutch famine birth cohort, the per-
centage of male births was lower in the famine-exposed group
[12]. Similarly, the effects of malnutrition during the Korean War
might have increased fetal male mortality, resulting in the selec-
tion of healthier males. In addition, Korea has a lifelong history of a
son-preference culture [41]. Therefore, male children may have
been relatively better fed and better treated during the war than
female children, which might have resulted in significant adverse
health effects of malnutrition in women. However, although the
results were not statistically significant, fetal and early-childhood
exposure to the Korean War was positively associated with meta-
bolic syndrome in men in the present study.

The key assumption of the developmental origin of disease
hypothesis is that fetuses and infants program their bodies against
unfavorable external environments to increase short-term survival
[5]. However, changes in the external environment results in mis-
matches between personal adaptation and the environment, which
might increase the risk for long-term disease development [7]. Par-
adoxically, adaptation to ensure increased survival might cause
diseases in later life.

In the case of famine exposure, fetuses and young children pro-
gram their neuroendocrine, pancreatic, skeletal muscle, and adi-
pose tissues to prepare for an undernourishing external
environment [5]. However, this adaptation leads to increased adi-
posity, insulin resistance, and impaired insulin secretion in later
life, and these adverse health outcomes are more apparent when
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individuals face improved nutritional environment later in life. For
example, in the Dutch famine study, early exposure to famine dur-
ing the gestational period was associated with impaired glucose
tolerance, and it is believed to be mediated by defective b-cell
function of the pancreas in a famine-exposed group compared
with the non-famine�exposed group [35,42].

Fetal-exposed and early-childhood�exposed groups in the pres-
ent study might have experienced severe malnutrition during their
early life because of the Korean War. However, after the war, their
nutritional status was much improved compared with their early
life. Therefore, the mismatch between nutritional status during early
and later life might have increased the risk for metabolic syndrome
in the birth cohorts born during or just before the KoreanWar.

The non-exposed group born between 1954 and 1958 showed
elevated risks for increased waist circumference and triacylglycerol
levels in women and decreased HDL-cholesterol levels in men.
However, the effect sizes were smaller compared with the fetal-
exposed and early-childhood�exposed groups. Similar findings
were observed in the Chinese famine studies, and these results can
be partially explained by the desperate situation in the country
after the Korean War or the Chinese famine. Although nutritional
status was improved compared with the war period, destruction of
facilities and desolate rural areas required additional time for the
country to recover. Therefore, a child born after the war also could
be affected by malnutrition during their early life, although the
degree of malnutrition would not have been as profound as the
malnutrition experienced by the birth cohorts who were born dur-
ing or just before the KoreanWar.

Although we explained that the present study results showed
effects on early life malnutrition, there could be other external stres-
sors during the war period that alsomight have affected one's health
in later life. Factors such as early parental loss or separation during
the traumatic event may affect one's mental and physical health
after the war [43,44]. Therefore, wemay not conclude that increased
risks for metabolic syndrome in fetal-exposed and young-child-
hood�exposed groups are solely from the early life experiences of
malnutrition. However, it is impossible to disentangle the effects of
malnutrition and other external stressors. In addition, marked
decreases in agricultural productivity and an unexpected refugee
life experience combined with chronic shortage of food and water
during the Korean War support the hypothesis of using the Korean
War as natural experiment of early life malnutrition [24,26,27].

To our knowledge, this was the first study to evaluate specific
long-term health effects of childhood malnutrition, using the
Korean War as a natural experiment. However, several limitations
should be addressed. First, our findings are conditional to survivors
enrolled in KNHANES (2007�2016). Previous studies showed
increased risk for coronary heart disease or other chronic disease
among famine-exposed groups. Similarly, malnutrition from the
Korean War might have led to increased mortality, and survivors
might be constituted by people with better health and social
resources. However, such mortality selection should shift our
results toward the null.

Second, owing to the cross-sectional survey design of KNHANES,
ages of the study participants for each Korean War exposure groups
were uneven. However, because most Koreans were exposed to the
war, we were unable to find age-matched comparable control
groups who were not exposed. Similar problems arose in previous
Chinese famine studies, and we adjusted the age effect by including
age at KNHANES enrollment in our statistical model, similar to pre-
vious Chinese famine studies [15]. In addition, if participants’ age
was the major determinant of metabolic syndrome, we might have
observed monotonically increasing or decreasing patterns of the
size of the effect estimates. However, effect estimates for the risk for
metabolic syndrome were highest in the fetal-exposed or early-
childhood�exposed groups in both men and women.

Third, we were unable to estimate the individual-level severity of
the early life malnutrition during the Korean War period. In the
Dutch famine studies, researchers directly assessed the degree of
the famine using the self-administered questionnaires (by asking
place of residence, experience of hunger, and degree of weight loss
during the Dutch famine period) [8]. However, owing to the limited
information in KNHANES data, we were unable to estimate the
degree of malnutrition on an individual level. Therefore, by referring
to the previous Chinese famine studies [15], we assessed the severity
of malnutrition using the information of the birth year. In addition,
several famine studies suggested that the health effects of fetal mal-
nutrition may be dependent on the period of gestation (early, mid,
and late gestation) [13]. Owing to the limited birth information of
KNHANES, we were unable to confirm this association.

Conclusions

The present study used the KoreanWar as a natural experiment
for early life malnutrition experience and evaluated the risk for
metabolic syndrome in adulthood according to participants’ age at
the beginning of the Korean War. Fetal and early childhood expo-
sure to the KoreanWar was associated with increased risk for met-
abolic syndrome in women. Although it was not statistically
significant, fetal and early-childhood exposure to the Korean War
in men was also associated with increased risk for metabolic syn-
drome. Therefore, early experience of malnutrition during the
Korean War may be associated with metabolic syndrome in adult
life. Our results serve as additional evidence for the developmental
origins of chronic disease hypothesis.

Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.nut.2019.01.003.
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