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Dietary fiber, vegetables,and fruit and CVD in diabetes

Table 1—Background characteristics and dietary intake for 1,414 patients with type 2 diabetes according to quartiles of total dietary fiber

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Pirend

N 352 349 353 360 ;
Total dietary fiber (g/day) 87+16 D)5 E09 0 DisgEio 218+40 <001
Soluble dietary fiber (g/day) 21+04 ©29+02 37+03 51+12 <001
Insoluble dietary fiber (g ' . 90+07 ¢ 114x09 . 158+29 . <ool
Age (years) 584+72 59 5+65 , 59 0= + 6 4 <0.01
Women (%) ; o 4 o 524 : e <001
HbA1c(%1nNGSPva1ue) 82"‘12 . 84"‘15 , 84"‘14 0.03
660%127 669 . e83%*i165 0 esiT il 003
1581425 ,1588+410 ; 1626 * 469 1619+439_ 016
Years after diagnosis o iixeT S lilx71 0 1l1*72 0 106%71 0 037
BMI (kg/m?) 228+28 229+31” 22828 S 232%31 010
SBP (mmHg) o 1313+165 72 . 1316%159 . 057
763+ 103 767%96 080
- 15+316 ) » 069
5391168 545+ 168 « 024
©1010+650 © 1030*710 O 026
Treated by msuhn (%) 22.7 , 22.7 0.24
Treated by OHA withoutinsulin (%) 656 66 2 - 0.68
Treated by antihypertensive agents (%) ~ 25.6 277 0.41
Treated by lipid-lowering agents (%) 197 253 ; 018
Current smoker (%) - 396 27.8 19 9 <0.01
Physical activity (kJ/day)* 4248 +9563 5464 + 10333 7020*13422 <001
5L el <001

403 27.4 ,

1845 + 511 ] 193.7 * 49.0 0.02
1586 * 647 258 . 5183+1596 <001
Frults (g/day) 70.1 £570 ) 203.1 - 139.3 <0.01
Seafood (g/day) 759444 . 1281%733 . <00l
Meat (g/day) 40.9 %312 <0.01
Energy intake (kcal/day) 144233157 ( .+ 3000 058.9 + 4 <001
Protein (% energy) 15025 15 3+2. 2 , 6. - l66+24 <0.01
Fat (% energy) L 265%53 213 x51 286x51 . <ool
Carbohydrate (% energy) , 536 i 6.9 54 2+64 53 9 + = 5. 9 53.2 ""7 1 - 036
Saturated fatty acid (% energy) 78220 80 = 1 T z 6 - 035
Dietary cholesterol (mg/day) 2601 £99.7 o 2811 2901 <0.01
Sodium (g/day V 27207 08 - <001

Data are means = SD unless otherwise indicated. OHA, oral hypoglycemic agents. *Median * interquartile range. tOne drink is equivalent to 12.6 gethanol based on

the U.S. Department of Agriculture definition.

Intake of total dietary fiber was positively
associated with proportions of protein
and fat intake but not with the proportion
of carbohydrate intake. Patients in higher
quartiles were significantly older and in-
cluded more women and had preferable
lifestyles such as a lower smoking pro-
portion and increased physical activity.
However, there were no significant
trends in blood pressure, lipids, and
medications, and the difference in
HbA, . values was only marginal. Total
dietary fiber was positively associated
with not only intakes of grain, vegetables,
and fruits but also intakes of seafood,
meat, and sodium.

During the follow-up of a median of
8.1 years, the numbers of incident CVD
according to quartiles of total dietary
fiber were 21, 24, 27, and 24 for CHD;
22,15, 13, and 18 for stroke; and 19, 12,
11, and 15 for cerebral infarction, respec-
tively. The 68 stroke events included 58
cerebral infarctions, 5 intracranial hem-
orrhages, 4 transient ischemic attacks,
and 1 stroke of undetermined type in
accordance with WHO criteria. The crude
incidence rates per 1,000 patient-years for
CHD, stroke, and cerebral infarction were
9.70,6.81,and 5.69, respectively, and the
follow-up rate at 8 years was 78%. There
was no notable difference in baseline

characteristics between patients who
completed 8-year follow-up and the other
patients (27).

Tables 2 and 3 show HRs for dietary
fiber, vegetables, and fruits estimated by
Cox regression models unadjusted (top
model), adjusted for risk factors (middle
model), and further adjusted for total en-
ergy intake (bottom model). The energy-
adjusted HRs for stroke in the fourth
quartile compared with the first quartile
were 0.39 (95% C10.12-1.29, P = 0.12)
for total dietary fiber and 0.35 (95% CI
0.13-0.96, P = 0.04) for vegetables and
fruits (Table 2). There were no significant
decreasing trends between grain intake, a
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g2y s =8 ‘ = 5 major source of dietary fiber, and incident
Z 8 g =R . S =1 B i
25o2 [EER S S ek BEw S = stroke (data not shown). The HR per 1-g
555 5 e -4 S5 & Es & ™ increase was smaller for soluble dietary
Bess |JEaB e REs 4 fiber (0.48 [95% CI 0.30-0.79], P <
2 RS ER SET &% o ] 0.01) than for total (0.82 [95% CI 0.73-
RN - B8 2B e B8 3 0.93], P < 0.01) and insoluble (0.79
SENS [2EE R FE ~g < [95% CI 0.68-0.93], P < 0.01) dietary
PN H . .
SENZ g ' - i3 g g fiber. The HRs for cerebral infarction
232 g 2 g = were similar to those for stroke (Supple-
Q%E % R . : § mentary Table 2). In contrast, both the
o5 0 =~ : ;
S ESE 2 quartile and linear analyses showed no
ii Z g z‘ significant trends toward a decreased in-
— E .
wg E = cidence rate of CHD (Table 3). Sup-
o 0g, =8 ~ -~ p
SEiE g plementary Fig. 1 shows results of
55t @ Q Y subgroup analysis according to risk fac-
o il . .
celE s 1B ] tors for CVD. None of these associations
RS — |& =3 indicated significant interactions, sug-
» b : .
B2 5 o g gesting lack of clear evidence of effect
o — s s
E32% & modifications.
=~ I~ - N
& E & o To explore potentially nonlinear rela-
RS- o ol o g tionships between total dietary fiber and
N U Y g =3 the incidence of stroke, we fitted the
(TR Y N~ ~ (@) o - . c
Se e AW o~ ~ 8 energy-adjusted generalized additive
2g5o S o (S S5 = ln 1y . .
&= g o o ™ models (Fig. 1). Asshown graphically, de-
e >N o o NG e RO B & . . -
RO, ¢ Lol I S L =) 5 creasing trends according to higher values
55 A % 0o =3 oibo E g for dietary fiber were clearly shown, with
I b E i 3 1 3 1
5% g Tz o = = © z the relationships appearing to be nonlin-
I~ = H . . .
252 g e g o £ ear. Notably, the estimated incidence rate
& :Tog = * U’ * O = was very low, i.g., <O‘90/1,0AOO patienp
Eae % g 3 years, among patients consuming total di-
2550 g | & etary fiber >25 g. Indeed, the maximum
& E‘ g o . o. g § total dietary fiber in the 68 cases of stroke
f28 & =% & g was 24 g.
c 19 ~ 5 o —
iEE S i~ oo lelE |8 .
222 =4 5N oo 5 2 CONCLUSIONS —This 8-year follow-
wn = i - - . .
2R3 = g ! 2 = 5 up study of Japanese patients with type 2
3 é O o . Ao |w S diabetes revealed an ~60% risk reduction
o] = BN . .
Ea % o ' o g of stroke in the fourth quartile of total
=R\ . : b ; )
FEiL 2 4 a dietary fiber and vegetables/fruits com-
gE2 g pared with the first quartile. The esti-
X 3 mated incidence rate of stroke was ve
£& s og . . . i
EN . 5 2 low in patients consuming >25 g/day of
S Ao 0o g = = total dietary fiber, suggesting a potential
—_— (@ w P s
8.5 = = 53 v 2 threshold of ~20-25 g. The association in
S& & = =D o g relation to soluble fiber seemed to be
24 F g i v -] T stronger, but there were no significant as-
Fad o LWL E S sociations between CHD and any types of
EER 5 = < dietary fiber. Our findings are in line with
o 3 . . .
v T ey = results of earlier cohort studies on the in-
=] .
T TE - > cidence of stroke among healthy adults, as
EoF summarized in Supplementary Table 1.
» N - N .
E g In comparison with people in West-
28 IS - ern countries, diabetic patients in East
8.5 § 3 Asian countries, including Japan, are
— 8 \ . .
gz PN = - known to have quite different features
£ FA g N =] such as the much lower incidence rate of
58S 28 N = CHD than in Western countries (25) and
= n g o .
= 2 o 2 the low prevalence of obesity (20). As ex-
E8E 8 s o pected, the incidence rate of stroke
g 2 , Z. X ) .
227 A ~é; v among patients in this cohort, 6.81/
AE R o 2 1,000 patients-years, was 2—10 times
558 = - ] p Y . .
v = higher than those in eatlier studies (14-19)
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(Supplementary Table 1). The “metaboli-
cally obese” phenotype (20) characterized
by normal body weight with increased
abdominal adiposity was also common
(Table 1). Furthermore, most patients typ-
ically had a “low-fat energy-restricted
diet,” i.e., the proportions of protein, fat,
and carbohydrate consumption met the
Western guidelines (1-3), which recom-
mended carbohydrate intake ranging from
4510 65%, fat intake <30-35%, and pro-
tein intake from 10 to 20%. On the other
hand, despite the possible difference in di-
etary habits, the distribution of dietary fi-
ber intake substantially overlaps with
those in populations of healthy adults ex-
cept for cohorts in Finland and Sweden
(Supplementary Table 1). The current
goals for daily intake of total dietary fiber
in guidelines are similar between Japan
(20-25 g [4]) and the U.S. (14 g/1,000
keal [1]). We observed a lower incidence
of stroke around intake of 20-25 g
(Fig. 1), supporting these dietary goals.
Achieving such intake would be realistic
given the national average in Japanese
adults, i.e., 14.6 g (29).

The estimated risk reduction by di-
etary fiber in this cohort was seemingly
stronger than those in the earlier cohort
studies (Supplementary Table 1). The
HRs of the fifth quintile of total dietary
fiber compared with the first quintile
ranged from 0.64 (95% CI 0.46-0.88)
to 1.05 (0.73-1.51), showing moderate
heterogeneity across studies. Data on the
effects of dietary fiber in diabetic patients
are limited (20-22). The Nurses’ Health
Study reported that whole-grain and bran
intakes were associated with reduced all-
cause and cardiovascular mortality
among U.S. women with type 2 diabetes
(20). Inverse associations with all-cause
and cardiovascular mortality were also
observed in a study of self-reported diabe-
tes nested within the European Prospective
Investigation into Cancer and Nutrition
(EPIC) study (21). The EURODIAB Pro-
spective Complications Study reported
that higher dietary fiber consumption,
especially that of soluble fiber, was asso-
ciated with CVD in type 1 diabetic pa-
tients (22). Taken together, high intake
of dietary fiber would reduce the inci-
dence of stroke not only in healthy
adults but also in patients with type 2
diabetes. However, it is unclear whether
dietary fiber is more beneficial for dia-
betic patients.

The precise mechanisms for our find-
ings cannot be clarified merely from
epidemiological studies, but it is important
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Incidence rate of stroke (1/1,000 patient-years)

Total dietary fiber (g per day)

Figure 1—Incidence rate (solid curve) and
95% CI (broken curve) of stroke in relation to
total dietary fiber intake estimated by the
generalized additive model.

to note that the energy-adjusted HR was
smaller for soluble dietary fiber (0.48/g)
than for total (0.82/g) and insoluble
(0.79/g) dietary fiber. Soluble fiber is mainly
derived from fruits, vegetables, and le-
gumes in typical Japanese diets. This type
of fiber specifically decreases LDL choles-
terol by —2.2 mg/dL per 1 g (5) and SBP
by —1.32 mmHg (7) if given as supple-
ments. Furthermore, lipids and blood
pressure are the leading risk factors for
CHD and stroke in Japanese patients, re-
spectively (24). Our observations there-
fore support the hypothesis that the
effects of dietary fiber on some types of
stroke are mediated by lipids and blood
pressure, but given that the degree of im-
provement in LDL cholesterol and SBP by
dietary fiber is small, the entire risk reduc-
tion for stroke does not seem to be attrib-
utable to merely the effect on lipids and
blood pressure. Other possibilities include
reducing postprandial glucose concentra-
tion and insulin secretion (6), reducing
clotting factors (8), and decreasing inflam-
mation (9). These protective factors
against CVD are biologically interrelated,
so it may be possible that synergism
among them results in the 60% risk reduc-
tion of stroke.

Another important finding of this
study was that only stroke but not CHD
was significantly reduced by dietary fiber.
The Japan Public Health Center Study
(18) also reported a significant associa-
tion for only stroke, while dietary fiber
was correlated with only CHD—not
stroke—in the Japan Collaborative Cohort
Study (17) (Supplementary Table 1).

However, these three cohorts in Japan
consistently reported HRs for CHD
of <1 in higher quartiles of dietary
fiber, showing weak decreasing trends
in CHD (though statistically nonsignifi-
cant). Furthermore, our post hoc power
calculation suggested that the power of
our study may not be sufficient. For ex-
ample, the observed HR for CHD be-
tween the first and fourth quartiles was
0.62, and P = 0.36 (Table 3), but the
power to detect a true HR of 0.62 was
only 11%, given the 45 CHD incidents
in the first and fourth quartiles. There-
fore, it is possible that the association be-
tween CHD and dietary fiber would
become significant by conducting pooled
analysis of cohorts.

To the best of our knowledge, this is
the first study on dietary fiber and CVD in
which patients with type 2 diabetes are
prospectively registered based on their
HbA,. levels—not retrospectively se-
lected based on self-reported diabetes
status. Other strengths include treat-
ment and follow-up plans that were con-
ducted in institutes specializing in
diabetes care and adjudication of cardio-
vascular events by an independent cen-
tral committee. Our study has several
limitations. First, the potential for bias,
such as measurement errors in dietary
assessments, confounding factors, and
informative censoring, cannot be ruled out
entirely. However, we found no notable dif-
ference in baseline characteristics between
patients who completed 8-year follow-up
and the other patients (27). Second, in
an observational study rather than a ran-
domized trial, it is impossible to conclude
whether medical nutritional treatment
encouraging dietary fiber or intake of veg-
etables and fruits would reduce incident
stroke in clinical practice. The apparent
preferable effects of dietary fiber might
be due to a generally healthy lifestyle
among high dietary fiber consumers.
This possibility cannot be not entirely ex-
cluded; patients in higher quartiles of di-
etary fiber had a relatively low smoking
rate and high level of physical activity,
although they had adverse dietary behav-
iors such as increased intake of energy,
saturated fatty acid, cholesterol, and so-
dium. Furthermore, it is difficult, al-
though not impossible under strong
assumptions for mediation analysis, to
separate the effects specific to dietary fiber
and the generic effect mediated by the
quantity of energy consumed in this ob-
servational study. Finally, our results may
not be generally applicable to populations

Tanaka and Associates

with different lifestyle or genetic factors.
For example, BMI and body weight are
markedly different between patients in
Japan and Western countries (30). Our
systematic review found that earlier stud-
ies were conducted in U.S., Europe, and
Japan and that the findings were moder-
ately heterogeneous. Furthermore, a co-
hort study suggests that dietary fiber
intake may modify the association be-
tween TCF7L2 157903146 and the inci-
dence of type 2 diabetes, leading to
preventive effects of dietary fiber from
type 2 diabetes only among non-risk al-
lele carriers (31). The contribution of
such ethnic and genetic differences re-
mains uncertain and is worthy of further
research. These limitations notwithstand-
ing, we conclude that high intakes of di-
etary fiber, particularly soluble fiber, and
vegetables and fruits reduce incident
stroke but not CHD in patients with
type 2 diabetes.
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Summary

This meta-analysis quantified the risk of type 2 diabetes mellitus (T2DM) pre-
ceded by body weight (BW) gain in the general population. Systematic literature
searches retrieved 135 eligible studies. The BW gain was divided into early weight-
gain, which was defined as BW gain from early adulthood (18-24 years of age) to
cohort entry (225 years of age), and late weight-gain, which was defined as BW
gain from cohort entry. The pooled relative risk (RR; 95% confidence interval
[CI}) of T2DM for an increment of BW gain standardized into a 5-kg m™
increment in the body mass index (BMI) was 3.07 (2.49-2.79) for early weight-
gain and 2.12 (1.74-2.58) for late weight-gain. When limiting analysis to studies
that concurrently examined T2DM risk for current BMI (defined in both groups
as BMI at cohort entry), a larger magnitude of T2DM risk was revealed for early
weight-gain compared with current BMI (RR [95% CI], 3.38 [2.20-5.18] vs. 2.39
[1.58-3.62]), while there was little difference between late weight-gain (RR [95%
ClI], 2.21 [1.91-2.56]) and current BMI (RR [95% CI], 2.47 [1.97-3.30]). The
meta-analysis suggested that BW gain was a quantifiable predictor of T2DM, as
well as current obesity in adults. Particularly, BW gain in early rather than
middle-to-late adulthood played an important role in developing T2DM.

Keywords: Adulthood, type 2 diabetes, weight gain.
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Introduction

It is well known that obesity is a risk factor for type 2
diabetes mellitus (T2DM). In particular, obesity in adult-
hood rather than childhood obesity is more strongly asso-
ciated with T2DM (1). The prevalence of obesity gradually
increases from 20 years to 60 years of age (2), and a large
percentage of T2DM develops from 45 years to 64 years of
age (3). These data suggest that body weight (BW) gain in
adulthood has an important role in the development of

T2DM in middle-to-late adulthood.

While the relationship between body mass index (BMI),
an indicator of excess BW, and the risk of T2DM, has been
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quantified in previous meta-analyses (4,5), the quantitative
relationship between BW gain and risk of T2DM remains
to be solved because of the variability in study design, such
as gender, ethnicity and the period when BW gain occurred.
In particular, it remains unclear which of the two periods,
i.e. either from early adulthood to middle age or after
middle age, during which BW is gained is the more critical
for the development of T2DM, and whether background
obesity status (i.e. normal or overweight/obese) of the sub-
jects affects future diabetes risk. The aim of this meta-
analysis was to quantify the association between BW gain
and subsequent T2DM risk in consideration of the period
when BW is gained.

© 2013 The Authors
obesity reviews © 2013 International Association for the Study of Obesity



obesity reviews

Body weight gain and type 2 diabetes S. Kodama etal. 203

Methods

Search strategy

An electronic literature search was conducted for cohort
studies that targeted general populations to investigate
T2DM risk in relation to BW change using the two data-
bases (MEDLINE [from 1950 to 6 February 2013] and
EMBASE [from 1974 to 6 February 2013]) incorporated in
ProQuest Dialog™. The search formula was produced by
combining the following three components using the
Boolean operator ‘AND’: ‘diabetes mellitus’, ‘weight gain’
and ‘cohort’. Details of the search terms for each compo-
nent are shown in the Supporting Information Table S1.
Inclusion criteria were as follows (i) studies prospectively
followed-up incident T2DM,; (ii) the period when weight
was gained was followed by the period when incident
T2DM was examined; (iii) the two periods were entirely
separated but sequential (i.e. there was no gap between
them) and (iv) relative risk (RR) as the risk measure of
T2DM and its corresponding standard error (SE) for an
increment of BW gain could be estimated.

While we a priori assumed the log-linearity between BW
gain and T2DM risk, it was too difficult to assume the linear
relationship between BW change and T2DM risk through-
out any BW change because reasons for weight loss were
considered to vary among studies and subjects within one
study, mainly depending on whether the weight loss was
voluntary (e.g. dietary restriction for health) or involuntary
(e.g. aging, smoking). If the T2DM risk in relation to weight
loss had been elevated (i.e. the relationship between BW
change and T2DM risk had been non-linear), the inclusion
of data on T2DM risk in relation to weight loss would have
underestimated T2DM risk in relation to weight gain.

Therefore, the included studies had to separately esti-
mate T2DM risk for losing BW and for gaining BW. Con-
sequently, two studies (6,7) were excluded because they
only provided data on T2DM risk, where BW change was
entered as a continuous variable. In one study that inves-
tigated T2DM risk for increments of BW change across all
BW changes for men, and separately investigated incremen-
tal T2DM risks in relation to gaining and losing BW for
women (8), we included only the latter data in the analysis.

As previously mentioned, the period when BW change
was examined varied among studies and among partici-
pants within one study. However, we crudely classified the
study-specific period into the following two categories (i)
from early adulthood to a definite point (i.e. beginning of
the study-specific cohort; early weight-gain) and (ii) during
a definite duration in the later phase rather than in early
adulthood (late weight-gain). Primarily, BW gain from
early adolescence to the beginning of cohort entry was
considered as the early weight-gain category. In contrast,
we regarded BW gain during an uninterrupted period

© 2013 The Authors
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across all participants in an individual study, after the
formation of the cohort, as the late weight-gain category.
Although the two categories inevitably overlapped as to
periods when BW change was examined, we discriminated
these categories by age at the beginning of the examination
of weight change to minimize overlapping: 18-24 years of
age for early weight-gain and 25 years or older for late
weight-gain. Therefore, we excluded two studies that
examined weight change after cohort entry for a subject
population that included those less than 25 years of age at
cohort entry (9,10) because it was impossible to determine
which weight gain in these studies corresponded to early
weight-gain or late weight-gain according to our defini-
tions. For late weight-gain, we excluded one study (11) that
retrospectively examined weight change from 40 years to
50 years of age, and prospectively followed-up incident
T2DM because whether BW at cohort entry was initial or
final, significantly affected the study result (10). In one
study (12), data on T2DM risk, in relation to weight
change both from 50 years of age to cohort entry, and
during 3 years from cohort entry, were provided: the latter
data were chosen for the same reason. Of the two studies
(13,14) having the same study population, we included the
study (13) that provided the more updated data. We finally
obtained 15 eligible studies (8,12,13,15-26) out of 8,253
papers retrieved from the literature searches (Fig. 1).

Data extraction

For each included study, two authors (SK and HS)
extracted the following information relevant to study
characteristics as well as several RRs with their corre-
sponding SEs for several weight gain groups vs. a weight-
maintenance group: ethnicity, mean age at cohort entry, age
when the initial BW was assessed (in early weight-gain),
follow-up duration for ascertaining T2DM, duration
during which BW changed (in late weight-gain), mean BMI
at cohort entry, methods for collecting data on BW and
incident T2DM, and study-specific covariates. Inconsisten-
cies were solved by discussion.

Study quality was assessed by modifying the Newcastle
Ottawa Quality Assessment Scale (NOS) (27) so that it
was applicable to our theme (Supporting Information
Table S2). In summary, the NOS scale consists of three
major items: S (Selection: three questions), C (Comparabil-
ity; two questions) and O (Outcome: three questions). For
each question that a study could answer with ‘yes’, 1 point
was awarded. We judged study quality by the total score
of the awarded points as follows: low (<5 points); high
(>$ points).

If a study provided several RRs, such as unadjusted and
adjusted RRs, the most completely adjusted RR was used.
Each RR was fundamentally transformed into its logarithm
(InRR) because its corresponding SE was provided for the
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8,253 citations were found in databases
using search terms from MEDLINE or EMBASE

\ 4

—

8,120 articles were excluded based on title and abstract

133 articles were left for full-paper review

27 studies did not meet initial inclusion criteria

4 used cross sectional design

1 included participants having T2DM at

cohort entry

19 assessed weight gain and incident T2DM
concurrently

1 had a gap between examination for BW and
incident DM

2 lacked data required for meta-analysis such as
standard error

85 studies were not relevant to our topic of interest
19 were not original articles
24 did not consider incident T2DM as study end point

26 did not assess or quantify weight gain
16 did not analyse weight gain as an explanatory variable

v

6 studies were additionally excluded for the following
reasons:

2 did not define weight-maintenance group as a referent
2 included participants aged <25 years at cohort entry

A

4

\ 4

1 retrospectively examined weight change in middle-aged
adults
1 was updated by a more recent study

15 articles were included in
our analysis

Figure 1 Study flow chart showing the search procedure for eligible studies.

InRR rather than the RR. If the risk measure was not
expressed as RR, but as an odds ratio (OR) (10,23,26), it
was transformed into RR using the formula RR = OR/
[(1=Pg) + (Po X OR)], in which Py is the incidence of the
outcome of interest in the reference group (28), where the
SE could be calculated by multiplying SE for InOR by
JVInRR/InOR ; although this method had a potential bias
because of some discrepancy between the Mantel-Haenszel
OR and the logistic regression OR (29). In one study that
did not directly provide data on the RR in relation to
weight gain (19), the RR was calculated based on the data
on the number of cases and non-cases in referent (i.e.
weight-maintenance group) and non-referent groups (i.e.
weight gain groups), where the SE was calculated from the
confidence interval (CI), or if not provided, was calculated
by the following formula:

A1 1t _1
Co, GC+Ny, C C+N

SE* =

where C; and Ny indicate the number of T2DM cases and
non-cases in the referent group, respectively, and C; and N;
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indicate the number of T2DM cases and non-cases in the
non-referent group, respectively.

Data on BW change were standardized into those in BMI
units. If the analysed studies expressed the BW change in
kilograms, we estimated BW change in BMI units by divid-
ing the BW change in kilograms by squares of mean height
in meter units in the study-specific population. If data on
mean height were not provided, they were derived from
other papers that shared the same study population as
those to be analysed: data from references (15-17,20) were
taken from reference (30), while data from references
(8,12,18,21,22) were taken from references (31-35),
respectively.

Data synthesis

We conducted separate meta-analyses for early weight-gain
and late weight-gain. Effect size in an individual study was
standardized into InRR for the incremental gain using
the generalized least squares for trend estimation (GLST),
where the InRRs in several BW gain groups in an individual
study were regressed on their corresponding mean BW

© 2013 The Authors
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gain, expressed as the midpoint of the upper and lower
boundaries for data on BW change (36). In the open-ended
category of BW gain, we estimated the midpoint, assuming
that the breadth of BW gain in this category was equal to
that of its closest category.

For this estimation, we used the program developed by
Orsini et al. (37), which can calculate a weighted linear
regression of InRR across categories of BW gain, with
consideration of the covariance among the laRRs if data on
the total number of participants (or person-time) and cases
are provided. In this regression analysis, we limited the
exposure categories to those gaining BW in each study,
assuming that not BW change, but BW gain was associated
with T2DM risk in a log-linear fashion. The standardized
effect size in each study was pooled with a random-effects
model. Finally, the T2DM risk in relation to BW gain was
obtained as that for an increment of § kg m™? in BMI units
after exponentiation of the pooled InRR. Study heteroge-
neity was assessed by Q-statistics or [-squared overall and
within each strata after the stratification (38). The pooled
estimates were calculated based on a random-effects
model (39).

Sensitivity analysis

To consider the effect of obesity status at baseline (i.e.
before BW change) on the significance of BW gain for
T2DM risk, we additionally estimated the pooled T2DM
risk for studies that examined the T2DM risk in relation to
BW gain according to the BMI at cohort entry, limiting the
analysis to groups comprised of participants with a normal
BMI (BMI <25 kg m™2) or who were overweight or obese
(BMI = 25 kg m™). To compare the magnitude of the asso-
ciation between early weight-gain and late weight-gain, we
conducted a multilevel meta-regression analysis where
within- and between-study variability in the effect size was
considered. For further comparison between early weight-
gain and late weight-gain, we compared the magnitude of
T2DM risk for a 5-kg m™ increment in the BMI between
early weight-gain and current BMI (defined in both groups
as BMI at cohort entry), and between current BMI and
late weight-gain, limiting the analysis to the 11 studies
(8,13,15-23) that investigated T2DM risk in relation to
BMI values at cohort entry, as well as BW gain under the
condition that the T2DM risk for current BMI and for BW
gain was adjusted for similar covariates. For calculation of
the T2DM risk for a 5-kg m™ increment in the BMI in each
study, we repeated the GLST analysis, where the T2DM
risk for one standard deviation (1 SD) was estimated by
regressing the InRRs in several BMI groups in an individual
study on their corresponding order statistics in the median
of the upper and lower boundaries. If studies did not
provide data on the SD of BMI in the study population
(12,13,15-18,20-23), it was estimated by regressing
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several BMI boundary values in each study on their corre-
sponding order statistics (40).

In addition to these sensitivity analyses, the pooled
T2DM risk was estimated for subgroups after stratifica-
tion, on the basis of several pre-specified key study charac-
teristics. Meta-regression analysis was used to test for
differences in the magnitude of the effect size among sub-
groups. Publication bias was assessed for the pooled effect
size associated with early weight-gain and late weight-gain:
Begg’s rank correlation test and Egger’s regression asym-
metry test (41,42). For statistically suspected publication
bias, the trim and fill method was adopted to adjust the
pooled T2DM risk, assuming that the asymmetry of the
funnel plot is entirely due to publication bias. This method
includes detection of unpublished studies that distorted the
funnel plot, filling the results of these hypothetical studies
to recover the symmetry of the funnel plot, and recalcula-
tion of the pooled effect size as if these studies had actually
existed (43).

Results

Study characteristics

The characteristics of the included studies that investigated
T2DM risk, in relation to early weight-gain and late
weight-gain, are described in Tables 1 and 2, respectively.
Seven studies (16,17,19,21,22,25,26) consisting of
342,703 participants and 15,397 cases, and 10 studies
(8,12,13,15,18,20,23-26) consisting of 305,083 partici-
pants and 10,042 cases, were related to early weight-gain
and late weight-gain, respectively. One study (25) con-
ducted three separate analyses by ethnicity in both early
weight-gain and late weight-gain. Another study (26) strati-
fied the population into two subclasses by gender in early
weight-gain and into 2x2 =4 subclasses by age and
gender in late weight-gain. Finally, 10 and 15 datasets were
obtained for early weight-gain and late weight-gain, respec-
tively. The mean age at cohort entry ranged from 38 years
to 59 years of age. The mean follow-up duration for ascer-
tainment of T2DM ranged from 3 years to 24 years in
studies of early weight-gain and from 4 years to 15 years in
studies of late weight-gain. Mean BMI in the study popu-
lation was relatively homogeneous, ranging from 23.4 kg
m™ to 26.7 kg m™ for early weight-gain, and from 23.3 kg
m™ to 25.9 kg m™ for late weight-gain. In studies investi-
gating T2DM risk with early weight-gain, data on the age
when the initial BW were assessed ranged from 18.5 years
to 21 years, and were dependent on self-report in all, but
one study (21). In all studies investigating T2DM risk in
relation to late weight-gain, the time period during which
BW was gained varied among studies, although it was
consistent among participants within each study, ranging
from 2.3 years to 10 years.

15, 202-214, March 2014
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Table 1 Characteristics of the seven included studies that investigated type 2 diabetes risk in relation to early weight-gain®

First author (year) Dominant Duration No. Age (%) BMi at entry Methods™ Study covariates
ethnicity (years)t (kg m2f) -
P C Baseline Entry Men (%) BW T2DM
(years)$ (years)!

Chan (1994) (16) Caucasian 5 27,983 272 21 56 100 247 S S Age, gender, FHDM, smoking,
baseline BMI

Colditz (1995) (17) Caucasian 13 114,281 1,804 18 42 0 24 S S Age, gender, baseline BMI

McNeely (2001) (19) Japanese American 5 466 49 20 52 52 241 S DM None

Oguma (2005) (21) Caucasian 24 20,187 1,223 18.5 46 100 24.4 M S Age, gender, PA, smoking, HT,
FHDM, baseline BMI

Krishnan (2007) (22) African-American 3 49,766 2,472 18 [38] 0 [26.7] S S FHDM, PA, smoking, education

Morimoto (2011} (25) Multiplett 14 78,006 8,588 21 59 46 24.9 S S, R Gender, ethnicity, education, BMI at
baseline and at entry

Nanri (2011) (26) Japanese American 5 52,014 989 20 56 44.0 23.4 S S Age, gender, baseline BMI, smoking,

PA, HT, FHDM, coffee consumption

*Early weight-gain was defined in Methods.

Follow-up duration during which researchers investigated whether the participants developed T2DM.

*Numerical value in square brackets indicates median value. The remaining values indicate mean value.
$'Baseline’ means the point when initial BW was assessed.

TEntry’ means the point when the cohort began.
**Methods for obtaining data on initial BW (i.e. BW in early adulthood) and whether participants developed T2DM.

TAnalyses were stratified by ethnicity.
BMI, body mass index; BW, body weight; C, cases; D/M, doctor diagnosis or medical record; FHDM, family history of diabetes; HT, hypertension; M, measurement; P, participants; PA, physical activity;
R, registry; S, Self-report; T2DM, type 2 diabetes mellitus.
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Table 2 Characteristics of the 10 included studies that investigated type 2 diabetes risk in relation to late weight-gain*

First author (year) Dominant Duration No. Age (%) BMI at Methods Study covariates
ethnicity entry
For T2DM For P c Atentry Men (%) (kgm@F®  For For
(years)t BW# (years)$ ToDMT  BW**

Colditz (1990) (15) Caucasian 4 40 93,794 512  [38] 0 [23.3] S S Age, gender, BMI at entry

Ford (1997) (18) Caucasian 9 10.0 8,545 487 45 38 25.2 S M Age, gender, race, education, smoking, TC, SBP, HT,
medication, BMI at entry, alcohol

Koh-Banerjee (2004) (20) Caucasian 4 10.0 22,171 305 53 100 25.3 S S Age, gender, smoking, alcohol, PA, FHDM, fiber intake,
BMI at entry

Wannamethee (2005) (13) Caucasian 15 5.0 6,194 237  [50] 100 25.4 D/IM M Age, gender, social class, smoking, PA, alcohol, HT,
presence of CHD, FEV1, SBP, TC, BMI

Mishra (2007) (23) Others than 3 2.3 7,239 206 [48] 0 [24.8] S S Age, gender, BMI at entry, PA, smoking, education,

Caucasian menopause

Biggs (2010) (12) Caucasian 12 3.0 2,807 174 73 41 25.7 DM M Age, gender, race, smoking, PA, diet score, alcohol, BM!
at entry

Kataja-Tuomola (2010) (24)  Caucasian 7 3.0 20,952 536 57 100 25.9 R M Age, gender, smoking, BMI, BP, TC, HDL-C, alcohol, PA

Berentzen (2011) (8) Caucasian 5 53 15,777 1,027 [56] 100 259 R S Age, gender, smoking, BMI at entry, WC at entry, diet
score, El, alcohol,

Morimoto (2011) (25) Multiplett 9 55 75590 5570 59 46.2 24.9 S,R M PA, ethnicity, education, BMI at entry, final BMI

Nanri (2011) (26) Japanese American 5 5 52,014 989 56 44.0 23.4 S M Age, gender, BMI at entry, smoking, PA, HT, FHDM,

coffee

*Late weight-gain was defined in Methods.

TFollow-up duration during which researchers investigated whether the participants developed T2DM.

*Duration during which the BW change was assessed.

SNumerical values in square brackets indicate median value. The remaining values indicate mean value.
TMethods for obtaining data on whether participants developed T2DM.
**Methods for obtaining data on initial BMI (i.e. BMI at cohort entry).

fTAnalyses were stratified by ethnicity.

BMI, body mass index; BP, blood pressure; BW, body weight; C, cases; CHD, coronary heart disease; D/M, doctor diagnosis or medical record; El, energy intake; FEV1, forced expiratory volume in one
second; FHDM, family history of diabetes; HDL-C, HDL cholesterol; HT, hypertension; M, measurement; P, participants; PA, physical activity; R, registry; S, Self-report; T2DM, type 2 diabetes mellitus; TC,

total cholesterol; WC, waist circumference.
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Table 3 Forest plots of the relative risk (RR) with 95% confidence interval (Cl) for risk of type 2 diabetes mellitus (T2DM) with 95% Cl in relation to

early weight-gain by a 5-kg m=2 increment in the body mass index (BMI)

Study source RR (95% Cl) % Weight
Chan et al. (1994) (16) —a— 9.63 (6.70, 13.84) 8.24
Colditz et al. (1995) (17) L] 3.88 (3.67, 4.10) 10.82
McNeely et al. (2001) (19) = 2.32 (1.78, 3.01) 9.34
Oguma et al. (2005) (21) ] 3.04 (2.72, 3.39) 10.59
Krishnan et al. (2007) (22) L] 1.86 (1.78, 1.94) 10.85
Morimoto et al. (2011) (25) Caucasian L 2.89 (2.67, 3.12) 10.75

Japanese American L 2.61(2.42, 2.82) 10.75

Native Hawaiian L] 2.49 (2.32, 2.66) 10.78
Nanri et a/. (2011) (26) Men 8 3.55 (2.67, 4.72) 9.10

Women ~- 2.94 (2.15, 4.02) 8.80
Overall (I-squared = 98.2% P < 0.0001) 3.07 (2.49, 3.79) 100.00
Note: Weights are from random effects analysis

i 2 4 8 16 3

Per +5 kg m~2

The RRs in each study and the overall RR are indicated by circles and diamonds, respectively. Horizontal lines indicate the range of 95% CI. Areas
of the squares are proportional to the study weight expressed as inverse of the square of standard error based on a random-effects model. Early

weight-gain was defined in the Methods section.

Supporting Information Table S2 shows the process of
assessing study quality for each included study. Two studies
(15,17) targeted a specific type of occupation, specifically
nurses, and one study (24) exclusively targeted smokers. In
the remaining studies, participants were considered to rep-
resent the average population. Approximately half of the
included studies (eight studies) (8,15~17,20-23) depended
on self-report for obtaining data on BW at cohort entry.
In all but one study (19), the T2DM risk in relation to
BW gain was adjusted for the initial BMI (i.e. before
gaining BW; not at cohort entry). As indicated in Tables 1
and 2, only 5 of the 15 included studies (8,12,13,19,24)
avoided subjectivity for ascertainment of T2DM by using
medical records or registries. Only three studies (15,17,25)
allowed participants to be lost to follow-up. Consequently,
study quality was a priori judged as high in seven
studies (8,12,13,18,21,24,26) and as low in eight studies
(15-17,19,20,22,23,25).

Overall T2DM risk in relation to increment of
BW gain

Tables 3 and 4 are forest plots of RR of T2DM with a 95%
CL, in relation to early weight-gain and late weight-gain,
respectively. The magnitude of T2DM risk for an increment
of a 5 kg m™? BMI gain was substantially larger in early
weight-gain (pooled RR [95% CI], 3.07 [2.49-2.79]),
compared with late weight-gain (pooled RR [95% ClI],
2.12 [1.74-2.58]). However, the difference was not signi-
ficant (P = 0.09). All studies revealed positive associations
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between BW gain and T2DM risk. However, the magni-
tudes of the associations were highly heterogeneous for
both early weight-gain (I-squared = 98.2%, P < 0.001) and
late weight-gain (I-squared = 75.3%, P < 0.001).

There was no study that investigated T2DM risk in rela-
tion to early weight-gain by limiting participants to those
who were overweight (i.e. 225 kg m™ BMI) in early adult-
hood. Only two studies (19,21) that investigated T2DM
risk, in relation to BW gain from early adulthood, limited
participants to those who had a normal BMI (<25 kg m™)
before the BW gain. However, the result was controversial,
the T2DM risk associated with early weight-gain was sig-
nificant in one study (21) and non-significant in the other
(19). Four studies (13,15,18,26) added a stratified analysis
for T2DM risk, in relation to late weight-gain by BMI at
cohort entry. The pooled RR (95% CI) for a 5-kg m
increment in the BMI was 1.87 (1.06-3.31) for those who
had normal BMI at cohort entry and 1.98 (2.59-2.47) for
those who were overweight at cohort entry. The difference
in the magnitude of the T2DM risk was not significant
(P=0.53).

Supporting Information Figs S1 and S2 show T2DM
risks for increments of early weight-gain and late weight-
gain, respectively, compared with those of current BW (i.e.
BW at cohort entry). These data were limited to studies that
concurrently investigated T2DM risks in relation to the
current BW and early or late weight-gain. Although there
was little difference in the T2DM risk between late weight-
gain and current BMI (RR [95% CI] for a 5-kg m™ incre-
ment in BMI, (2.21 [1.91-2.56] vs. 2.47 [1.97-3.10]; P

© 2013 The Authors
obesity reviews © 2013 International Association for the Study of Obesity



obesity reviews

Body weight gain and type 2 diabetes S. Kodama etal. 209

Table 4 Forest plots of the relative risk (RR) with 95% confidence interval (Cl) for risk of type 2 diabetes mellitus (T2DM) with 85% Cl in relation to

late weight-gain by a 5-kg m~ increment in the body mass index (BMI)

Study source RR (95% Cl) % Weight
Colditz et al. (1990) (15) i 2.07 (1.63, 2.63) 9.49
Ford et al. (1997) (18) l 2.16 (1.66, 2.80) 9.25
Koh-Banerjee et al. (2004) (20) HE- 2.90 (1.74, 4.82) 6.33
Wannamethee et al. (2005) (13) —f— 2.16 (1.27, 3.69) 6.08
Mishra et al. (2007) (23) --I~§- 1.40 (0.81, 2.41) 5.95
Biggs et al. (2010) (12) —— 16.93 (6.79, 42.18) 3.25
Kataja-Tuomola et al. (2010) (24) E-I- 2.93(1.99, 4.32) 7.73
Berentzen et al. (2011) (8) —B—- 3.86(2.30, 6.46) 6.27
Morimoto et al. (2011) (25) Caucasian l: 1.72 (1.41, 2.08) 9.98

Japanese American .§ 1.57 (1.32, 1.87) 10.20

Native Hawaiian - 1.37 (1.11, 1.69) 9.84
Nanri et al. (2011) (26) <55 years, men ——~-l—;h 1.32 (0.58, 3.00) 3.77

255 years, men ——-l—f— 1.30 (0.60, 2.82) 4.04

<55 years, women —;i——- 2.59 (1.14, 5.87) 3.77

>55 years, women — B 2.09 (0.86, 4.52) 4.06
Overall (I-squared = 75.3%, P < 0.0001) <;) 2.12(1.74, 2.58) 100.00
Note: Weights are from random effects analysis ;

5124 81
Per +5 kg m

The RRs in each study and the overall RR are indicated by circles and diamonds, respectively. Horizontal lines indicate the range of 95% ClI. Areas
of the squares are proportional to the study weight expressed as inverse of the square of standard error based on a random-effects mode!. Late

weight-gain was defined in the Methods section.

value for difference, 0.65), early weight-gain had a non-
significantly stronger association with T2DM risk com-
pared with the current BMI (RR [95% CI] for a 5-kg m™
increment in BMI (3.38 [2.20-5.18] vs. 2.39 [1.58-3.62]; P
value for difference, 0.09).

Other sensitivity analyses

Supporting Information Table S3 shows the results of
stratified analysis of T2DM risk in relation to early weight-
gain based on several key items related to study character-
istics. Throughout all strata within each item, the T2DM
risk in relation to BW gain was positively significant. The
magnitude of the T2DM risk was not significantly influ-
enced by the extent to which the study covariates were
totally considered (P = 0.51) or by study quality (P = 0.93).
However, differences in the magnitude of T2DM risk were
observed among strata in some items, although there was
insufficient statistical power to detect a significant differ-
ence due to the limited number of data units. Nevertheless,
a larger subsequent T2DM risk for an increment of BW
gain, as calculated according to a 5-kg m™ increment in
BMI, was observed in studies targeting men compared with
those including women (RR [95% CI], 5.33 [1.72-16.53]
vs. 2.74 [2.18-3.45], P value for difference, 0.07) and in

© 2013 The Authors
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studies of a Caucasian-dominant population (250% of
study population) compared with those of Others than
Caucasian dominant populations (>50% of study popula-
tion; RR [95% CIJ, 3.91 [3.08-4.99] vs. 2.51 [2.09-3.02],
P value for difference, 0.08).

Supporting Information Table S4 shows results of the
stratified analysis of T2DM risk in relation to late weight-
gain. As was observed in the stratified analysis of early
weight-gain, the T2DM risk for an increment of BW gain
was consistently significant throughout all strata after the
stratification. Studies ascertaining T2DM that exclusively
used registries or medical records revealed a significantly
higher T2DM risk than those dependent upon self-reports
(RR [95% CI], 4.06 {2.18-3.74] vs. 1.71 [1.57-7.56]; P
value for difference, 0.01). In addition, studies with high
NOS scores, which indicated high quality, revealed a higher
T2DM risk compared with those with lower NOS scores
(RR [95% CI] 2.65 [1.87-3.74] vs. 1.70 [1.44-2.01])
although the difference was not significant (P =0.12).
Although a gender difference in the magnitude of T2DM
risk was not observed, a significantly stronger association
in the magnitude of T2DM risk was observed in studies
targeting Caucasian-dominant study populations com-
pared with those dominated by other ethnicities (RR [95%
CI], 2.69 [2.04-3.56] vs. 1.50 [1.33-1.70], P value for
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difference, 0.04). Although the effect of the number of study
covariates that were considered in the estimation of T2DM
risk was not significant (P = 0.14), the adjustment for social
circumstances or educational level tended to weaken the
magnitude of the T2DM risk (P =0.06). Studies that
adjusted T2DM risk for alcohol intake revealed a stronger
association between BW gain and T2DM risk compared
with those without such an adjustment (P = 0.01).

Publication bias

Publication bias was statistically suspected in the T2DM
risk associated with late weight-gain by Egger’s test
(P =10.05), but not Begg’s test (P =0.30), although there
was no evidence of publication bias in T2DM risk associ-
ated with early weight-gain (P = 0.37 for Begg’s test and
P =0.30 for Egger’s test). We tried to adjust the T2DM risk
in relation to early weight-gain using the trim-fill method
(Supporting Information Fig. S3). This method detected
three hypothetically unpublished datasets, without which
the T2DM risk could have been inflated. The recalculation
after the inclusion of these hypothetical data slightly weak-
ened the RR (95% CI) for T2DM risk to 1.79 (1.43-2.23).

Conclusions

This meta-analysis showed that there was an elevated
T2DM risk associated with incremental increases in BW in
adulthood, suggesting a dose-response association between
BW gain and subsequent T2DM risk. According to the
Evidenced-based Practice Center programme (44), the
current meta-analysis might not obtain high strength of
evidence for an elevated T2DM risk in relation to BW gain
because (i) this meta-analysis was based on observational
studies; (ii) the magnitude of the T2DM risk was highly
heterogeneous despite consistently positive results across
studies and (iii) there was statistically detected publication
bias in the estimates of T2DM risk in relation to late
weight-gain (Supporting Information Table S5). However,
the positive association between BW gain and subsequent
T2DM risk was consistent across several study character-
istics, in particular, the extent of consideration of study
covariates and study quality. Therefore, the overestimation
of associations that is often seen in observational studies
was unlikely to be the case with this meta-analysis.

The T2DM risk in relation to BW gain has been believed
to depend on the initial obesity status; i.e. those who are
already obese are susceptible to elevated T2DM risk after
additional BW gain (6). However, in the analysis of late
weight-gain, when analyses were limited to studies that not
only included overweight/obese populations, but also
populations with a normal BMI, the difference in the mag-
nitude of the T2DM risk was not significant between the
two populations. This result suggested that the association
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between BW gain and T2DM risk was independent of the
initial BW. In other words, BW gain and initial BW could
have an additive effect on the elevated risk of T2DM,
although future studies are needed to elucidate this factor.

The current meta-analysis indicated that BW at cohort
entry (corresponding to those in their 50 s, in general) did
not have as strong an association with T2DM risk as BW
gain (corresponding to early weight-gain), but was equally
predictive of T2DM risk as BW gain after that time (cor-
responding to late weight-gain). Previous reports (14,45)
suggested that the duration of obesity was a primary deter-
minant of T2DM risk, which might be explained by the fact
that the failure of glucose homeostasis induced by obesity
develops gradually (46). According to this suggestion, it is
hypothesized that (i) BW gain is secondary to current
obesity, in terms of predicting T2DM risk, because being
obese generally has a longer history than becoming obese
and (ii) early weight-gain is strongly associated with T2DM
risk, compared with late weight-gain, because the earlier
BW gain results in a longer duration of obesity. Although
the current results were in line with the latter hypothesis,
they were inconsistent with the former hypothesis. The
reason for the inconsistency is that (i) previous reports
(14,45) focused on obesity defined by BMI =30 kg m™
while our study did not specify the BMI value as a result of
BW gain and (ii) the T2DM risk, in relation to the current
BMI, could have been underestimated because underweight
persons with high risk of T2DM were included (47). There-
fore, more caution should be taken in determining whether
being obese or becoming obese is more strongly associated
with T2DM risk from findings of this meta-analysis.

The positive association between BW gain and T2DM
risk was consistent through several stratifications of the
specified study characteristics. However, several points
need to be addressed regarding the characteristics of study
populations that could allow them to be especially suscep-
tible to T2DM risk, in relation to BW gain. Firstly, in the
analyses of early weight-gain, studies targeting only men
revealed a stronger association between BW gain and
T2DM risk, compared with those targeting populations
that included women as well as men. However, gender
differences in the magnitude of T2DM risk were not
observed in late weight-gain. These findings were sup-
ported by the following biological mechanisms (i) abdomi-
nal adiposity is strongly associated with glucose intolerance
(48); (i) androgen receptors had been identified in greater
abundance in intra-abdominal rather than subcutaneous
preadipocytes in the cell culture study (49) and (iii)
menopause-related testosterone predominance causes the
excess fat, resulting from BW gain to be distributed as
abdominal adiposity (50). Current results suggested that
men, especially, should pay attention to BW change from
earlier adulthood and women should avoid BW gain espe-
cially after menopause.

© 2013 The Authors
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Secondly, ethnicity could influence the significance of BW
gain in the development of T2DM. The current analysis
indicated a tendency for a stronger association with T2DM
risk, in relation to BW gain in studies with Caucasian-
dominant populations than in those targeting Others than
Caucasian dominant populations. The genetic differences
according to ethnicity might be suggested by the general
finding that a higher proportion of abdominal obesity is
present even when BMI values are similar, and that there is
a pronounced dysfunction in early insulin secretion in
Asian populations, compared with European populations
(51). These genetically determined factors could demon-
strate a large relative contribution to the development of
diabetes in Others than Caucasian people rather than in
Others than Caucasian people. However, this does not
mean that people having genetic disadvantages with regard
to diabetes risk need not pay attention to BW. Rather, it is
of note that even a modest BW gain during adulthood
substantially increases the risk of diabetes in such people
(52). Another explanation for the current finding is that in
studies of Others than Caucasian populations, some indi-
viduals having such T2DM-susceptible phenotypes had
already developed T2DM before cohort entry and were
excluded from the study. The ethnic differences in the con-
tribution of BW gain to the development of T2DM may
need to be further investigated in future studies.

Several limitations should be addressed in this meta-
analysis. Firstly, the effect of some confounders modified
the magnitude of T2DM risk in relation to BW gain. For
example, among the included studies, while studies with
adjustment for alcohol intake revealed a larger RR for late
weight-gain, a smaller RR was observed in studies with
adjustment for educational or socioeconomical status. It
was reported that, compared with non-drinkers, heavy
alcohol drinkers had lower insulin concentrations suggest-
ing higher insulin sensitivity (53) despite the higher risk of
fature BW gain (54). It is possible that among BW gainers,
alcohol drinkers had a relatively lower risk of incident
T2DM, resulting in the underestimation of T2DM risk in
relation to BW gain. Other reports indicated that socioeco-
nomic disadvantages, including low educational status and
economic difficulties, were associated with elevated risk of
BW gain (55) and T2DM (56). Socioeconomic factors
might have partially explained the elevated risk of T2DM
in relation to BW gain, which was suggested by the sensi-
tivity analyses in the current meta-analysis: the smaller
magnitude of T2DM risk in studies with adjustment for
education or some other socioeconomic factors, compared
with that in studies not having such adjustments (Support-
ing Information Tables S3 and $4). Moreover, the possibil-
ity of other residual confounders that could not be specified
in this meta-analysis could not be ruled out.

Secondly, BW assessments or the ascertainment of
T2DM depended on self-reports in several studies. Current
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studies indicated that a lower RR was observed in studies
that completely or partially used self-reports for the ascer-
tainment of T2DM, compared with those that did not use
self-reports in the stratified analysis of T2DM risk in rela-
tion to late weight-gain. If undiagnosed T2DM had been
overlooked, especially among individuals with BW gain
because those individuals with unaware of having T2DM,
the association between BW gain and T2DM risk would
have been weakened. Similarly, underestimation of BW by
overweight or obese persons (57) might distort the asso-
ciation between BW gain and T2DM risk, although the
stratified analysis indicated no statistically significant evi-
dence that the method for collecting BW information
modified the strength of the association. Thirdly, this meta-
analysis was limited to studies that separated the duration
when BW was gained and when T2DM was ascertained to
clarify that T2DM developed as a result of BW gain. This
method for selecting studies resulted in ignoring BW
change during the follow-up period for ascertaining
T2DM, although weight fluctuation was suggested to be
diabetogenic in some studies (24,58). In particular, studies
with a short duration for assessing BW change would have
been susceptible to the effect of the BW change during the
follow-up period for ascertaining T2DM. However, the
duration for assessing BW change did not affect the study
result in the sensitivity analysis of the T2DM risk in rela-
tion to late weight-gain.

Fourthly, as previously mentioned, in this meta-analysis
we deleted several BW-reduction groups in each study.
However, obese persons who had experienced a large
weight loss during the recent history of the cohort study,
although overall experiencing a total weight gain, might
have been included. Many such persons would have
already developed diabetes and been excluded from the
analysis. However, considering that weight loss often
delays the onset of diabetes, some of those individuals
might not have been excluded at the beginning of the
cohort study and would be diagnosed as having diabetes
during the follow-up period. In this case, the quantitative
association between BW gain and diabetes might be biased
if the total weight gain had been modest. Some cross-
sectional studies indicated that weight change between
early adulthood and the age at maximum BW had a
stronger association with T2DM risk than that between
early adulthood and the age at the beginning of the study
(59,60). For more accurate estimation of the association
between BW gain and subsequent T2DM risk, it is pro-
posed that longitudinal studies investigate T2DM risk in
relation to maximal BW gain.

We suggest one important issue that is expected to be
solved through future investigations. Some studies (61,62)
indicated that body fat distribution, such as waist circum-
ference and waist-to-height ratio, rather than BMI, had a
stronger association with T2DM risk although others
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(63,64) did not. In the current meta-analysis, a few of the
included studies (8,12,20) investigated T2DM risk in rela-
tion to the change in waist circumference or waist-to-hip
ratio as well as change in BMI. However, no study focused
on comparing the strength of the associations with T2DM
risk between the two types of changes. Future studies are
expected to focus on whether change in fat distribution or
BW is more important in predisposing an individual to
T2DM.

In conclusion, BW gain in adulthood was a quantifiable
predictor of T2DM as well as current obesity. Although the
strength of the association varied among studies, BW gain
in early adulthood was suggested to play a more important
role in developing T2DM compared with that in middle-
to-late adulthood.
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Figure S1. Comparison of the magnitude of type 2 diabetes
(T2DM) risk for a 5-kg m™ increment in the body mass
index (BMI) between early weight-gain and current body
weight (i.e. body weight at cohort entry). Analyses were
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limited to studies that concurrently investigated T2DM
risks in relation to the two exposures. Relative risks (RRs)
in each study and the overall RR are indicated by circles
and diamonds, respectively. Horizontal lines indicate the
range of the 95% confidence interval (CI). Areas of squares
are proportional to study weight (i.e. inverse of square
of standard error). Early weight-gain was defined in the
Methods section.

Figure S2. Comparison of the magnitude of type 2 diabetes
(T2DM) risk for a 5-kg m™ increment in the body mass

index (BMI) between late weight-gain and current body

weight (i.e. body weight at cohort entry). Analyses were
limited to studies that concurrently investigated T2DM
risks in relation to the two exposures. Relative risks (RRs)
in each study and the overall RR are indicated by circles
and diamonds, respectively. Horizontal lines indicate the
range of 95% confidence interval (CI). Areas of squares are
proportional to study weight (i.e. inverse of square of
standard error). Late weight-gain was defined in the
Methods section.

Figure S3. Funnel plot indicating the adjustment of risk of
type 2 diabetes mellitus (T2DM) in relation to late weight-
gain for publication bias using the trim and fill method. The
standard error of the logarithm of the relative risk (InRR)
of T2DM in relation to a 5-kg m™ increment in the body
mass index (BMI) is plotted against the InRR. The asym-
metrical funnel plot (i.e. number of data points is fewer in
lower region of the vertical symmetrical line than in upper
region) suggests publication bias. Based on the assumption
that the funnel plot is symmetrical in the absence of pub-
lication bias, data points indicated in the filled squares are
filled to recover the symmetry of the funnel plot. Late
weight-gain was defined in the Methods section.

Table S1. Details of search terms in this meta-analysis.
Table S2. Study quality assessment according to the modi-
fied Newcastle Ottawa Quality Assessment Scale (NOS).
Table S3. Stratified analyses by several study items related
to study characteristics of pooled relative risk (RR) of
type 2 diabetes mellitus (DM) for each 5 kg m™ of early
weight-gain.

Table S4. Stratified analyses by several study items related
to study characteristics of pooled relative risk (RR) of type
2 diabetes mellitus (DM) for each 5 kg m™ of body mass
index (BMI) gain in relation to late weight-gain.

Table S5. Summary of strength of evidence (SOE) for the
association between body weight gain and subsequent type
2 diabetes risk.
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Early Changes of Abdominal Adiposity
Detected with Weekly Dual Bioelectrical
Impedance Analysis during Calorie Restriction

Midori Ida', Masakazu Hirata’, Shinji Odori’, Eisaku Mori’, Eri Kondo', Junji Fujikura’,
Toru Kusakabe', Ken Ebihara’, Kiminori Hosoda'? and Kazuwa Nakao'

Objective: To elucidate early change of intra-abdominal fat in response to calorie restriction in patients
with obesity by weekly evaluation using a dual bioelectrical impedance analysis (Dual BIA) instrument.
Design and Methods: For 67 Japanese patients with obesity, diabetes, or metabolic syndrome, intra-
abdominal fat area (IAFA), initially with both Dual BIA and computed tomography (CT), and in subsequent
weeks of calorie restriction, with Dual BIA were measured.

Results: IAFA by Dual BIA (Dual BIA-IAFA) correlated well with IAFA by CT (CT-IAFA) in obese patients

(r = 0.821, P <.0001, n = 67). Ten males and 9 females (age 49.0 = 14.4 years, BMI 33.2 + 7.3 kg/m?)
lost more than 5% of baseline body weight (BW) in 3 weeks, and their Dual BIA-IAFA, BW, and WC
decreased by 18.9%, 5.3%, and 3.8%, respectively (P <.05, ANCOVA).

Conclusion: Dual BIA instrument could detect the weekly change of Dual BIA-IAFA under calorie
restriction in obese patients and demonstrated a substantially larger change of IAFA compared with
changes of BW and WC in early weeks. This observation corroborates the significance of evaluating IAFA
as a biomarker for obesity, and indicates the clinical usefulness of the Dual BIA instrument.

Obesity (2013) 21, E350-E353. doi:10.1002/0by.20300

Introduction

Abdominal adiposity is associated with development of obesity and
metabolic abnormalities in obesity-related diseases (1-3). The adipose
tissue distribution has been quantitatively evaluated by computed to-
mography (CT) (4) or magnetic resonance imaging (MRI) (5), and
intra-abdominal fat area (IAFA) is used as a clinical parameter of ab-
dominal adiposity (6). Although waist circumference (WC) is casually
employed to evaluate abdominal adiposity (7), WC is known to reflect
both the intra-abdominal and the subcutaneous abdominal adiposity. In
addition, the correlation of WC with intra-abdominal adiposity is influ-
enced by age and sex as shown in epidemiological studies (5). Thus,
WC does not necessarily provide the precise information about abdom-
inal fat distribution. Therefore, a new practical method for detecting
early change in abdominal adiposity is needed to elucidate its conse-
quence during acute phase of calorie restriction in obesity treatment
(8). There have been a few proposals of methods (9,10) that assess
IAFA as alternatives to CT (4) or MRI (5). However, there has been
no report on clinical application of these methods analyzing the weekly
change of IAFA during calorie restriction. We have developed the dual
bioelectrical impedance analysis (Dual BIA) instrument that can deter-

mine IAFA by measuring truncal impedance and surface impedance at
the abdomen separately, each of which reflects the truncal adiposity
and the subcutaneous adiposity respectively (11-13). The Dual BIA
instrument has been optimized with aims at robustness for use in a
wide range of human variation by analyzing the size of effect that each
parameter, such as age and gender, can have on the calculation out-
comes utilizing information technology (11-13). In this study, we report
on application of the Dual BIA instrument to compare the weekly
change in IAFA and body weight (BW) of obese patients with the met-
abolic syndrome or diabetes mellitus resulting from calorie restriction.

Methods

Dual BIA method and instrumentation

Dual BIA instrument calculates the cross-sectional area of intra-ab-
dominal fat at the level of umbilicus based on the measurement of
electrical potentials resulting from applying small electrical currents in
two different body space. Principles of IAFA determination by Dual
BIA instrument have been described previously (11-13) in detail.
Briefly, the Dual BIA instrument consists of bioelectrical impedance
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component that measures truncal and surface impedance of the body,
and a device that measures physical size of the abdomen. The two sets
of electrodes are for limb and truncal placement. The limb electrodes
consist of four clip-on electrodes placed on wrists and ankles. The
truncal electrodes are eight pairs of electrodes 6 ¢cm apart longitudi-
nally that are fixed to a belt where four pairs each for front and back
are positioned at an equal inter-electrode distance. The belt is adjusta-
ble so that the electrodes are positioned centered on mid-sagittal line
at the level of umbilicus in supine position. The truncal impedance is
measured by applying electrical currents between upper and lower
limb leads and reading voltage from the electrodes around the abdomi-
nal circumference. The surface impedance is measured by applying
and reading voltage from the abdominal circumferential electrodes.
IAFA by Dual BIA (Dual BIA-IAFA) is calculated as follows.

Dual BIA — IAFA = 014+ Olsz _ 13(/12 +BZ)‘/ZZS
—o4/Z+e

1)

A: abdominal antero-posterior diameter, B: abdominal transverse diam-
eter, Zs: surface impedance, Z;: truncal impedance, &: residual constant.

There was a good agreement of Dual BIA-IAFA and IAFA meas-
ured by CT (CT-IAFA) with the correlation coefficient of 0.888
(n =98, P <.001) (13).

Patient selection

The study was performed according to the protocol approved by Kyoto
University Medical Ethics Review Board (no. 080116). The patient
gave a written consent to participate in this study which took place at
the endocrinology and metabolism ward of Kyoto University Hospital.
We collected data from 67 Japanese patients (36 males and 31
females; mean = SD age, 54.7 £ 14.7 years, BMI 29.3 = 6.5 kg/mz)
with obesity (n = 56), diabetes mellitus (7 = 45), or the metabolic
syndrome (n = 38) who were hospitalized for calorie restriction ther-
apy or diet education, and had measurement of IAFA by both Dual
BIA method and CT method at the start of calorie restriction. Obesity
was diagnosed as BMI 25.0, and metabolic syndrome was diagnosed
according to 2005 Japanese criteria of metabolic syndrome (14). Aver-
age daily calorie intake was 1437.3 £ 201.4 kcal/day (19.3 = 43
kcal/ideal BW). Out of 67 patients, 35 patients could be followed for
longer than 3 weeks, while the other patients were discharged earlier
after examination of complications and diet and lifestyle education.
Total daily energy was varied individually during hospitalization based
on consultation between the patient, a dietician, and a physician. Out
of 35 patients who had their Dual BIA-IAFA monitored every week
for at least 3 weeks (four times), 19 patients lost more than 5% of
baseline BW, and were included in the analysis of weekly change in
Dual BIA-IAFA, WC, and BW during weight reduction.

Measurement of Dual BIA, CT, and anthropomet-

ric parameters

Dual BIA-IAFA was measured every week in the morning before
breakfast depending on individual patient’s treatment schedule
(Figure 1A). Abdominal CT was performed for calculation of
CT-IAFA within 7 days before the initial Dual BIA-IAFA measure-
ment. CT-IAFA was calculated at umbilical level by the software,
Virtual Place Lexus (AZE of Japan, Ltd). BW was measured to the
nearest 0.1 kg in the morning of the Dual BIA-IAFA measurement.
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FIGURE 1 A: Diagram of IAFA assessment schedule during the calorie restriction.
Patients started fixed calorie diet within 7 days of taking the abdominal CT image.
Dual BIA-IAFA assessment took place in the morning before meal every week. CT
imaging took place either in the morning or in the afternoon. B: Correlation
between CT-IAFA and BIA-IAFA in 67 patients who were with obesity-related disor-
ders. Square symbols: male, Triangle symbols: female. r = 0.821, P < .001 by
Pearson’s analysis. €: Weekly change of Dual BIA-IAFA plotted along with BW and
WC during weight loss. Nineteen patients who underwent the calorie restriction
and had abdominal CT examined at baseline were monitored for their anthropo-
metric parameters and Dual BIA-IAFA weekly for at least 3 weeks. They lost more
than 5% of BW during the period. Size of the change from baseline values (mean
=+ SE) is expressed as %. *P < .05 by Student’s paired t-test.

WC was measured at the level of the umbilicus to the nearest 0.1
cm in the standing position at the end of expiration while breathing
gently at the time of Dual BIA measurement.
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