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ABSTRACT
OBJECTIVE
To present a comprehensive review of the association 
between measures of body weight, waist, and fat, and 
different ratios of these measures, and the risk of type 
2 diabetes.
DESIGN
Systematic review and dose-response meta-analysis 
of cohort studies.
DATA SOURCES
PubMed, Scopus, and Web of Science up to 1 May 
2021.
REVIEW METHODS
Cohort studies looking at the association between 
general or central adiposity and body fat content 
and the risk of type 2 diabetes in the general adult 
population were included. Two of the authors 
extracted the data in duplicate. Random effects 
dose-response meta-analyses were performed to 
estimate the degree of the associations. Curvilinear 
associations were modelled with a one stage weighted 
mixed effects meta-analysis.
RESULTS
216 cohort studies with 2.3 million individuals with 
type 2 diabetes among 26 million participants were 
identified. Relative risks were 1.72 (95% confidence 
interval 1.65 to 1.81; n=182 studies) for an increase 
in body mass index of 5 units, 1.61 (1.52 to 1.70; 
n=78) for a 10 cm larger waist circumference, 1.63 
(1.50 to 1.78; n=34) for an increase in waist-to-
hip ratio of 0.1 units, 1.73 (1.51 to 1.98; n=25) for 
an increase in waist-to-height ratio of 0.1 units, 
1.42 (1.27 to 1.58; n=9) for an increase in visceral 
adiposity index of 1 unit, 2.05 (1.41 to 2.98; n=6) 

for a 10% higher percentage body fat, 1.09 (1.05 
to 1.13, n=5) for an increase in body shape index 
of 0.005 units, 2.55 (1.59 to 4.10, n=4) for a 10% 
higher body adiposity index, and 1.11 (0.98 to 1.27; 
n=14) for a 10 cm larger hip circumference. A strong 
positive linear association was found between body 
mass index and the risk of type 2 diabetes. Positive 
linear or monotonic associations were also found in 
all regions and ethnicities, without marked deviation 
from linearity at a specific cut-off value. Indices of 
central fatness, independent of overall adiposity, also 
had positive linear or monotonic associations with the 
risk of type 2 diabetes. Positive linear or monotonic 
associations were also found for total and visceral fat 
mass, although the number of studies was small.
CONCLUSIONS
A higher body mass index was associated with a 
greater risk of developing type 2 diabetes. A larger 
waist circumference, independent of overall adiposity, 
was strongly and linearly associated with the risk of 
type 2 diabetes.
SYSTEMATIC REVIEW REGISTRATION
PROSPERO CRD42021255338.

Introduction
Diabetes is one of the major causes of death and 
disability globally. Currently, about 460 million adults 
aged 20-79 years live with diabetes, accounting for 
10% of global health expenditure.1 Type 2 diabetes 
is the main form of diabetes in 90-95% of individuals 
with diabetes, with a rising trend over the past several 
decades.2 Individuals with type 2 diabetes have a two 
to threefold higher risk of premature death.3

Worldwide, the obesity epidemic has continued to 
increase for three decades.1 Adiposity has become a 
global public health concern and is accompanied by a 
large financial burden on healthcare systems.4 People 
with adiposity are at greater risk of cardiovascular 
disease,5 site specific cancers,6 and premature death.7 
Individuals with obesity are also at greater risk of 
developing type 2 diabetes throughout their lifetime.8 
A previous meta-analysis of 18 prospective cohort 
studies suggested that people with obesity, defined as 
a body mass index ≥30, are at sevenfold greater risk of 
developing type 2 diabetes than normal weight adults.9

Although adiposity is an established risk for type 
2 diabetes,2 no comprehensive systematic review 
or meta-analysis of epidemiological studies has 
summarised the evidence for the degree and shape of 
the association between general and central adiposity 
and the risk of type 2 diabetes. Only a limited number 
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WHAT IS ALREADY KNOWN ON THIS TOPIC
General and central adiposity are associated with the risk of type 2 diabetes
The shapes of the dose-response associations between general and central 
adiposity and the risk of type 2 diabetes have not been determined
Associations specific to region, race, and ethnicity have not been evaluated

WHAT THIS STUDY ADDS
Body mass index had a strong positive linear association with the risk of type 2 
diabetes, confirmed in analyses of almost all regions and ethnicities
A larger waist circumference was strongly and linearly associated with a higher 
risk of type 2 diabetes
For hip circumference, studies that controlled for waist circumference reported 
an inverse association, and studies that did not control for waist circumference 
reported a positive association
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of meta-analyses of observational studies have 
investigated the association between measures of 
adiposity and the risk of type 2 diabetes.9-11 Published 
systematic reviews did not include a large number of 
prospective and retrospective cohort studies, however, 
and have not evaluated the shape of the dose-response 
associations. A dose-response meta-analysis can 
present valuable information about the shape of 
the association between measures of adiposity and 
the risk of type 2 diabetes, and can help summarise 
the best evidence needed for decision making. Also, 
associations between measures of adiposity and type 
2 diabetes specific to regions and ethnicities have not 
been evaluated.12

We aimed to perform a comprehensive systematic 
review and dose-response meta-analysis of cohort 
studies to evaluate the degree and shape of the 
association between measures of body weight, waist, 
and fat, and different ratios of these measures, and the 
risk of type 2 diabetes in the general population.

Methods
We followed the instructions outlined in the Cochrane 
Handbook for Systematic Reviews to conduct our 
systematic review.13 We also followed the Preferred 
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) for reporting this systematic 
review.14

Search strategy
We systematically searched PubMed (Medline), 
Scopus, and Web of Science from inception up to 1 
May 2021. We developed and performed the literature 
search (AJ), and two reviewers (AJ and AE) screened 
the titles and abstracts. The same two reviewers 
independently assessed the full text of the articles for 
eligibility. Differences were resolved by discussion. We 
also screened the reference lists of all published meta-
analyses of observational studies on the association 
between adiposity and the risk of type 2 diabetes. We 
limited the search to articles in the English language. 
Table S1 provides the complete search strategy used 
to find articles of original research for inclusion in our 
systematic review.

Eligibility and study selection
Two of the authors (AJ and AE) screened the title and 
abstract of all studies found in the systematic search 
to identify studies that met our criteria for inclusion 
in the meta-analysis. We selected studies that had a 
cohort design (prospective and retrospective cohort 
studies); that were conducted in general adult 
populations (>18 years); that measured body mass 
index, hip circumference, waist circumference, thigh 
circumference, waist-to-hip ratio, waist-to-thigh 
ratio, waist-to-height ratio, body adiposity index, 
body shape index, percentage body fat, fat mass, and 
visceral adipose tissue as the exposure and across two 
or more quantitative categories; that considered the 
incidence of type 2 diabetes as the outcome; and that 
reported the number of participants or person years 

and the number of individuals with diabetes, and 
adjusted effect estimates (relative risk, hazard ratio, 
or odds ratio) with 95% confidence intervals for type 
2 diabetes across categories of measures of adiposity. 
Studies that reported effect estimates for a specific 
unit increase in measures of adiposity (eg, an increase 
in body mass index of 1 unit) were also eligible. For 
duplicate publications from the same cohort, those 
with more complete information for dose-response 
meta-analyses (eg, those that expressed exposures as 
categories and reported sufficient information across 
categories) were selected. Otherwise, publications 
that included the largest number of participants were 
selected. Excluded were cross sectional and case-
control studies, studies conducted in patients with 
diseases, inpatient populations, or elderly patients 
in institutions, and studies that used self-reported 
anthropometric measures as exposures. To be included 
in our review, studies had to have an explicit statement 
about measuring anthropometric indicators. For 
cohort studies with incomplete information about the 
method of measuring anthropometric indices, we read 
other publications from that cohort or cohort protocol 
to obtain accurate information about the measurement 
method. Also, studies that used specific body fat 
content as the exposure, such as abdominal or leg fat 
mass, were excluded.

Data extraction and assessment for study quality
After the study selection process, two reviewers (AJ 
and SS) independently extracted data from the original 
cohort studies. The characteristics extracted from 
each cohort were: the last name of the first author, 
year of publication, study name, location of the study 
(country), sex, sample size and number of individuals 
with type 2 diabetes, age range, length of follow-up, 
method for identifying outcome, and variables that 
were entered into the multivariable analyses in primary 
cohorts.

We also extracted data for performing the analyses: 
range of exposures, number of individuals with type 2 
diabetes and participants or person years, and reported 
effect estimates with 95% confidence intervals 
in each category for measures of anthropometric 
indicators. For studies that did not report sufficient 
data for the analyses, we contacted the authors by 
email. Disagreements were resolved by consensus 
between the two reviewers. We evaluated the quality 
of the cohort studies with the ROBINS-I tool (Risk Of 
Bias In Non-randomised Studies-of Interventions).15 
This tool was developed by Cochrane to assess the 
quality of non-randomised studies of interventions 
and is recommended to evaluate the potential biases 
associated with observational studies.16 Quality 
assessments were conducted in duplicate by two 
independent reviewers (AJ and SS-B). Disagreements 
were resolved by consensus.

Protocol amendment
In our registered protocol in PROSPERO 
(CRD42021255338), we planned to evaluate the 
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quality of the primary studies with the Newcastle-
Ottawa scale.17 Because of the limitations of this tool,18 
however, we decided to use the ROBINS-I tool. The 
ROBINS-I tool is increasingly used for assessing the 
risk of bias of observational studies. The tool includes 
seven domains and considers potential biases resulting 
from confounding, selection of participants, assessing 
the exposure, misclassification during follow-up, 
missing data, measuring the outcome, and selective 
reporting of the outcome.15

Data synthesis and statistical analysis
We selected the relative risk and 95% confidence 
interval as the effect size for reporting the results 
of our meta-analysis. We considered hazard ratios 
equal to relative risk.19 For studies that reported effect 
estimates as odds ratios, we converted them to relative 
risk according to the method of Zhang et al.20 We used 
the random effects model (DerSimonian and Laired 
method) to generate summary relative risks and 95% 
confidence intervals.21

For the linear dose-response meta-analyses, we 
estimated summary relative risks and 95% 95% 
confidence intervals for an increase in body mass index 
of 5 units, 10 cm larger waist and hip circumferences, 
5 cm larger thigh circumference, increase in waist-to-
hip ratio and waist-to-height ratio of 0.1 units, 10% 
higher percentage body fat, 10% higher body adiposity 
index, increase in body shape index of 0.005 units, 
and increase in visceral adiposity index of 1 unit in 
each primary prospective cohort study according to the 
methods of Crippa et al.22 We then used random effects 
models to pool the individual study results.

For the analyses, the median of each category, 
number of individuals with type 2 diabetes and 
participants or person years, and adjusted effect 
estimates across at least two categories of exposures 
were extracted from each primary cohort study. 
For studies reporting exposures as a range in each 
category, the midpoint of the lower and upper bounds 
was used as a proxy for the median. The widths of 
the open ended categories were considered equal 
to the adjacent categories. We pooled relative risks 
for men and women within each study with a fixed 
effects model if studies only reported effect sizes 
specific for sex. For studies that reported the effect 
estimates graphically, a web plot digitiser (www://
plotdigitizer.sourceforge.net/) was used to estimate 
effect estimates from the graphs. We checked the 
accuracy of these tools in our previous meta-analysis 
of central fatness and mortality, which indicated 
precise estimations by these tools.7 For studies that 
reported a category other than the lowest one as a 
reference, we recalculated the relative risks assuming 
the lowest category as the reference, according to the 
method of Hamling et al.23

After a comment from referees, we performed a 
sensitivity analysis after exclusion of studies that 
reported odds ratios as the effect size to ensure the 
robustness of the findings. Prespecified subgroup 
analyses were done according to location of the 

population, age, sex, number of individuals with type 
2 diabetes, length of follow-up, and adjustment for 
confounders, including intake of alcohol, smoking 
status, physical activity, and family history of diabetes, 
and for the intermediate variables blood pressure and 
blood glucose. We also performed post hoc subgroup 
analyses by the method of case ascertainment 
(ie, method of identifying individuals with type 2 
diabetes). P values for differences between subgroups 
were calculated by meta-regression analyses. We also 
performed sensitivity analyses in healthy participants. 
For the analyses of healthy individuals, any definition 
of healthy individuals used in primary cohorts, 
including those without cardiovascular disease, non-
communicable chronic diseases, or cardiometabolic 
abnormalities, were acceptable (because primary 
cohorts used a wide range of definitions for healthy 
individuals). Publication bias was assessed when 
at least 10 studies were available.13 The potential 
for publication bias was tested with Egger’s test,24 
Begg’s test,25 and by inspection of funnel plots. To 
differentiate asymmetry caused by publication bias 
from that caused by other factors,26 we applied contour 
enhanced funnel plots.27

Curvilinear dose-response associations were 
modelled with a one stage weighted mixed effects 
meta-analysis.22 We modelled the exposures by using 
restricted cubic splines with three knots, according 
to Harrell’s recommended centiles (10%, 50%, and 
90%) of the distribution.28 The correlation within each 
category of published relative risks was taken into 
account and the estimates specific to each study were 
combined in a one stage weighted mixed effects meta-
analysis.22 29 This method estimates the slope lines 
specific to each study and combines them to obtain an 
overall average slope in one stage.30 31 For the analyses 
of body mass index, we considered the nadir of the 
curve of the association between body mass index and 
mortality (body mass index of 23) as the reference.32 
For other anthropometric measures, we selected the 
median of the baseline values of the exposures of the 
included studies as a reference, and so we avoided self-
selection bias in choosing the baseline for the curve and 
used a data driven approach. For all anthropometric 
measures, we first performed a main analysis including 
all eligible cohorts. Then, separate analyses were 
conducted according to sex, age, geographical region, 
ethnicity, and in healthy individuals. We applied the 
best fitting second order fractional polynomial to 
model curvilinear associations when restricted cubic 
splines could not be calculated because of the limited 
number of studies (n≤2) included in the analyses.22 We 
used the Wald test to evaluate deviation of the data 
from linearity.

To compare the associations across different 
measures, we performed another analysis to estimate 
the summary relative risk for an increase of one 
standard deviation in each measure. For this analysis, 
we estimated the relative risk for each increase in 
standard deviation in each measure in each study. 
Then, the results for each study were pooled with a 
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random effects model. For studies that reported the 
effect size for an increase of one standard deviation 
in exposure, the effect size was included in the meta-
analysis as reported. For studies that reported the effect 
size for a specific amount of increase in measures, we 
exponentiated the log (relative risk) times the standard 
deviation of the anthropometric measure for each 
study to obtain the relative risk for an increase of one 
standard deviation in the level of the measures. Similar 
to a linear dose-response meta-analysis, for studies that 
reported exposures across quantiles, we estimated the 
relative risks for an increase of one standard deviation 
with Crippa et al’s method.22 Statistical analyses were 
conducted with STATA software, version 16.0. P<0.05 
was considered significant.

Grading the evidence
We applied the updated Grading of Recommendations, 
Assessment, Development, and Evaluations (GRADE) 
approach to rate the overall certainty of the evidence 
for each association.33 34 The authors (AJ and SS-B) 
independently performed GRADE assessments. GRADE 
rates the certainty of evidence as high, moderate, low, 
or very low. Text S1 provides detailed descriptions 
about the domains of the GRADE tool and how to judge 
each domain.

Patient and public involvement 
No patients were involved in setting the research 
question or the outcome measures, nor were 
they involved in developing plans for design or 
implementation of the study because of lack of 
resources to allow their participation.

Results
The initial search of the databases and reference lists 
identified 119 246 records (fig S1). After excluding 
24 128 duplicates and 94 109 irrelevant articles based 
on screening of the title and abstract, 1102 full text 
articles were reviewed in detail for eligibility. Overall, 
212 articles provided sufficient information and were 
considered eligible to be included in this dose-response 
meta-analysis. Four cohort studies reported data from 
two separate cohort studies, and thus 216 cohort 
studies with 25 999 148 participants and 2 310 697 
individuals with type 2 diabetes were included in the 
analyses. All included studies were original studies 
published between 1991 and 2021. All studies were 
population based cohort studies conducted in the 
general population of adults, and patients with a 
history of diabetes at baseline were excluded.

In brief, 56 studies (54 publications) were conducted 
in Europe, including the UK, Scandinavia (Finland, 
Norway, Denmark, and Sweden), west and central 
Europe (Germany, Netherlands, Switzerland, and 
France), and south Europe (Italy and Spain), 32 studies 
were conducted in North America (US and Canada), 
five in South America, eight in Australia, one in Africa, 
93 (91 publications) in the Far East (China, Japan, 
South Korea, and Taiwan), four in South Asia (India 
and Bangladesh), four in South East Asia (Thailand 

and Singapore), and 14 in the Middle East. Twenty one 
studies were conducted in men, eight in women, and 
the rest in both sexes.

Of the 216 studies included in the meta-analysis, 
190 (88%) were prospective cohort studies and 26 
(12%) were retrospective cohort studies. All studies 
used measured anthropometry as the exposure. Fifty 
six studies (26%) performed repeated measurements 
during the follow-up period and the other 160 studies 
(74%) performed baseline measurements only. For 
method of case ascertainment, 56 studies (26%) 
performed direct blood glucose measurements, 15 
studies (7%) used self-reported methods, 15 (7%) used 
medical registries, and the other 130 studies (60%) 
used mixed methods, including a combination of two 
or more of these methods.

All studies reported multivariable effect estimates. 
Forty nine studies (23%) excluded participants with a 
history of non-communicable chronic diseases (mainly 
cardiovascular disease) at baseline, 207 cohorts (96%) 
controlled for age in their multivariable analyses, 
197 studies (91%) for sex, 149 (69%) for smoking 
status, 114 (53%) for alcohol drinking, 100 (46%) for 
physical activity, 87 (40%) for a family history of type 
2 diabetes, and 39 (18%) controlled for all of these 
confounders. For intermediate variables, 95 studies 
(44%) controlled for blood pressure or hypertension, 
84 (39%) for blood glucose, and 24 (11%) for both 
intermediate variables. Twenty four studies (11%) 
controlled for all of the confounders and intermediate 
variables. Based on the ROBINS-I tool, 55 studies 
(25%) were rated as having a serious risk of bias and 
161 studies (75%) a moderate risk of bias. Table S2 
provides a list of studies excluded after assessment 
of the full text, with reasons for exclusions. Table 
S3 shows the general characteristics of the studies 
included in this review. Table S4 presents the quality 
of the studies, assessed by the ROBINS-I tool.

Body mass index
We identified 182 cohort studies (178 publications) 
with 228 695 individuals with type 2 diabetes among 
5 585 850 participants for the analysis of body mass 
index and type 2 diabetes. Each increase in body mass 
index by 5 units was linked to a 72% higher risk of type 
2 diabetes (relative risk 1.72, 95% confidence interval 
1.65 to 1.81, I2=99%, table 1). 

A sensitivity analysis after excluding studies that 
reported odds ratio as the effect size indicated the same 
results as the main findings (relative risk 1.69, 95% 
confidence interval 1.60 to 1.78, I2=99%, n=137). 
The relative risk was 1.75 (1.64 to 1.86; n=43) in 
men and 1.69 (1.61 to 1.79; n=64) in women (P for 
subgroup difference=0.71, table 1). The association 
was significant (P<0.001) in all subgroups defined 
by participants and study characteristics, and across 
all ethnicities and regions. The association was 
stronger in studies with a longer follow-up and in 
those that performed baseline rather than repeated 
anthropometric measurements, and significantly 
weaker in studies that performed blood glucose 
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n Relative risk (95% CI) I2 (%), Pheterogeneity* τ2 Pbetween†
Unadjusted analysis
All studies 182 1.72 (1.65 to 1.81) 99, <0.001 0.0823 -
Sex: 0.83
  Men 43 1.75 (1.64 to 1.86) 98, <0.001 0.1042
  Women 64 1.69 (1.61 to 1.79) 97, <0.001 0.0813
Age: 0.001
  <30 years 6 1.65 (1.42 to 1.92) 84, <0.001 0.1021
  >60 years 9 1.26 (1.06 to 1.49) 93, <0.001 0.0446
Region: <0.001
  North America 31 1.54 (1.43 to 1.64) 99, <0.001 0.0259
  Europe 51 2.19 (1.94 to 2.46) 98, <0.001 0.1615
  Far East 75 1.59 (1.49 to 1.71) 99, <0.001 0.0802
  South Asia 4 1.42 (1.11 to 1.82) 97, <0.001 0.0554
  South East Asia 5 1.43 (1.12 to 1.83) 92, <0.001 0.0604
  Middle East 7 1.83 (1.50 to 2.22) 83, <0.001 0.0479
  Australia 5 1.51 (1.19 to 1.90) 81, <0.001 0.0434
  South America 3 1.36 (0.96 to 1.91) 85, <0.001 0.0719
  Africa 1 1.41 (1.27 to 1.57) - -
Race: 0.01
  White 5 1.59 (1.45 to 1.73) 80, <0.001 0.0101
  Black 7 1.43 (1.24 to 1.60) 96, <0.001 0.0251
  Latin 3 1.49 (1.22 to 1.83) 62, 0.07 0.0204
No of individuals with type 2 diabetes: 0.43
  <500 127 1.70 (1.63 to 1.78) 97, <0.001 0.0420
  500-1000 23 1.80 (1.55 to 2.10) 99, <0.001 0.1246
  1000-5000 24 1.71 (1.50 to 1.94) 99, <0.001 0.1017
  >5000 8 1.50 (1.29 to 1.74) 98, <0.001 0.0469
Length of follow-up (years): <0.001
  <5 43 1.46 (1.36 to 1.58) 97, <0.001 0.0360
  5-10 72 1.64 (1.52 to 1.77) 99, <0.001 0.0936
  10-15 36 1.75 (1.61 to 1.91) 98, <0.001 0.0602
  15-20 14 2.27 (1.95 to 2.63) 92, <0.001 0.0576
  >20 17 2.33 (1.89 to 2.88) 98, <0.001 0.1771
Risk of bias: 0.63
  Low - - - -
  Moderate 135 1.72 (1.65 to 1.81) 99, <0.001 0.0282
  Serious 47 1.75 (1.57 to 1.96) 99, <0.001 0.0781
Study design: 0.11
  Prospective cohort 160 1.76 (1.67 to 1.85) 99, <0.001 0.0862
  Retrospective cohort 22 1.65 (1.40 to 1.89) 98, <0.001 0.0450
  Exposure assessment 0.08
  Baseline assessment 135 1.77 (1.67 to 1.87) 99, <0.001 0.0825
  Repeated measurement 47 1.61 (1.49 to 1.73) 98, <0.001 0.0548
Case ascertainment: <0.001
  Blood measurement 47 1.63 (1.51 to 1.76) 98, <0.001 0.0571
  Self-reported 16 1.88 (1.58 to 2.23) 99, <0.001 0.0992
  Registries 13 2.26 (1.80 to 2.83) 99, <0.001 0.1673
  Mixed methods 106 1.68 (1.57 to 1.79) 99, <0.001 0.0993
Exclusion of pre-existing non-communicable chronic diseases: 0.81
  Yes 41 1.77 (1.63 to 1.91) 98, <0.001 0.0708
  No 141 1.70 (1.62 to 1.79) 99, <0.001 0.0540
Adjustments for confounders
Age: 0.67
  Yes 174 1.72 (1.64 to 1.80) 99, <0.001 0.0814
  No 8 1.77 (1.38 to 2.78) 98, <0.001 0.1079
Sex: 0.50
  Yes 166 1.71 (1.63 to 1.80) 99, <0.001 0.0827
  No 16 1.84 (1.56 to 2.17) 95, <0.001 0.0815
Smoking status: 0.74
  Yes 125 1.70 (1.60 to 1.79) 99, <0.001 0.0824
  No 57 1.78 (1.65 to 1.92) 98, <0.001 0.0720
Alcohol drinking: 0.59
  Yes 96 1.69 (1.59 to 1.79) 99, <0.001 0.0685
  No 86 1.74 (1.65 to 1.84) 99, <0.001 0.0550
Physical activity: 0.72
  Yes 84 1.71 (1.61 to 1.82) 99, <0.001 0.0722
  No 98 1.72 (1.62 to 1.81) 98, <0.001 0.0552

(Continued)

Table 1 | Subgroup analysis of body mass index (for an increase of 5 units) and risk of type 2 diabetes
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measurements for case ascertainment compared with 
self-reported methods and medical registries (P for 
subgroup difference <0.001, table 1). In the subgroup 
analysis by region, we saw a stronger association in 
studies conducted in Europe (table 1). The association 
was weaker in adults older than 60 years (relative 
risk 1.26, 95% confidence interval 1.06 to 1.49; 
I2=93%, n=9), and was significant after controlling 
for all confounders and intermediate variables, 
including age, sex, physical activity, smoking status, 
alcohol drinking, family history of type 2 diabetes, 
blood pressure, and plasma glucose (1.67, 1.42 to 
1.96, P<0.001, I2=97%, n=20). We found evidence of 
publication bias with Egger’s test (P=0.01) but not with 
Begg’s test (P=0.21), however, the contour enhanced 
funnel plot suggested evidence of asymmetry in the 
funnel plot owning to publication bias (figs S2-3).

Of the cohort studies, 121 provided sufficient 
information for the non-linear dose-response meta-
analysis. We found a strong linear association between 
body mass index and risk of type 2 diabetes in the main 
analysis (Pnon-linearity=0.06, Pdose-response<0.001; R2=0.74, 
fig 1), with no indication of change from linearity at a 
specific cut-off value. These same results were seen in 
men (Pnon-linearity=0.23, n=46), women (Pnon-linearity=0.54, 
n=43), and in healthy individuals (Pnon-linearity=0.57, 
n=21). We found some indications of non-linearity in 
the analysis of younger adults (Pnon-linearity=0.03, n=6) 
and adults older than 60 years (Pnon-linearity=0.009, n=8), 
with a steep upward curve at a body mass index of >25, 
especially in younger adults (fig 1).

Figures S4-S7 show the associations between body 
mass index and type 2 diabetes specific to ethnicity and 
region. Figure 2 provides a summary of the associations 
between body mass index and type 2 diabetes for 
all regions and ethnicities. Dose-response meta-
analyses indicated similar positive linear or monotonic 
associations in different regions and ethnicities. Non-
linear dose-response meta-analyses indicated a steep 

upward curve for the US, Scandinavian countries, and 
in countries located in west and central Europe.

Waist circumference
We identified 78 cohort studies (74 publications) with 
21 459 955 participants and 2 006 648 individuals 
with type 2 diabetes for the association between 
waist circumference and type 2 diabetes. Each 10 cm 
increase in waist circumference was related to a 61% 
higher risk of type 2 diabetes (relative risk 1.61, 95% 
confidence interval 1.52 to 1.70, I2=99%, table S5).

A sensitivity analysis after excluding studies that 
reported odds ratio as the effect size indicated the 
same results as the main findings (relative risk 1.62, 
95% confidence interval 1.53 to 1.72, I2=98%, n=57). 
The relative risk was 1.68 (1.54 to 1.82, I2=95%, n=38) 
in men and 1.68 (1.56 to 1.81, I2=98%, n=38) in 
women (P for subgroup difference=0.90). The positive 
association persisted in all subgroups, with stronger 
associations in Europe (2.00, 1.79 to 2.45, I2=93%, 
n=17) and North America (1.69, 1.48 to 1.93, I2=99%, 
n=14) (table S5). We found significant differences 
between subgroups; studies with longer follow-up 
periods reported stronger associations (P for subgroup 
difference <0.001), and studies that used blood 
glucose measurements reported weaker associations 
compared with those that used medical registries 
and self-reported methods for case ascertainment (P 
for subgroup difference=0.01). The relative risk was 
1.68 (1.38 to 2.04, I2=91%, n=11) in studies which 
controlled for all confounders and intermediate 
variables. We found evidence of publication bias with 
Egger’s test (P=0.01), but not with Begg’s test (P=0.18). 
Asymmetry in the funnel plot was found (fig S8), and 
the contour enhanced funnel plot was also asymmetric 
owning to publication bias (fig S9).

The systematic search identified 43 cohorts for 
the non-linear dose-response meta-analyses. We 
found a strong positive linear association in the main 

n Relative risk (95% CI) I2 (%), Pheterogeneity* τ2 Pbetween†
Family history of diabetes: 0.31
  Yes 73 1.66 (1.54 to 1.78) 99, <0.001 0.0786
  No 109 1.78 (1.66 to 1.90) 98, <0.001 0.1009
All confounders: 0.67
  Yes 33 1.63 (1.49 to 1.79) 99, <0.001 0.0585
  No 149 1.75 (1.66 to 1.84) 99, <0.001 0.0855
Adjustments for intermediate variables
Blood glucose: 0.002
  Yes 71 1.56 (1.49 to 1.64) 97, <0.001 0.0311
  No 111 1.80 (1.69 to 1.92) 99, <0.001 0.0957
Blood pressure: 0.92
  Yes 80 1.69 (1.59 to 1.79) 98, 0.0570 0.0570
  No 102 1.74 (1.63 to 1.84) 99, <0.001 0.0759
Blood glucose and blood pressure: 0.98
  Yes 20 1.67 (1.42 to 1.96) 97, <0.001 0.1211
  No 162 1.73 (1.65 to 1.82) 99, <0.001 0.0813
Adjustment for all confounders and intermediate variables 0.98
  Yes 20 1.67 (1.42 to 1.96) 97, <0.001 0.1211
  No 162 1.73 (1.65 to 1.82) 99, <0.001 0.0813
*P for heterogeneity within each subgroup.
†P for heterogeneity between subgroups with meta-regression analyses.

Table 1 | Continued
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analysis (Pnon-linearity=0.10, Pdose-response<0.001; R2=0.80, 
n=43), in studies that adjusted for body mass index  
(Pnon-linearity=0.95, n=4), and also in healthy individuals 
(Pnon-linearity=0.51, n=8), older adults (Pnon-linearity=0.46, 
n=1), men (Pnon-linearity=0.38, n=22), and women  
(Pnon-linearity=0.40, n=21) (fig 3). 

Figure S10 shows the association between waist 
circumference and the risk of type 2 diabetes by region 
and figure S11 shows the association by ethnicity. 
The strong linear association persisted in the US  
(Pnon-linearity=0.83, n=4), Europe (Pnon-linearity=0.18, n=10), 
and Asia (Pnon-linearity=0.10, n=28) (fig S10), and in white 
(Pnon-linearity=0.92, n=2) and black (Pnon-linearity=0.32, n=2) 
individuals (fig S11).

Hip circumference
We identified 14 cohort studies (13 publications) with 
9623 individuals with type 2 diabetes among 231 410 
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Fig 1 | Dose-response association between body mass index and the risk of type 2 diabetes in all studies (Pnon-linearity=0.06, n=121), healthy adults 
(Pnon-linearity=0.57, n=21), men (Pnon-linearity=0.23, n=46), women (Pnon-linearity=0.54, n=43), young adults (Pnon-linearity=0.03, n=6), and older adults (Pnon-

linearity=0.009, n=8). The solid line represents the non-linear dose response and the dotted lines the 95% confidence interval. The circles represent 
the relative risk point estimates for adiposity categories from each study with the size of the circle proportional to the inverse of the standard error
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participants that reported data for the relation between 
hip circumference and type 2 diabetes. A 10 cm larger 
hip circumference was not linked to the risk of type 2 
diabetes in the main analysis (relative risk 1.11, 95% 
confidence 0.98 to 1.27; I2=98%) (fig S12).

A subgroup analysis by adjustment for waist 
circumference, however, indicated a positive 
association in studies that did not take waist 
circumference into account in their multivariable 
analyses (relative risk 1.35, 95% confidence interval 
1.14 to 1.60; I2=97%, n=8). In contrast, we found an 
inverse association in studies that considered waist 
circumference as a confounder in their multivariable 
analyses (0.89, 0.82 to 0.96, I2=91%, n=7) (fig S12). 
We did not find evidence of publication bias with 
Egger’s test (P=0.24), Begg’s test (P=0.68), or with the 
funnel plot (fig S13).

Three cohorts in the US and Europe were eligible 
for the non-linear dose-response meta-analysis. We 
found a non-linear inverse association between hip 
circumference and type 2 diabetes (Pnon-linearity<0.001, 
Pdose-response<0.001; R2=0.37, n=3) (fig S14), with the 
lowest risk at a hip circumference of 107 cm (relative 
risk107cm 0.81, 95% confidence interval 0.74 to 0.87) 
and with a slight upward curve at higher values. The 
association was significant in women (Pnon-linearity<0.001, 
n=2) but not in men (Pnon-linearity<0.001, n=2).

Waist-to-hip ratio
Thirty four cohort studies with 46 763 individuals 
with type 2 diabetes among 934 589 participants 
were identified for the relation between waist-to-hip 
ratio and risk of type 2 diabetes. Each increase in 
waist-to-hip ratio by 0.1 units was linked to a 63% 
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higher risk of type 2 diabetes (relative risk 1.63, 
95% confidence interval 1.50 to 1.78, I2=99%) (fig 
S15). The association was unchanged after excluding 
studies that reported odds ratio as the effect size (1.61, 
1.46 to 1.76, I2=98%, n=24). Similar to the analyses 
of body mass index and waist circumference, the 
positive association persisted in all subgroups defined 
by region, ethnicity, race, length of follow-up, sample 
size, and in studies that controlled for all confounders 
and intermediate variables (2.41, 1.96 to 2.96, I2=0%, 
n=2) (table S6). The association was stronger in Europe 
and weaker in South America and the Middle East. We 
found some indications of publication bias with Egger’s 
test (P=0.02), but not with Begg’s test (P=0.21). The 
contour enhanced funnel plot was also asymmetric 
owing to publication bias towards a stronger effect size 
(figs S16-17).

The non-linear dose-response meta-analysis 
indicated a positive linear association in the main 
analysis (Pnon-linearity=0.17, Pdose-response<0.001; R2=0.82, 
n=19) (fig 4), which was also seen in healthy 
individuals (Pnon-linearity=0.55, n=4), older adults  
(Pnon-linearity=0.16, n=2), men (Pnon-linearity<0.001, n=8), 
women (Pnon-linearity=0.10, n=10), and in one study 
which controlled for body mass index (Pnon-linearity=0.40, 
n=1) (fig 4). We found a similar positive linear or 
monotonic association for region (US, Europe, and 
Asia, fig 4). Figure S18 presents the associations 
specific to race, and the associations in the Far East 
and the Middle East, indicating similar positive 
monotonic associations, except for the Middle East 
where a modest increase in risk was found across the 
whole range of waist-to-hip ratios.

Waist-to-height ratio
We identified 25 cohort studies with 210 053 
participants and 12 352 individuals with type 2 
diabetes for the link between waist-to-height ratio and 
the risk of type 2 diabetes. Each increase in waist-to-
height ratio by 0.1 units was associated with a 73% 
higher risk of type 2 diabetes (relative risk 1.73, 95% 
confidence interval 1.51 to 1.98, I2=97%, n=25) (fig 
S19). The result was the same after excluding studies 
that reported odds ratio as the effect size (1.74, 1.47 
to 2.06, I2=98%, n=16). Table S7 presents the results 
across different subgroups. All studies used measured 
data for the analysis. The effect size was relatively 
the same in men (1.74, 1.62 to 1.90, I2=82%, n=16) 
and women (1.72, 1.61 to 1.86, I2=86%, n=15) 
(P for subgroup difference=0.86). The association 
was stronger in the US (1.79, 1.39 to 2.31, I2=96%, 
n=4) and Europe (2.42, 2.21 to 2.64, I2=0%, n=2), 
and remained significant after adjustment for all 
confounders and intermediate variables (1.77, 1.61 
to 1.94, P<0.001, I2=0%, n=4) (table S7). We found 
evidence of publication bias with Egger’s test (P=0.01) 
and Begg’s test (P=0.08), and the funnel plot indicated 
some evidence of asymmetry towards a stronger effect 
size (fig S20).

Fourteen cohort studies were eligible for the non-
linear dose-response meta-analysis. We found a 

positive monotonic association in the main analysis 
(Pnon-linearity<0.001, Pdose-response<0.001; R2=0.69, n=14), 
and in the analysis of older adults (Pnon-linearity<0.001, 
n=2). A positive linear association was seen in 
healthy individuals (Pnon-linearity=0.29, n=3), in men  
(Pnon-linearity=0.24, n=8), women (Pnon-linearity=0.56, n=7), 
and in one study which controlled for body mass index 
(Pnon-linearity=0.57, n=1) (fig S21). Figure S22 shows the 
associations by region, indicating similar positive 
linear or monotonic associations.

Visceral adiposity index
Nine cohort studies (eight publications) were 
identified for the link between visceral adiposity 
index and risk of type 2 diabetes. Each increase in 
higher visceral adiposity index by 1 unit was linked 
with a 42% higher risk of type 2 diabetes (relative risk 
1.42, 95% confidence interval 1.27 to 1.58, I2=84%) 
(fig S23). In a sensitivity analysis, the association 
did not change substantially after excluding studies 
that reported odds ratio as the effect size (1.39, 
1.29 to 1.49, I2=83%, n=5). Table S8 presents the 
results across different subgroups. The positive 
association persisted in all subgroups, especially 
after adjustment for all confounders (1.43, 1.25 
to 1.63, I2=78%, n=3) and intermediate variables 
(1.53, 1.24 to 1.88, I2=83%, n=4). Analysis of five 
cohorts indicated a positive monotonic association 
between visceral adiposity index and the risk of 
type 2 diabetes (Pnon-linearity<0.001, Pdose-response<0.001; 
R2=0.61, n=5) (fig 5).

Body fat percentage
Six cohort studies with 44 593 participants and 
2558 individuals with type 2 diabetes evaluated the 
association between percentage body fat and the risk 
of type 2 diabetes. The relative risk for a 10% higher 
percentage body fat was 2.05 (95% confidence interval 
1.41 to 2.98, I2=91%) (fig S24). We did not perform 
subgroup analyses or non-linear dose-response meta-
analyses because of insufficient data.

Thigh circumference
Two cohort studies with 454 individuals with type 
2 diabetes among 2971 participants evaluated the 
association between thigh circumference and risk 
of type 2 diabetes. We found no association between 
thigh circumference and type 2 diabetes in the main 
analysis (relative risk 1.11, 95% confidence interval 
0.86 to 1.42; I2=85%) (fig S25).

Body shape index
Five cohort studies with 481 870 participants and 
26 364 individuals with type 2 diabetes were identified 
for the analysis of body shape index. Each increase in 
the body shape index by 0.005 units was linked to a 
9% higher risk of type 2 diabetes (relative risk 1.09, 
95% confidence interval 1.05 to 1.13, I2=71%) (fig 
S26). We found a positive linear association in the non-
linear dose-response meta-analysis (Pnon-linearity=0.05, 
Pdose-response=0.03; R2=0.51, n=4; fig 6).
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Body adiposity index
Four cohorts (three publication) with 60 790 
participants and 3576 individuals with type 2 diabetes 
reported data for body adiposity index. The relative 
risk for each 10% increase in body adiposity index was 
2.55 (95% confidence interval 1.59 to 4.10, I2=98%) 
(fig S27).

Comparison of associations across different 
measures
To compare the associations across different measures 
of fatness, we estimated the summary relative risks for 
an increase of one standard deviation in each measure. 
In this analysis, the number of studies might differ from 
the number of studies included in the main analyses 
because we could not calculate standard deviation 
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values in some studies. The results indicated that 
body adiposity index and percentage body fat had the 
strongest associations with the risk of type 2 diabetes 
(table 2). Among traditional measures, waist-to-height 
ratio was superior to waist circumference, waist-to-hip 
ratio, and body mass index in predicting the risk of 
type 2 diabetes.

Certainty of evidence
The certainty of evidence was rated by the GRADE 
approach. The certainty of evidence was rated strong 
for body mass index, waist circumference, waist-to-
hip ratio, waist-to-height ratio, visceral adiposity 
index, percentage body fat, body shape index, and 
body adiposity index because of various downgrades 
for risk of bias, inconsistency, and publication bias, 
and upgrades for dose-response gradient and large 
(relative risk >2.00) to very large (relative risk >5.00) 
effect sizes (table S9). The evidence was upgraded to 
two levels because of the very large effect size (relative 
risk >5.00)35 in the non-linear dose-response meta-
analyses of body mass index, waist circumference, and 
waist-to-hip ratio. The certainty of evidence was graded 
low and very low for hip and thigh circumferences, 
respectively.

Discussion
Principal findings
Our comprehensive dose-response meta-analysis 
evaluated the association between different measures 

of body weight, waist, and body fat content, and 
different ratios of these measures, and the risk of type 
2 diabetes in the general population. The analyses 
indicated a strong positive linear association between 
body mass index and the risk of type 2 diabetes. Similar 
linear associations, with no evidence of deviation from 
linearity at a specific cut-off value, were seen in different 
region, race, and ethnicity subgroups. Indices of central 
obesity also showed similar linear (waist circumference) 
or monotonic (waist-to-hip ratio and waist-to-height 
ratio) associations with type 2 diabetes. These positive 
linear or monotonic associations were confirmed by the 
analyses of more objective measures of body fat content, 
such as percentage body fat and visceral adiposity 
index. These associations were consistently stronger 
in European countries. A larger hip circumference was 
linked to a lower risk of type 2 diabetes.

Comparison with other pairwise meta-analyses
A limited number of systematic reviews and meta-
analyses of cohort studies have been undertaken of the 
association between measures of adiposity and the risk 
of type 2 diabetes. A meta-analysis of 18 prospective 
cohorts indicated that individuals with overweight 
(body mass index 25-29.9) and obesity (body mass 
index ≥30) had a 292% and 728% increased risk 
of type 2 diabetes, respectively.9 Another meta-
analysis of 15 cohort studies found that an increase 
of one standard deviation for body mass index, waist 
circumference, waist-to-hip ratio, and waist-to-height 
ratio was associated with an increased risk of type 2 
diabetes of 55%, 63%, 52%, and 62%, respectively.11 
A meta-analysis of 31 cohort studies showed a 
relatively linear association between body mass index 
and type 2 diabetes,10 but previous meta-analyses did 
not include a large number of primary cohort studies 
in their analyses.

In the analysis of body mass index, we found a strong 
positive linear association with type 2 diabetes, which 
was confirmed in the analyses for almost all regions 
and ethnicities. Although there was a non-linear 
association in some subgroups, no marked deviation 
from linearity was seen at a specific cut-off value. Our 
previous meta-analysis also indicated a similar strong 
positive linear association between body mass index 
and hypertension.36

A recent large cohort study including >1.4 million 
adults older than 18 years in the UK suggested that, 
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Table 2 | Summary relative risks of type 2 diabetes for an increase of one standard deviation for measures of adiposity
Anthropometric measures SD values (average) No of studies Relative risk (95% CI) Heterogeneity (I2, %)
Thigh circumference (cm) 5.25 2 1.11 (0.86 to 1.45) 85
Hip circumference (cm) 8.40 12 1.11 (0.97 to 1.26) 98
Body shape index (unit) 0.0065 5 1.12 (1.07 to 1.17) 71
Visceral adiposity index (unit) 1.03 9 1.41 (1.29 to 1.54) 71
Waist-to-hip ratio (unit) 0.080 27 1.53 (1.40 to 1.65) 96
Body mass index 3.63 167 1.54 (1.49 to 1.60) 99
Waist circumference (cm) 10.02 64 1.63 (1.52 to 1.72) 98
Waist-to-height ratio (unit) 0.073 19 1.68 (1.52 to 1.84) 96
Percentage body fat (%) 9.77 6 2.05 (1.41 to 2.98) 91
Body adiposity index (unit) 8 4 2.15 (1.30 to 3.34) 98
SD=standard deviation.
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based on the risk of type 2 diabetes, different ethnicities 
have specific cut-off values to define obesity.12 
The study suggested that cut-off values that were 
equivalent in risk to a body mass index of 30 in white 
individuals were 23.9 in South Asian populations, 
26.9 in populations in the Far East, and 28.9 in black 
populations. Our findings indicated positive linear or 
monotonic associations between body mass index and 
the risk of type 2 diabetes in all regions, ethnicities, 
and races. These findings were from different studies 
(75 cohorts from the Far East v seven cohorts from 
the Middle East), however, with different sample sizes 
and lengths of follow-up, and different degrees of 
statistical control for confounders, and thus should be 
interpreted with caution.

Analyses of indices of central adiposity also indicated 
similar positive linear or monotonic associations with 
the risk of type 2 diabetes, with no marked deviation 
from linearity at a specific cut-off value. Analyses of 
different regions and ethnicities indicated similar 
findings. The results became stronger after adjustment 
for body mass index, suggesting that deposition of fat 
in this area of the body, independent of overall fatness, 
was related to a higher risk.7

Analyses of general and abdominal adiposity were 
confirmed by more objective measures of fatness. 
Analyses of the visceral adiposity index, representing 
deposits of fat in the visceral compartment, showed 
strong positive associations. Only five cohort studies 
were available for the non-linear dose-response 
meta-analysis of visceral fat, however, and thus more 
research might be needed to reach more confident 
conclusions.

Analyses of hip circumference confirmed our 
previous finding about the inverse association of 
hip circumference and risk of all cause mortality,7 
suggesting that deposits of fat in the gluteofemoral 
compartment could have a protective effect. We also 
found that the analyses of hip circumference should 
be controlled for waist circumference to show these 
protective effects.

In the analyses of body mass index, waist 
circumference, and waist-to-height ratio, a subgroup 
analysis by length of follow-up indicated substantial 
stronger associations in studies with a longer follow-
up. A previous meta-analysis of cohort studies of body 
mass index and all cause mortality indicated similar 
stronger associations in studies with longer follow-up 
periods,37 suggesting a weaker potential for bias owing 
to weight loss from pre-existing disease in studies with 
a longer follow-up. Also, studies indicated that length 
of adiposity was positively associated with the risk of 
type 2 diabetes.38 39

In the analyses of body mass index and waist 
circumference, a stratified analysis based on the 
method of case ascertainment indicated significant 
differences between subgroups, where studies that 
performed blood glucose measurements reported 
weaker associations than those that used self-
reported methods or medical registries (P for subgroup 
difference=0.01 and <0.001 for waist circumference 

and body mass index, respectively). Direct blood 
glucose measurement is probably a more reliable 
method for case ascertainment, but this method is 
difficult to perform in large scale population based 
cohort studies. About 60% of the studies included in the 
analyses of body mass index and waist circumference 
used a combination of methods for case ascertainment, 
and the main findings were close to those reported in 
these subgroups (1.72 v 1.68 for body mass index and 
1.61 v 1.57 for waist circumference).

Studies suggested evidence of a substantial effect 
modification by age in the association between 
adiposity and morbidity and mortality.40 41 In general, 
the harmful effects of adiposity are more evident in 
young adults, and excess mortality associated with 
obesity decreases along with the increase in age across 
levels of obesity, in a way that older adults might benefit 
from being overweight.32 42 Our results also indicated 
that the association between body mass index and type 
2 diabetes was significantly stronger in adults younger 
than 30 years than in those older than 60 years (P 
for subgroup difference <0.001. Although originally 
planned in our protocol, we could not perform more 
efficient subgroup analyses by age.

In the analysis of body mass index, heterogeneity 
existed when we stratified studies based on how 
frequently the exposure was assessed, where studies 
with repeated assessments during follow-up indicated 
weaker associations compared with studies that 
performed one baseline measurement. One baseline 
measurement of exposures did not consider potential 
changes in the level of exposure over time and is one 
of the main limitations of epidemiological studies that 
could result in measurement errors and non-differential 
misclassification.43 Repeated measurements can 
probably provide more reliable measurements and thus 
can give a more precise estimation of the associations, 
but we did not find significant differences between 
subgroups in the analyses of other measures.

We performed an additional meta-analysis 
to compare the associations across different 
measures. The results indicated that body adiposity 
index, an alternative calculation representing 
an indirect estimate of body fat content, had a 
stronger association with the risk of type 2 diabetes 
compared with other measures. Body adiposity index 
integrates height and hip circumference to estimate 
the amount of body fat.44 We also found a strong 
association for percentage body fat. Of the six studies 
included in the analysis of percentage body fat, four 
used bioelectrical impedance analysis, one used 
hydrodensitometry (alternative method representing 
an indirect estimate of body fat content), and one 
study used dual energy x ray absorptiometry (the 
gold standard for measuring body composition) to 
predict percentage body fat.

Among conventional measures, we found a stronger 
association for waist-to-height ratio than waist 
circumference, waist-to-hip ratio, and body mass 
index. This finding was consistent with previous 
reviews indicating that waist-to-height ratio is better 
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at predicting the risk of all cause mortality7 and levels 
of cardiometabolic risk factors45 than body mass 
index, waist circumference, and waist-to-hip ratio. 
Marked differences existed across measures in terms 
of the number of studies included in each analysis, 
geographical location, study population, length of 
follow-up, and degree of statistical control, however, 
and thus our conclusions on the superiority of some 
measures should be interpreted cautiously and 
allowing for these limitations.

Clinical and public health implications
Ours was a comprehensive study of the association 
between adiposity and the risk of type 2 diabetes 
across the world. Our findings indicated a strong 
positive linear association between body mass index 
and type 2 diabetes. Current recommendations from 
the World Health Organization suggest a threshold of 
27.5 for body mass index to define obesity and start 
lifestyle interventions in populations in the Far East 
and Chinese populations,46 which was equivalent in 
risk to a body mass index of 30 in white individuals. 
Using a rigorous analytical method and performing 
a large meta-analysis of cohort studies, we found a 
strong positive linear association between body mass 
index and type 2 diabetes across the whole range of 
body mass index values.

We included several measures representing regional 
distribution of body fat. The results indicated a strong 
positive linear association across the whole range 
of waist circumference values in different regions, 
ethnicities, and in both sexes. We also included more 
objective measures of body fat content that confirmed 
current knowledge about the harmful effects of 
adiposity on human health. Allowing for limitations, 
such as different populations and different numbers of 
studies, our analysis compared the associations across 
different anthropometric indicators.

We considered the proposed limitations of 
conventional anthropometric measures, including 
body mass index (inability to distinguish lean mass 
from fat mass), waist circumference (strong correlation 
with body mass index), and waist-to-hip ratio (difficulty 
in measuring hip circumference) in presenting our 
comprehensive perspective of the association between 
important anthropometric indicators and the risk of type 
2 diabetes. We also excluded cohort studies that used 
self-reported anthropometric measures as exposures. 
Systematic errors in self-reported weight and height 
have been reported,47 leading to misclassification and 
thus an upward bias in the magnitude of the effect 
estimates.48 49 By using cohort studies that measured 
anthropometric data, we presented a more accurate 
estimation of the associations.

Heterogeneity
For almost all exposures, we found high heterogeneity 
in the data. We performed several predefined and post 
hoc subgroup analyses to present the results across 
subgroups and find the sources of heterogeneity, but 
extreme heterogeneity persisted in the subgroups. We 

present several explanations for the large heterogeneity 
in the data.

Firstly, we included a large number of studies in the 
analyses, especially for body mass index and waist 
circumference. In such cases, high heterogeneity is 
inevitable, and even a small difference in effect estimates 
can lead to high heterogeneity in the data.50 Secondly, 
all studies included in our review were consistent 
in terms of the PICOS (population, intervention or 
exposure, comparator, outcome, and study design) 
framework.51 Therefore, the heterogeneity seen in the 
data was statistical heterogeneity rather than clinical 
or methodological heterogeneity.

Thirdly, the large heterogeneity in the data was 
mainly because of the difference in the magnitude 
(weak, moderate, or strong) of the effect sizes rather 
than a difference in the direction (positive or inverse) 
of the associations. Of 182 studies included in the 
analysis of body mass index, 178 reported positive 
associations. Of 78 studies included in the analysis of 
waist circumference, all reported positive associations. 
This consistency in the results was also reported for 
waist-to-hip ratio, waist-to-height ratio, and visceral 
adiposity index. Consistency was strong across the 
studies in terms of the direction of the associations. 
According to the GRADE approach, reviewers should 
differentiate between situations where the large 
inconsistency across studies is caused by differences 
in the magnitude of the associations rather than 
differences in the direction of the associations.52 
Because individual studies were in the same direction, 
performing meta-analyses is still thought to be 
appropriate.53 54

We performed several prespecified and post hoc 
subgroup analyses to find the potential sources of the 
heterogeneity. Because of the large number of studies, 
however, large variations in participant and study 
characteristics within each subgroup persisted.

Publication bias
We found evidence of publication bias in the analyses 
of body mass index, waist circumference, waist-to-hip 
ratio, and waist-to-height ratio. Contour enhanced 
funnel plots suggested that the asymmetry in the 
funnel plots was a result of publication bias.26 27 Also, 
considering that the association between body mass 
index and type 2 diabetes is thought to be specific to 
ethnicity,12 the asymmetry in the funnel plots might 
also be a result of heterogeneity owing to differences 
in the characteristics of the populations.26 Because 
of the large asymmetry in the funnel plots, however, 
our results could have been overestimated for these 
measures and thus the magnitude of the effect 
estimates should be interpreted cautiously.

Strengths and limitations of this study
The major limitation of our study was that although we 
performed several comparisons across different regions, 
ethnicities, and races, the results were obtained from 
different cohorts with different sample sizes, follow-
up periods, and statistical controls. An individual 
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participant data meta-analysis of cohort studies might 
provide more accurate information about the shape of 
the associations. Secondly, we had insufficient data 
for the analysis of healthy individuals. Primary cohort 
studies used different definitions to specify healthy 
individuals and thus more research might be required 
in healthy individuals. We also had insufficient data 
for never smokers and for some subgroups, such as 
South America, Africa, and black individuals. Thirdly, 
studies published in non-English journals were not 
included because of resource constraints, which might 
cause selection bias. Given the large number of studies 
included in the analyses, especially for body mass 
index and waist circumference, however, inclusion of 
studies in non-English journals would probably not 
have changed the results substantially. Fourthly, of 
216 studies included in the analyses, only a quarter 
performed repeated anthropometric measurements 
during the follow-up period. Analysis of body mass 
index indicated a weaker association in studies that 
performed repeated versus baseline anthropometric 
measurements. This finding should be considered in 
future studies evaluating the associations between 
obesity and morbidity. Fifthly, we did not include fat 
mass in specific regions, such as liver, muscle, and 
abdominal fat mass, in our review. Future research 
should evaluate the association between body fat 
content in specific regions and the risk of diabetes risk 
in more detail. Finally, because of the observational 
design of the studies, residual confounding cannot be 
excluded and should be considered when interpreting 
the results. Recent mendelian randomisation studies, 
however, suggested a casual effect of general and 
central adiposity on the risk of type 2 diabetes.55 56

Conclusions
Our comprehensive dose-response meta-analysis of 
216 cohort studies suggested evidence of a strong 
positive linear association between body mass 
index and the risk of type 2 diabetes across almost 
all regions and ethnicities. We found no marked 
deviation from linearity at a specific cut-off value. For 
hip circumference, the direction of the association 
depended on adjustment for waist circumference, 
where studies that controlled for waist circumference 
reported an inverse association and studies that did 
not control for waist circumference reported a positive 
association. For some measures, such as body shape 
index, body adiposity index, and visceral fat mass, 
only a small number of studies were available.
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