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Abstract

Aims/hypothesis—The calibre of the retinal vessels has been linked to diabetes mellitus but 

studies have not shown consistent results. We conducted a participant-level meta-analysis to 

evaluate the association between retinal arteriolar and venular calibre and diabetes.

Tien Y. Wong ophwty@nus.edu.sg. 

Contribution statement All authors contributed to the intellectual development of this paper. TYW and CS designed the study. TYW 
acquired data from the collaborators: MFC, PM, RK and ES. CS supervised data analysis and wrote the initial draft. WKL performed 
the statistical analyses. BEKK, CS, WKL, RK, MFC, JJW, PM, JES, ES, ARS and TYW assisted in interpretation of the analysed data 
and provided critical corrections of the manuscript. TYW is the guarantor of this work and as such had full access to all the data in the 
study and takes responsibility for the integrity of the data and accuracy of the data analysis. The final version of the paper has been 
seen and approved by all the authors.

Duality of interest The authors declare that there is no duality of interest associated with this manuscript.

HHS Public Access
Author manuscript
Diabetologia. Author manuscript; available in PMC 2016 November 01.

Published in final edited form as:
Diabetologia. 2015 November ; 58(11): 2476–2485. doi:10.1007/s00125-015-3717-2.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods—We performed a systematic review on MEDLINE and EMBASE for articles 

published up to December 2014. We identified five population-based prospective cohort studies 

that provided individual-level data on 18,771 diabetes-free participants. We used discrete time 

proportional hazards models to estimate pooled HRs of diabetes associated with 1 SD (20 μm) 

change in retinal vascular calibre.

Results—We identified 2,581 incident cases of diabetes over a median follow-up period of 10 

years (interquartile interval of 3.4–15.8 years). After adjustment for demographic, lifestyle and 

clinical factors, retinal venular calibre was significantly associated with incident diabetes (pooled 

HR 1.09 [95% CI 1.02, 1.15] per SD increase in venular calibre). This association persisted in 

analyses excluding individuals with <5 years of follow-up (1.07 [1.0, 1.12]) or those with 

impaired fasting glucose at baseline (1.10 [1.03, 1.17]); in subgroup analyses, the association was 

stronger in men than in women but was consistent across subgroups of race/ethnicity, smoking 

status, hypertension and BMI categories. Retinal arteriolar calibre was not associated with 

diabetes (0.95 [0.86, 1.06] per SD decrease in arteriolar calibre).

Conclusions/interpretation—Wider retinal venules but not narrower retinal arterioles were 

associated with a modestly increased risk for diabetes. Knowledge of pathological mechanisms 

underlying wider retinal venule may provide further insights concerning microvascular alterations 

in diabetes.
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Introduction

Diabetes mellitus is a major public health problem estimated to affect 371 million people 

worldwide [1]. In 2010, diabetes was estimated to affect 26 million adults in the USA alone 

[2]. The pathogenesis of diabetes is multifactorial and still not fully established. 

Microvascular dysfunction has been postulated to play an important role in the pathogenesis 

of diabetes [3, 4]. Microvascular abnormalities such as arteriolar narrowing and impaired 

microvascular perfusion delay the access of glucose and insulin to target tissues, which may 

lead to insulin resistance [5], a major mechanism underlying type 2 diabetes. In 

experimental studies, correlation of both insulin-induced capillary recruitment in skin [4] 

and insulin-mediated microvascular recruitment in muscle [6] provide evidence to support 

the role of small vessel disease in insulin resistance.

The retinal microvasculature represented by retinal arterioles and venules (100–300 μm in 

size) offers a unique opportunity for noninvasive visualisation of the systemic 

microvasculature [7, 8]. Imaging software methods have provided a means to measure subtle 

abnormalities in the retinal microvasculature such as the calibre of the retinal vessels [9]. 

The calibre of the retinal microvasculature could reflect impaired microvascular function 

and microvascular perfusion. In addition, retinal microvascular changes could also represent 

other shared mechanisms underlying the pathogenesis of diabetes [10], including oxidative 

stress, endothelial dysfunction, inflammation and hypertension [11–14].
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Several cross-sectional studies have shown an association between retinal microvascular 

calibre and diabetes [15–17]. However, evidence from prospective studies is mixed [18]. 

While three studies reported smaller retinal arterioles to be associated with diabetes [19–21], 

one reported that both wider retinal arterioles and venules [17] were associated with diabetes 

and two studies reported no association between retinal microvascular calibre and diabetes 

[22, 23]. A recent meta-analysis [24] summarised evidence from published aggregate data of 

prospective studies on the role of microvascular dysfunction assessed using several 

biomarkers including retinal microvascular variables. This meta-analysis reported smaller 

retinal arteriole-to-venule ratio (AVR) to be associated with incident diabetes based on 

published data from three studies [19, 20, 23]. However, in analyses including retinal 

arteriolar and venular calibre separately, neither one showed a significant association with 

incident diabetes [24]. To clarify the association between retinal vascular calibre and 

diabetes, we conducted a systematic review and an individual participant-level meta-analysis 

of prospective cohort studies to estimate the risk of diabetes associated with retinal micro-

vascular calibre. We hypothesised that narrower retinal arterioles and wider retinal venules 

would be associated with an increased risk of diabetes.

Methods

Data extraction

We (C. Sabanayagam and T. Y. Wong) performed a systematic search of the MEDLINE 

(PubMed), and EMBASE databases up to December 2014. Conference proceedings and 

reference lists of selected articles were also manually scanned to identify possible additional 

studies. The following terms were used for the MEDLINE search: (exp retinal diseases/, 

retinopathy.tw., (retina or retinal).tw., microvessel.mp. or microvascular.tw., vessel.mp. or 

vascular.tw., arteriole.mp. or arteriolar.tw., venule.mp. or venular.tw.) and (diabetes.mp. or 

Diabetes Mellitus, Type 2/ or Diabetes Mellitus/) and (exp epidemiology/, exp 

epidemiologic studies/, incidence/, exp prognosis/, predict$.mp., prognos$.tw., risk.tw.). 

Similar search terms were used for EMBASE. We restricted our search to English language 

and human studies. Studies were included if they were carried out in general populations, 

included measurement of retinal vascular calibre and had documented diabetes incidence. 

Studies were excluded if they were cross-sectional or if relevant data were unavailable. We 

conducted our systematic review as proposed by the Meta-analysis of Observational Studies 

in Epidemiology (MOOSE) guidelines [25].

Data collection

We invited the principal investigators of the selected studies to participate in this 

collaborative project who upon acceptance were requested to provide individual participant 

data on retinal vascular calibre measurements, incident diabetes and baseline measurements 

of traditional risk factors included in the Framingham Risk Score [26], such as age, sex, 

race/ethnicity, current smoking and drinking status, height, weight, systolic and diastolic BP, 

blood glucose, serum total cholesterol, history of cardiovascular disease (CVD), diabetes 

and hypertension, and use of glucose-lowering and antihypertensive medication. Since 

family history was available only in a subset of participants and measures of physical 

activity were highly variable across the studies, these variables were not considered for 
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inclusion in the analyses. For the present analysis, we excluded individuals with prevalent 

diabetes or pre-existing CVD or those with missing data on covariates included in the 

multivariable model. We included those who had values for retinal vascular calibres and 

information on incident diabetes and covariates.

Studies included

We identified 1,400 studies with our initial search strategy (Fig. 1). We then identified 16 

studies that had assessed retinal calibres and diabetes in a general population. After 

screening these studies based on inclusion and exclusion criteria, ten studies were excluded 

due to the cross-sectional study design or multiple publications from the same study 

samples, leaving six studies eligible for the meta-analysis. One study (Rotterdam Study) 

[12] did not have data available at the time of analysis; therefore, five studies were included 

in the current meta-analysis: the Atherosclerosis Risk in Communities (ARIC, USA) study 

[19], the Australian Diabetes, Obesity and Lifestyle (AusDiab, Australia) study [21], the 

Beaver Dam Eye Study (BDES, USA) [20], the Blue Mountains Eye Study (BMES, 

Australia) [22] and the Multi-ethnic Study of Atherosclerosis (MESA, USA) [17]. 

Investigators from the five studies agreed to provide data for the individual participant-level 

meta-analysis.

Measurement of retinal vascular calibre

Measurement of retinal vessel calibre was similar in each study, with slight variations. 

Briefly, for participants of each study, either digital or 35 mm retinal photographs centred on 

the optic disc and macula for a single or both eyes were taken at baseline. Stereoscopic 

30°retinal photographs were taken using a Zeiss FF3 camera (Carl Zeiss Meditech, Jena, 

Germany) after pupil dilation in BDES and BMES; 45° nonmydriatic retinal photographs 

were taken using a Canon CR6-45NM camera (Canon, Tokyo, Japan) in ARIC and MESA; 

and a Canon CR45UAF camera and 45° fields were used in AusDiab. In all studies except 

ARIC, a pre-specified eye, usually the right eye, was used for the measurement and analysis 

of retinal vascular calibre. Measurements from the left eye were used when measurements 

from the right eye could not be used. In ARIC, retinal photographs were taken of one 

randomly selected eye.

Photographs from the three US studies were graded for retinal vascular measurements at the 

Ocular Epidemiology Reading Center at the University of Wisconsin, Madison using a 

computer-assisted software program (Interactive Vessel Analysis [IVAN], University of 

Wisconsin, Madison, WI, USA) that measured the six largest arterioles and venules. 

Photographs from the two Australian studies were graded at the Centre for Eye Research 

Australia, University of Melbourne using a computer-assisted vessel measurement system 

(Retinal Analysis; Optimate, Madison, WI, USA) that measured all vessels larger than 45 

μm in diameter [21, 27]. Trained graders masked to participant characteristics performed 

retinal vascular calibre measurements following a standard protocol in both centres. Briefly, 

for each image, all arterioles and venules coursing through an area of 0.5–1.0 disc diameter 

from the optic disc margin were measured and summarised as central retinal arteriolar 

equivalent (CRAE) and central retinal venular retinal equivalent (CRVE) using the Parr-

Hubbard formula [28] in ARIC and BDES, and Knudtson's revised formula [29] in MESA. 
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These equivalents represent the average retinal vessel of calibres of the eye. In AusDiab and 

BMES, estimates obtained from the Parr–Hubbard formula using the Howard program were 

converted into estimates equivalent to IVAN measures using a newer formula termed the 

Parr–Hubbard–Knudtson formula [30]. Reproducibility of retinal vessel measurements were 

high for both CRAE and CRVE with intragrader and intergrader correlation coefficients 

ranging from 0.78 to 0.99 [28, 31].

Ascertainment of diabetes

We defined incident diabetes as first occurrence at any follow-up examination. Diabetes 

definitions used by the individual studies were based on plasma or serum glucose levels and 

defined as fasting glucose level ≥7.0 mmol/l, or 2 h glucose or casual glucose ≥11.1 mmol/l, 

or HbA1c >6.5% (47.5 mmol/mol) or the use of diabetic medications with a previous 

physician's diagnosis. In ARIC, as retinal photographs were taken at visit three, this visit 

was considered as baseline for ascertainment of incident diabetes. After excluding 

individuals with prevalent diabetes at visit three, incident diabetes was defined as 

individuals with diabetes at the next visit after 3 years (visit four) or during the subsequent 

annual follow-up telephone calls from 4 to 16 years. Similarly, in MESA, as retinal 

photographs were taken at visit two, this visit was considered as the baseline for ascertaining 

incident diabetes at visits three and four.

Assessment of covariates

Information on covariates was collected from a combination of standardised interview and 

examination procedures in all studies. Data on demographic factors (age, sex, race/

ethnicity), lifestyle (smoking, alcohol consumption), personal history of diseases and 

medication were collected using standardised questionnaires, and information on height, 

weight and BP measurements were from clinic examinations in each study. In all studies, a 

mean of two BP measurements was used as the BP value for the participants except for 

BMES in which BP was defined based on a single measurement. Ethnicity was categorised 

into white participants, black participants, and Mexican American/Asian/other participants. 

All studies included middle-aged and elderly participants except AusDiab, which included a 

wider age range (25–87 years).

Statistical analysis

Both CRAE and CRVE were normally distributed and the pooled within-study SD was 

approximately 20 μm for both arteriolar and venular calibres. We estimated the HR 

associated with each 20 μm decrease in retinal arteriolar and each 20 μm increase in retinal 

venular calibre in three models. Model 1 adjusted for age, sex and race/ethnicity (white 

participants, black participants, Mexican American/Asian/other participants). Model 2 

included variables from model 1 plus CVD factors including current smoking status (no, 

yes), current drinking status (no, yes), BMI (kg/m2), systolic BP (mmHg), hypertension (no, 

yes) and serum total cholesterol level (mmol/l). Model 3 included variables from model 2 

plus baseline fasting glucose levels (mmol/l). We estimated these separately for each study 

using a discrete time proportional hazards models. We pooled the log HR estimates of the 

different studies by random effects meta-analysis and displayed them in forest plots [32]. 
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The extent of heterogeneity between studies was evaluated with the inconsistency I2 statistic 

[33]. Validity of the above two-stage analyses results (with estimates of association 

calculated separately within each study, followed by pooling of the association estimates 

from different studies) was assessed by fitting a one-stage multilevel discrete time (Cox 

regression) random effect model using pooled individual data of all studies, with a random 

intercept to account for the study-specific effect. This one-stage approach was also used to 

investigate exposure-covariate interactions because this approach provides a flexible way of 

examining individual-level interactions [34]. We performed subgroup analyses after 

interaction tests to detect evidence of any differences in hazards across levels of prespecified 

characteristics including age, sex, ethnicity, current smoking, BMI and hypertension status.

To test the robustness of our results, we performed several sensitivity analyses. First, we 

used an approach of leaving out one study at a time, calculating the pooled effect of the 

remaining studies and comparing the results with the combined effect based on all the 

studies. Second, to exclude the possibility that undetected diabetes or impaired fasting 

glucose had caused retinal microvascular changes, we repeated the analysis after excluding 

participants with follow-up of 5 years or less (n=5,587 excluded). Third, we repeated the 

analysis after excluding participants with impaired fasting glucose at baseline (n=4,683 

excluded), defined as a fasting plasma glucose level of 5.6 mmol/l to <7.0 mmol/l. Fourth, 

we repeated the analysis excluding individuals with incident diabetes defined exclusively by 

self-report (diabetes detected by annual telephone follow-up in ARIC; n=1,439 excluded). 

All analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC, USA) and 

Review Manager 5 (The Nordic Cochrane Centre, The Cochrane Collaboration, 

Copenhagen, Denmark).

Results

Characteristics of the included study populations

Table 1 shows the baseline characteristics of the 18,771 participants without diabetes from 

each of the five studies. Selected studies were published between 2002 (ARIC) and 2011 

(MESA). The study sample sizes ranged from 768 in AusDiab to 7,899 in ARIC, and the 

majority of the participants were white (77.9%). The number of follow-up visits ranged from 

one in AusDiab to four in BDES, and the median follow-up duration ranged from 3.1 years 

in MESA to 15.7 years in ARIC (including annual telephone follow-up). The cumulative 

incidence of diabetes ranged from 4.9% in MESA to 21.8% in ARIC. The proportion of 

participants older than 60 years ranged from 37.6% in AusDiab to 66.7% in BMES. BMES 

participants had the highest prevalence of hypertension (68.8%) but the lowest prevalence of 

obesity (20.9%). The mean CRAE ranged from 144.0 μm in MESA participants to 193.9 μm 

in BMES participants. The mean CRVE ranged from 192.3 μm in ARIC participants to 

230.2 μm in BDES participants. Incident diabetes developed in 2,581 of the 18,771 

participants (13.7%).

Association of retinal vessel calibre with incidence of diabetes

Figure 2a shows the study-specific and pooled HR of diabetes associated with a 20 μm 

decrease in CRAE in the two-stage approach analyses. We considered HRs from the fully 
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(model 3) adjusted model. The study-specific HRs for CRAE were not significant in most of 

the studies (ARIC, AusDiab, BDES and BMES) except in MESA. The pooled HR for 

CRAE was not significant (HR 0.95 [95% CI 0.86, 1.06]).

Figure 2b shows the study-specific and pooled HR of diabetes associated with a 20 μm 

increase in CRVE in the fully adjusted model. The HRs for CRVE were significant in two 

studies (AusDiab and BDES). However, the direction of association of CRVE with diabetes 

incidence was consistent with all HR >1 in the other studies. The pooled HR for CRVE was 

significant (HR 1.09 [95% CI 1.02, 1.15]).

Table 2 shows the pooled hazard ratios of diabetes associated with CRAE and CRVE using 

the two-stage approach. In this model, CRAE was marginally associated with diabetes after 

adjusting for age, sex and race/ethnicity (in model 1). However, the association was not 

significant with additional adjustment for other traditional risk factors. CRVE was 

significantly associated with diabetes in model 1. Although this association was attenuated 

with additional adjustment for traditional diabetes risk factors and fasting glucose levels in 

models 2 and 3, it remained significant in both models. Pooled estimates for CRAE (HR 

0.95 [95% CI 0.86, 1.06]) and CRVE (1.09 [1.02, 1.15]) in the fully adjusted models using 

the two-stage approach were similar to the estimates from the one-stage approach: CRAE 

(HR 0.98 [95% CI 0.93, 1.03]) and CRVE (1.08 [1.03, 1.12]).

Tests for heterogeneity

In analyses using the two-stage approach, the p value for the heterogeneity test was 0.22 for 

CRVE, suggesting that there was no evidence of heterogeneity among the studies. By 

contrast, there was significant evidence for heterogeneity in the associations of CRAE with 

diabetes (p=0.04).

Supplementary analyses

In subgroup analyses stratified by selected participant characteristics (Table 3), the 

association of CRVE with diabetes was stronger in men than women (p interaction=0.03) 

but remained consistent across categories of age, race/ethnicity, current smoking, BMI and 

hypertension (p interaction >0.05). In sensitivity analyses, recalculating the pooled risk 

estimates by leaving out one study at a time resulted in little change in the observed risk 

estimates for CRVE (HR 1.06 to 1.12). Second, when we repeated the analysis after 

excluding participants with less than 5 years of follow-up (n=12,870 included), the 

association of CRVE with diabetes remained significant but slightly attenuated (HR 1.07 

[95% CI 1.01, 1.12]). Third, excluding participants with impaired fasting glucose at baseline 

(n=4,683 excluded), the results were essentially similar (1.10 [1.03, 1.17]) for CRVE. In 

addition, excluding individuals with impaired fasting glucose at baseline and those with 

follow-up of less than 5 years (n=9, 327 excluded) did not alter the effect estimates (1.10 

[1.02, 1.18]) for CRVE. Finally, excluding individuals with diabetes status defined 

exclusively by self-report (1,439 ARIC participants with diabetes identified during annual 

telephone follow-up were excluded) did not appreciably change the effect estimates for 

CRVE (1.11 [1.05, 1.18]).
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Discussion

In this individual-level meta-analysis of 18,771 participants from five prospective cohort 

studies of individuals without diabetes at baseline, we showed that wider retinal venular 

calibre was associated with an increased risk of diabetes over a median follow-up of 10 

years, independent of potential confounding factors. This association was stronger in men 

but was consistently present across categories of age, race/ethnicity, current smoking, BMI 

and hypertension status. The association of wider retinal venules with diabetes remained 

significant after excluding diabetes cases in the first 5 years of follow-up. Additionally, the 

relationship was evident after excluding individuals with impaired fasting glucose at 

baseline. Together, these findings suggest that wider retinal venular calibre is associated 

with an increase in the risk of diabetes. Retinal arteriolar calibre was not associated with 

diabetes.

Our study involving individual-level data (n=18,771) is larger than the recent meta-analysis 

of this topic by Muris et al, which used published estimates from prospective cohort studies 

[24]. The larger sample size of the current study provided sufficient power to perform 

detailed analyses and to investigate the possibility of reverse causality. Previous studies have 

not used consistent methods to report these associations. Discrepancy in the results of the 

meta-analysis by Muris et al and our meta-analysis could be due to differences in the 

inclusion of studies. For example, some studies used the retinal AVR for analysis (ARIC, 

BDES and the Rotterdam Study) while others (AusDiab, BDES, BMES and the Rotterdam 

Study) included separate analysis for retinal arteriolar and venular calibre. Muris et al used 

four studies (AusDiab, BDES, BMES and the Rotterdam Study; n=8,487) to examine the 

individual association of retinal arteriolar and venular diameter with diabetes, and three 

studies (ARIC, BDES and the Rotterdam study; n=13,554) to examine the association of 

retinal AVR with diabetes [24].

In the meta-analysis by Muris et al, while smaller AVR was significantly associated with 

diabetes (RR 1.18 [95% CI 1.08, 1.29]), neither smaller arteriole (1.08 [0.96, 1.22]) nor 

wider venule (1.06 [0.97, 1.15]) alone was associated with diabetes. The lack of association 

of retinal arteriole or venule with diabetes could be due to a smaller sample size or shorter 

follow-up; for example, the published ARIC study was restricted to participants with data on 

incident diabetes of up to 3 years follow-up, whereas in the current study we included 

incident data up to 16 years of follow-up. In addition, aggregate-level meta-analyses based 

on published estimates from different studies do not account for differences in analytical 

methods and covariate adjustment. For example, some studies adjusted for systolic BP [21, 

22, 35], while others adjusted for both systolic and diastolic BP [20] or mean arterial BP 

[19]; some studies used Cox proportional hazards model to estimate relative risks or HRs 

[20, 35], whereas others used logistic regression models to estimate odds ratios [19, 21, 22].

Furthermore, in the meta-analysis by Muris et al, retinal variables were only one of several 

microvascular variables assessed (including plasma markers of endothelial dysfunction, 

peripheral vascular reactivity, retinal vascular calibre and microalbuminuria); therefore, no 

subgroup analyses or sensitivity analyses were performed. In the current individual-level 

meta-analysis, we have performed detailed subgroup and sensitivity analyses besides 
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standardising the analytical methods and covariate adjustment. Furthermore, the studies 

included in the current meta-analysis displayed good quality by the prospective design, 

comparable assessment of retinal vascular variables, objective assessment of outcome and 

information on covariates. Thus, we believe our estimates are robust and less biased than 

those of Muris et al.

Mechanism of association between wider retinal venules and diabetes

The exact pathogenesis underlying the association of wider retinal venules with diabetes is 

not clear. Evidence from experimental studies suggests that microvascular dysfunction 

appears early in the course of insulin resistance, leading to impaired glucose delivery and 

glucose up-take [5, 36]. In rats, insulin has been shown to be involved in capillary 

recruitment in skeletal muscle, which is mediated by a nitric-oxide-dependent pathway [6] 

or by TNF-α (a marker of inflammation), leading to impaired insulin-mediated capillary 

recruitment and glucose uptake [37]. This evidence supports the role of microvascular 

dysfunction in altered glucose metabolism. Association of wider retinal venules with 

markers of inflammation and endothelial dysfunction (such as C-reactive protein, IL-6, 

fibrinogen, leucocyte count, soluble intracellular adhesion molecule and plasminogen 

activator inhibitor) have also been reported [11–14]. This evidence suggests that retinal 

venules widen in response to inflammation; thus, endothelial dysfunction may represent 

impaired micro-vascular reactivity, insulin resistance and impaired glucose metabolism [38].

Strengths and limitations

Our study has several strengths. First, analysis of data from individual participants rather 

than published estimates has allowed us to pool data by standardising the inclusion criteria 

of study participants and to include adjustment for potential risk factors. Second, retinal 

vascular measurement using digital retinal photography is a fairly new technique; therefore, 

we were able to collaborate with most of the researchers worldwide who have used this 

technology in prospective studies to assess the risk of diabetes. In addition, as there were no 

studies published in any language other than English that met the study criteria, we feel that 

publication bias is highly unlikely. Unpublished studies, if any, are likely to be few since the 

results of large prospective studies (even if findings are negative) are more likely to be 

reported or known to the research community. Thus, we believe the impact of unpublished 

results on the pooled estimate reported herein (based on 2,581 incident cases of diabetes) 

would be negligible. Third, inclusion of only prospective studies and the persistence of 

association of wider retinal venule with diabetes after exclusion of the first 5 years of 

follow-up eliminate the possibility of reverse causality explaining the observed association.

Our study has some limitations. First, we cannot exclude the possibility of residual 

confounding due to unmeasured or unknown risk factors. For example, we did not have 

information on the genetic profiles of participants in all studies. However, previous genome-

wide association studies on retinal venular diameter, using data from some of the cohorts in 

our meta-analysis, do not reveal genetic markers common to both diabetes [39, 40] and 

retinal venular diameter [30]; thus, significant confounding from such interactions are 

unlikely to have influenced the association reported here. In addition, although we excluded 

individuals with prevalent CVD, the presence of subclinical CVD or other causes of 
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inflammation may have affected our results. We believe, however, that the influence from 

residual confounding is likely to be minimal, as accounting for a large number of risk factors 

using information available from all cohorts did not materially alter the results.

Second, ascertainment of diabetes was based on casual plasma glucose and self-report 

history of diabetes in BDES and based on self-reported history alone in the annual follow-up 

data in ARIC. Thus, we cannot exclude some misclassification of outcome. However, results 

were similar in studies using fasting plasma glucose to define diabetes (e.g. BMES). A 

previous validation study conducted using a subsample of 1,738 ARIC participants in 2004–

2005 reported self-reported diabetes to be >90% specific and reliable compared with 

diabetes defined using a combination of glucose or HbA1c measurements or medication use 

[41].

Third, CRAE and CRVE measurements were different across the studies possibly due to 

differences in the software versions employed. These differences could have resulted in 

measurement error. For example, CRAE measurements were higher in BMES (193.9 μm) 

while CRVE measurements were higher in BDES (230.2 μm) than in other studies. 

However, the finding of a similar direction of association of CRVE with diabetes in all 

studies, lack of evidence of heterogeneity (p= 0.22) among the studies and similar estimates 

of association in the ‘leaving one study out approach’ in sensitivity analyses suggest that our 

estimates are robust despite the difference in measurements. Fourth, we did not include the 

Rotterdam Study in the meta-analysis, but the published results from the Rotterdam Study 

were very similar to those of the present study (OR 1.09 [95% CI 0.90, 1.33]); therefore, we 

believe that omission of the Rotterdam Study did not affect our study findings. Finally, the 

reported association between wider CRVE and incident diabetes is low in magnitude (10% 

increase in risk per 20 μm increase in CRVE calibre), and its use in clinical practice for 

diabetes prediction is questionable.

Conclusions

In summary, our meta-analysis of prospective studies of diverse populations shows that 

wider venular calibre in the retinal vessels is associated with an increased risk of type 2 

diabetes. The consistency of associations across five different populations and across 

subgroups suggests that microvascular processes associated with wider retinal venular 

calibre may be a signal for the underlying pathogenesis leading to clinical diabetes. Further 

studies are warranted to test the applicability and clinical usefulness of retinal imaging in 

predicting the risk of diabetes.
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Fig. 1. 
Search strategy for studies included in the meta-analysis
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Fig. 2. 
(a) Forest plot of the adjusted HRs for incident diabetes by CRAE. Heterogeneity: τ2=0.01; 

χ2=10.28, df=4 (p=0.04); I2=61%. Test for overall effect: Z=0.96 (p=0.34). Forest plot 

shows multivariable adjusted HRs (model 3) of diabetes per 20 μm decrease in CRAE. (b) 

Forest plot of the adjusted hazard ratios for incident diabetes by CRVE. Heterogeneity: 

τ2=0.00; χ2=5.76, df=4 (p=0.22); I2=31%. Test for overall effect: Z=2.63 (p=0.009). Forest 

plot shows multivariable adjusted HRs (model 3) of diabetes per 20 μm increase in CRVE. 

(a, b) The summary estimates presented were calculated using a random effects model. 

Squares indicate the individual HR in each study. The size of each square is proportional to 

the percentage weight of that individual study in the meta-analysis and the horizontal line 

indicates 95% CI. Pooled HR and 95% CI are indicated by a black diamond
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Table 1

Baseline characteristics of participants in the five cohort studies (n =18,771)

Characteristics ARIC [19] AusDiab [21] BDES [20] BMES [22] MESA [17]

Number of baseline population 7,899 768 3,135 2,014 4,955

Cumulative incidence of diabetes % (number of cases) 21.8 (1,723) 10.8 (83) 12.1 (379) 7.6 (153) 4.9 (243)

Follow-up durations after retinal measurement median 
(interquartile interval) years

15.7 (11.7-16.1) 5.0 (4.9-5.0) 15.0 (5.0-20.0) 10.0 (5.0-10.0) 3.1 (3.0-3.3)

Year of baseline data collection 1993-1995 1999-2000 1988-1990 1992-1994 2002-2004

Year of most recent follow-up 2012 2004-2005 2008-2010 2002-2004 2006-2008

No. of follow-up visits
14

a 1 4 2 2

Age at baseline mean (SD), years 59.4 (5.6) 55.4 (12.6) 59.7 (10.4) 63.8 (8.4) 62.7 (10.0)

Age range, years 49-73 25-87 43-86 49-93 46-87

Age group, years, n (%)

    <60 4,601 (58.2) 479 (62.4) 1,616 (51.5) 670 (33.3) 2,080 (42.0)

    60-69 3,027 (38.3) 176 (22.9) 890 (28.4) 830 (41.2) 1,508 (30.4)

    ≥70 271 (3.4) 113 (14.7) 629 (20.1) 514 (25.5) 1,367 (27.6)

Men, n (%) 3,423 (43.3) 331 (43.1) 1,369 (43.7) 833 (41.4) 2,333 (47.1)

Ethnicity, n (%)

    White 6,575 (83.2) 768 (100) 3,135 (100) 2,014 (100) 2,126 (42.9)

    Black 1,324 (16.8) 0 0 0 1,248 (25.2)

    Asian/Mexican Americans/other 0 0 0 0 1,581 (31.9)

Current smoker, n (%) 1,297 (16.4) 70 (9.3) 621 (19.8) 231 (11.8) 584 (11.8)

Current drinker, n (%) 4,518 (57.2) 630 (82.4) 2,771 (88.4) 1,490 (76.3) 2,694 (54.4)

BMI, mean (SD), kg/m2 27.8 (5.1) 27.8 (5.3) 28.6 (5.3) 26.2 (4.3) 28.0 (5.2)

BMI category, n (%), kg/m2

    <25.0 2,442 (30.9) 246 (32.2) 773 (24.7) 855 (42.8) 1,503 (30.3)

    25.0 to 29.0 2,721 (34.5) 251 (32.9) 1,071 (34.3) 724 (36.3) 1,667 (33.7)

    ≥30.0 2,731 (34.6) 267 (34.9) 1,282 (41.0) 417 (20.9) 1,783 (36.0)

Systolic BP, mean (SD), mmHg 122.2 (17.9) 133.7 (18.5) 129.9 (19.1) 144.2 (20.1) 122.8 (20.2)

Diastolic BP, mean (SD), mmHg 71.6 (10.2) 71.1 (11.7) 77.9 (10.4) 83.4 (9.5) 70.5 (10.0)

Hypertension, n (%) 2,691 (34.1) 345 (45.2) 1,427 (45.5) 1,384 (68.8) 2,216 (44.7)

Plasma glucose level, mean (SD), mmol/l 5.5 (0.5) 5.6 (0.6)
5.0 (0.4)

b 4.9 (0.5) 5.1 (0.5)

Serum total cholesterol, mean (SD), mmol/l 5.4 (1.0) 5.6 (1.0) 6.0 (1.1) 6.1 (1.1) 4.9 (0.9)

CRAE, mean (SD), μm 162.2 (16.7) 176.0 (23.6) 150.0 (14.8) 193.9 (20.4) 144.0 (14.1)

CRVE, mean (SD), μm 192.3 (16.3) 206.2 (22.2) 230.2 (22.4) 225.4 (19.8) 213.3 (21.5)

a
In ARIC, one follow-up visit and 13 annual telephone follow-ups

b
Average blood glucose level in mmol/l converted from HbA1c (%)
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Table 2

Overall HR of incident diabetes by retinal microvascular calibre, adjusted for risk factors

Progressive adjustment No. of participants No. of events CRAE CRVE

Overall HR (95% 
CI)

I2 (p value) Overall HR (95% 
CI)

I2 (p value)

Model 1
a 18,741 2,577 1.04 (0.99, 1.09) 68% (0.01) 1.16 (1.10, 1.23) 29% (0.23)

Model 2
b 18,412 2,551 0.97 (0.92, 1.02) 67% (0.02) 1.10 (1.05, 1.15) 0% (0.52)

Model 3
c 18,198 2,540 0.95 (0.86, 1.06) 61% (0.04) 1.09 (1.02, 1.15) 31% (0.22)

a
Adjusted for age, sex, race/ethnicity (white, black, Mexican American/Asian/other)

b
Adjusted for variables in model 1 +current smoking (no, yes), current drinking (no, yes), BMI (kg/m2), systolic blood pressure (mmHg), 

hypertension (no, yes), total cholesterol (mmol/l)

c
Adjusted for variables in model 2+fasting glucose levels (mmol/l)
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Table 3

Overall HR of incident diabetes, by retinal microvascular calibre in subgroups

Variable Persons at risk

Incident cases of diabetes
HR (95% CI)

a

CRAEb I2 (p value) CRVEc I2 (p value)

Age group, years

    <60 9,446 1,491 0.99 (0.92, 1.06) 3% (0.39) 1.08 (0.99, 1.17) 25% (0.25)

    60-69 6,431 877 0.96 (0.86, 1.07) 13% (0.33) 1.07 (0.98, 1.16) 5% (0.38)

    ≥70 2,892 213 0.99 (0.78, 1.26) 50% (0.09) 1.13 (0.96, 1.34) 23% (0.27)

Sex

    Men 8,289 1,161 0.95 (0.81, 1.11) 62% (0.03) 1.16 (1.02, 1.31) 63% (0.03)

    Women 10,482 1,420 0.95 (0.86, 1.05) 30% (0.22) 1.05 (0.99, 1.11) 0% (0.61)

Race/ethnicity

    White 14,618 2,026 0.97 (0.88, 1.06) 40% (0.15) 1.09 (1.00, 1.18) 47% (0.11)

    Non-white 4,153 555 0.94 (0.76, 1.15) 60% (0.11) 1.11 (1.01, 1.22) 0% (0.72)

Current smoker

    Yes 2,803 413 0.94 (0.72, 1.22) 54% (0.07) 1.01 (0.91, 1.13) 0% (0.55)

    No 15,866 2,160 0.96 (0.86, 1.06) 54% (0.07) 1.08 (1.03, 1.13) 0% (0.45)

BMI, kg/m2

    <25.0 5,857 393 0.93 (0.82, 1.06) 0% (0.47) 1.21 (1.08, 1.36) 0% (0.50)

    ≥25.0 12,914 2,188 0.97 (0.88, 1.06) 43% (0.13) 1.05 (1.00,1.11) 10% (0.35)

Hypertension

    Yes 8,063 1,315 0.96 (0.86, 1.07) 44% (0.13) 1.09 (1.01, 1.17) 25% (0.26)

    No 10,663 1,254 0.92 (0.81, 1.06) 44% (0.13) 1.09(0.99, 1.21) 34% (0.20)

a
Hazard ratios from discrete time proportional hazards model with retinal arteriolar and venular calibre as the main exposures, and age, sex, race/

ethnicity, current smoker, current drinker, BMI, systolic BP, hypertension, total cholesterol level and fasting glucose level at baseline as covariates

b
Per 20 μm decrease in CRAE

c
Per 20 μm increase in CRVE
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