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Abstract

Diabetic retinopathy is a microvascular complication of hyperglycaemia. Little is known
about the association of glucose metabolism and retinopathy signs in the non-diabetic mid-
dle-aged population. We studied prevalence of retinopathy in a subsample of Northern Fin-
land Birth Cohort study (NFBC1966) of 1809 subjects, at 47 years of age, without previously
diagnosed type 2 diabetes and/or blood pressure-lowering medication. All participants
underwent clinical evaluations including an oral glucose tolerance test (glucose and insulin
values measured at 0, 30, 60 and 120 min) and HbA .. The retinopathy signs were diag-
nosed by fundus photographs and classified according to the Eurodiab classification
scheme. The overall prevalence of newly diagnosed retinopathy was 1.4%. The retinopathy
signs were significantly associated with increased 30 min, 1-h and 2-h glucose levels and 2-
h insulin level in an OGTT. After adjustment with systolic blood pressure, only 30 min glu-
cose, 1-h glucose and 2-h insulin levels were associated with retinopathy signs. Our findings
show the potential role of 30 min and 1-h post-load glucose and 2-h insulin levels as risk fac-
tors for retinopathy lesions among the participants without previously diagnosed diabetes or
hypertensive medication.

Introduction

Diabetic retinopathy (DR) is the most common microvascular complication of hyperglycemia
and a leading cause of vision impairment globally [1, 2]. Previous studies have identified a
number of risk factors for the development of diabetic retinopathy including longer diabetes
duration time and higher blood pressure [2, 3]. However, the role of other cardiovascular risk
factors such as dyslipidemia [2, 3] and smoking [4, 5] have remained controversial as an
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etiology for retinopathy. The current diagnostic glucose cut-off points for type 2 diabetes are
based on the inflection point of retinopathy prevalence [6], but a linear increase in fasting and
post-load glucose levels has been observed years before the onset of type 2 diabetes [7].

It is well known that the retinopathy signs are also seen among the non-diabetic population
and uncontrolled blood pressure is the most reported potential risk factor [3, 8-11]. In the
non-diabetic population, the prevalence of retinopathy varies from <1% to 17.2% depending
on population, age and ophthalmologic methods [3, 8-10, 12, 13]. Although the non-diabetic
isolated retinopathy signs may be transient [14], the population-based studies have shown that
individuals with signs of retinopathy are at an increased risk of, for example, future type 2 dia-
betes, hypertension, nephropathy and cardiovascular morbidity [11, 15-18].

Despite this interest, to the best of our knowledge, this is the first study to evaluate the asso-
ciation of glucose metabolism, measured by OGTT (including glucose and insulin levels deter-
mined at 0, 30, 60 and 120 min after glucose intake) and HbA,, and retinopathy signs based
on ophthalmic examination in the population without previously diagnosed diabetes or hyper-
tensive medication.

Materials and methods

Study population

The Northern Finland Birth Cohort 1966 (NFBC1966) is a prospective population-based birth
cohort study consisting of individuals whose expected year of birth was 1966. Written
informed consent was obtained from all participants. The Ethics Committee of the Northern
Ostrobothnia Hospital District in Oulu, Finland approved the study protocol following the
principles of the Declaration of Helsinki.

The sample size calculation was based on an estimated retinopathy prevalence in non-dia-
betic population, and 153 participants were needed to provide a power of 80% at an alpha level
of 5%. The original study population consisted of 12,231 participants, 5,861 of whom partici-
pated in the 46-year follow-up study carried out in 2012-2014. Participants underwent an oral
glucose tolerance test (OGTT) and meticulous ophthalmologic examinations. One half of the
10,321 individuals, who were alive and had known addresses, were randomized to ophthalmo-
logic examinations. Randomisation was based on gender, age, postcode and the month of
birth and it was performed using Resampling Stats software (Resampling Stats Inc., Arlington,
Virginia, USA) and 3,070 (60%) of the 5,155 randomised subjects attended. Participants with
incomplete examinations (more than one missing OGTT time point), previously diagnosed
type 2 diabetes and/or who used blood pressure-lowering medication were excluded. A total of
1,809 of 3,070 subject (59%) were included for the final analysis (Fig 1).

Clinical evaluation

Participants underwent a 75-g OGTT after an overnight fast (12 h). Participants with diag-
nosed diabetes, medication for diabetes and just before test measured capillary blood glucose
level > 8.0 mmol/l were excluded from OGTT. The data on previous diagnosed diabetes and
diabetes medications was based on self-reported diagnoses and medications in the question-
naire, hospital registers and medication registers from Social Insurance Institution of Finland.
Plasma glucose and serum insulin values were measured at 0, 30, 60 and 120 min after glucose
intake. According to WHO criteria, the screen detected diabetes mellitus was diagnosed when
fasting plasma glucose was >7.0 mmol/l or 2-h plasma glucose was >11.1 mmol/l or HbA,,
concentration was over 6.5% (48 mmol/mol) [19]. The concentrations of glycated and total
hemoglobin were measured using immunochemical assay methods. The HbA, is reported as
percent hemoglobin Alc (NGSP) and mmol/mol. Insulin sensitivity was estimated by
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Northern Finland 1966 Birth Cohort, 5,861 subjects examined in 2012-
2014.

No retinal photographs (75) 3,070 participated in the eye
No Integrative Vessel Analysis (62) examinations
Incomplete oral glucose 2,933 with graded retinal photographs
tolerance test (851) and Integrative Vessel Analysis
No blood pressure (4) 2,082 with oral glucose
No HbAlc (11) tolerance test

Antihypertensive medication

(241) 2,067 with no missing
Previously diagnosed diabetes variables
a7

Final sample: 1,809 subjects,
26 with retinopathy

Fig 1. Flowchart of the Northern Finland Birth Cohort 1966 study.
https://doi.org/10.1371/journal.pone.0240983.9001

HOMAZ2-IR (the Homeostasis Model Assessment for Insulin Resistance) calculated as

(20 x fasting serum insulin) / (fasting plasma glucose- 3.5) x 100, and Matsuda Index (ISI) as
10 000/sqrt (FPG x FSI x (mean OGTT glucose concentration) x (mean OGTT insulin con-
centration)), where sqrt = square root and FSI = fasting serum insulin [20, 21]. Total choles-
terol, high-density lipoprotein and low-density lipoprotein cholesterol, and triglycerides were
determined using an enzymatic assay method from fasting blood samples. All the samples
were analyzed in testing laboratory (T113), NordLab Oulu, accredited by Finnish Accredita-
tion Service (FINAS) (EN ISO 15189). Seated systolic (SBP) and diastolic blood pressure
(DBP) were measured three times in 1-minute periods after 15 minutes of rest with an auto-
mated sphygmomanometer (Omron M10, Omron Healthcare, Kyoto, Japan) and a mean of
the two lowest systolic values and their diastolic values were used. The height and weight of the
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participants were measured with light clothing and body mass index (BMI, kg/m?) was calcu-
lated as weight (kilograms) divided by height (meters) squared.

Ophthalmic examination and definition of diabetic retinopathy

All participants underwent 45° fundus photographing with a Canon CF-60DSi fundus camera
(Canon Inc., Tokyo, Japan) using Neacapture software (Neagen Oy, Oulu, Finland) after pupil
dilation with tropicamide 5 mg/ml eye drops. Two photographs were taken from both eyes of
each participant centered on the macula and the optic disc. All images were read from both
eyes and there were no images that were missing or unreadable. The retinopathy signs were
defined by the worse eye. The severity scale of diabetic retinopathy was classified into four cat-
egories according to the Eurodiab classification scheme: no retinopathy, mild non-proliferative
DR, moderate non-proliferative DR, severe non-proliferative DR and proliferative DR [22].
Both photographic graders were specialists in ophthalmology and were masked to the patients’
identity and clinical diagnosis. A subset of images (100 photographs, representing 5,5% of the
whole dataset) was graded by both ophthalmologists to estimate an inter-individual variation
(agreement between the readers was 98%, kappa = 0.66 for individuals and kappa = 0.75 for
eyes). In our study the image quality was very good, therefore it is not likely that image quality
would count for this difference. If there was disagreement between the two graders, the diag-
nosis of DR was confirmed by the senior ophthalmologist (J.L.).

Retinopathy was considered present when at least one microaneurysm, haemorrhage, or hard
exudate was present or in case neovascularization, fibrous proliferation, or laser coagulation scars
were seen in the photographs. Hemorrhages or exudates as symptoms of other pathology, such as
retinal venous occlusion, were not considered as (diabetic) retinopathy but, if observed, were ana-
lyzed separately. Retinal arteriolar and venular calibers were measured from the fundus images as
previously described [23]. The optic disc-centered retinal images of the right eye were analyzed by
a single grader using a semiautomatic computer-assisted Integrative Vessel Analysis Software
(IVAN, University of Wisconsin, Madison, Wisconsin, USA) according to a standardized proto-
col described earlier [24]. Based on the revised Knudtson-Parr-Hubbard formula [25], three sum-
mary variables were created: central retinal arteriolar equivalent (CRAE), central retinal venular
equivalent (CRVE) and arteriovenous ratio (AVR) as the ratio of two variables. There were three
graders all masked to the participants’ characteristics in current study. The intragrader variability
was 4.5% for CRAE and 3.7% for CRVE and the intergrader variability 3.7% for CRAE and 3.0%
for CRVE. Moreover, all participants were analyzed by optical coherence tomography (OCT)
imaging using spectral-domain OCT (Cirrus HD-OCT 4000, Carl Zeiss Meditec AG).

Statistical methods

The assumption of normally distributed data among variables was checked by Shapiro-Wilk
test. The difference between two population means ‘no signs of retinopathy” and ‘mild or
worse retinopathy’ was calculated by using Welch’s t-test or the Mann-Whitney U-test.
Welch’s t-test was used for normally distributed variables with unequal variances between
groups. Skewed distributions were tested with the Mann-Whitney U-test, which allows testing
of the equality of group means in non-normally distributed data. The equality of means in cat-
egorical variables including sex, status of diabetes and status of current smoking were assessed
with the chi-square test. Logistic regression models were used to estimate the change in the
odds for developing retinopathy per unit change in the independent variable. Alternative logis-
tic regression models included a second independent variable—systolic blood pressure. A p-
value <0.05 was considered significant. The data were analyzed using SPSS software (IBM
SPSS Statistics 25.0., IBM Corp., New York).
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Results

The NFBC1966 included 1,809 participants with ophthalmic and OGTT data available and
without previously diagnosed type 2 diabetes or current use of blood pressure medication (Fig
1). The clinical characteristics of the study groups, ‘no retinopathy’ and ‘mild or worse retinop-
athy’ groups, are shown in Table 1. Mean age did not differ between the groups. Of the 1,809
study participants, 1,783 (98.6%) had no signs of retinopathy and 26 (1.4%) had mild retinopa-
thy. Moderate or severe retinopathy was not observed among any participants. Moreover,
among participants with retinopathy signs we did not find any signs of macular telangiestasis
type 2 (MACTEL2) in fundus photos, such as retinal graying or dilated venules, nor in OCTs,
such as foveal pit temporal enlargement, hyporeflective cavities, pigment plaques or atrophy of
neurosensory retina in any of our retinopathy cases. The correlation between the eyes was fair
(Kappa 0.283, p = 0.043). Fig 2 shows an example of mild non-proliferative retinopathy.
Subjects with retinopathy signs had significantly higher fasting and post-load glucose val-
ues, 2-h serum insulin level in an OGTT, systolic blood pressure, triglycerides and lower HDL
cholesterol (p<0.05). In contrast, we did not find a statistically significant association between

Table 1. Clinical characteristics of participants with and without retinopathy.

No signs of retinopathy Mild or worse retinopathy p value
Study population, n (%) 1783 (98.6) 26 (1.4)
Age (years) 47.4(0.9) 47.6 (0.8) 0.168*
Sex, n (% male) 718 (40.3) 15 (57.7) 0.072
Screen detected diabetes®, n (%) 30(1.7) 0(0) 0.505
Current smoker, n (%) 241 (13.9) 4(16.7) 0.698
BMI (kg/m?) 26.3 (4.4) 28.1 (6.8) 0.165*
Fasting plasma glucose (mmol/L) 5.4 (0.5) 5.6 (0.4) 0.021*
30min post-load glucose (mmol/L) 8.0 (1.6) 8.8(1.4) 0.006*
1h post-load glucose (mmol/L) 7.2(2.3) 8.6 (2.5) 0.005*
2h post-load glucose (mmol/L) 5.8 (1.6) 6.5(1.4) 0.006*
Fasting insulin (pU/ml) 9.4 (8.9) 11.3 (12.4) 0.540°
30min serum insulin (pU/ml) 71.2 (48.8) 70.5 (39.3) 0.675°
1h serum insulin (pU/ml) 79.1 (59.7) 101.9 (97.2) 0.156°
2h serum insulin (pU/ml) 57.0 (51.7) 93.0 (94.9) 0.028°
HOMA2 IR 1.2 (0.73) 1.3(0.8) 0.237%
Matsuda index 5.42 (3.08) 3.75(2.75) 0.185
HbAlc (%) 5.4 (0.35) 5.6 (0.4) 0.112%
HbA1c (mmol/mol) 36.0 (4.0) 37.4 (4.3) 0.112%
Total cholesterol (mmol/I) 5.31 (0.90) 5.45 (0.94) 0.521
HDL cholesterol (mmol/l) 1.58 (0.38) 1.41 (0.40) 0.017
LDL cholesterol (mmol/I) 3.42 (0.91) 3.57 (0.80) 0.376
Triglyceride (mmol/1) 1.17 (0.77) 1.48 (0.79) 0.006
Systolic blood pressure (mmHg) 121.3 (15.1) 129.2 (20.1) 0.047°
Diastolic blood pressure (mmHg) 82.5(10.2) 87.8 (14.5) 0.101°
Retinal arteriolar diameter (um) 141.5 (14.1) 146.4 (13.4) 0.073
Retinal venular diameter (pum) 218.3(19.2) 222.8 (20.0) 0.104°
Arteriolar-to-venular ratio 0.65 (0.06) 0.66 (0.06) 0.322°

Data are mean (SD) or n (%). Continuous variables are compared with Welch’s t-test or the Mann-Whitney U-test (*) and categorial variables with the chi-squared test.

According to WHO criteria, the screen detected diabetes mellitus (°) was diagnosed when fasting plasma glucose was >7.0 mmol/l or 2-h plasma glucose was >11.1

mmol/l or HbA,;  concentration was over 6.5% (48 mmol/mol). Subjects with previously diagnosed type 2 diabetes were excluded.

https://doi.org/10.1371/journal.pone.0240983.t001
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Fig 2. Example of mild non-proliferative retinopathy.

https://doi.org/10.1371/journal.pone.0240983.9g002

the presence of retinopathy and diastolic blood pressure, BMI, smoking status, HbA,, fasting
insulin, 30 min insulin, 1-h insulin, HOMA2-IR, Matsuda Index, total cholesterol or LDL cho-
lesterol. Furthermore, retinal arteriolar and venular widening or arteriolar-to-venular ratio
were not either associated with microaneurysms.

Table 2 presents the association of retinopathy with hyperglycemia and hypertension in
persons without previous type 2 diabetes. A higher level of fasting plasma glucose (OR 1.79,
95% Cl 1.00-3.21, p = 0.05), 30 min glucose (OR 1.38, 95% Cl 1.10-1.74, p < 0.01), 1-h glucose
(OR 1.24, 95% C1 1.08-1.43, p < 0.01), and 2-h glucose in an OGTT (OR 1.22, 95% Cl 1.03-
1.43, p < 0.05), were significantly associated with the presence of retinopathy signs. Higher
systolic blood pressure (OR 1.03,95% Cl 1.01-1.05, p < 0.01) and OGTT 2-h insulin (OR
1.007, 95% C1 1.001-1.011, p < 0.01) were also associated with an excess risk of DR. In con-
trast, such significant associations were not observed between the retinopathy and fasting insu-
lin, 30 min insulin, 1-h insulin, HbA,., HOMA2-IR or Matsuda index. After adjustment with
systolic blood pressure, a higher level of 30 min glucose (OR 1.31, 95% CI 1.03-1.66, p < 0.05),
1-h glucose (OR 1.20, 95% CI 1.03-1.39, p < 0.05) and 2-h insulin (OR 1.006, 95% CI 1.001-
1.010, p < 0.05) were associated with DR.

Fig 3 presents changes in plasma glucose levels at four different time points during the
OGTT. Participants with higher plasma glucose concentrations were significantly more likely
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Table 2. Association of retinopathy with hyperglycaemia and hypertension.

Fasting plasma glucose
30 min glucose
1-h glucose
2-h glucose
Fasting insulin
30 min insulin
1-h insulin

2-h insulin
HbA,,
HOMA2-IR
Matsuda Index

Systolic blood pressure

1.79
1.38
1.24
1.22
1.01
1.00
1.005
1.007
1.09
1.25
0.91
1.03

OR

Unadjusted
95% CI
(1.00 to 3.21)
(1.10 to 1.74)
(1.08 to 1.43)
(1.03 to 1.43)
(0.99 to 1.04)
(0.99 to 1.01)
(1.00 to 1.009)
(1.001 to 1.011)
(1.00 to 1.19)
(0.79 to 1.98)
(0.78 to 1.06)
(1.01 to 1.05)

0.050
0.006
0.002
0.021
0.289
0.944
0.059
0.001
0.065
0.351
0.211
0.009

1.53
1.31
1.20
1.17
1.01
1.00
1.003
1.006
1.07
1.09
0.95

OR

Model I
95% CI
(0.81 to 2.89)
(1.03 to 1.66)
(1.03 to 1.39)
(0.97 to 1.40)
(0.98 to 1.04)
(0.99 to 1.01)
(0.998 to 1.008)
(1.001 to 1.010)
(0.98t0 1.17)
(0.66 to 1.92)
(0.82 to 1.11)

0.189
0.029
0.017
0.098
0.515
0.660
0.196
0.014
0.143
0.737
0.541

Data are odds ratios i.e. increase in odds for developing retinopathy per unit change in the variables and their 95% confidence intervals. Model I is adjusted for systolic

blood pressure.

https://doi.org/10.1371/journal.pone.0240983.t002

to have microaneurysms (Fig 3). To further illustrate this result, Fig 4 shows that the preva-
lence of retinopathy increases across quantiles of each glycemic measure. The prevalence was
gradually increased when the OGTT 1-h glucose was within the range 7.6-9.1 mmol/l and 2-h
glucose 5.3-6.0 mmol/l (Fig 4).
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Fig 3. Change in plasma glucose level (mmol/l) during the oral glucose tolerance test (OGTT) of two study
groups; no retinopathy and retinopathy.
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Discussion

In this middle-aged birth cohort population, without previously diagnosed diabetes or hyper-
tensive medication, the overall prevalence of newly diagnosed retinopathy was 1.4%. The reti-
nopathy signs were associated with increased glucose and 2-h insulin levels in OGTT as well as
systolic blood pressure, triglycerides and lower HDL cholesterol. After adjustment with sys-
tolic blood pressure, 30 min glucose, 1-h glucose and 2-h insulin were independently associ-
ated with retinopathy. The number of subjects with retinopathy was too low to analyze the
diagnostic glucose threshold value for retinopathy signs, although the prevalence of retinopa-
thy was gradually increased in the highest quintiles of 1-h and 2-h glucose.

In our study, the prevalence of non-diabetic retinopathy signs was relatively low 1.4%.
According to the previous studies, the prevalence has been varying between <1% and 17.2%
[3,8-10, 12, 13]. In the Multi-Ethnic Study of Atherosclerosis, the ethnicity influenced in the
prevalence of retinopathy being highest in Chinese (17.2%) and the lowest in white population
(11.9%) [8]. In contrast, in the Framingham study the prevalence of the retinopathy was 0.8%.
Compared to the other studies, the retinopathy signs were evaluated by direct ophthalmoscopy
which probably underestimates the actual prevalence [13]. Moreover, non-diabetic retinopa-
thy has been more prevalent among participants with older age [9], higher glycemic status [3,
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9, 10, 12] or long-term uncontrolled blood pressure [3, 11]. So, the disparity of the non-dia-
betic retinopathy prevalence can be explained by a combination of these characteristic and
methodological differences between the studies.

Important finding was that 30 min and 1-h post-load glucose and 2-h insulin levels were
independently associated with retinopathy. The usefulness of elevated 1-h glucose to predict
retinopathy was previously seen in a population-based study, but the retinopathy was deter-
mined using direct ophthalmoscopy [26]. Several studies have estimated the association of
hyperglycaemia and development of non-diabetic retinopathy signs determining the retinopa-
thy also by fundus photography [3, 12, 27-29]. In contrast to ours, they evaluated the associa-
tion of retinopathy signs only to fasting, 2-h post-load glucose levels or HbAlc. Thus, to the
best of our knowledge, there is no comparable studies available.

The results of this study found that subjects with retinopathy signs did not have statistically
wider retinal arteriole and venular calibers than in the non-retinopathy group. A number of
population-based studies have previously shown the association with retinal vascular changes
and increased risk of developing type 2 diabetes. The retinal arteriolar narrowing has been sug-
gested to predict the impaired fasting glucose and incident diabetes in the Rotterdam study
from Netherlands (n = 2,309, 55 years or older) [30]. In contrast, the Blue Mountain Eye Study
from Australia (n = 3,654, 49 years or older) and the Multi-Ethnic Study of Atherosclerosis
including whites, blacks, Hispanics, and Chinese (n = 4,585, 45 years or older) demonstrated
the wider venular calibers to predict the risk [31, 32]. Ethnicity, hypertension and age may
explain the variation of these results.

The pathophysiological mechanism and clinical significance of non-diabetic retinopathy
signs are not fully understood. The combination of factors, for example hyperglycemia [10,
12], insulin resistance [33], hypertension [3] and systematic inflammation [34, 35], has
assumed to cause the early retinal microvascular damage. In our study, 30 min and 1-h post-
load glucose and 2-h insulin were independently associated with retinopathy, however, we did
not confirm such association with insulin resistance indicators. One explanation for this dis-
crepancy is that the retinopathy prevalence was too low (26 patients) making the further analy-
ses underpowered. Furthermore, non-diabetic retinopathy signs have been related to
increased incidence of complications, such as stroke [18], congestive heart failure [17] and
renal dysfunction [15]. Due to the risk profile, participants with retinopathy signs should be
more closely monitored.

A few limitations of this study could be noted. The cross-sectional study design does not
give any information on the causality. Also, the sample size of subjects with retinopathy was
relatively small and that may have limited our capacity for the further analyses of, for example,
the diagnostic glucose threshold value for retinopathy signs. It is also noteworthy that our anal-
yses included some participants with untreated hypertension. To diminish the potential
impact of blood pressure, we adjusted the results with systolic blood pressure. The strength of
the present study is the use of standardized retinopathy grading with golden standard proto-
cols and macular OCTs supporting the validity of our findings. Moreover, intensive OGTT
had four time points and both glucose and insulin measurements as well as detailed informa-
tion about the general health of participants.

In conclusion, the data from this study show a 1.4% prevalence of newly diagnosed retinop-
athy in the middle-aged population without previously diagnosed diabetes or hypertensive
medications. Only 30 min glucose, 1-h glucose and 2-h insulin were associated with retinopa-
thy signs, after controlling with systolic blood pressure. Our findings show the potential role of
these increased post-load glucose and insulin levels as risk factors for retinopathy develop-
ment. However, prospective studies are required to evaluate the progression of these early dia-
betic changes and glycemic status.
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