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Abstract
Background
Subclinical damage to both the small and large vessels may contribute to the development and
progression of cardiovascular disease. Scanning laser Doppler flowmetry (SLDF), an established method
used to measure retinal microcirculation, has been successfully applied in hypertensive and post-stroke
patients. To the best of our knowledge, no previous studies have assessed the impact of type 1 diabetes
and its duration on retinal arteriole structure denoted by wall-to-lumen ratio (WLR) and retinal capillary
flow (RCF).
Methods
Retinal microcirculation was assessed in 158 patients with type 1 diabetes and 38 age-matched healthy
controls. The diabetics were divided into 3 groups: group A with diabetes duration <12 months, group B
with diabetes duration between 1 and 10 years, and group C >10 years of diabetes. Retinal capillary
structure and perfusion were evaluated using a Heidelberg retina flowmeter and automatically analyzed
with full-field perfusion imaging. Diabetes control was assessed by HbA1c measurement.
Results
Both age and BMI were comparable in all the diabetic patients and the controls (mean age 24.8 ± 4.7
years, mean BMI 22.9 ± 4.1). The patients with newly diagnosed diabetes had the highest HbA1c (11.1%)
whereas groups B and C were comparable in this respect (7.8% ± 1.9%; 8.0% ± 1.7%, respectively). In the
univariate analyses, RCF was significantly higher in group A (297 ± 121 arbitrary units [AU]) vs group B
(236 ± 52 AU; p = 0.007) and group C (236 ± 70 AU; p = 0.008) and comparable to that of the controls (p =
0.46). Additionally, the WLR was highest in group C compared to the other diabetic subgroups and
controls (p = 0.47).
Conclusions
New-onset diabetes is associated with an increase in RCF, which then gradually decreased with the
duration of the disease. Structural changes of the retinal arterioles estimated via WLR are evident later in
the course of diabetes, especially when the disease duration exceeded 10 years. These results could not
be explained by age or diabetes control. Our findings may have important implications for the
understanding of the mechanisms underlying increased cardiovascular risk in type 1 diabetes.

Introduction
Diabetes mellitus (DM) is one of the most important independent risk factors for the development and
progression of cardiovascular disease including ischemic heart disease, stroke, chronic kidney disease,
limb amputations, and blindness(1, 2). A better understanding of the mechanisms underlying
cardiovascular disease may therefore lead to the development of more effective preventive measures.
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Increased DM-related cardiovascular risk may be partly mediated by functional and structural alterations
of blood vessels resulting from nitric oxide synthase (NOS) reduction(3). Importantly, DM and
hypertension frequently coexist and share several pathophysiological mechanisms, which further
multiplies the cardiovascular risk(4). Although this relationship is evident in type 2 DM, much less is
known about the development and progression of hypertension in type 1 diabetes (T1DM). In these
patients, blood pressure (BP) elevation occurs much later than in type 2 patients and may be a
consequence rather than a cause of kidney disease. The majority of studies on T1DM have focused on
large artery function and structure; however, the available evidence linking T1DM to microcirculation
abnormalities is derived primarily from studies assessing renal vascular function(5). Previous studies of
the eye fundus have focused on the ophthalmological context only(6), yet retinal microcirculation may be
a very important source of information about the condition of the cerebrovascular system and its
pathologies(7). Scanning laser Doppler flowmetry (SLDF) is a non-invasive technique used to evaluate
retinal microcirculation. This method has been also successfully employed in testing healthy volunteers
as well as patients with hypertension or chronic kidney disease(8–10). To the best of our knowledge,
SLDF has not been used to evaluate retinal microcirculation among young adults with T1DM. The aim of
our study was therefore to investigate the remodeling of the small retinal arteries and blood flow
alterations in T1DM patients.

Methods

Patients:
A total of 174 consecutive T1DM patients were enrolled in the study from the Hypertension and
Diabetology Clinic and the tertiary care Diabetes Outpatient Clinic at the University Clinical Center in
Gdańsk. A control group comprising 38 age-adjusted healthy volunteers was also recruited.
The only inclusion criterion for the study was a diagnosis of T1DM based on the European Society of
Cardiology 2019 Guidelines(11), which included the presence of the specific antibodies for T1DM and/or
a reduced serum C-peptide level. The control group (n = 38) consisted of age-matched healthy volunteers
who had not been diagnosed with diabetes or hypertension.

Retina microperfusion and morphology of retinal arteriole
measurements:
Retinal capillary flow (RCF) and the retinal arteriolar outer vessel (VD) and inner lumen (LD) diameters
were evaluated using confocal scanning laser Doppler flowmetry (SLDF) technology by Heidelberg retina
flowmetry (Heidelberg Engineering, Hidelberg, Germany) at a scanning laser wavelength of 670 nm(12).
Arteriolar vessels with a diameter between 70 and 140 µm were measured in the temporal superior
quadrant of the right retina. In one case, due to a lack of transparency in the right eye, the left eye was
selected.
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A 3D retinal volume of 2.56 × 0.64 × 0.30 mm was scanned in 2 seconds, and an image of 2.56 × 0.64
mm in 2D was averaged. The pixel resolution of the image was 10 × 10 µm; however, for the
morphological vessel analysis, the pixel resolution was increased to 1 × 1 µm by Akino interpolation. The
retina images were analyzed using AFFPIA version 4.10 software(13). The wall-to-lumen ratio (WLR) of
the retinal arterioles was calculated using the formula:
WLR = (VD - LD) / LD. Wall thickness (WT) was calculated by the formula: WT=(VD-LD)/2 and wall cross
section area (WCSA) by the formula: WCSA=(VD 2-LD 2)*3,14/4.

Study design:
The fundi of the right non-mydriatic eyes of the patients were measured in the sitting position in the
morning between 8:00 and 12:00 after 10 minutes of rest(14). For each patient, a pre-test measurement
was performed to eliminate any white coat effect or stress impact on the final results. The pre-test
images were not analyzed. Then, 3–6 images were scanned. Immediately after SLDF, 3 measurements
comprising systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart pulse rate (HR) on the
brachial artery were taken at 3-minute intervals using Omron M5/Japan. The mean arterial pressure
(MAP) was calculated using the formula MAP = (SBP − DBP) / 3 + DBP, and pulse pressure (PP) was
calculated using the formula PP = (SBP − DBP). The BP parameter values of the 3 measurements were
averaged.
All images of an unacceptable quality were excluded. The decision on whether the image was included or
excluded from the analysis was based on the investigator’s (J.M.H.) long-standing expertise in SLDF
measurements. Due to cataract, glaucoma or nystagmus, 16 (9.2%) patients were excluded from the
study group. The RCF, LD, and VD were analyzed, the WLR was calculated, and all the parameters were
averaged to one mean value.
For the analyses, 158 patients (90.8%) with T1DM (87 males, 71 females) and 38 controls (100%; 19
males, 19 females) were included.
Group A: Patients recently diagnosed with T1DM duration of less than 1 year; n = 40, age 25.2 ± 5.1
years (mean ± standard deviation), 43% women.
Group B: Patients with T1DM duration exceeding 1 year but less than 11 years; n = 57, age 24.0 ± 4.9
years; diabetes duration 5.4 ± 2.7 years, 39% women.
Group C: Patients with T1DM duration exceeding 10 years; n = 61, age 25.3 ± 5.0 years; diabetes
duration 15.6 ± 4.3 years, 53% women.
Control group: 38 nondiabetic adults, age 24.8 ± 3.6 years, 50% women.
Among the patients in group A, 7 were active smokers (17.5%; examination performed at least 72 hours
following last cigarette), 3 were smokers in group B (5.7%), and none in group C. None of the patients in
the first group, 2 patients in group B (3.8%), and 3 patients in group C (4.5%) were receiving
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antihypertensive treatment. The volunteers from the control group neither smoked nor were they taking
any antihypertensive medication.

Statistics analyses:
The data were entered in an MS Excel spreadsheet (Microsoft, licensed to the Medical University of
Gdańsk) and analyzed using Statistica version 10 (StatSoft PL, licensed to the Medical University of
Gdańsk). The Shapiro–Wilk test was used to check for normality. Depending on whether the hypotheses
were fulfilled or not, parametric and nonparametric tests (one-way ANOVA, Friedman’s ANOVA,
respectively) were used. Furthermore, the Pearson and Spearman’s correlation coefficients were
calculated. In the multivariate analysis, ANCOVA was performed to structure the key retinal parameters
(i.e., WLR, RCF). Results with a p-value less than 0.05 ( two-sided) were considered statistically
significant.
All the study procedures were performed in accordance with the Declaration of Helsinki for research
involving human subjects as well as the requirements of the Ethical Committee of the University of
Gdańsk, which approved the study (NKBBN/420/2012). Informed written consent was obtained from
each participant.

Results
The clinical characteristics of the study patients and controls are presented in Table 1. All the patients
and controls were normotensive; however, SBP, pulse pressure, and heart rate were significantly higher in
groups B and C than in the controls and group A (Table 2).
Table 1
Comparison of age, BMI, and HbA1C between the groups. One-way ANOVA (p < 0.001 for the model with
HbA1c comparisons)
Control

Group A

Group B

Group C

Age (years)

24.8 ± 3.6

25.2 ± 5.1

24.0 ± 4.9

25.3 ± 5.0

BMI

23.9 ± 4.1

21.5 ± 2.7

22.8 ± 4.1

23.5 ± 3.5

HbA1C

-

11.1 ± 3.8

7.8 ± 1.9ˆ

8.0 ± 1.7ˆ

Group A – diabetes duration < 1 year; Group B – diabetes duration 1–10 years; Group C – diabetes
duration > 10 years; BMI – body mass index; HbA1C – glycated hemoglobin; ˆ p < 0.05 vs Group A
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Table 2
Comparison of the blood pressure and heart rate between the study groups. One-way ANOVA
Control

Group A

Group B

Group C

SBP (mmHg)

115.0 ± 13.2

110.1 ± 12.1

121.9 ± 9.7ˆ

123.8 ± 15.7‡

DBP (mmHg)

75.0 ± 8.2

68.7 ± 7.7*

72.5 ± 7.7

75.3 ± 8.4‡

MAP (mmHg)

88.4 ± 9.0

82.4 ± 8.3

88.8 ± 7.4

91.3 ± 9.1‡

PP (mmHg)

40.0 ± 10.1

41.4 ± 9.4

49.4 ± 8.3*

48.4 ± 14.5*

HR (bpm)

74.4 ± 12.8

76.9 ± 9.2

83.1 ± 12.9

92.4 ± 13.7*‡†

Group A – diabetes duration < 1 year; Group B – diabetes duration 1–10 years; Group C – diabetes
duration > 10 years; DBP – diastolic blood pressure; HR – heart rate; MAP – mean arterial pressure; PP
– pulse pressure; SBP – systolic blood pressure; * p < 0.05 vs control group; ˆ p < 0.05 group B vs
group A; ‡ p < 0.05 group C vs group A; † p < 0.05 group C vs group B

The mean HbA1c level was significantly higher in group A (11.1% ± 3.8%) than in groups B and C (7.8% ±
1.9% and 8.0% ± 1.7%, respectively). The HbA1c difference between groups B and C was insignificant (p
= 0.47).
The patients in group C had a significantly higher mean WLR compared to the control group (0.41 vs 0.33,
respectively; p = 0.001), group A (∆WLR = 0.11, p < 0.001), and group B (∆WLR = 1.0, p < 0.001) (Fig. 1).
The mean RCF in group A (RCF = 297 ± 121 arbitrary units [AU]) was significantly higher compared to that
of group B (RCF = 235 ± 56 AU; p = 0.007) and group C (RCF = 236 ± 70 AU; p = 0.008). The RCF difference
between groups B and C was not significant (p = 0.99) (Fig. 2).
The other vascular parameters are presented in Table 3. In group C hypertrophic vascular remodeling was
detected as indicated by the high wall thickness and wall cross sectional area of the retinal arterioles..
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Table 3
Vascular characteristics measured with SLDF. One-way ANOVA.
Control

Group A

Group B

Group C

VD (µm)

111.7 ± 13.3

112.6 ± 14.1

109.9 ± 15.2

113.4 ± 13.6

LD (µm)

84.5 ± 9.3

86.9 ± 9.1

84.4 ± 11.7

80.8 ± 10.0

WT (µm)

13.7 ± 4.5

13.0 ± 4.9

12.8 ± 3.3

16.3 ± 4.0*ˆ†

WCSA (µm2)

4273 ± 1740

4122 ± 1948

3958 ± 1403

5036 ± 1707†

Group A – diabetes duration < 1 year; Group B – diabetes duration 1–10 years; Group C – diabetes
duration > 10 years; LD – lumen diameter; SLDF – scanning laser Doppler flowmetry; VD – vessel
diameter; WCSA – wall cross section area; WT – wall thickness; * p < 0.05 vs control group; ˆ p < 0.05
group B vs group A; † p < 0.05 group C vs group B

Discussion
There were two main findings in our study. First, new-onset diabetes is associated with higher RCF
compared to the RCF recorded in the patients with a longer duration of the disease. Second, structural
arterial remodeling assessed as an increased WLR and WT is evident in the patients with a diabetes
duration of 10 years or longer. These results could not be explained age, HBA1c or presence of
hypertension. Neither RCF nor the structure of microcirculation was associated with any of the following:
patient age, HbA1c concentration, and SBP. The only variable differentiating RCF and WLR was diabetes
duration. These findings indicate that structural retinal changes observed in long-term type 1 diabetes are
preceded by functional changes during early phase of the disease
Hyperglycemia has a profound impact on the cardiovascular system(15). A meta-analysis of 102
prospective studies prepared by the Emerging Risk Factors Collaboration showed only modestly a higher
risk of coronary heart disease among people with no history of diabetes and a fasting glucose level
below 7 mmol/L but a substantially higher risk in those with a fasting glucose of at least 7 mmol/L
(hazard rate 1.17 vs 1.78; 1.61 vs 2.36 in people with diabetes and the same fasting glucose values)(2).
Our knowledge regarding cardiovascular risk in T1DM is mainly based on the results of the Diabetes
Control and Complications Trial (DCCT). The DCCT was a clinical trial conducted between 1983 and 1993
to check the hypothesis that the complications of T1DM could be delayed or prevented with the
intensification of glucose control through intensive treatment. In total, 1441 patients were randomized
either to the intensive treatment (INT) group or the conventional therapy (CON) group. The mean HbA1C
at the end of the study was 7.2% (0.9%) for the INT group and 9.1% (1.3%) for the CON group. After the
termination of the DCCT, the Epidemiology of Diabetes Interventions and Complications (EDIC) study was
performed as a follow-up(16). The intima-media complex was measured at years 1 and 6 of the EDIC.
Even though there were no significant differences between the diabetic and nondiabetic patients at year 1
of follow-up, after 6 years, the intima-media thickness of both the common and internal carotid arteries
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was significantly higher in the diabetic cohort, and the progression was more intensive in the CON
group(17). The patients who were assigned to the INT group also had a much lower rate of
cardiovascular events (i.e., nonfatal myocardial infarction, stroke, or death from cardiovascular disease)
compared to the CON group (0.38 vs 0.80, respectively; p = 0.007) even though the risk was higher
compared to the nondiabetic patients. No patients had hypertension or hypercholesterolemia at the
beginning of the DCCT. The patients who experienced cardiovascular events during the EDIC were older,
had a longer duration of diabetes, had higher HbA1C and total and LDL cholesterol levels, a history of
smoking, and a family history of myocardial infarction(18). Despite the cardiovascular risk, the presence
of microangiopathic complications was also lower in the INT group(19). The follow-up period was similar
in length to the duration of diabetes in group C in our study.
In our study, retinal flow was highest among the patients with new-onset diabetes and lower in the groups
that had a longer duration of diabetes, among patients with > 1 diabetes duration it was even lower then
comparing to nondiabetic participants. These results could not be explained by the age of the patients as
the patients enrolled in the study were within a narrow age interval.
Additionally, the patients who had recently been diagnosed with diabetes had higher glucose levels and
significantly higher HbA1C concentrations compared to glucose levels. This phenomenon may be similar
to glomerular hyperfiltration, which is observed among patients with diabetes and even prediabetes(20).
The mechanism is not completely understood but seems to be related to tubular factors and glomerular
hemodynamics. This condition is present in about 50% of adolescents and young adults with diabetes.
Hyperfiltration is thought to be a very important factor in diabetic kidney disease, likely as a reflection of
the increased intraglomerular pressure resulting from structural changes(21). A significant decline in GFR
is observed following hyperfiltration, which appears to present as normalized kidney function.
Nonetheless, it is merely an interim state that further exacerbates the kidney damage, and this kidney
damage is even greater compared to patients who do not present with hyperfiltration(5). This observation
could be similar to our results describing retinal circulation. Chronic enzymatic glycation decreases
endothelium-derived NO and increases not only the production of vasoconstrictor prostanoids and
endothelin, but also the expression of cyklooxygenase-2. Furthermore, it impairs autonomic nervous
function and alters the vascular smooth muscle synthesis of collagen. All the above mechanisms may
contribute to vascular dysfunction(3). Our study provides novel insights into the relationship between
T1DM and microcirculation impairment in patients without other cardiovascular risk factors such as
hypertension, obesity, and aging.
Our study showed that the WLR was significantly higher among the patients with at least a 10-year
course of diabetes compared to those with a shorter history of the disease and the healthy controls.
Numerous studies have described the relationship between changes in the small arteries and increased
cardiovascular risk leading to organ damage(22–24). Studies on hypertension have shown a significant
correlation between BP and the WLR of retinal arterioles. Ritt et al. examined patients with never-treated
essential hypertension and normotensive patients using SLDF(25). The arteriolar WLR in the retina
among the patients with hypertension was 0.36, and among the normotensive volunteers, it was 0.28 (the
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standard deviation was ± 0.1 in both groups, p = 0.028). There were also no significant differences in RCF
(334 ± 84 AU and 340 ± 57 AU, respectively; p = 0.739). A possible cause of the increased WLR in
hypertensive patients may be hypertrophy of the smooth cell layer and/or remodeling. Additionally,
apoptosis, inflammation, and fibrotic processes could contribute to arterial structure, with an abnormal
balance between growth and apoptosis in hypertension(26). All these changes seem to be an adaptive
response necessary to maintain an optimum level of wall tension. Despite the initial physiological
adaptive response in chronic exposure to elevated BP levels, this leads to a maladaptive response and
vascular complications of hypertension(25). Similar results were observed by Salvetti et al., who also
examined normotensive patients in comparison to patients with treated or untreated hypertension(27).
The WLR measured in the retinal arterioles in the patients without hypertension was 0.23 ± 0.13, while in
the hypertensive individuals who were or were not receiving antihypertensive treatment, the WLR was
0.29 ± 0.18 and 0.28 ± 0.18, respectively. There was no significant difference between the hypertensive
patients, but a significant difference was present when comparing the hypertensive patients and the
normotensive individuals. An increased WLR of the retinal arterioles has also been found among patients
diagnosed with primary aldosteronism or pheochromocytoma or after cerebrovascular events(9, 28, 29).
Among the patients enrolled in our study, BP was in the normotensive range. Nevertheless, the patients
with a longer history of diabetes had significantly higher SBP, DBP, and MAP compared to the patients
with new-onset diabetes, and SBP, DBP, and MAP in these patients tended to be higher than in the group
of non-diabetic patients.
Strengths and limitations
We presented well-selected, relatively large groups of patients who did not differ in age or BMI. There was
only a slight difference in smoking prevalence and antihypertensive treatment between the groups, with
only a few participants either smoking or receiving antihypertensive medications (i.e., a low dose of ACE
inhibitors to prevent albuminuria). SLDF is one of the most accurate methods for evaluating retinal
microcirculation. Nevertheless, it is a somewhat subjective method operator-dependent. Therefore, we
made every effort to reduce potential bias by carefully preparing and implementing a strict protocol,
which has previously been used in a number of SLDF-based studies. We took at least 3 images of the
retinal arterioles of each participant, and the data were averaged to reduce the possibility of
measurement errors. All the images were blindly cross-checked by an investigator with long-standing
expertise in the SLDF technique to identify images of unsatisfactory quality, which were subsequently
excluded from further analysis. Potential limitations include lack of ambulatory blood pressure
monitoring. Furthermore, our study was cross-sectional, and prospective observations are needed to gain
more insights into the mechanisms underlying retinal microvascular abnormalities in type 1 diabetes.

Conclusions
Our study showed that new-onset T1DM is associated with higher RCF compared to patients with a
longer duration of the disease. Furthermore, structural changes in retinal microcirculation among patients
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with T1DM were evident after at least 10 years. These findings may help improve the understanding of
the mechanisms mediating the increased cardiovascular risk inherent to T1DM.
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Figure 1
WLR in relation to diabetes duration. One-way ANOVA. DM – diabetes mellitus; st. dev. – standard
deviation; WLR – wall-to-lumen ratio

Figure 2
Mean retinal capillary flow in relation to duration of diabetes in the different groups. Blood flow expressed
in arbitrary units (AU). One-way ANOVA with post-hoc Tukey test. DM – diabetes mellitus; RCF – retinal
capillary flow; st. dev. – standard deviation
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