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Abstract

PURPOSE—Adults with diabetes are at a high risk of developing coronary heart disease. The 

purpose of this study was to assess coronary artery vascular function non-invasively in individuals 

with and without Type 2 diabetes and to compare these coronary responses to another 

microvascular bed (i.e. retina). We hypothesized that individuals with diabetes would have 

impaired coronary reactivity and that these impairments would be associated with impairments in 

retinal reactivity.

METHODS—Coronary blood velocity (Transthoracic Doppler Echocardiography) and retinal 

diameters (Dynamic Vessel Analyzer) were measured continuously during five minutes of 

breathing 100% oxygen (i.e. hyperoxia) in 15 persons with Type 2 diabetes and 15 age-matched 

control subjects. Using fundus photographs, retinal vascular calibers were also measured (central 

retinal arteriole and venule equivalents).

RESULTS—Individuals with diabetes compared to controls had impaired coronary (−2.34 

± 16.64% vs. −14.27 ± 10.58%, P =0.03) and retinal (arteriole: −0.04 ± 3.34% vs. −3.65 ± 5.07%, 

P = 0.03; venule: −1.65 ± 3.68% vs. −5.23 ± 5.47%, P = 0.05) vasoconstrictor responses to 

hyperoxia, and smaller central arteriole-venule equivalent ratios (0.83 ± 0.07 vs. 0.90 ± 0.07, P = 

0.014). Coronary reactivity was associated with central retinal arteriole equivalents (r = −0.516, P 

= 0.005) and retinal venular reactivity (r = 0.387, P = 0.034).
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CONCLUSION—Diabetes impairs coronary and retinal microvascular function to hyperoxia. 

Impaired vasoconstrictor responses may be part of a systemic diabetic vasculopathy, which may 

contribute to adverse cardiovascular events in individuals with diabetes.

Introduction

Adults with diabetes are two to four times more likely to have heart disease than adults 

without diabetes (Centers for Disease Control and Prevention (CDC), 2014). Endothelial 

vascular dysfunction is the initiating process in the development of heart disease (Caballero, 

2003). Abnormalities of coronary vascular vasodilation using pharmacological methods or 

sympathetic stimulation (cold pressor test) have been reported in patients with diabetes even 

in the presence of normal coronary arteries (Akasaka et al., 1997; Di Carli et al., 2003; 

Nahser et al., 1995; Nitenberg et al., 1993; Prior et al., 2005; Yokoyama et al., 1997). 

However, these techniques involve methodologies, which were invasive (i.e. angiograms) 

and/or expensive (i.e. pharmacological adenosine and positron emission tomography (PET)). 

Yet vascular function in the coronary arteries can be studied in other ways. Transthoracic 

Doppler echocardiography (TTDE) may be a good non-invasive and low cost alternative for 

examining coronary reactivity to a variety of stimuli in individuals who are healthy as well 

as those with diabetes (Atar et al., 2012). We were interested in using a robust systemic 

stimulus in which the coronary vascular bed and another microvascular bed could be 

examined under similar conditions.

The administration of 100% oxygen (i.e. hyperoxia) has been shown to be a potent non-

invasive stimulus to measure vascular function (i.e. reactivity) in the coronary vascular bed 

during angiograms in individuals with coronary artery disease (McNulty et al., 2005; 

McNulty et al., 2007). The underlying mechanism of hyperoxia-induced vasoconstriction is 

believed to be due in part to an increased oxidative degradation of endothelial-derived nitric 

oxide (Jamieson et al., 1986; Rubanyi and Vanhoutte, 1986b); However, animal studies 

suggest that other factors such as increases in arachidonic acid and the endothelin-1 may 

also play a role in hyperoxic vasoconstriction (Zhu et al., 1998). Thus, regardless of the 

mechanism, hyperoxia can be used as potent vascular vasoconstrictor. Our laboratory has 

used this stimulus to measure changes in peak coronary blood velocity with TTDE in 

healthy subjects (Gao et al., 2012; Momen et al., 2009). However, there has been a lack of 

studies using hyperoxia to examine the impact of diabetes on coronary blood flow dynamics 

measured by TTDE and to examine whether vascular function in other microvascular beds 

such as retinal vascular bed are equally affected.

The purpose of this study was to assess the effect of diabetes on epicardial coronary blood 

velocity responses to hyperoxia measured by TTDE. We hypothesized that individuals with 

Type 2 diabetes would have impaired coronary reactivity. In addition, we compared the 

magnitude of change of coronary blood velocity responses to a change in another 

microvascular bed (i.e. the retinal blood vessels) to hyperoxia. We hypothesized that the 

magnitude of change to hyperoxia would be similar between the coronary and retinal 

vascular beds.
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Material and Methods

Subjects

Thirty of 44 enrolled subjects recruited by study research flyers had complete retinal and 

coronary studies. Individuals with Type 2 diabetes (n=15) ranged in age from 38 to 73 years 

and were non-smokers. Control subjects (n=15) were age and body mass index (BMI) 

matched similar to the diabetic group. The diagnosis of diabetes was based on hemoglobin 

A1C (HbA1C) levels using the American Diabetes Association criteria of diabetes to be 

HbA1C ≥ 6.5% and non-diabetic to be HbA1C < 5.7% (2010). All participants signed an 

informed consent that was institutionally approved by the Penn State College of Medicine 

Institutional Review Board prior to testing under the Declaration of Helsinki. All individuals 

had a physical examination and eye screening and were excluded if they had any history of 

cardiac, cerebrovascular, or pulmonary disease, uncontrolled hypertension, intraocular 

pressures greater than 21 mmHg, diabetic retinopathy or other eye diseases, seizures, were 

currently pregnant or breast-feeding, had a BMI greater than 45 kg/m2 or were unable to 

fixate using the Dynamic Vessel Analyzer (DVA).

Study Design & Protocol

This explorative cross-sectional design assessed coronary and retinal reactivity to hyperoxia 

in individuals with Type 2 diabetes compared to healthy controls. Twenty-four hours prior to 

testing, subjects avoided exercise, caffeine or alcohol containing products, and non-steroidal 

anti-inflammatory agents. Individuals with diabetes held all their medications except for 

antihypertensive medications on the morning of the study. Measurements were performed in 

a dimly lit room at room temperature (21° C). Subjects arrived in a fasted state and had 

blood samples of glucose, insulin, lipid panel and HbA1c drawn from the antecubital vein. 

The eye with the best visual acuity was dilated with tropicamide (1%) and if needed, 

phenylephrine (2.5%) was added to obtain optimal dilation. Subjects were seated upright for 

the DVA examination and were positioned supine for the coronary vessel part of the study. 

After a 15 minute rest period, fundus photographs were initially taken using the DVA. Using 

a standardized hyperoxia protocol (Lott et al., 2012), coronary blood velocity was measured 

by TTDE (Momen et al., 2009) and retinal diameters by the DVA (Garhofer et al., 2010). 

While the study participants inhaled room air, continuous measurements of the retinal 

diameters were taken to establish baseline data. Oxygen (100%) was then administered via a 

mouthpiece and a Douglas bag set-up for five minutes followed by inhalation of room air. 

After a 30 minute rest period, the hyperoxia protocol was repeated for coronary blood 

velocity measurements. Heart rate, blood pressure, end tidal carbon dioxide (CO2ET) and 

systemic oxygen saturation were measured continuously (see Figure 1 for Study schematic).

Coronary blood velocity

We externally insonated the left descending coronary artery using pulsed ultrasound TTDE 

(S8-3 MHz probe, IE33, Phillips Healthcare, Andover, MA). For imaging over the apical 

region of the heart, the probe was manually adjusted and color enhancement was used to 

locate the artery. Coronary blood velocity was measured continuously (Figure 2A) and post 

analysis of peak coronary diastolic velocity was calculated using Prosolve software (Momen 

et al., 2009). It has been reported that changes in coronary blood velocity reflect changes in 
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absolute coronary blood flow, thus it is a surrogate for coronary blood flow (Doucette et al., 

1992).

Retinal arteriole and venule reactivity

Dynamic measurements were obtained using the DVA (Imedos Inc., Germany), which 

consists of a fundus camera (FF450 Zeiss, Jena, Germany), a charge-coupled device (CCD)-

measuring video camera, and a computer (Seifertl and Vilser, 2002). The DVA analyzes the 

brightness profile of the retinal blood vessels using two optical pathways, and light reflected 

by the retina back to the CCD video camera. This optical display is viewed on a computer 

system and, using specialized software, vessel diameters can be measured. On the 

computerized screen, two regions of interest are marked over a superior or inferior temporal 

retinal arteriole and venule between one to two optic disc diameters from the optic nerve 

disc margin (Figure 2B). Eye-tracking technology in the DVA compensates for small eye 

movements. All images were stored on a videotape recorder for off line measurements by 

one observer using the DVA software. The coefficient of variability for measuring retinal 

blood vessels ranges between 1.5% and 2.8% (Seifertl and Vilser, 2002) and we have similar 

standards established in our laboratory.

Static fundus photographs

The diameters of all the arterioles and venules traversing a specified area of rings positioned 

1 to 2 disc distances from the optic disc were measured using Imedos Visualis software (see 

Figure 2C). This software program derives two indices that are estimates of the averaged 

retinal arteriole and venule calibers taking into consideration branching patterns: central 

retinal arteriole equivalents and central retinal venular equivalents. A ratio of these two 

measurements known as the central arteriole-venule equivalent ratio is also calculated 

(Hubbard et al., 1999; Ikram et al., 2006; Liew et al., 2008; Wong et al., 2002). Smaller 

arterioles, larger venules, and lower ratio are associated with chronic diseases (Kifley et al., 

2008; Nguyen et al., 2008; Wong et al., 2002). Reproducibility for these measurements has 

been previously reported to be between 0.78 to 0.99 (Hubbard et al., 1999; Wong et al., 

2006).

Hemodynamic measurements

Heart rate was calculated from electrocardiogram recordings. Blood pressure was measured 

throughout each trial using the Finapres device (model 2300, Ohmeda, Boulder, CO) 

stabilized at heart level and corrected based on measurements from an automated 

sphygmomanometer (Dinamap, Critikon, Tampa, FL) taken in duplicate before and after 

each trial.

Blood Plasma

Glucose, insulin, HbA1C, and fasting lipid panels were obtained. Insulin sensitivity was 

calculated using the quantitative insulin-sensitivity check index (QUICKI) method 

(Muniyappa et al., 2008).
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Respiratory measurements

CO2ET concentration was measured using a respiratory gas monitor (RGM 5250; Ohmeda, 

Madison, WI, USA). Systemic oxygen saturation was measured by finger pulse oximetry 

(Model Biox 3740; Ohmeda, Louisville, CO, USA).

Data analysis

Baseline measurements were averaged over a period of one minute. Diameter and velocity 

measurements in the last 30 to 60 seconds of hyperoxia were averaged at one, three, and five 

minutes. These measurements were compared to baseline diameters or velocities and 

presented as percent change (%). Coronary vascular resistance was calculated using the 

formula mean artery pressure/coronary blood velocity. From previously published retinal 

studies in healthy and diabetic populations (Blum et al., 2003; Jean-Louis et al., 2005), 

power was calculated for a two group comparison (control vs. diabetic groups) for the main 

outcome measure, a change in mean retinal diameter. An average percentage decrease in 

control and diabetic retinal diameters was assumed to be 11.2% vs. 6.2% with SD of 3.25 

(Blum et al., 2003; Jean-Louis et al., 2005). Thus, power for detecting a difference using a t-

test with alpha=.05 and n=18 per group is greater than 95%. Using the Statistical Package 

for the Social Sciences (SPSS), paired t-tests were used to assess percent change in 

reactivity between groups. If homogeneity of variance was violated (i.e. data sets not 

normally distributed), the non-parametric Kruskal-Wallis test was performed. For examining 

temporal diameter or velocity patterns, repeated analysis of variance was used in a subgroup 

of subjects who had data at all 3 time points (1, 3, and 5 minutes of hyperoxia) for coronary 

reactivity (n = 8/group) and retinal reactivity (n = 15/group). To examine the associations 

between the two vascular beds using Pearson correlations, all groups were combined (N=30) 

unless otherwise stated. Statistical significance was accepted at P < 0.05. All data are 

reported as mean ± SD.

Results

Subject demographics

Diabetic and control groups were similar in gender, age, BMI, and lipid profile (see Table 1). 

The individuals with Type 2 diabetes had this disease for 6.1 ± 4.9 years. As expected, 

individuals with diabetes had higher HbA1C and fasting blood glucoses and lower insulin 

sensitivity compared to the control group. Individuals with diabetes were on oral diabetic 

medications (73% - eleven individuals) which included one or more of biguanidine (64%), 

sulfonylureas (55%), thiazolidinediones (27%), and sitagliptins (27%) and/or insulin (20% - 

three individuals) (i.e. short acting (100%) and long acting (33%)). Individuals with diabetes 

were also on statins (73%), and antihypertensive (89%) medications. Anti-hypertensive 

therapy included: thiazides (13%), angiotensin II receptor antagonists (20%), beta blockers 

(27%), calcium channel blockers (40%), and angiotensin-converting-enzyme inhibitors 

(73%). Healthy controls were on no lipid or vasodilator medications. Individuals with 

diabetes had significantly higher resting heart rates and higher blood pressures than healthy 

controls.
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Coronary reactivity to hyperoxia

Hyperoxia significantly increased systemic oxygen saturation in both groups with no 

significant changes on CO2ET, heart rate or blood pressure (data not shown). Although 

individuals with diabetes compared to controls had similar resting coronary blood velocities, 

they had significantly impaired coronary vasoconstrictor responses at five minutes of 

hyperoxia (−2.34 ± 16.64% versus −14.27 ± 10.58%, n = 30, P = 0.026). Examination of the 

temporal pattern response of coronary blood velocities between a subgroup of healthy and 

Type 2 diabetes individuals, demonstrated a group effect where individuals with diabetes had 

impaired coronary responses throughout the five minutes of hyperoxia; however, this group 

effect was non-significant (P = 0.09; Figure 3A).

Coronary and retinal reactivity to hyperoxia

Retinal arteriolar and venular vasoconstrictor responses to hyperoxia were significantly 

attenuated in individuals with Type 2 diabetes compared to healthy controls (Arterioles: 

−0.04 ± 3.34 versus −3.65 ± 5.07%, P = 0.030; Venules: −1.65 ± 3.68 versus −5.23 ± 5.47%, 

P = 0.045) and the temporal pattern response of the retinal arterial and venule blood vessels 

in individuals with Type 2 diabetes (n = 15) and healthy controls (n = 15) confirmed group 

differences at five minutes of hyperoxia (Interaction Effect for arterioles P = 0.037 and 

venule P = 0.045; Figures 3 B and C, Table 2). With all groups combined, a significant 

correlation between changes in coronary blood velocity and retinal venular reactivity to 

hyperoxia was observed (r = 0.387, P = 0.034) (Figure 4A). The same was observed between 

changes in coronary vascular resistance and retinal venular reactivity to hyperoxia (r = −.

420, P = 0.021). However, there was not a correlation between changes in coronary velocity 

and changes in retinal arteriole reactivity (r = 0.282, P = 0.132).

Coronary reactivity and static retinal calibers

Individuals with diabetes compared to controls had significantly smaller central arteriole-

venule equivalent ratios (0.83 ± 0.07 versus 0.90 ± 0.07; P = 0.024, n = 28) and a trend for 

smaller central retinal arteriole equivalents (166 ± 17 versus 177 ± 15; P = 0.080, n = 28). 

Central retinal arteriole equivalents were significantly correlated with coronary reactivity 

and coronary vascular resistance to hyperoxia (r = −0.516, P = 0.005, n = 28, Figures 4B and 

r = 0.544, P = 0.003, respectively). There were no correlations between changes in coronary 

reactivity and the other static retinal parameters (data not shown).

Discussion

This is the first study to reveal that coronary reactivity to hyperoxia measured by TTDE is 

impaired in individuals with Type 2 diabetes compared to healthy controls. Our findings also 

demonstrate a modest correlation between coronary and retinal vasoconstrictor reactivity to 

hyperoxia as well between coronary vasoconstrictor reactivity to hyperoxia and retinal 

arteriolar calibers. These findings are suggestive of systemic microvascular impairments in 

Type 2 diabetes, which may contribute to the later development of coronary heart disease.

Since individuals with diabetes are at a higher risk of developing coronary artery disease and 

diabetic retinopathy (Centers for Disease Control and Prevention (CDC), 2014), it is 
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important to detect disease in its early stages. Endothelial vascular dysfunction (i.e. altered 

vasoconstriction and/or vasodilation) is known to be the initiating event in the development 

of atherosclerosis in the body’s blood vessels (Caballero, 2003). Thus, evaluation of 

endothelial vascular function may be helpful in early detection of disease.

While the stimulus of hyperoxia is not physiologic per se, its vasoconstrictor responses may 

yield important information on vascular function. Hyperoxia is predominately a metabolic 

stimulus that operates independently from sympathomimetic influences. Prior studies using 

hyperoxia have shown vasoconstrictor responses in the peripheral vascular beds (Crawford 

et al., 1997; Mak et al., 2002) and retinal microvasculature (Jean-Louis et al., 2005; 

Wimpissinger et al., 2005). Only a few studies have examined the effects of hyperoxia on 

coronary arteries (Ganz et al., 1972; Mak et al., 2001; McNulty et al., 2005; McNulty et al., 

2007). While patients with normal coronary arteries demonstrated a reduction in blood flow 

(17.1%) (Ganz et al., 1972), patients with coronary artery disease and heart failure have 

demonstrated impaired reductions in coronary sinus blood flow and coronary epicardial 

blood flow from 8% to 29% in response to hyperoxia using thermodilution or intravascular 

Doppler ultrasound during invasive angiograms (Farquhar et al., 2009)(Review). McNulty 

(2007) observed that the degree of coronary blood velocity impairment to hyperoxia in 

individuals with coronary artery disease was associated with lower venous concentrations of 

nitric oxide metabolites as measured by nitrotyrosine, nitrite and nitrate (McNulty et al., 

2007) suggesting an association between the degree of vasoconstriction and level of basal 

nitric oxide. In healthy subjects, our laboratory has demonstrated that coronary artery blood 

velocity measured by TTDE could be reduced 15 ± 3% in response to hyperoxia (Momen et 

al., 2009). Our findings agree with this prior study using TTDE in that coronary blood 

velocity had a robust reduction (14.27%) in response to hyperoxia in healthy controls. 

However, our study is the first to show that individuals with diabetes have attenuated 

coronary blood velocity reductions (2.75%) after five minutes of hyperoxia. Although not 

significant, the impaired coronary vasoconstriction in individuals with diabetes occurred 

throughout the 5 minutes of hyperoxia.

The impairment of endothelial-independent vasodilation as reflected by a reduction in 

coronary flow reserve using pharmacological infusions in individuals with diabetes has been 

well documented using a variety of methods such as angiograms (Akasaka et al., 1997; 

Nahser et al., 1995; Picchi et al., 2011) and positron emission tomography (Di Carli et al., 

2003; Momose et al., 2002; Prior et al., 2005; Schindler et al., 2004; Yokoyama et al., 1997). 

Thus, it appears that the vascular smooth muscle of the coronary arteries is dysfunctional. 

Using these diagnostic and imaging methods, diabetes has been also shown to impair 

endothelial-dependent vasodilation using pharmacological methods of acetylcholine 

infusions as well as sympathetic stimulation using cold pressor tests (Di Carli et al., 2003; 

Momose et al., 2002; Nitenberg et al., 1993; Prior et al., 2005; Schindler et al., 2004). These 

studies suggest that the ability of the endothelium to release vasoactive substances such as 

nitric oxide and prostaglandins is impaired in diabetes. Recently, impaired coronary flow 

reserve (~23% lower) measured by TTDE using a pharmacological infusion was shown in 

Type 2 diabetics compared to healthy controls (Atar et al., 2012; Erdogan et al., 2013). Thus, 

these studies using TTDE confirm that diabetes impairs coronary both endothelial-dependent 

and independent vasodilation. Since we hypothesize that individuals with diabetes would 
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also be insensitive to the vasoconstrictor effect of hyperoxia which is likely due to primarily 

reduced availability of nitric oxide, our findings of impaired coronary vasoconstrictor 

responses to hyperoxia in individuals with diabetes agrees with the prior vascular studies 

using other stimuli and imaging techniques.

The use of hyperoxia has also been frequently used in ophthalmology and has shown 

pronounced retinal arteriole and venule vasoconstrictor effects (6% to 12 %) in healthy 

young individuals (Jean-Louis et al., 2005; Wimpissinger et al., 2005). While our healthy 

controls also exhibited vasoconstrictor responses in retinal arterioles and venules (−3.65% 

and −5.23%, respectively), the magnitude of the response was lower than the previous ocular 

studies. The differences in the magnitude of vasoconstriction is likely due to differences in 

protocols used and that our subjects were older and thus their vessels may have been stiffer. 

Prior studies have shown that individuals with diabetes (mixture of type 1 and 2 diabetes) 

without diabetic retinopathy (mean aged range 33 to 52 years) have impaired arteriolar 

vasoconstrictor responses to hyperoxia ranging from −2.5% to −4% (Gilmore et al., 2007; 

Justesen et al., 2010). Our study confirmed a greater impairment of retinal vasoconstrictor 

responses in individuals with Type 2 diabetes. Since we showed no significant change in 

blood pressure or CO2 levels during hyperoxia, which could have attenuated the vascular 

responses, it is reasonable to postulate that the impaired vasoconstriction effect was coming 

primarily from the oxygen effects on the retinal vessel and not due to the effects of blood 

pressure or CO2. Differences in the magnitude of impairment in individuals with diabetes 

between previous retinal studies and our study may be due to different study protocols used 

to deliver hyperoxia, age of the subjects (our subjects were older), medications used, and 

years with diabetes. Our study further examined the temporal responses of each vascular bed 

to hyperoxia. Prior studies have shown that retinal vasoconstriction to hyperoxia in healthy 

subjects is achieved within five to six minutes (Kiss et al., 2002), thus we used the duration 

of five minutes for the delivery of oxygen. It was only at the five minute mark that 

individuals with diabetes had significantly attenuated or absent vasoconstrictor response 

compared to the robust vasoconstrictor effects observed in healthy controls. Thus, the time 

delay in significant vasoconstrictor differences being observed suggest that metabolic 

mechanisms may be involved such as altered nitric oxide levels.

While the specific underlying mechanism of hyperoxia on blood vessels is not clearly 

understood, hyperoxia is suggested to be due to in part by an inactivation or degradation of 

nitric oxide synthase or nitric oxide co-factors through an increase in oxidative stress and/or 

reactive oxygen species (Crawford et al., 1997; Daly and Bondurant, 1962; Jaimes et al., 

2001; Kolodjaschna et al., 2008; McNulty et al., 2005; McNulty et al., 2007; Rubanyi and 

Vanhoutte, 1986a). Thus, the more nitric oxide inactivated or quenched by hyperoxia, the 

greater the vasoconstrictor response. McNulty and colleagues (2007) demonstrated that an 

infusion of vitamin C prior to hyperoxia, prevented hyperoxia-induced coronary constriction 

in 12 individuals with coronary artery disease (McNulty et al., 2007). However, the 

administration of vitamin C did not alter retinal vasoconstriction during hyperoxia in healthy 

individuals (Weigert et al., 2009). Differences between these study’s findings may be due to 

populations studies and the dose of the vitamin C infusions. The impairment in coronary and 

retinal vascular function in individuals with diabetes may also be influenced by other factors 

besides lower levels of nitric oxide. Retinal vascular studies in healthy animal and human 
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subjects have suggested that hyperoxia may lead to the increased production of arachidonic 

acid metabolites (i.e. cyclooxygenase and substance P450) and endothelin-1 (Dallinger et al., 

2000; Higgins et al., 1998; Takagi et al., 1996; Zhu et al., 1998). In addition, nitric oxide 

may be involved with the regulation of retinal endothelin-1 (Izumi et al., 2008). Diabetes has 

also been associated with elevated endothelin-1 levels, which may lead to vascular 

remodeling promoting stiffness of the vessels limiting blood vessels responsiveness (Feng et 

al., 2011; Harris et al., 2005). However, despite higher endothlin-1 levels, diabetes may lead 

to a desensitization of the endothelin-1 receptor contributing to an attenuated vasoconstrictor 

response (Bursell et al., 1995). Lastly, diabetes may impair wall thickness, vascular smooth 

muscle cells, pericytes, and endothelial cells in the coronary and retinal beds, which 

contributes to the impaired responses (Fein et al., 1985; Reusch and Watson, 2004; 

Srivastava, 2002). Further studies will be needed to evaluate these factors with coronary and 

retinal reactivity in diabetes.

Several prior studies have shown weak (r = 0.31) to moderate (r = 0.78) correlations between 

coronary reactivity using pharmacological vasoactive infusions and peripheral reactivity also 

using vasoactive infusions or brachial flow-mediated vasodilation. Subjects used for these 

studies were individuals undergoing angiograms to evaluate for coronary artery disease who 

also had several risk factors for heart disease (Anderson et al., 1995; Takase et al., 2005; 

Takase et al., 1998; Teragawa et al., 2005). Although the coronary circulation has direct 

sympathetic innervation whereas the retinal vessels may not, both the retinal and coronary 

vascular beds use similar local autoregulatory mechanisms such as metabolic and myogenic 

mechanisms to help control blood flow. Our findings showed a correlation between coronary 

artery and retinal venular reactivity (r = −0.387) using the same stimulus of hyperoxia in 

individuals with and without Type 2 diabetes but no history of coronary artery disease. 

Although this retinal and coronary reactivity correlation was modest, it is the first study to 

show that endothelial function in the coronary arteries parallels the smaller retinal blood 

vessels in diabetes. The abnormalities of retinal reactivity in response to oxygen may 

provide a simple way to identify early abnormalities in coronary reactivity in individuals 

with diabetes.

Changes in retinal vascular calibers, as measured by central arteriole-venule equivalent ratio, 

central retinal arteriole equivalents and central retinal venular equivalents, have been 

associated with risk factors for cardiovascular disease such as hypertension (Wong et al., 

2004b), diabetes (Nguyen et al., 2008; Wong et al., 2006), metabolic syndrome (Wong et al., 

2004a) and incidence of coronary heart disease (Wong et al., 2002). The narrowing of retinal 

arterioles has been associated with risk factors for heart disease, known coronary artery 

disease, and increased mortality (Wang et al., 2007; Wong et al., 2004b; Wong et al., 2002). 

Altered retinal calibers have also been associated with other indices of early subclinical 

findings of atherosclerosis such as reduction in carotid intima thickness and increases in 

coronary calcium scores (Cheung et al., 2007; Ojaimi et al., 2011). Thus, we explored the 

relationship between the coronary vasoreactivity and retinal vascular structures in the 

diabetic and healthy subjects. We observed that smaller central retinal arteriole equivalents 

were associated with impaired coronary vasoconstriction to hyperoxia. Thus, changes in 

retinal arteriole calibers are associated with impairments in vascular function of the coronary 
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arteries, which may be a sign of early atherosclerosis. Further studies examining retinal 

calibers and coronary function in a larger population is needed to confirm these results.

There are several limitations to the study. The first limitation of the study involves the 

comparison of two measurements of vascular function (i.e. blood velocity and diameters). To 

control for the use of different measurement parameters in the coronary and retinal vessels, 

we presented the data as percent change in both of these measurements to normalize them. 

Some of our subjects with diabetes (52%) required additional dilation with the use of 

phenylephrine, which theoretically could elevate mean arterial pressure through increasing 

sympathetic stimulation; however, our findings did not change when these individuals were 

excluded from the analysis. Thus, we do not feel that the use of phenylephrine affected our 

study results. In addition, the majority of the diabetic patients were taking statins, which 

could affect flow responses. However, the vasoconstrictor responses were still attenuated in 

these diabetics. Thus, we do not feel that being on statins affected the vascular comparisons. 

Third, the sample size of this exploratory study was derived from power calculations from 

previous retinal vascular responses (Blum et al., 2003; Jean-Louis et al., 2005) and not 

coronary responses. We originally had projected 18 subjects/group. However, we only had 

complete data of retinal and coronary in 15/group. Even with a reduction in sample size, we 

still had greater than 95% power to detect differences between groups using our original 

estimates based on data from Blum and others 2003 and Jean-Louis and others 2005. 

However, a larger sample size may had lead to stronger coronary findings.

Conclusions

In conclusion, diabetes impairs coronary and retinal microvascular reactivity to hyperoxia. 

Impaired vasoconstrictor responses to hyperoxia may be part of a systemic diabetic 

vasculopathy, which may contribute to adverse cardiovascular events in individuals with 

diabetes.
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Highlights

• We compared the effects of hyperoxia on coronary and retinal vascular 

function.

• Individuals with diabetes exhibited impaired coronary and retinal 

reactivity.

• Retinal structure and reactivity modestly correlated to coronary 

reactivity.

• Impaired vasoconstrictor responses may be part of a systemic diabetic 

vasculopathy.
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Figure 1. Experimental protocol
After baseline measurements (one minute) at room air, hyperoxia stimulus was applied for 

five minutes and then returned back to room air for three minutes of recovery. Retinal 

imaging with hyperoxia occurred first and then after 30 minutes of rest, coronary imaging 

during the hyperoxia was performed.
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Figure 2. Coronary and Retinal Imaging
TTDE is a novel non-invasive technique used to measure coronary flow velocity in the distal 

epicardial coronary artery (A). The Dynamic Vessel Analyzer is able to provide continuous 

imaging of the retinal blood vessels (B). The retinal arteriole and venule are noted by the 

circled (A) and (V). Static fundus photographs using special Visualis software calculated a 

total average equivalent of the all the marked arteriole (red) and venule (blue) calibers (C).
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Figure 3. Temporal retinal and coronary responses to hyperoxia
Individuals with diabetes compared to healthy controls had impaired coronary artery 

vasoconstrictor responses to hyperoxia throughout hyperoxia (one, three, and five minutes) 

(A). The percent changes in retinal arteriolar diameter responses to hyperoxia were 

attenuated in individuals with diabetes compared to healthy controls with significant 

differences observed at five minutes of hyperoxia (B). Similar responses were seen in the 

retinal venules (C). Type2DM =Type 2 Diabetics; * P<0.05 significant difference between 

individuals with diabetes compared to healthy controls.
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Figure 4. Retinal and coronary reactivity correlations
With all the groups combined, smaller retinal central arteriole equivalents were associated 

with attenuated coronary vasoconstriction to hyperoxia (A). Attenuated venular reactivity 

was associated with attenuated coronary reactivity in response to hyperoxia (B). Black 

circles = controls; Open circles = Type 2 Diabetics.
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Table 1

Participant characteristics

Controls
(n=15)

Type 2 Diabetes
(n=15)

P valve

Demographics & anthropometric
measurements

  Gender (Male/Female) 6/9 6/9 .645

  Age (yrs.) 52 ± 10 56 ± 9 .272

  Height (cm) 171 ± 11 171 ± 9 .890

  Weight (kg) 85 ± 19 92 ± 18 .326

  Body mass index (kg/m2) 28.7 ± 4.8 31.4 ± 5.5 .169

Laboratory Findings

  HbA1C (%) 5.3 ± 0.3 7.4 ± 1.4* .000

  Fasting glucose (mg/dl) 85 ± 10 113 ± 32* .004

  Fasting insulin (mmol/L) 4.2 ± 3.6 18.6 ± 32.6 .100

  Insulin sensitivity (QUICKI) 0.416 ±0.048 0.346 ± 0.058* .001

  Total cholesterol (mg/dl) 195 ± 35 180 ± 43 .291

  Low density lipoprotein (mg/dl) 123 ± 29 105 ± 38 .172

  High density lipoprotein (mg/dl) 54 ± 19 47 ± 11 .236

  Triglycerides (mg/dl) 87 ± 38 134 ± 70* .028

Resting Hemodynamics

  Heart rate (bpm) 61 ± 7 71 ± 12* .008

  Mean arterial blood pressure (mmHg) 88 ± 8 95 ± 8* .028

  Systolic blood pressure (mmHg) 116 ± 10 127 ± 14* .013

  Diastolic blood pressure (mmHg) 74 ± 8 79 ± 6 .084

  Intraocular pressure (mmHg) 15.3 ± 2.9 16.3 ± 2.4 .304

HbA1C = hemoglobin A1C; QUICKI = quantitative insulin sensitivity check index;

*
Significantly different than controls (P<0.05).
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Table 2

Resting and Hyperoxia effects on the coronary and retinal vasculature

Controls
(n=15)

Type 2 Diabetic
(n=15)

P valve

Coronary blood velocity

  Resting (cm/s) 16.88 ± 3.78 16.83 ± 3.23 .970

    Percent change after 5 min of hyperoxia (%) −14.27 ± 10.58 −2.34 ± 16.64* .026

Coronary vascular resistance

  Resting (cm/s) 5.48 ± 1.33 5.90 ± 1.55 .415

  Percent change after 5 min of hyperoxia (%) 21.0 ± 18.0 6.80 ± 15.90* .031

Retinal blood vessel calibers

  Central retinal arteriole equivalents 177 ± 15 166 ± 17 .080

  Central retinal venular equivalents 198 ± 19 201 ± 30 .779

  Arteriole-venule ratio 0.90 ± 0.07 0.83 ± 0.07* .024

Retinal blood vessel diameters

  Resting arteriolar diameter (µm) 116 ± 12 120 ± 17 .375

    Percent change after 5 min of hyperoxia (%) −3.65 ± 5.07 −0.04 ± 3.34* .029

  Retinal venular diameter (µm) 135 ± 19 152 ± 24* .037

    Percent change after 5 min of hyperoxia (%) −5.23 ± 5.47 −1.65 ± 3.68* .045

*
Significantly different than controls (P<0.05).
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