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Abstract 

Objective: 

To assess retinal and peripheral microvascular function in individuals with low cardiovascular 

risk.  

Methods and Results: 

Retinal microvascular function was assessed using the dynamic vessel analyser (DVA) and 

peripheral vascular reactivity was measured using the digital thermal monitor (DTM)  in 136 

healthy participants. In addition, systemic blood pressure (BP) profiles, blood analyses for 

glucose and lipid metabolism markers (CHOL, HDL-c, LDL-c), as well as the Framingham Risk 

Score (FRS) were assessed in all participants.  

Based on peripheral vascular reactivity scores, participants were separated into 3 groups: high, 

intermediate and low risk. Participants with high risk showed a significant higher retinal 

arteriolar time to reach maximum dilation (tMD) than those with intermediate and low risk (p < 

0.001). In addition, retinal arterial dilation amplitude (DA), and constriction slope (SlopeAC) were 

higher in subjects with low risk (p=0.006, p=0.019). Only in high risk participants, peripheral 

vascular reactivity parameters correlated with retinal arterial functional parameters DA, (r = 

.3800, p=0.029) and tMD (r = -0.5904, p < 0.001). 

Conclusion: 

We conclude that signs of abnormal vascular function are similarly present and detectable in 

various microvascular beds, despite existing differences in their anatomical and physiological 

properties.  
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Keywords: Endothelial function, cardio-vascular disease, vascular function, vascular imaging, 

dynamic vessel analysis.  

 

Introduction 

In the primary prevention of cardiovascular disease, assessing risk using predictive models such 

as the Framingham Risk Score1-3 (FRS), the Prospective Cardio- vascular Mὒnster (PROCAM) and 

the European Society of Cardiology Systematic Coronary Risk Evaluation (SCORE)4-7 represents 

common practice. However, such methods either over- or underestimate risks in more than 

50% of cases 8-11 Moreover, they are built to predict long-term risk in populations and not in 

individuals with specific genetic and environmental influences12-15. Indeed, it is now increasingly 

recognised in medicine that preventive approaches need to be tailored to the risks of individual 

patients and not only to those measured in general population. Nevertheless, in order to 

achieve this goal, more research is necessary to identify biomarkers offering a disease-specific 

individual biological profile in a non-invasive way that is suitable for use in primary care 

settings. 

The assessment of endothelial dysfunction (ED) represents one very important marker for early 

cardiovascular disease (CVD) risk. Indeed, it is well recognized that ED plays a role in the 

pathogenesis of coronary heart disease (CHD), and is associated with an increased risk for 

hypertension, types 1 and 2 diabetes, and cardiovascular complications of obesity 16-18.  

 

Therefore, its quantification it is very important when trying to implement early, successful 

preventive measures. Assessing ED is usually accomplished using techniques such as ultrasound 
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flow-mediated dilation (FMD), plethysmography or iontophoresis19. These tests are, however, 

complex and time-consuming, and can only be performed in highly specialized centers. Among 

the more user-friendly methods developed to measure microvascular function, dynamic retinal 

vessel analysis (DVA) represents a non-invasive alternative that allows for continuous, live 

recordings of retinal arterial and venous diameter changes in response to flicker-light 

stimulation. The main advantage of the DVA assessment is that it provides instant integrated 

and dynamic data analysis that is specific to each individual. In addition, its output has proven 

to be modified not only by overt disease but also in the presence of more subtle risk factors for 

CVD 20-22 including ageing10, ethnicity 23 and impaired glucose tolerance 24. Therefore, it is 

possible to use the assessment of retinal microvascular function as a surrogate marker for ED 

and early CVD risk.   

Another method, called Digital Thermal Monitoring (DTM), has been developed to measures 

peripheral vascular reactivity using reactive hyperaemia after increasing the blood pressure 

(BP)  to suprasystolic values. The measurements using this instrument have excellent 

reproducibility and low variability 25, demonstrate strong relationship with flow mediated 

dilation technique (FMD) 26, coronary calcium score, myocardial perfusion defects, and coronary 

angiography10, 27-32 and were validated for detecting ED and CVD risk1, 10, 26, 30, 33  .In addition, 

similarly to DVA, DTM is also a non-invasive technique that can be performed in primary care 

settings, therefore, suitable for early screening. However, these two instruments assess 

vascular beds with different anatomical properties and exposed to different physiological 

influences 34,35 . The nature of the provocation stimulus used by each of the instruments to 

induce vascular dilation and constriction, is also different 13,36,37 .As both methods candidate for 
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a place in preclinical screening, it would be useful to know that regardless of the provocation 

stimulus or the properties of the microvascular bed assessed, these existing non-invasive 

methods are equally sensitive to detecting signs of early CVD risk. Therefore, the aim of the 

present study was to investigate retinal microvascular function as assessed by the DVA and 

peripheral vascular reactivity measured using the DTM in apparently healthy, normotensive 

individuals with no overt cardiovascular disease as well as to identify any relationship between 

vascular functions in these two different types of microvascular beds.  

Materials and Methods 

Participants 

Community-dwelling volunteers (aged above 18 years) were recruited through local 

advertisements at the Vascular Research Laboratory and Health Clinics at Aston University 

(Birmingham, UK). Ethical approval for the study was received from the relevant local and 

institutional ethics committees. Written informed consent was received from all participants 

prior to study enrolment and all study procedures were designed and conducted in accordance 

with the tenets of the Declaration of Helsinki. 

Study exclusion criteria were defined as a history or current diagnosis of cardiovascular or 

cerebrovascular disease including hypertension, coronary artery disease, heart failure, 

arrhythmia, stroke, transient ischemic attacks and peripheral vascular disease. In addition, 

patients suffering from any inflammatory or autoimmune diseases, history of cold hands and/or 

Raynaud’s syndrome, as well as, smokers, diabetics (self-reported), or those with severe 

dyslipidaemia (defined as plasma triglyceride levels above 6 mmol/L, cholesterol levels above 7 
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mmol/L) have also been excluded. The use of vasoactive or antidyslipidemic medications, 

including dietary supplements containing vitamins or antioxidants and bronchodilators also 

served as exclusion criteria.  Participants with elevated intraocular pressures (IOP > 21 mmHg), 

retinal disease, intraocular surgery, neuro-ophthalmic disease, cataract or other media 

opacities that may affect the ocular vascular system or prevent retinal vascular examination 

were also excluded from the study. 

General Assessments 

All measurements were performed between 8 and 11am following a 12-h overnight fast, which 

included refraining from alcohol and caffeine. General preliminary assessments were conducted 

and included general health history questionnaires, measures of height and weight, BMI= 

(weight in KG/Height (m)²), Heart rate (HR), Systolic blood pressure (SBP), diastolic blood 

pressure (DBP), mean blood pressure (MBP ≈ (⅔ X DBP) + (⅓ X SBP)), IOP and ocular perfusion 

pressure (OPP)=2/3*((2/3*DBP+1/3*SBP))-IOP. Additionally, blood samples were assessed for 

total cholesterol (CHOL), high-density lipoprotein (HDL) and low-density lipoprotein (LDL). 

 

The Framingham Risk Score (FRS) 

The FRS is a widely used gender-specific algorithm originally developed to estimate CVD risk 38. 

In the present study FRS was calculated using the current versio39 based on risk factors such as 

age, gender, CHOL, HDL-c, SBP, treatment for hypertension, smoking status, and diabetes. Risk 

factors such as age, treatment for hypertension, smoking status and diabetes were identified 

from self-report questionnaires and CHOL, HDL-c, and SBP values were as those determined on 
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the day of study assessment. The scoring algorithm is based on gender-specific points assigned 

for each risk factor variable that can be determined using FRS tables i.e. point scores by age 

group; age group and total CHOL; age group and smoking status; HDL-c level; SBP and 

treatment status. Ten-year risk percentage is then calculated by total points (1 point, 6%; 2 

points, 8%; 3 points, 10%; 4 points, 12%; 5 points, 16%; 6 points, 20%; 7 points, 25%; 10 points 

or more, > 30%). 

For each participant, an absolute CVD risk percentage over 10 years was calculated and only 

subjects with a CVD risk <10% were included in the study 37.  

Vascular assessments 

1. DVA 

Retinal vessel reactivity was measured using the dynamic vessel analyser (DVA, IMEDOS GmbH, 

Jena, Germany) according to an already established protocol40-42. All measurements were 

performed in a temperature-controlled room (22c°) following dilatation with 1% tropicamide 

(Chauvin Pharmaceuticals Ltd, UK). Measurements were conducted in one unselected eye for 

each subject. Subjects were also asked to fixate on a target which controlled their eye 

movements and to stabilize the fundus image. Two segments of the inferior temporal artery 

and vein of approximately 0.5-1mm and 1.5-2 Disc diameters from the optic nerve head were 

selected for continuous diameter recording. The automated protocol included a 50 second 

baseline diameter measurement under still illumination at (25Hz) followed by a 20 second 

flicker stimulation (opto-electronically generated at 12.5Hz) and an 80 second recovery period 

which was repeated 3 times for a total evaluation of 350 seconds. The vessel reactivity 
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parameters were determined for each flicker cycle and averaged over three cycles. Further 

analysis of the vessel response profile was explored through extraction of the raw data and 

applying a statistical polynomial regression algorithm (MATLAB; Mathowrks v12, MA, USA)43, 44 

.The following vessel reactivity and time‐course parameters were determined for each flicker 

cycle and then averaged over the three cycles, with the artery and vein regarded separately as 

follows: the average baseline diameter and range of maximum and minimum baseline vessel 

diameters (baseline diameter fluctuation, BDF); the maximum vessel dilation diameter during 

flicker stimulation expressed as a percentage change relative to baseline diameter (MD%) and 

the time taken in seconds to reach the maximum diameter (tMD); the maximum vessel 

constriction diameter during the postflicker recovery period expressed as a percentage change 

relative to baseline diameter (MC%) and the time taken in seconds to reach the maximum 

vessel constriction diameter (tMC); the overall dilation amplitude (DA) calculated as the 

difference between MD and MC; and the baseline‐corrected flicker response (BCFR) used to 

describe the overall dilation amplitude after normalizing for fluctuations in baseline diameters 

(DA‐BDF). In addition, the arterial (A) and venous (V) dilation slopes (SlopeAD/VD = (MD‐baseline 

diameter)/tMD) and constriction slopes (SlopeAC/VC = (MC‐MD)/tMC) were also calculated 

(Figure 1). 
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2. Digital Thermal Monitoring (DTM) 

Figure 1: Graphical presentation of the dynamic vessel response profile displaying the parameters calculated 
and used in analysis. (DA) calculated as (MD-MC). (MD%) calculated as the percent increase from baseline to 
MD. (MC%) calculated as the percent constriction below baseline following MD.   

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

The peripheral microvascular reactivity at the level of the fingertips was assessed using VENDYS 

5000BC DTM system (Endothelix, Inc., Houston, TX, USA). This FDA approved device consists of 

a computer-based thermometry system (0.006°C thermal resolution), with two special 

thermocouple fingertip probes designed to minimize the area of skin-probe contact and 

fingertip pressure. A standard sphygmomanometer cuff and a compressor unit to control cuff 

inflation and deflation is included to facilitate the occlusion-hyperaemia protocol45 . The test is 

conducted with the patient at rest for 30 minutes in the supine position, in a quiet, dimmed 

room with ambient temperature of 22°C to 26°C. VENDYS DTM probes are affixed to the index 

finger of each hand and after a period of stabilization of basal skin temperature (defined as 

stabilization within a 0.05°C threshold) the temperature is measured in the index fingers of 

both hands (of which the right arm only is subjected to occlusion-hyperaemia) with an 

automated, operator-independent protocol. The right upper arm cuff is rapidly inflated to 

≥50 mmHg above systolic pressure for 5 minutes and then rapidly deflated to invoke reactive 

hyperaemia distally. Thermal tracings are measured continuously and digitized automatically 

using a computer-based thermometry system with 0.006°C thermal resolution. Dual channel 

temperature data is simultaneously acquired at a 1 Hz sample rate. Figure 2 shows a 

representative example of a temperature-time trace and the primary DTM-derived measures, 

related to thermal debt and recovery that were recorded and calculated. Temperature rebound 

(TR): maximum temperature- start temperature (just before cuff inflation); adjusted 

temperature rebound (aTR): temperature rebound/ start temperature; area under the curve 

temperature rebound (AUCTR): area under the curve between maximum temperature and 

minimum temperature.  The post-occlusive adjusted temperature rebound aTR determined by 
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the software algorithm is directly associated with the extent of the subjects vascular 

reactivity46. An aTR below 1 is considered poor cardiovascular reactivity, whereas an aTR 

between 1 and 2 is considered intermediate vascular reactivity and an aTR of greater than 2 is 

considered healthy vascular reactivity 46.  

 

 

Figure 2:  Graphical representation of the Digital Thermal Monitor software analysis; T MAX, maximum 
temperature; TMIN, minimum temperature; AUCTR, Area under the curve temperature rebound. 
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Statistical Analysis 

All analyses were performed using Statistica® software (version 13, StatSoft Inc., Tusla, OK, 

USA). Distributions of continuous variables were determined by the Shapiro-Wilks test. In cases 

where normality of the data could not be confirmed appropriate data transformations were 

made or non-parametric statistical alternatives were used. Univariate associations were 

determined using Pearson’s (normally distributed data) or Spearman’s method (non-normally 

distributed data), and forward stepwise regression analyses were performed to test the 

influence of clinical parameters and circulating markers on the measured vascular reactivity 

variables. Differences between groups were subsequently assessed using one-way ANOVA or 

ANCOVA, as appropriate, followed by Tukeys post hoc analysis. P-values of less than 0.05 were 

considered significant.  

 

Results 

A total of 150 participants were initially screened for study inclusion of which 14 individuals 

were excluded based on having a moderate to high FRS (>10%). The remaining 136 participants 

with low FRS (<10%) were included in the final analysis and classified into one of three groups 

based on the aTR vascular reactivity index cut-off 22, 35 : group 1: aTR= 0-1 (high risk; 45 subjects: 

22 males, 23 females, p>0.05); group 2: aTR >1<2 (intermediate risk; 46 subjects: 25 males, 21 

females, p>0.05), and group 3: aTR ≥ 2 (low risk; 45 subjects: 22 males, 23 females, p>0.05). The 

aTR values for each group are presented in table 1. 

Abbreviations: TR, temperature rebound; aTR, adjusted temperature rebound; AUCTR, Area under the curve 
temperature rebound  
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Table 1. Digital Thermal monitoring parameters 

 Mean (SD) P value 

Parameter 

 

Group 1 

(aTR<1) 

Group 2 

(aTR>1<2) 

Group 3 

(aTR>2) 

<0.001 

TR -0.17 (0.60) 0.03 (0.54) 0.84 (1.26) <0.001 

aTR 0.73 (0.35) 1.73 (0.19) 2.62 (0.78) <0.001 

AUCTR 121 (68.52) 267 (72.64)    420 (144.90) <0.001 

 

General characteristics of the study population 

Table 2 provides a summary of the anthropometric and other measured variables, showing no 

statistically significant differences between our study groups (all p > 0.05).  

 

 

 

Table 2. Characteristics of the study groups   

 Mean (SD)  

Variable Group 1  

(aTR>0) 

Group 2 

(aTR>1<2) 

Group 3 

(aTR>2) 

 

      P value  

N 45 46 45  

Age (years) 34(11.51) 29(9.56) 32(10.57) 0.098 

BMI (Kg/m
2
) 25(4.36) 24(4.50) 24(4.69) 0.428 

SBP (mmHg) 122(11.98) 126(12.77) 122(11.22) 0.233 

DBP (mmHg) 72(7.86) 73(9.01) 71(8.40) 0.462 

HR (bpm) 64(11.45) 65(11.2) 67(9.60) 0.395 

MAP 89(8.43) 91(9.19) 88(8.68) 0.306 

IOP (mmHg) 14(2.25) 14(2.76) 13(2.85) 0.234 

OPP 45(5.78) 46(7.03) 45(6.05) 0.740 
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CHOL mmol/L 4.38(0.82) 4.20(0.94) 4.76(1.09) 0.479 

HDL-C mmol/L 1.48(0.56) 1.55(0.43) 1.67(0.59) 0.749 

LDL-C mmol/L      2.48(0.90) 2.06(1.03) 2.46(1.07) 0.673 

FRS % 3.73(3.65) 2.17(1.82) 2.71(2.01) 0.593 

Retinal vascular function measurements 

The results of retinal arteries and veins function assessments are displayed in Table 3. After 

controlling for all influential covariates identified by multivariate regression analysis such as 

age, BMI, BP, and CHOL there was a clinically significant difference in the arterial tMD between 

the 3 study groups (Table 3, p<0.001). Post hoc comparisons using the Tukey test indicated that 

the mean score for group 1 (M = 25.27, SD = 7.79) was significantly different than group 2 (M = 

21.48, SD = 5.44) and group 3 (M = 17.28, SD = 4.17). In addition, there was also a significant 

difference between groups 2 and 3. Group 3 (low risk) showed a significantly higher DA (Table 3 

, p=0.006). Post hoc comparisons using the Tukey test indicated that the mean score for group 3 

(M= 29.54, SD 7.80) was significantly different than groups 2 (M=24.97, SD 7.54) and group 1 

(M= 23.80, SD 10.76). However, Groups 1 and 2 did not significantly differ from each other. 

Group 3 (low risk) also showed a significantly higher SlopeAC (p=0.019). Post hoc comparisons 

using the Tukey HSD test indicated that the mean score for group 3 (M=0.59, SD 0.63) was 

significantly different than groups 2 (M=-0.50, SD 0.29) and group 1 (M= -0.34, SD 0.18). 

However, Groups 1 and 2 did not significantly differ from each other.  There were no other 

significant differences at the retinal microvascular level in either the measured arteries or veins 

(all p>0.05). 

Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; 
MAP, mean arterial pressure; IOP, intraocular pressure; OPP, ocular perfusion pressure; CHOL, total cholesterol; 
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; FRS: Framingham Risk 
Score in %. * Significant p-values are indicated in bold where p < 0.05 was considered significant.  
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Table 3. Summary of Retinal Arteries and Veins Vascular Function Parameters  

Figure 3: Comparison of retinal arterial response profile across groups based on the temperature rebound 
parameters. AU, arbitrary units; MD, maximum diameter during flicker; MC, maximum constriction post flicker; 
tMD, reaction time in seconds to MD; DA, difference between MD&MC during flicker; SlopeAC, calculated as (MC-
MD)/(mCRT). Group 1, aTR= 0-1; group 2, aTR >1<2; group 3, aTR ≥ 2.  
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  Mean (SD)   

Arteries Group 1 Group 2 Group 3 P Value  

 (aTR>0) (aTR>1<2) (aTR>2) Anova/Ancova Tukey post-

hoc 

Baseline  100(0.02) 100(0.03) 99.96(0.25) 0.398 - 

BDF 5.43(2.42) 6.35(3.57) 6.24(2.66) 0.269 - 

BCFR 3.02(2.52) 3.33(2.78) 2.86(2.63) 0.695 - 

MD 105.05(2.75) 105.50(2.47) 104.95(1.96) 0.537 - 

tMD 25.27(7.79) 21.48(5.44) 17.28(4.17) <0.001* 1>2>3 

Dilation % 5.05(2.74) 5.50(2.73) 4.98(1.96) 0.57 - 

MC 96.59(1.80) 95.81(3.01) 95.83(2.39) 0.234 - 

tMC 29.07(9.09) 25.67(6.23) 26.42(6.57) 0.871 - 

Constriction 

% 

-3.41(1.78) -4.20(2.98) -4.13(2.43) 0.247 - 

DA 23.80(10.76) 24.97(7.54) 29.54(7.80) 0.006* 3>2,1 

SlopeAD 0.31(0.23) 0.33(0.22) 0.38(0.23) 0.415 - 

SlopeAC -0.34(0.18) -0.50(0.29) 0.59(0.63) 0.019* 3>2,1 
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  Mean (SD)  

Veins Group 1 Group 2 Group 3 P Value 

 (aTR>0) (aTR>1<2) (aTR>2) Anova/Ancova 

Baseline  100(0.03) 99(0.03) 99(0.16) 0.254 

BDF 4.69(2.82) 4.93(2.43) 5.27(2.74) 0.587 

BCFR 3.12(2.13) 3.11(2.58) 3.35(3.28) 0.889 

MD 106(3.51) 105(2.25) 106(3.43) 0.453 

tMD 21.42(4.87) 22.23(5.70) 22.19(6.44) 0.75 

Dilation % 6.11(3.49) 5.81(2.25) 6.65(3.42) 0.427 

MC 98.31(6.41) 97.75(2.03) 98.01(1.55) 0.422 

tMC 33.78(6.41) 33.42(6.88) 33.25(7.92) 0.906 

Constriction 

% 

-1.83(1.93) -2.26(1.99) -1.98(1.55) 0.611 

DA 31.50(7.08) 31.18(8.62) 31.05(8.71) 0.964 

SlopeVD 0.31(0.16) 0.29(0.14) 0.37(0.21) 0.101 

SlopeVC -0.28(0.16) -0.28(0.16) -0.34(-0.24) 0.300 

Within group correlations between retinal and peripheral vascular function measures. 

In group 1, retinal arterial DA, correlated positively (r = .3800, p=0.029); and tMD negatively (r = -0.5904, 

p < 0.001, Figure 4) with aTR. No significant correlations between aTR and any of the other measured 

retinal arterial and venous reactivity parameters were identified for the groups 2 and 3 (all p>0.05). 

 

ANOVA, analysis of variance; ANCOVA, analysis of covariance; Baseline, baseline diameter; BDF, baseline 
diameter fluctuation; BCFR, Baseline corrected flicker response; mDRT, reaction time to MD; MD (%), percent 
dilation; mCRT, reaction time to MC; MC (%), percent constriction; DA, dilation amplitude (difference between 
MD and MC during flicker) SlopeVD, slope of venous dilation; SlopeVC, slope of  venous constriction. * Significant p-
values are indicated in bold where p < 0.05 was considered significant. 
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Figure 4: Correlations between retinal and peripheral vascular function measures 
tMD: Time to maximum dilation; DA, Dilation Amplitude; aTR, adjusted temperature rebound. 
 

Discussion 

This study demonstrates for the first time that in individuals without over CVD but classified as 

high risk using the DTM technique, there are signs of abnormal retinal function, with higher 

tMD when comparing to the intermediate and low-risk groups. In addition, only in the high-risk 

group there was a correlation between vascular reactivity at the peripheral and retinal level. 

Although the precise mechanisms behind these changes need further elucidation, it has been 

previously hypotesized that an increased tMD could be the result of either subclinical 

atherosclerotic vessel wall changes, increased arterial stiffness, or reduced NO bio-availability 

to peripheral tissues23, therefore, the observed vascular functional abnormalities in our high-

risk individuals may represent a combination of either one or all these factors47, 48. Moreover, 

we were also able to demonstrate that low-risk individuals have a higher dilatatory capacity of 

the retinal arteries than the other two groups, with the intermediate and high risk groups 

demonstrating a more reduced response in dilation after flickering stimulus. This parallelism in 

response in two completely different vascular beds is surprising, considering that in 
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asymptomatic individuals, vascular functional changes are only evident after applying stressors 

that are very different for various diagnostic instruments. Indeed, the dynamics of dilation and 

constriction of the retinal microvessels as assessed by the DVA are the result of an increased 

metabolic demand in response to flickering light and subsequent nitric oxide (NO) release. In 

addition, neurovascular coupling, as well as the basal tone of the retinal vasculature, which is 

determined by the summation of both metabolic and myogenic regulatory mechanisms, also 

play a role37,49, 50. The DTM, on the other hand, uses reactive hyperaemia after a period of 

ischemia and, therefore, its output is strongly dependent on the balance between endothelial 

NO synthase (eNOS) and cyclooxygenase (COX) inhibition which attenuates the acetylcholine 

(Ach)-induced, endothelium- dependent, cutaneous vasodilatation51 . Other responsible factors 

also include a non-NO, non-prostanoid-dependent pathway, potentially attributable to the 

endothelium-derived hyperpolarizing factor52 (EDHF).  Despite all the above differences, both 

instruments were able to detect, in those individuals classified as “high risk”, early functional 

abnormalities that seem to have co-existed in both their peripheral and retinal microvessels 

beds. In addition, the functional abnormalities seem to have a relationship to each other, 

demonstrating that a diseases vascular bed defies the local physiological rules and behaves in a 

functional manner that is general across all microvessel of the affected individual. This 

represents a sign of individual pathological  vascular response which proves that endothelial 

dysfunction, when present, is a general process and is detectable with accuracy regardless of 

the method used or location of the vascular bed. 
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Previously, relationships between structural abnormalities at the retinal and peripheral 

circulation, have been demonstrated in various diseases53-56.  Nevertheless, this is for the first 

time when similar vascular dysfunctions are reported using functional parameters and in 

individuals without overt disease. As molecular and imaging biomarkers drive the shift towards 

personalized medicine, it seems that assessing retinal or peripheral vessel reactivity can be 

used with the same benefit for profiling individualized vascular risk. Nevertheless, further 

studies, to include individuals with various pathologies, would be needed to confirm our 

assumptions. 

 

Conclusion 

The findings of this study showed associations between retinal and peripheral vascular 

measurements. The identification of abnormalities in vascular function in accessible peripheral 

arteries provides a means for the early detection in pre-symptomatic groups. The clinical 

information gathered with retinal and peripheral vascular function is essential given that they 

can provide prognostic information to previously un-identified ‘at-risk’ individuals. 

 

DISCLOSURE 

All authors read and approved the final version of the manuscript. The authors have no 

financial or personal conflicts of interest to declare.  

This research received no specific grant from any funding agency in the public, commercial, or 

not-for-profit sectors.   

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

REFERENCES 

1- Third Report of the National Cholesterol Education Program (NCEP) Expert Panel on 

Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult 

Treatment Panel III) final report. Circulation. 2002;106:3143-421. 

 

2- D'Agostino RB, Sr., Grundy S, Sullivan LM and Wilson P. Validation of the Framingham 

coronary heart disease prediction scores: results of a multiple ethnic groups 

investigation. JAMA. 2001;286:180-7. doi:10.1001.jama.286.2.180. 

 

3- Wilson PW, D'Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel WB. (1998). 

Prediction of coronary heart disease using risk factor categories. Circulation. 

1998;97:1837-47. doi:10.1161.circ.97.18.1837. 

 

4- Chrubasik SA, Chrubasik CA, Piper J, Schulte-Moenting J, Erne P. Impact of risk factors on 

cardiovascular risk: a perspective on risk estimation in a Swiss population. Swiss Medical 

Weekly. 2015;145:w14180. doi: 10.4414.smw.2015.14180. 

 

5- Kumar BN, Selmer R, Lindman AS, Tverdal A, Falster K and Meyer HE. Ethnic differences 

in SCORE cardiovascular risk in Oslo, Norway. The European journal of cardiovascular 

prevention and rehabilitation. 2009;16:229-34. doi: 10.1097.HJR.0b013e3283294b07. 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

6- Lindman AS, Selmer R, Tverdal A, Pedersen JI, Eggen AE, Veierod MB. The SCORE risk 

model applied to recent population surveys in Norway compared to observed mortality 

in the general population. European journal of cardiovascular prevention and 

rehabilitation. 2006;13:731-7. doi: 10.1097/01.hjr.0000224486.18468.f4. 

 

7- Yalcin M, Kardesoglu E, Aparci M, Isilak Z, Uz O, Yiginer O, Ozmen N, Cingozbay BY, Uzun 

M, Cebeci BS. Cardiovascular risk scores for coronary atherosclerosis. Acta Cardiologica. 

2012;67:557-563. doi: 10.2143.AC.67.5.2174130. 

 

8- Cohn JN. Identifying the risk and preventing the consequences of cardiovascular disease. 

Heart, lung & circulation. 2013; 22:512-6. doi: 10.1016.j.hlc.2013.03.083. 

 

9- Koenig W. Cardiovascular biomarkers: added value with an integrated approach? 

Circulation. 2007;116:3-5. doi: 10.1161.CIRCULATIONAHA.107.707984. 

 

10- Seshadri S, Ekart A, Gherghel D. Ageing effect on flicker-induced diameter changes in 

retinal microvessels of healthy individuals. Acta Ophthalmologica. 2015;1:94. doi: 

10.1111.aos.12786 

 

11- Vasan R. Biomarkers of cardiovascular disease: molecular basis and practical 

considerations. Circulation. 2002;113:2335. doi: 10.1161.CIRCULATIONAHA.104.482570. 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

12- Ahmadi N, Nabavi V, Nuguri V, Hajsadeghi F, Flores F, Akhtar M, Kleis S, Hecht H, 

Naghavi M, Budoff M. Low fingertip temperature rebound measured by digital thermal 

monitoring strongly correlates with the presence and extent of coronary artery disease 

diagnosed by 64-slice multi-detector computed tomography. International Journal of 

Cardiovascular Imaging. 2009;25:725-38. doi: 10.1007.s10554-009-9476-8. 

13- Naghavi M. Preventive Cardiology: the SHAPE of the future. A Synopsis from the 

Screening for Heart Attack Prevention and Education. Task Force report Herz. 2007; 

32:356-61. doi: 10.1007.s00059-007-3038-4. 

 

14- Naghavi M, Falk E, Hecht HS, Jamieson MJ, Kaul S, Berman D, Fayad Z, Budoff  MJ, 

Rumberger J, Naqvi TZ, Shaw  LJ. From vulnerable plaque to vulnerable patient--Part III: 

Executive summary of the Screening for Heart Attack Prevention and Education (SHAPE) 

Task Force report. American Journal of Cardiology 2006;98:2H-15H. doi: 

10.1016.j.amjcard.2006.03.002. 

 

15- Naghavi M, Falk E, Hecht HS, Shah PK. The first SHAPE (Screening for Heart Attack 

Prevention and Education) guideline. Critical Pathways in Cardiology. 2006;5:187-90. 

doi: 10.1097/01.hpc.0000249784.29151.54. 

 

16- Konukoglu D, Uzun H. Endothelial dysfunction and hypertension. In Hypertension: from 

basic research to clinical practice. 2016;511:540. Springer, Cham. 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

17- Shi Y, Vanhoutte PM. Macro‐and microvascular endothelial dysfunction in diabetes. 

Journal of diabetes. 2017;9(5):434-49. 

 
18- Prieto D, Contreras C, Sánchez A. Endothelial dysfunction, obesity and insulin resistance. 

Current vascular pharmacology. 2014;1;12(3):412-26. 

 

19- Ray S, Miglio C, Eden T, Del Rio D. Assessment of vascular and endothelial dysfunction in 

nutritional studies. Nutrition, Metabolism and Cardiovascular Diseases. 2014;24:940-6. 

doi: 10.1016.j.numecd.2014.03.011. 

 

20- Kotliar KE, Lanzl IM, Schmidt-Trucksass A, Sitnikova D, Ali M, Blume K, Halle M, Hanssen 

H. Dynamic retinal vessel response to flicker in obesity: A methodological approach. 

Microvascular research. 2011;81:123-8. doi: 10.1016.j.mvr.2010.11.007. 

 

21- Pemp B, Weigert G, Karl K, Petzl U, Wolzt M, Schmetterer L, Garhofer G. Correlation of 

flicker-induced and flow-mediated vasodilatation in patients with endothelial 

dysfunction and healthy volunteers. Diabetes care. 2009;32:1536-41. doi: 10.2337.dc08-

2130. 

 

22- Reimann M, Prieur S, Lippold B, Bornstein SR, Reichmann H, Julius U, Ziemssen T. Retinal 

vessel analysis in hypercholesterolemic patients before and after LDL apheresis. 

Atherosclerosis Supplements. 2009;10:39-43. doi: 10.1016/S1567-5688(09)71808-2. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 

23- Patel SR, Bellary S, Qin L, Gill PS, Taheri S, Heitmar R, Gibson JM, Gherghel D.  Abnormal 

retinal vascular function and lipid levels in a sample of healthy UK South Asians. British 

Journal of Ophthalmology. 2011;95:1573-6. doi: 10.1136.bjo.2010.201665. 

 

24- Patel SR, Bellary S, Qin L, Balanos GM, McIntyre D, Gherghel D. Abnormal retinal 

vascular reactivity in individuals with impaired glucose tolerance: a preliminary study. 

Investigative Ophthalmology & Visual Science. 2012;53:5102-8. doi: 10.1167.iovs.12-

9512. 

 

25- Ahmadi N, McQuilkin GL, Akhtar MW, Hajsadeghi F, Kleis SJ, Hecht H, Naghavi M, Budoff 

M. Reproducibility and variability of digital thermal monitoring of vascular 

reactivity.Clinical Physiology Function Imaging. 2011;31:422-8. doi: 10.1111/j.1475-

097X.2011.01037.x. 

 

26- Dhindsa M, Sommerlad SM, DeVan AE, Barnes JN, Sugawara J, Ley O, Tanaka H. 

Interrelationships among noninvasive measures of postischemic macro- and 

microvascular reactivity. Journal of Applied Physiology. 2008;105:427-32. doi: 

10.1152.japplphysiol.90431.2008. 

 

27- Ahmadi N, Tirunagaram S, Hajsadeghi F, Flores F, Saeed A, Hecht H, Naghavi M, Budoff 

M. Concomitant insulin resistance and impaired vascular function is associated with 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

increased coronary artery calcification. International Journal of Cardiology. 

(2010);144:163-5. doi: 10.1016.j.ijcard.2008.12.200. 

 

28- Ahmadi N, Usman N, Shim J, Nuguri V, Vasinrapee P, Hajsadeghi F, Wang Z, Foster GP, 

Nasir K, Hecht H, Naghavi M, Budoff M. Vascular dysfunction measured by fingertip 

thermal monitoring is associated with the extent of myocardial perfusion defect. Journal 

of Nuclear Cardiology. 2009;16:431. doi: 10.1007/s12350-008-9044-y. 

 

29- Budoff M, Ahmadi N, Kleis S, Akhtar W, McQuilkin G, Gul K, O’Brien T, Jamieson C, 

Hassan H, Panthagani D, Yen A. Digital (Fingertip) Thermal Monitoring of Vascular 

Function: A Novel, Noninvasive, Nonimaging Test to Improve Traditional Cardiovascular 

Risk Assessment and Monitoring of Response to Treatments. Asymptomatic 

Atherosclerosis. Springer. 2011;247-63. Doi: 10.1007/978-1-60327-179-0_18. 

 

30- Gul KM, Ahmadi N, Wang Z, Jamieson C, Nasir K, Metcalfe R, Hecht HS, Hartley CJ, 

Naghavi M. Digital thermal monitoring of vascular function: a novel tool to improve 

cardiovascular risk assessment. Vascular Medicine. 2009;14:143-8. doi: 

10.1177/1358863X08098850. 

 

31- Schier R, Hinkelbein J, Marcus H, Smallwood A, Correa AM, Mehran R, El-Zein R, Riedel 

B. A novel technique for the assessment of preoperative cardiovascular risk: reactive 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

hyperemic response to short-term exercise. BioMed research international. 2013;2013. 

doi: 10.1155/2013/837130. 

 

32- Zeb I, Ahmadi N, Molnar MZ, Li D, Shantouf R, Hatamizadeh P, Choi T, Kalantar‐Zadeh K, 

Budoff  MJ. Association of coronary artery calcium score and vascular dysfunction in 

long‐term hemodialysis patients. Hemodialysis International. 2013;17:216-22. doi: 

10.1111.j.1542-4758.2012.00739.x. 

 

33- Seshadri S, Mroczkowska S, Qin L, Patel S, Ekart A, Gherghel D. Systemic circulatory 

influences on retinal microvascular function in middle-age individuals with low to 

moderate cardiovascular risk. Acta ophthalmol. 2015;93:e266-74. doi: 

10.1111.aos.12594. 

 

34- McQuilkin GL, Panthagani D, Metcalfe RW, Hassan H, Yen AA, Naghavi M, Hartley CJ. 

Digital thermal monitoring (DTM) of vascular reactivity closely correlates with Doppler 

flow velocity. Conference proceedings of the IEEE Engineering in Medicine and Biology 

Society. 2009;1100-3. doi: 10.1109/IEMBS.2009.5333962. 

 

35- Riva CE, Logean E, Falsini B. Visually evoked hemodynamical response and assessment of 

neurovascular coupling in the optic nerve and retina. Progress in Retinal and Eye 

Research. 2005; 24:183-215. doi: 10.1016.j.preteyeres.2004.07.002. 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

36- Ahmadi N, Hajsadeghi F, Gul K, Leibfried M, DeMoss D, Lee R, Flores F, Nasir K, Hecht H, 

Naghavi M, Budoff MJ. Vascular function measured by fingertip thermal reactivity is 

impaired in patients with metabolic syndrome and diabetes mellitus. Journal of Clinical 

Hypertension. 2009;11:678-84. doi: 10.1111/j.1559-4572.2009.00058.x. 

 

37- Lecrux C, Hamel E. The neurovascular unit in brain function and disease. Acta 

Physiologica. 2011;203:47-59. doi: 10.1111/j.1748-1716.2011.02256.x. 

 

 

38- Wilson PW, Castelli WP, Kannel WB. Coronary risk prediction in adults (the Framingham 

Heart Study). American Journal of Cardiology. 1987;59:91G-4G. doi:10.1016/0002-

9149(87)90165-2. 

 

39- National Cholesterol Education Program Expert Panel on Detection E and Treatment of 

High Blood Cholesterol in A. Third Report of the National Cholesterol Education Program 

(NCEP) Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol 

in Adults (Adult Treatment Panel III) final report. Circulation. 2002;106:3143-421. 

 

40- Nagel E, Vilser W, Lanzl I. Age, blood pressure, and vessel diameter as factors influencing 

the arterial retinal flicker response. Investigative Ophthalmology & Visual Science. 

2004;45:1486-92. doi:10.1167.iovs.03-0667. 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

41- Garhofer G, Bek T, Boehm AG, Gherghel D, Grunwald J, Jeppesen P, Kergoat H, Kotliar K, 

Lanzl I, Lovasik JV, Nagel E, Vilser W, Orgul S, Schmetterer L. Ocular Blood Flow Research 

Association. Use of the retinal vessel analyzer in ocular blood flow research. Acta 

Ophthalmologica. 2010;88:717-22. doi: 10.1111.j.1755-3768.2009.01587.x. 

 

42- Nagel E, Vilser W, Lanzl I. Comparison of diameter response of retinal arteries and veins 

to flickering light. A clinical study with healthy people. Ophthalmologe. 2005;102:787-

93. doi: 10.1007/s00347-005-1191-9. 

 

43- Ford ES, Giles WH, Mokdad AH. The distribution of 10-Year risk for coronary heart 

disease among US adults: findings from the National Health and Nutrition Examination 

Survey III. Journal of the American College of Cardiology. 2004;43:1791-6. doi: 

10.1016.j.jacc.2003.11.061. 

 

44- Mroczkowska S, Ekart A, Sung V, Negi A, Qin L, Patel SR, Jacob S, Atkins C, Benavente‐

Perez A, Gherghel D. Coexistence of macro- and micro-vascular abnormalities in newly 

diagnosed normal tension glaucoma patients. Acta Ophthalmologica. 2012;90:e553-9. 

doi: 10.1111/j.1755-3768.2012.02494.x. 

 

45- Schier R, Marcus, HE, Mansur E, Lei X, El-Zein R, Mehran R, Purugganan R, Heir JS, Riedel 

B, Gottumukkala V. Evaluation of digital thermal monitoring as a tool to assess 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

perioperative vascular reactivity. Journal of Atherosclerosis and Thrombosis. 

2013;20:277-86. doi: 10.5551.jat.15255. 

 

46- Akhtar MW, Kleis SJ, Metcalfe RW, Naghavi M. Sensitivity of digital thermal monitoring 

parameters to reactive hyperemia. Journal of Biomechemical Engineering. 2012;132: 

051005. doi: 10.1115/1.4001137. 

 

47- Heitmar R, Blann AD, Cubbidge RP, Lip GY, Gherghel D. (2010). Continuous retinal vessel 

diameter measurements: the future in retinal vessel assessment? Investigative 

Ophthalmology & Visual Science. 2010;51:5833-9. doi: 10.1167.iovs.09-5136. 

 

48- Heitmar R, Cubbidge RP, Lip GY, Gherghel D, Blann AD. Altered blood vessel responses in 

the eye and finger in coronary artery disease. Investigative Ophthalmology & Visual 

Science. 2011;52:6199-205. doi: 10.1167.iovs.10-6628. 

 

49- Pournaras CJ, Rungger-Brändle E, Riva CE, Hardarson SH, Stefansson E. (2008). 

Regulation of retinal blood flow in health and disease. Progress in Retinal and Eye 

Research. 2008;27:284-330. doi: 10.1016.j.preteyeres.2008.02.002. 

 

50- Flammer J, Orgül S. Optic nerve blood-flow abnormalities in glaucoma. Progress in 

retinal and eye research. 1998;17:267-89. doi: 10.1016/S1350-9462(97)00006-2. 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

51- Katz SD, Krum H. Acetylcholine-mediated vasodilation in the forearm circulation of 

patients with heart failure: indirect evidence for the role of endothelium-derived 

hyperpolarizing factor. The American Journal of Cardiology. 2001;87:1089-92. doi: 

10.1016/S0002-9149(01)01466-7. 

 

52- Ludmer PL, Selwyn AP, Shook TL, Wayne RR, Mudge GH, Alexander RW, Ganz P. 

Paradoxical vasoconstriction induced by acetylcholine in atherosclerotic coronary 

arteries. The New England Journal of Medicine. 1986;315:1046-51. doi: 

10.1056.NEJM198610233151702. 

 

53- Alam TA, Seifalian AM and Baker D. A Review of Methods Currently Used for Assessment 

of In vivo Endothelial Function. European Journal of Vascular and Endovascular Surgery. 

2005;29:269-76. doi: 10.1016.j.ejvs.2004.12.019. 

 

54- Chapman N, Dell'Omo G, Sartini M, Witt N, Hughes A, Thom S, Pedrinelli R. Peripheral 

vascular disease is associated with abnormal arteriolar diameter relationships at 

bifurcations in the human retina. Clinical Science. 2002;103:111-6. doi: 

10.1042.cs1030111. 

 

55- Katsi V, Souretis G, Skiadas I, Tsartsalis, D, Theodoropoulos P, Trantalis G, Vlachopoulos 

C, Stefanadis C, Kallikazaros I. Amalgamation of micro and macrovascular damage in 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

essential hypertension: The coexistence of retinal damage and arterial stiffness. Journal 

of hypertension. 2010;28:e401. doi: 10.1097/01.hjh.0000379449.24489.b8. 

 

56- Nguyen, TT, Islam FA, Farouque HO, Klein R, Klein BE, Cotch MF, Herrington DM, Wong 

TY. Retinal vascular caliber and brachial flow-mediated dilation: the Multi-Ethnic Study 

of Atherosclerosis. Stroke. 2010;41:1343-8. doi: 10.1161.STROKEAHA.110.581017 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

Figure Legends: 

Figure 1: Graphical presentation of the dynamic vessel response profile displaying the 

parameters calculated and used in analysis. (DA) calculated as (MD-MC). (MD%) calculated as 

the percent increase from baseline to MD. (MC%) calculated as the percent constriction below 

baseline following MD.   

 

Figure 2:  Graphical representation of the Digital Thermal Monitor software analysis; T MAX, 

maximum temperature; TMIN, minimum temperature; AUCTR, Area under the curve 

temperature rebound. 

 

 

Figure 3: Comparison of retinal arterial response profile across groups based on the 

temperature rebound parameters. AU, arbitrary units; MD, maximum diameter during flicker; 

MC, maximum constriction post flicker; mDRT, reaction time in seconds to MD; DA, difference 

between MD&MC during flicker; SlopeAC, calculated as (MC-MD)/(mCRT). 

 

Figure 4: Correlations between retinal and peripheral vascular function measures, graphs 

group 1-2  

tMD, Reaction time in seconds; BDF, Baseline diameter fluctuation; MC, minimum constriction; 

DA, Dilation Amplitude; Slope vc, Vein constriction slope; %constriction, % constriction from 

baseline; aTR, adjusted temperature rebound. 
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Table Legends: 

 

Table 1: TR, temperature rebound; aTR, adjusted temperature rebound; AUCTR, Area under the 

curve temperature rebound  

Table 2: Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood 

pressure; HR, heart rate; MAP, mean arterial pressure; IOP, intraocular pressure; OPP, ocular 

perfusion pressure; CHOL, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, 

low-density lipoprotein cholesterol; FRS: Framingham Risk Score in %. * Significant p-values are 

indicated in bold where p < 0.05 was considered significant.  

 

Table 3: ANOVA, analysis of variance; ANCOVA, analysis of covariance; Baseline, baseline 

diameter; BDF, baseline diameter fluctuation; BCFR, Baseline corrected flicker response; tMD, 

reaction time to MD; MD (%), percent dilation; mCRT, reaction time to MC; MC (%), percent 

constriction; DA, dilation amplitude (difference between MD and MC during flicker) SlopeAD, 

slope of arterial dilation; SlopeAC, slope of arterial constriction. * Significant p-values are 

indicated in bold where p < 0.05 was considered significant. 
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Highlights 

 Early functional abnormalities co-exist in both peripheral and retinal microvessels beds 

 Peripheral & retinal vascular dysfunction are surrogate markers for early CVD risk  

 Retinal vascular analyser can be used for assessing individual vascular risk 
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