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ABSTRACT 

Objectives: Although central blood pressure (BP) is considered to be more closely associated 

with large arterial remodeling and cardiovascular outcomes than brachial BP, few studies have 

investigated these associations with changes in small arteries. As morphological changes in 

retinal vessels might be associated with cardiovascular outcomes, we conducted a 

cross-sectional study to investigate the association of central BP with retinal vessel caliber. 

Methods: The study included 8,054 Japanese subjects. Central BP was estimated by the radial 

arterial waveform by calibrating brachial BP. Central retinal arteriolar equivalent (CRAE) 

was computationally measured using fundus photography.  

Results: CRAE was most strongly associated with central systolic BP (SBP) (r=-0.324, 

p<0.001), followed by diastolic BP (r=-0.292, p<0.001), and central pulse pressure (PP) 

(r=-0.226, p<0.001). The correlation coefficient between SBP and CRAE was significantly 

greater in central SBP than in brachial SBP (r=-0.300, p<0.001). After adjustment for possible 

covariates, brachial SBP (β=-0.221, p<0.001) and central SBP (β=-0.239, p<0.001) were 

independently associated with CRAE. Further, higher brachial SBP (β=-0.226, p<0.001) and 

smaller PP amplification (β=0.092, p<0.001) were identified as independent determinants of 

narrowing of CRAE in the same equation, which indicated the superiority of central BP. 

Central BP-determined hypertensive subjects had a significantly narrower CRAE 

independently of brachial BP (central/brachial: hypertension/hypertension 121.4±11.5, 

hypertension/normotension 120.9±11.2, normotension/hypertension 125.1±11.9, 

normotension/normotension 128.1±11.5 m).  

Conclusions: Central BP was more closely associated with the narrowing of CRAE than 

brachial BP. Slight increases in central BP might be involved in the morphological changes in 

small retinal arteries, even in subjects with optimal brachial BP. 

 

KEYWORDS: retinal vessel caliber, small artery narrowing, central blood pressure 
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INTRODUCTION 

Central aortic blood pressure (BP) directly reflects the BP load on target organs, and is 

therefore considered to be more closely associated with cardiovascular outcomes than brachial 

BP. Compared to brachial BP, central BP estimated via radial arterial waveform or measured 

via carotid tonometry is more effective in showing the degree of association with 

intima-media thickness of the carotid artery in hypertensive persons [1], the severity of 

coronary stenosis in patients with coronary artery diseases [2], the incidence of cardiovascular 

disease in the general population [3], and all-cause mortality in patients with end-stage renal 

disease [4]. One reason for these discrepancies is the difference in pulse pressure (PP) 

between the brachial artery and central aorta (PP amplification), which is largely dependent 

on the velocity of the reflection pressure wave. Increased pulse wave velocity (PWV) 

augments overlapping of the reflection pressure wave on the forward pressure wave, which 

strengthens the forward wave and in turn increases central aortic BP.  

 High BP load is also a causative factor for small vessel diseases such as silent 

cerebral infarction [5]. Retinal vessels are the only visible arterioles and venules whose 

caliber can be easily measured by fundus photography. Retinal vessel signs, i.e. the narrowing 

of retinal arteriolar caliber and widening of venular caliber, have been associated with 

cardiovascular risk factors [6, 7], systemic inflammation [8], and decreased renal function [9]. 

Further, due to the similar anatomic features and physiological properties of retinal vessels 

and cerebral microvessels [10], retinal vessel caliber has been suggested to predict stroke 

incidence [11, 12] and stroke death [13]. Recently, Ott et al. [14] assessed retinal arteriolar 

wall-to-lumen ratio in 135 nondiabetic subjects and reported that central PP was significantly 

associated with retinal arteriolar remodeling, though superiority of central BP to brachial BP 

was not evaluated. Muiesan et al. [15] also reported a significant correlation between central 

BP and media-to-lumen ratio of subcutaneous small resistance arteries, but again did not 

evaluate the superiority of central BP. Although it remains unclear whether changes in retinal 
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vessel caliber represent structural changes in small arteries and arterioles, a strong correlation 

between arterial diameter and medial cross-sectional area has been observed in subcutaneous 

small arteries [16]. Further, by considering a substantial number of studies that reported a 

clinical and prognostic significance of retinal vascular caliber measurements [17], it is 

promising that retinal vascular calibers represent vascular disease risks in various kinds of 

populations. Given these backgrounds, it was speculated that central BP might also be more 

closely correlated with pathophysiological changes in retinal vessel calibers than brachial BP, 

while a paradoxical results was reported [18]. 

Here, we conducted a large-scale cross-sectional study in a general population to 

clarify the possibility of a superior association of central BP with not only large arterial 

diseases but also small vessel properties by measuring retinal arteriolar and venular calibers. 

Given that the prognostic significance of retinal vessel properties on cardiovascular and 

cerebrovascular outcomes has been suggested, our results might be of clinical and 

epidemiological significance to the possible addition of central BP measurement to 

conventional brachial measurement in assessment of small arterial disease risks. 

 

 

METHODS 

Study subjects 

Subjects consisted of 8,054 apparently healthy middle-aged to elderly citizens who were 

participants of the Nagahama Prospective Cohort for Comprehensive Human Bioscience (the 

Nagahama Study). The Nagahama Study cohort was recruited from 2008 to 2010 from the 

general population living in Nagahama City, a largely sub-urban city of 125,000 inhabitants 

located in central Japan. Community residents aged 30 to 74 years, living independently in the 

community and with no physical impairment or dysfunction, were recruited for the Nagahama 

cohort. Of a total of 9,804 participants, those meeting any of the following conditions were 
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excluded from this study, as follows: unsuccessful measurement of retinal vascular caliber 

(n=1,521), presence of retinal vein occlusion or collateral vessels in either eye (n=78), 

unsuccessful assessment of retinopathy (n=45) or clinical parameters required for this study 

(n=57), extreme deviation of renal function (estimated glomerular filtration rate (194 x 

creatinine
-1.094

 x age
-0.287

 x 0.739 [if female]) less than 30 mL/min/1.73m
2
 (n=7), and women 

who were pregnant (n=42). All study procedures were approved by the ethics committee of 

Kyoto University Graduate School of Medicine, and the Nagahama Municipal Review Board. 

Written informed consent was obtained from all participants.  

 

BP measurements 

Radial arterial waveform and brachial BP were measured simultaneously (HEM-9000AI; 

Omron Healthcare, Kyoto, Japan) after 5 minutes rest in the sitting position. Measurements 

were taken twice, and the mean value was used in analysis. Absolute pressure of the late 

systolic peak (SBP2) of the radial arterial waveform was considered the central SBP. The 

radial augmentation index (AIx) was calculated from the waveform as the ratio of the late 

systolic peak to the first systolic peak, and the BP measurements are briefly described in the 

Supplemental Methods. Pulse pressure (PP) amplification was calculated by subtracting 

central PP from brachial PP and expressed in absolute values (mmHg). Mean BP (MBP) was 

calculated from SBP and diastolic BP (DBP) using the following formula: (SBP – 

DBP)/3+DBP. Hypertension was defined as any or all of the following: use of 

antihypertensive medication, DBP greater than 90 mmHg, or brachial SBP greater than 140 

mmHg or central SBP greater than 130 mmHg according to a previous report [19] that 

estimated central BP using the SphygmoCor system (AtCor Medical, New South Wales, 

Australia). SBP2 measured by the HEM-9000AI was almost identical to cSBP measured by 

the SphygmoCor system [20]. 
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Retinal vessel caliber measurements 

Fundus photographs of both eyes were taken in a shaded area using a 45-degree digital 

non-mydriatic camera (CR-DG10; Canon, Tokyo, Japan) at a 5-degree angle from the nasal 

side of the macula. A fundus photograph of the right eye was used for retinal caliber 

measurements. Retinal vascular caliber was measured using a semi-automated 

computer-based program (IVAN; University of Wisconsin, Madison, USA). The measurement 

of central retinal arteriolar equivalent (CRAE) and venular equivalent (CRVE) are briefly 

described in the Supplemental Methods. Intra- and inter-grader intra-class correlation 

coefficients for the retinal arteriolar measurements were 0.80±0.06 and 0.75±0.06, and for the 

venular caliber measurements were 0.88±0.13 and 0.86±0.01, respectively.  

 

Assessment of retinopathy  

Retinopathy of both eyes was independently assessed in a masked fashion by two 

ophthalmologists, with a third ophthalmologist making a final decision in cases of 

disagreement. Retinopathy was defined by the Early Treatment Diabetic Retinopathy Study 

severity scale [21] by the presence of any of the following characteristic lesions: 

microaneurysms, retinal hemorrhages, cotton wool spots, hard exudates, intraretinal 

microvascular abnormalities, venous beading, vitreous hemorrhages, or neovascularization. 

Subjects having at least one characteristic lesion in either eye were diagnosed as having 

retinopathy. 

 

Basic clinical parameters 

Basic clinical parameters, including plasma markers, were measured at baseline. Age was 

calculated from the year of birth to the year of baseline measurements. Smoking, alcohol 

consumption and a history of cardiovascular disease, namely symptomatic stroke or ischemic 

heart disease, were determined using a structured self-administered questionnaire. Daily 
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alcohol consumption was determined using the standard Japanese alcohol unit (1 unit 

corresponds to 22.9 g of ethanol). Brachial-to-ankle pulse wave velocity (baPWV) was 

measured as an index of arterial stiffness. The method of baPWV measurement is detailed in 

the Supplemental Methods. Collinearity of baPWV with a carotid-to-femoral PWV, a standard 

measure of arterial stiffness, has been reported elsewhere [22]. 

 

Statistical analysis 

Comparison of overlapping correlation coefficients was performed using the 

Meng-Rosenthal-Rubin method (MRRM). Identification of factors independently associated 

with retinal vessel caliber, and the assessment of differences in CRAE by hypertension status 

was performed using multiple regression analysis. Statistical analysis was performed using 

JMP 9.0.2 software (SAS Institute, Cary, NC), and R software. A p-value of less than 0.05 

was considered to indicate statistical significance.   

 

 

RESULTS 

Clinical characteristics of study subjects are shown in Table 1. Mean age was 52±13 years old. 

There were approximately two times more female than male subjects. We excluded 1,750 

individuals from analysis, mostly due to the unsuccessful measurement of retinal vessel 

caliber. Although the excluded subjects were significantly older (Figure S1), BP levels of 

these excluded individuals and roughly measured retinal vessel calibers in a part of the 

individuals (n= 229) were not different from those of the remaining study subjects (Table S1).  

 Distribution of CRAE and CRVE are shown in Figure S2. There was a moderate 

interrelationship between CRAE and CRVE (r=0.352, p<0.001). CRVE was significantly 

larger in males than in females (183.8±15.9 m vs. 178.7±15.1 m, p<0.001). In contrast, 

CRAE was only slightly different between males and females (125.7±12.0 vs. 126.3±11.8 m, 
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p=0.016). Basic factors that were significantly associated with retinal vessel caliber included 

age (CRAE, r=-0.210, p<0.001; CRVE, r=-0.204, p<0.001), habitual smoking (CRAE: 

current smoker 128.7±11.7, non-smoker 125.7±11.9 m, p<0.001; CRVE: 187.3±15.8, 

179.2±15.1m, p<0.001), and drinking (CRAE: habitual drinker 125.2±11.9, non-drinker 

126.6±11.9, m, p<0.001; CRVE: 182.0±15.8, 179.6±15.3 m, p<0.001). Figure 1 shows the 

age-related changes in BP, baPWV, and retinal vessel caliber. Changes in CRAE and CRVE 

were symmetrical to those in MBP, and were predominant in middle age, whereas the 

progression of large arterial stiffness evaluated by baPWV was greater in older age. 

 The correlations of BP with CRAE and CRVE are summarized in Table 2. CRAE 

was strongly associated with SBP, followed by DBP, PP, radial AIx, and PP amplification. 

Results of MRRM analysis indicated that the correlation coefficient between BPs and CRAE 

was significantly larger in central BP than brachial BP even after applying the Bonferroni 

correction (p=0.05/16=0.003). Approximately 6% of subjects were diagnosed with 

retinopathy (Table 1). These subjects were significantly older, and had higher brachial and 

central SBP (Table S2). However, the results of a sensitivity analysis (Table S3) indicated that 

the superiority of central BP in association with CRAE was independent of retinopathy 

(Model B), as well as of antihypertensive treatment (Model C), history of cardiovascular 

diseases (Model D), and metabolic syndrome (Model E).  

 Table 3 shows the results of multiple linear regression analysis for CRAE. After 

adjustment for possible covariates, brachial SBP (Model 1) and central SBP (Model 2) were 

independently associated with CRAE. Further, in the equation that included both brachial SBP 

and PP amplification, higher brachial SBP and smaller PP amplification were independently 

associated with the narrowing of CRAE (Model 3), suggesting that a relatively high central 

PP is a risk for the narrowing of CRAE. Radial AIx was significantly associated with CRAE 

in a model that included brachial SBP (Model 4), but not central SBP (Model 5). In contrast, 

central SBP was not an important determinant for CRVE (central SBP, β=-0.031, p=0.026).  
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 Multiple linear regression analysis for retinal vessel caliber (Table 4) indicated that 

CRAE was strongly associated with BP. In contrast, CRVE was affected by various factors, 

namely body fluid parameters including hematocrit and white blood cell count, body weight, 

and smoking, and had only a weak association with MBP. Metabolic and hematological 

characteristics of study subjects are summarized in Tables S4 and S5.  

 Figure 2A shows the differences in mean CRAE by hypertension status defined by 

central and brachial BP. Central BP-determined hypertensive subjects had a significantly 

narrower CRAE that was independent of brachial BP. Further, CRAE was linearly decreased 

with increasing central BP even within the same brachial BP levels (Figure 2B). By a simple 

correlation analysis, central SBP corresponded to an approximately 10 mmHg lower brachial 

SBP (central SBP=-7.15+0.98*brachial SBP). Subjects exhibiting a relatively lower central 

SBP, i.e. whose central SBP was more than 10 mmHg lower than brachial SBP, had a wider 

CRAE than those central SBP was at a similar level to brachial SBP. In contrast, subjects 

exhibiting a relatively higher central SBP showed a narrower CRAE.  

 

 

DISCUSSION 

In this study of an apparently healthy general population, we observed that central BP was 

more closely associated with the narrowing of CRAE than brachial BP. Even in subjects 

diagnosed as normotensive by brachial BP, slight increases in central SBP might be a risk 

factor for the narrowing of CRAE.  

 We clarified the stronger association of central SBP with morphological changes in 

small arterioles, though close associations between central BPs and pathophysiological 

changes in large arteries [1, 2] and cardiovascular morbidity [3] have already been 

demonstrated. In contrast, central SBP was not a major determinant for venular caliber. Given 

the strong correlation between BPs and CRAE but not CRVE, changes in arteriolar caliber 
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might more accurately reflect the pressure load of the central aorta. Previous cross-sectional 

population-based studies have suggested that the associations of retinal vessel caliber with 

cardiovascular risk factors largely differs between CRAE and CRVE, with most observing a 

strong association between brachial BP and the narrowing of CRAE rather than the widening 

of CRVE [6, 7, 23, 24]. The wide range of covariates for CRVE (Table 4) might also be a 

reason for the weak association between BPs and CRVE.  

 Correlation coefficient between central SBP and CRAE was stronger than that of the 

brachial SBP (Table 2). Because the strong collinearity between brachial and central SBP, we 

could not directly compare the superiority by including both SBPs in a same regression model. 

However, in the model that included brachial SBP and PP amplification (Table 3, Model 3), 

the both parameters were identified as independent determinant for CRAE. Since central SBP 

is a function of brachial SBP and PP amplification, the results indirectly support the 

superiority of central SBP in association with CRAE. Further, radial AIx was independently 

associated with CRAE in a model that included brachial SBP (Table 3, Model 4). However, 

when central SBP was exchanged for brachial SBP (Model 5), the association between AIx 

and CRAE became insignificant. These results suggest that the absolute value of central aortic 

pressure rather than the ratio of forward and reflection pressure waves may be important for 

retinal arteriolar narrowing.   

 A recent longitudinal study of cardiovascular mortality [19] reported that a central BP 

of 130/90 mmHg has the best discriminatory power in the prediction of cardiovascular 

outcomes. In addition, a cross-sectional study based on 10,756 Japanese subjects reported a 

central SBP of 129 mmHg as a reference value of normal BP [25]. Here, we found a 

significantly narrower CRAE in subjects whose central SBP exceeded 130 mmHg 

independently of brachial BP levels. Further, the narrowing of CRAE was observed in cases 

with even lower central SBP. Small arteries may be adversely impacted by even minor 

increases in central BP load, even in those within normal limits. 
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 Results from the Strong Heart Study of Native Americans showed that PP measured 

at the central aorta or brachial artery was more strongly associated than SBP at any artery with 

large arterial remodeling, namely increased carotid intima-media thickness, vascular mass, 

and plaque score [3]. The superiority of PP in prognosis for all-cause mortality was also 

reported from a longitudinal study based on patients with end-stage renal disease [4]. In 

contrast, we observed a close association between CRAE and SBPs rather than PPs. 

Remodeling of large arteries decreases the Windkessel function of the aorta, which increases 

the SBP, decreases DBP, and consequently increases PP. In contrast, systemic remodeling of 

small arteries increases both the SBP and DBP. The different pathophysiological features of 

large and small arterial remodeling in association with BPs might be a factor that explains the 

stronger association of SBP with the narrowing of CRAEs. 

 Several limitations of our study warrant mention. First, we estimated central SBP 

using radial arterial waveform analysis, i.e. late systolic peak of the radial arterial waveform 

(SBP2) was considered equivalent to central SBP. SBP2 was recently reported to not always 

represent central SBP accurately, particularly in cases with a type C aortic pressure waveform, 

in which peak systolic pressure precedes an inflection point [26]. The type C waveform is 

observed in young individuals [27]. Therefore, misestimation of central SBP, if any, might 

have had no substantial impact on the present findings which were obtained from individuals 

aged 30 years or older. Second, we excluded a considerable number of potential subjects from 

analysis, mostly due to unsuccessful measurement of retinal vessel caliber due to an increased 

frequency of cataracts, small pupils, and difficulties with ocular fixation. However, our 

ungradable rate 15.5% (1521/9804) was not too high as compared with that of other 

large-scale epidemiological studies using same semi-automated computer system to measure 

retinal vascular calibers; Atherosclerosis Risk In Communities study, 19% [28]; Beaver Dam 

Eye Study, 13.8% [29]; Rotterdam study, 16.3% [30]. Further, as BP level and retinal vessel 

caliber of the excluded individuals did not differ from those of the included subjects, the 
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findings are unlikely confounded by selection bias. Third, as this study was cross-sectional 

setting, further longitudinal studies are needed to clarify the prognostic significance of central 

hemodymanics in retinal vessel morphological change.  

 In summary, we have clarified for the first time that central BP is strongly associated 

with the narrowing of retinal arteriolar caliber in a large-scale general population. Since 

narrowing of the retinal artery is suggested to represent a subclinical cardiovascular and 

cerebrovascular risk and has been associated with poor prognosis, our study supports the 

importance of evaluating central BP in assessment of small arterial disease risks.  
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FIGURE LEGENDS 

 

Figure 1. Age related changes in retinal vessel calibers and arterial parameters 

Each symbol represents mean of subjects not taking antihypertensive drugs (n=6,877). CRAE, 

central arteriolar equivalent; CRVE, central venular equivalent; baPWV, brachial-to-ankle 

pulse wave velocity  

 

Figure 2. Differences in mean CRAE by central and brachial BP levels 

A: Values are mean ± standard deviation. Subjects were classified into four groups according 

to hypertension status as defined by central BP (any or all of central SBP ≥130 mmHg, DBP 

≥90 mmHg, or use of antihypertensive medications) or brachial BP (any or all of brachial 

SBP ≥140 mmHg, DBP ≥90 mmHg, or use of antihypertensive medications). B: Box-plot of 

mean CRAE in subjects not prescribed antihypertensive drugs (n=6,877) by various brachial 

and central BP levels.  

 Statistical significance was assessed by a multiple linear regression analysis adjusted 

for age, sex, body height, body weight, current smoking, daily alcohol consumption, history 

of cardiovascular diseases, heart rate, brachial-to-ankle pulse wave velocity, axial length, 

retinopathy, and CRVE. The number of subjects in each sub-group is shown in the figure.  
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Table 1. Subject characteristics (n=8,054) 

Age (years old) 52±13 

Sex (male, %) 32.5 

Body height (cm) 160.4±8.4 

Body weight (kg) 57.4±11.0 

Body mass index (kg/m
2
) 22.2±3.3 

Waist circumference (cm) 80.0±9.2 

Smoking (current/past/never, %) 15.1/20.1/64.8 

Alcohol drinking (habitual/occasional/never, %) 22.4/10.4/67.2 

Daily alcohol consumption (Japanese alcohol unit) 0.60±0.99 

History of cardiovascular disease (%) 2.3 

Brachial SBP (mmHg) 122±17 

Central SBP (mmHg) 113±18 

Brachial PP (mmHg) 47±11 

Central PP (mmHg) 37±11 

PP amplification (mmHg) 10±6 

DBP (mmHg) 76±11 

Radial AIx (%) 80±14 

Heart rate (beats/min) 69±10 

Antihypertensive medication (%) 14.6 

baPWV (cm/sec) 1245±218 

CRAE (m) 126.1±11.9 

CRVE (m) 180.4±15.5 

Retinopathy (%) 5.8 

Axial length (mm) 24.0±1.3 

Values are mean ± standard deviation. Cardiovascular disease includes symptomatic stroke or 

ischemic heart disease. AIx, augmentation index; baPWV, brachial-to-ankle pulse wave 

velocity; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular 

equivalent; PP, pulse pressure. 
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Table 2. Correlation between BP and retinal vessel caliber 

 CRAE  CRVE 

 Simple correlation  MRRM  Simple correlation  MRRM 

 
R P  z P  r p  z p 

Brachial SBP (mmHg) -0.300 <0.001  6.85 <0.001  -0.107 <0.001  11.65 <0.001 

Central SBP (mmHg) -0.324 <0.001  
  

 -0.149 <0.001    

Brachial PP (mmHg) -0.181 <0.001  7.87 <0.001  -0.108 <0.001  11.65 <0.001 

Central PP (mmHg) -0.226 <0.001  
  

 -0.176 <0.001    

DBP (mmHg) -0.292 <0.001     -0.064 <0.001    

Radial AIx (%) -0.163 <0.001     -0.175 <0.001    

PP amplification (mmHg) 0.105 <0.001  
  

 0.142 <0.001    

Overlapping correlation coefficients were compared with the Meng-Rosenthal-Rubin method (MRRM).  
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Table 3. Multiple linear regression analysis for CRAE 

 Model 1 Model 2 Model 3 Model 4 Model 5 

 
β 

(VIF) P 
β 

(VIF) 
p 

Β 
(VIF) 

p 
β 

(VIF) 
p 

β 
(VIF) 

p 

Brachial SBP (mmHg) 
-0.221 

(1.90) 
<0.001   

-0.226 

(1.91) 
<0.001 

-0.206 

(1.98) 
<0.001   

Central SBP (mmHg) 
  

-0.239 

(1.84) 
<0.001     

-0.244 

(2.46) 
<0.001 

PP amplification (mmHg) 
  

 
 0.092 

(1.50) 
<0.001     

AIx (%)    
 

  
-0.072 

(1.86) 
<0.001 

0.009 

(2.40) 
0.545 

Adjusted factors were as follows: age, sex, body height, body weight, current smoking, daily alcohol consumption, history of cardiovascular 

diseases, antihypertensive medication, heart rate, brachial-to-ankle pulse wave velocity, axial length, retinopathy, and fellow retinal vessel caliber. 

β, standardized regression coefficient; VIF, variance inflation factor  
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Table 4. Multiple linear regression analysis for retinal vessel caliber 

 CRAE  CRVE 

 β P  β p 

Body height (cm) 0.079 <0.001  -0.023 0.184 

Body weight (kg) -0.017 0.255  0.136 <0.001 

Currently smoking 0.048 <0.001  0.068 <0.001 

Hyperglycemia 0.012 0.226  -0.017 0.106 

Dyslipidemia 0.010 0.360  0.018 0.103 

White blood cell count (x10
2
/l) -0.008 0.436  0.073 <0.001 

Hematocrit (%) -0.042 0.001  0.115 <0.001 

Mean BP (mmHg) -0.249 <0.001  -0.056 <0.001 

baPWV (cm/sec) -0.017 0.259  -0.008 0.596 

Metabolic and hematological characteristics of subjects are shown in Tables S4 and S5, 

respectively. Hyperglycemia was defined as either or both of plasma glucose greater than 126 

mg/dl (fasting) or 200 mg/dl (non-fasting), or the use of hypoglycemic treatment, including 

insulin therapy. Individuals who met any of the following criteria were diagnosed with 

dyslipidemia: LDL cholesterol greater than 140 mg/dl, HDL cholesterol lower than 40 mg/dl, 

triglyceride greater than 150 mg/dl, or the use of lipid-lowering drugs. Adjustment factors were 

as follows: age, sex, daily alcohol consumption, history of cardiovascular disease, 

antihypertensive medication, heart rate, axial length, retinopathy, fellow retinal vessel caliber, 

and fasting time. β, standardized regression coefficient; baPWV, brachial-to-ankle pulse wave 

velocity 
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SUPPLEMENTAL METHODS 

BP measurements 

Radial arterial waveform and brachial BP were measured simultaneously (HEM-9000AI; 

Omron Healthcare, Kyoto, Japan) after 5 minutes rest in the sitting position. Briefly, brachial 

BP was measured at the right upper arm using a cuff-oscillometric device, and the radial 

arterial waveform was simultaneously obtained from the left wrist using a multi-element 

tonometric sensor. The augmentation index (AIx) was calculated from radial arterial 

waveform as the ratio of the late systolic peak to the first systolic peak. When AIx was less 

than 100%, absolute pressure of the late systolic peak (SBP2) of the radial arterial waveform, 

which was obtained by calibrating the first systolic peak with brachial SBP, was considered 

the central SBP. When AIx was more than 100%, brachial SBP was considered equal to 

central SBP. Central BP (SBP2) measured by the HEM-9000AI is therefore always lower than 

or equal to brachial SBP. The validity of SBP2 in estimating central SBP has been 

demonstrated by invasive simultaneous measurement of the ascending aorta and radial artery 

pressure [1, 2].  
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Retinal vessel caliber measurements 

A fundus photograph of the right eye was used for retinal caliber measurements. 

Measurements were taken in each of the six largest arterioles and venules within a 0.5- to 

1-disc diameter from the optic disc margin. Central retinal arteriolar equivalent (CRAE) and 

venular equivalent (CRVE) were calculated using the formulas first developed by Hubbard et 

al. (1999) [3] and later modified by Kundtson (2003) [4], and were then adjusted for ocular 

magnification by axial length, corneal curvature, and ocular refractive value using the 

Littmann method [5]. Corneal curvature and ocular refraction were measured using an 

automatic refractometer (Autorefractor ARK-530; Nidek, Tokyo, Japan). Axial lengths, from 

anterior pole to posterior pole of eyeball, were measured using a partial coherence 

interferometry device (IOLMaster; Carl Zeiss, Jena, Germany). Analysis was performed by 

three trained graders with no clinical information about the subject. 

 

Measurement of baPWV 

Cuffs were applied to both brachia and ankles, and all blood pressures were measured 

simultaneously using a cuff-oscillometric device (Vasera-1500, Fukuda Denshi). The pulse 

volume waveforms were also recorded simultaneously using a plethysmographic sensor 

connected to the cuffs. The baPWV was calculated from the time interval between the wave 

fronts of the brachial and ankle waveforms, and the path length from the brachia to ankle 

(0.597 × height + 14.4014) [6,7].  

 

Definition of metabolic syndrome 

Metabolic syndrome was defined using the modified criteria of the Japanese Committee to 

Evaluate Diagnostic Standards for Metabolic Syndrome [8]. Briefly, individuals with 

abdominal obesity (waist circumference: male ≥85 cm, female ≥90 cm), and satisfying two of 

the following three criteria were diagnosed with metabolic syndrome: (1) dyslipidemia, 
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defined as a plasma triglyceride concentration ≥150 mg/dl, and/or a plasma HDL cholesterol 

concentration <40 mg/dl, and/or receiving antihyperlipidemic medication; (2) raised BP, 

defined as SBP ≥130 mmHg and/or DBP ≥85 mmHg and/or receiving antihypertensive 

medication; and (3) impaired glucose tolerance, defined as fasting plasma glucose ≥110 mg/dl 

(or occasional plasma glucose ≥200 mg/dl), and/or receiving antihyperglycemic medication. 

Finally, 602 (7.4%) subjects were diagnosed with metabolic syndrome. The number of 

subjects who met each criterion was as follows: abdominal obesity, 1,639; dyslipidemia, 

1,960; raised BP, 3,159; and impaired glucose tolerance, 364.  
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Table S1. Differences in clinical characteristics between included and excluded subjects 

 Included subjects Excluded subjects p 

 (n=8,054) (n=1,750) ANOVA adjusted 

Age (years old) 52±13 60±12 <0.001  

Sex (male, %) 32.5 34.2 0.167  

Body height (cm) 160.4±8.4 158.2±8.4 <0.001  

Body weight (kg) 57.4±11.0 57.0±10.6 0.156  

Body mass index (kg/m
2
) 22.2±3.3 22.7±3.3 <0.001  

Smoking (current/past/never, %) 15.1/20.1/64.8 11.7/22.1/66.2 0.001  

Alcohol drinking (habitual/occasional/never, %) 22.4/10.5/67.1 24.1/9.2/66.7 0.134  

Daily alcohol consumption (Japanese unit) 0.60±0.99 0.60±0.97 0.889  

History of cardiovascular disease (%) 2.4 4.4 <0.001 0.724 

Brachial SBP (mmHg) 122±17 128±19 <0.001 0.053 

Central SBP (mmHg) 113±18 119±19 <0.001 0.879 

DBP (mmHg) 76±11 77±11 <0.001 0.296 

Radial augmentation index (%) 80±14 82±13 <0.001 <0.001 

Heart rate (beats/min) 69±10 70±11 0.213 0.015 

Antihypertensive medication (%) 14.6 28.1 <0.001 0.006 

CRAE (m) 126.1±11.9 124.8±13.5* 0.088 0.520 

CRVE (m) 180.4±15.5 179.2±18.1* 0.237 0.933 

Retinopathy (%) 5.8 7.6 0.012 0.405 

Axial length (mm) 24.0±1.3 24.1±1.7 0.122 <0.001 

Values are mean ± standard deviation. Statistical significance was assessed by analysis of variance. Adjusted factors were age, sex, body height, 

body weight, and current smoking. *roughly measured in a part of excluded subjects (n=229). 
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Table S2. Differences in clinical characteristics by retinal abnormality 

 Without retinopathy With retinopathy p 

 (n=7,584) (n=470) ANOVA adjusted 

Age (years old) 52±13 56±12 <0.001  

Sex (male, %) 32.0 41.5 <0.001  

Body height (cm) 160.4±8.4 160.7±8.6 0.427  

Body weight (kg) 57.2±10.9 59.5±11.6 <0.001  

Body mass index (kg/m
2
) 22.2±3.3 22.9±3.5 <0.001  

Smoking (current/past/never, %) 15.0/19.9/65.1 15.7/23.4/60.9 0.131  

Alcohol drinking (habitual/occasional/never, %) 22.4/10.4/67.2 23.6/10.9/65.5 0.745  

Daily alcohol consumption (Japanese unit) 0.59±0.98 0.66±1.06 0.146  

History of cardiovascular disease (%) 2.3 3.8 0.029 0.574 

Brachial SBP (mmHg) 122±17 129±18 <0.001 <0.001 

Central SBP (mmHg) 112±18 119±19 <0.001 <0.001 

DBP (mmHg) 75±11 79±12 <0.001 0.006 

Radial augmentation index (%) 80±14 81±12 0.125 0.712 

Heart rate (beats/min) 69±10 69±11 0.748 0.632 

Antihypertensive medication (%) 14.0 24.0 <0.001 0.039 

CRAE (m) 126.2±11.9 125.0±12.2 0.029 0.554 

CRVE (m) 180.4±15.4 180.1±16.6 0.646 0.981 

Axial length (mm) 24.0±1.3 23.9±1.3 0.002 0.109 

Values are mean ± standard deviation. Statistical significance was assessed by analysis of variance. Adjusted factors were age, sex, body height, 

body weight, and current smoking.  
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Table S3. Correlation between BP and CRAE 

  CRAE 

Subject  

group 

 Simple correlation  MRRM 

 
r p  z p 

A (8,054) Brachial SBP (mmHg) -0.300 <0.001  6.85 <0.001 

 Central SBP (mmHg) -0.324 <0.001  
  

 Brachial PP (mmHg) -0.181 <0.001  7.87 <0.001 

 Central PP (mmHg) -0.226 <0.001  
  

B (7,584) Brachial SBP (mmHg) -0.296 <0.001  6.82 <0.001 

 Central SBP (mmHg) -0.321 <0.001    

 Brachial PP (mmHg) -0.176 <0.001  7.82 <0.001 

 Central PP (mmHg) -0.223 <0.001    

C (6,877) Brachial SBP (mmHg) -0.300 <0.001  6.74 <0.001 

 Central SBP (mmHg) -0.326 <0.001    

 Brachial PP (mmHg) -0.175 <0.001  7.68 <0.001 

 Central PP (mmHg) -0.227 <0.001    

D (6,794) Brachial SBP (mmHg) -0.300 <0.001  6.70 <0.001 

 Central SBP (mmHg) -0.326 <0.001    

 Brachial PP (mmHg) -0.175 <0.001  7.63 <0.001 

 Central PP (mmHg) -0.227 <0.001    

E (7,456) Brachial SBP (mmHg) -0.305 <0.001  6.19 <0.001 

 Central SBP (mmHg) -0.328 <0.001    

 Brachial PP (mmHg) -0.189 <0.001  7.60 <0.001 

 Central PP (mmHg) -0.234 <0.001    

Subjects group A: all subjects, subjects without B: retinopathy, C: receiving antihypertensive 

medication, D: receiving antihypertensive medication and having history of cardiovascular 

diseases, E: metabolic syndrome. Number of subjects in each subgroup are shown in 

parenthesis. Results shown in group A is same as that in Table 2. Overlapping correlation 

coefficients were compared with the Meng-Rosenthal-Rubin method (MRRM). CRAE, 

central retinal arteriolar equivalent.   
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Table S4. Metabolic characteristics of subjects (n=8,054) 

 Blood sample collection 

 Fasting (≥6h) Non-fasting (<6h) 

 (6,887) (1,167) 

Glucose (mg/dl) 89±13 92±25 

HbA1c (%) 5.4±0.5 5.4±0.5 

Total cholesterol (mg/dl) 207±35 202±34 

HDL cholesterol (mg/dl) 66±17 64±17 

LDL cholesterol (mg/dl) 123±31 120±31 

Triglyceride (mg/dl) 94±72 113±88 

Medication (%) Hyperglycemia 2.4 2.1 

 Dyslipidemia 11.6 9.6 

Hyperglycemia (%) 3.2 2.5 

Dyslipidemia (%) 44.0 44.1 

Values are mean ± standard deviation. Hyperglycemia was defined as either or both of plasma 

glucose greater than 126 mg/dl (fasting) or 200 mg/dl (occasional), or the use of 

hypoglycemic treatment, including insulin therapy. Individuals who met any of the following 

criteria were diagnosed with dyslipidemia: LDL cholesterol greater than 140 mg/dl, HDL 

cholesterol lower than 40 mg/dl, triglyceride greater than 150 mg/dl, or the use of 

lipid-lowering drugs. 
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Table S5. Hematological characteristics of subjects (n=8,054) 

Red blood cell count (x10
4
/l) 446±40 

White blood cell count (x10
2
/l) 59±16 

Hemoglobin (g/dl) 13.5±1.4 

Hematocrit (%) 40.0±3.7 

Platelet count (x10
4
/l) 23.5±5.3 

Values are mean ± standard deviation. 
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Figure S1. Histogram of excluded subjects (n=1,750) 

Individuals meeting any of the following conditions were excluded from this study, as follows: unsuccessful measurement of retinal vascular 

caliber (n=1,521), presence of retinal vein occlusion or collateral vessels in either eye (n=78), unsuccessful assessment of retinopathy (n=45) or 

clinical parameters required for this study (n=57), extreme deviation of renal function (estimated glomerular filtration rate (194 x creatinine
-1.094

 x 

age
-0.287

 x 0.739 [if female]) less than 30 mL/min/1.73m2 (n=7), and women who were pregnant (n=42).
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Figure S2. Distribution of retinal vessel calibers. 
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