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Abstract 

Background: The alarming prevalence of heart failure with preserved ejection fraction 

requires quantification of diastolic dysfunction (DDF). Myocardial diastolic velocity E’ 

implies age is the most important determinant. We tested the hypothesis that age allows for 

quantification of DDF and assessment of the structural and metabolic determinants in patients 

with and without type 2 diabetes (D).  

Methods: This prospective, cross-sectional study assessed cardiovascular, metabolic and 

ultrasound data in 409 consecutive patients (Diabetes Center, Bogenhausen-Munich) between 

20 and 90 years without known cardiac disease and either with (n=204) or without D but with 

common prevalence of cardiovascular risk factors, including a subgroup of healthy 

individuals (H, n=94). 

Results: In H, E’ related to age as: E’norm = -0.163*years +19.69 (R
2
=0.77, p<0.0001). 

According to this 1% reduction by annual physiologic aging, DDF was quantitated as  

E’ - E’ norm. Compared to nondiabetics, D patients were older, had greater BMI, lower E’, 

more cardiovascular risk and greater DDF. In nondiabetics, grading of DDF by E-E’norm 

correlated with grading by filling pressure E/E’. Determinants of DDF by multivariate 

analysis included pulse wave velocity, diastolic blood pressure and the triglyceride/HDL ratio 

(a marker of insulin resistance) in nondiabetics and in D the same risk factors in reverse 

sequence and heart rate. Neither left atrial size nor left ventricular mass had significant 

impact.   

Conclusions: The physiological impact of age on myocardial function consists of a 1% annual 

reduction in E’ and enables precise quantification of diastolic dysfunction thereby unmasking 

the importance of metabolic risk for DDF.  
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Introduction 

Approximately half the patients with heart failure have predominantly diastolic dysfunction 

and preserved left ventricular ejection fraction (HFpEF).  Although prognosis is as ominous as 

that of systolic heart failure, there is still no effective treatment for HFpEF (1). This is due to a 

number of factors that include an incomplete understanding of diastolic dysfunction and the 

pathophysiological mechanisms of HFpEF (2-4). Another potential cause is the lack of 

consensus regarding validation and diagnosis of diastolic dysfunction (4-6) that complicates 

entry criteria for clinical trials. Diastolic dysfunction and the development of HFpEF increase 

with age but there is a lack of age-adjusted reference standards for diastolic dysfunction 

measurements (4). Based on a pilot study in which we quantified normal diastolic myocardial 

function E’norm from the close correlation between tissue Doppler derived E’ and age (7), we 

tested the hypothesis that comparison of measured E’ to the calculated E’norm allows 

quantification of diastolic dysfunction as the respective difference. Furthermore, this method 

provides a better understanding of diastolic dysfunction because it assesses cardiac, vascular, 

hemodynamic and metabolic determinants independent of normal ageing in patients with and 

without diabetes.  

 

Methods 

Study design 

This prospective observational study was designed for 1) quantification of diastolic 

dysfunction via the age dependence of E’, 2) comparison of this quantification with traditional 

parameters of diastolic dysfunction and 3) evaluation of determining factors that are 

independent of normal ageing. In order to apply the most robust, sensitive, and generally 
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available ultrasound technique (8,9) tissue Doppler was performed in consecutive patients  

referred to the echocardiographic lab (Clinic for Endocrinology, Diabetes and Vascular 

Medicine at the Klinikum Bogenhausen in Munich). From these, 409 individuals with or 

without metabolic abnormalities prone to deficiency of myocardial energy availability, 

namely type 2 diabetes, were selected with the following inclusion (men or women between 

20 and 90 years) and exclusion criteria (LVED >56 mm, LV wall thickness >14 mm, LVEF 

<50%, severe arterial hypertension, renal failure [creatinine > 2mg/dl], anemia, untreated 

thyroid disease, type 1 diabetes mellitus and severe systemic disease). Patients were assigned 

to type 2 diabetes (n=204) if on anti-diabetic medication and/or by self report. The remainder 

were non-diabetic controls (n=205) representing the average population without diabetes or 

cardiac disease (table 1). A healthy subgroup (H, n=94) contained individuals without 

cardiovascular risk factors and obesity as defined according to the National Institutes of 

Health Consensus Development Panel Criteria as body mass index (BMI) >27.2 kg/m
2
 in men 

and >27.7 kg/m
2
 in women. Arterial hypertension was defined as antihypertensive treatment 

or systolic blood pressure >140 mmHg and/or diastolic blood pressure >90 mmHg and 

hypercholesterolemia as a low-density lipoprotein cholesterol level >130 mg/dl and/or current 

intake of lipid lowering therapy. 

The ethical committee relevant for our institution approved the study reflecting conformity of 

the study protocol to the ethical guidelines of the 1975 Declaration of Helsinki. Patients gave 

informed consent.  

 

Echocardiography 

Echocardiograms (ALOKA  SSD-5500, Tokyo, Japan) were obtained in all patients by one 

experienced sonographer blinded to the patients’ clinical data. LV and LA dimensions were 

measured and LA volume index and LV mass index were derived as recommended by the 

American and European Quantification Guidelines  (10). LAVI and LVMI were categorized 
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into normal size, mildly abnormal size or severely abnormal size (10). Early (E) and late 

diastolic (A) transmitral velocities were measured by pulsed wave Doppler. For feasibility 

assessment of recording LAVI, LVMI, mitral E/A and tissue Doppler (separately for each 

apical view), the image quality of the respective recordings was graded (1 =excellent, 2=good, 

3=adequate, 4= difficult, 5=obscure, 6=impossible) and score 4 considered acceptable 

quality (table 3).  

 

Global LV function by tissue Doppler  

In the 4-, 2-, and 3-chamber view, pulsed tissue Doppler was recorded at the intersection of 

the atrioventricular plane with each LV wall by selecting a) the lowest possible intercostal 

space for apical imaging, and b) a central position of the LV apex in the imaging sector. The 

respective 6 regional myocardial velocities were recorded during three consecutive cycles and 

averaged for the assessment of peak systolic (S’), early diastolic (E’) and late diastolic 

velocity (A’) as measure of global LV function (8,11). LV filling pressure was calculated as 

E/E’. 

Based on the dominant impact of age as independent and unchangeable predictor variable for 

E’, the influence of all other determinants needs mathematical unmasking from this relation, 

so that their respective effects may be understood and potentially used for preventive 

strategies (4). Accordingly, the respective regression equation of the healthy individuals was 

applied to calculate the age related normal value (E’norm = -0.163*age +19.67) and the 

respective lower 95% tolerance interval (E’norm – 2.86) for comparison with E’ in each 

individual. If the deficit to E’norm ( E’- E’norm) was  >2.86 cm/s, this individual was assigned to 

diastolic dysfunction, and if >50% of this cut off level to risk for dysfunction. The 

determinants of E’ - E’norm were assessed regarding structural, hemodynamic and metabolic 

factors.  
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Vascular Ultrasound 

Intima-media thickness and vascular stiffness were evaluated in the right common carotid 

using a combined Doppler and echo tracking system and a 13 MHz linear array transducer as 

previously described (12). This radio frequency based echo tracking method continuously 

detected changes in carotid diameter.  Peak and minimal values were calibrated to systolic and 

diastolic brachial blood pressures so that intravascular pressure changes, strain pressure 

elasticity modulus ε and pulse wave velocity (PWV) could be calculated online. 

Concomitantly, blood pressure was measured three times in the right arm by an automated 

cuff sphygmomanometer and averaged.  

Biochemistry  

Fasting serum glucose, serum insulin and lipid profile and glycated hemoglobin A1c (HbA1c) 

were determined according to routine methods at the Department of Clinical Chemistry of the 

Städt. Klinikum Bogenhausen, Munich. The triglyceride/HDL ratio was used as a measure of 

insulin resistance for all individuals because of the large number of diabetic individuals on 

insulin therapy in whom the HOMA-IR cannot be applied (13). In diabetic patients, intact 

proinsulin was measured by ELISA at the IKFE institute, Mainz (14). 

Statistics 

Sample size calculation: Multiple linear regression analysis was the primary inference 

approach for the assessment of the association of diastolic dysfunction and respective 

explanatory factors. In order to achieve accurate effect estimation and sufficient power ( 

80%) in testing for associations, a sample size of 200 individuals per group was considered to 

be appropriate (15) taking into account the need for confounder control: with the given 

sample size, simultaneous inclusion of up to five covariates was feasible without loss in 

estimation efficiency. 
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Statistical analysis was performed using the SPSS version 17.0 software package (SPSS Inc, 

Chicago, IL). Data are expressed as mean ±standard deviation when normally distributed and 

otherwise as median (interquartile range). Students’ t-test or nonparametric tests were used for 

group comparisons where appropriate. Differences between three groups were tested by 

analysis of variance (ANOVA) and Fisher’s least significant difference (LSD) test as 

respective post hoc tests. Due to the lack of age-adjusted reference standards for diastolic 

dysfunction measurements (4), 95% tolerance limits were calculated based on a healthy 

control group. Accordingly, a linear regression model was employed regressing E’ on age. 

Assuming homoscedastic error terms, the lower 95% tolerance limit was then achieved by 

subtracting 1.64 times the square root of the residual variance from the respective age-specific 

predicted value of E’ (E’norm). Subsequently, linear regression analysis was performed to 

explore potential predictive factors for the magnitude of dysfunction in diabetic and non-

diabetic patients as defined by E’-E’norm. Only those variables that revealed relevant bivariate 

correlation with the defined outcome variable (Pearson correlation coefficient >+0.2 or < -0.2) 

were entered into multivariate regression models and respective multivariable (covariate-

adjusted) p values and standardized regression coefficients beta were calculated. All statistical 

tests were conducted two-sided at a local level of significance of 0.05. No correction of p-

values was applied to adjust for multiple testing. However, results of all statistical tests being 

conducted were thoroughly reported so that an informal adjustment of p values can be 

performed while reviewing the data [16]. 

Measurements and analysis of ultrasound and of metabolic variables were performed by staff 

blinded for relevant patient characteristics and study protocol whilst the examined patients 

and controls were not aware about the predictive role of diastolic dysfunction. In order to 

reduce outlier effects and to avoid selection bias in reporting fluctuating individual data, three 

single measurements of blood pressure and of tissue Doppler velocities were collected 

independently and averaged for each individual. Potential bias in effect estimation was 
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addressed by employing multivariable regression models for the adjustment of established 

confounding factors such as BMI, systolic blood pressure and LV filling pressure. 

  

 

Results 

Control and Diabetes Groups 

The characteristics of the healthy subgroup, the non-diabetic individuals with cardiovascular 

risk and the diabetes group (table 1) demonstrated the expected significant differences in 

BMI, cardiac data, blood pressure, metabolic variables, cardiovascular risk factors and 

respective therapies. Duration of diabetes was 9 ±8 years and 74% of the diabetic patients 

were on insulin therapy.  

Male and female non-diabetic controls had similar anthropomorphic and clinical data 

associated with the well known gender specific exceptions. Furthermore, they had similar 

cardiac data and vascular function (data not shown). The inverse linear regression equation 

for the relation of E’ over age for men (y= -0.167 years + 19.97) was comparable to that of 

women (y= -0.161 years + 19.48) in the healthy subgroup H and in the total 204 controls (y= -

0.16 years + 19.2 and y= -0.15 years + 18.6, respectively) both p<0.001. Accordingly, male 

and female data were pooled in subsequent analysis.  

In the healthy subgroup, E’ and age showed a strong and inverse correlation; estimated 

regression equation: E’norm = -0.163 years + 19.69, R
2
 = 0.77, p<0.0001. In all non-diabetic 

controls (figure 1), the dominant influence of age on E’ is demonstrated by the standardized 

coefficient beta, that was -0.880 in univariate analysis and remained dominant in 

multivariable analysis with the incremental addition of hypertension (-0.822 and -0.072), 

dyslipidemia (-0.787, -0.057 and -0.133) and obesity (-0.804, -0.036, -0.123 and -0.068), 
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respectively. Systolic function S’ and age also had an inverse correlation (estimated S’= -

0.033 years + 10.30, R
2
 = 0.153, p<0.0001) with a standardized coefficient beta of -0.39. 

In the 204 controls, normal function, as defined by E’ - E’norm in the methods section, was 

assigned to 151 (73%) individuals, risk for dysfunction to 42 (21%) and dysfunction to 12 

(6%) (figure 1), whereas the respective prevalence in diabetes was 70 (34%), 75 (37%) and 57 

(28%) (figure 2).  

Severity grading of diastolic dysfunction by E’ – E’ norm was compared with that based on the 

traditional parameters E/E’, LAVI and LVMI (table 2). In non-diabetic controls, grading by E’ 

– E’norm had good agreement to that by the E/E’ ratio, but LAVI overestimated and LVMI 

underestimated abnormality. In the diabetes group with the evenly distributed three 

dysfunction classes, normal function agreed with the E/E’ derived grading but the majority of 

severely abnormal function was underestimated. Also in diabetes, LAVI overestimated, but 

LVMI underestimated abnormality. 

The feasibility of measuring diastolic function criteria in all patients was best with E/A ratio 

(96%) and tissue Doppler in the 4-chamber view (95%), followed by that in the 2-chamber 

view and LVMI by the Devereux formula (each 91%) and tissue Doppler in the 3-chamber 

view (82%). Assessment of LAVI was successful only in 71% of this fairly overweight 

population.  

 Univariate linear regression analysis 

Bivariate correlations were assessed for the associations of E’ - E’norm  in all controls and in 

diabetes patients (table 3). Expectedly in the former, neither age nor sex was significantly 

associated with E’- E’norm. LAVI and E/E’ missed significance, but dyslipidemia, pulse wave 

velocity, diastolic blood pressure, BMI, serum insulin, lipid levels and the triglyceride/HDL 

ratio had significant associations. These were also observed in the diabetes group additionally 

to heart rate and creatinine but not for dyslipidemia.   
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Multivariable linear regression analysis 

For multivariable analysis in all controls, E’-E’ norm was entered as dependent variable into the 

model and significant factors from univariate analysis as components of vascular function or 

cardiac structure stepwise as the independent variables (table 4, Models 1-4a-g). The final 

model 5 (R
2
 0.187, p <0.001) had PWV, diastolic blood pressure and triglyceride/HDL ratio as 

determinants with the standardized coefficients beta -0.336, -0.037 and 0.203 respectively. In 

type 2 diabetes, the models with the same determinants in reversed sequence (model 1 to 4a-

h) improved further with the addition of heart rate, a surrogate parameter of cardiac 

autonomic neuropathy (Model 5, R
2
 0.195, p <0.001): insulin resistance, diastolic blood 

pressure, PWV, and heart rate had the standardized coefficients beta -0.309, -0.216, -0.143 

and -0.187 respectively. 

Sites of E’ assessment 

For evaluating the potential influence from the selection of measurement sites on the relation 

of  E’ to age, the respective regression equations were assessed in these 76 healthy individuals 

who had a complete data set of tissue Doppler velocity measurements in all 6 segments from 

the three apical views. Accordingly, the resulting regression equation of E’norm is shown as 

averaged from either 6 measurement sites, 4 sites (4- and 2-chamber view) or 2 sites (4-

chamber view). 

E’6 =   -0.163 years + 19.56  

E’4 =   -0.158 years + 19.57  

E’seplat =  -0.150 years + 18.95  

 

Discussion 

Early diastolic LV function quantified by tissue Doppler as myocardial velocity E’ 

demonstrates a 1% loss every year by physiological aging from the 20
th

 year of age onwards. 
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This dominant relation was used for discriminating normal function from dysfunction 

yielding quantitative assignment to dysfunction. This approach allowed the study of 

determinants of diastolic dysfunction independent of normal ageing. The resulting 

determinants were vascular function, diastolic blood pressure, the driving force of myocardial 

perfusion, and the triglyceride/HDL ratio, a marker of insulin resistance. In reversed 

sequence, these determinants were also observed in the diabetes group, in addition to heart 

rate, a measure of cardiac autonomic neuropathy.  

 

Non-diabetic Population and Gender 

The non-diabetic subjects had been selected as representative of a population without overt 

cardiac disease but with the common cardiovascular risk profile including overweight, in line 

with the prevalence of diastolic dysfunction in epidemiological studies (4). The representative 

character of our non-diabetic population has also been confirmed by comparison of 

echocardiographic referral individuals with a population based selection (17), and further by 

the almost identical relation between E’ and age in two recent studies (7,18). 

Diastolic parameters from mitral inflow Doppler have been unaffected by sex similar to E’.  

 

Age 

The significant influence of the unchangeable variable age on diastolic function is well known 

(4,7,19). 

As expressed by the coefficients beta, this influence determines >79% of diastolic function E’ 

but only 39% of systolic function S’ and, therefore, requires mathematical unmasking for E’. 

Accordingly, quantification of E’norm, was derived in the healthy subgroup and applied in the 

whole non-diabetic group as respective estimated regression equation (figure 1) 

demonstrating a decrease of E’ from a normal value of 16 cm/s at 20 years to 7 cm/s at 80 

years (1% reduction every year). If the measured E’ equals the age related E’norm, the patient 
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has normal diastolic function. Supranormal values exceeding the upper 95% tolerance limit 

may be found in actively training athletes or in untreated hyperthyroidism.  Values < the lower 

95% tolerance limit, indicate diastolic dysfunction. 

 

Comparison with traditional grading criteria of diastolic dysfunction 

In the controls, grading of diastolic dysfunction demonstrated good agreement between the 

dynamic criteria E’-E’norm and LV filling pressure (table 2) but in the diabetes patients only 

in the class of normal function.  63% of diabetes patients were assigned to mild-moderately 

raised E/E’ because a significantly reduced mitral E velocity in grade 2 dysfunction 

effectively counteracted a relevant increase of E/E’ by the decreased E’ (data not shown). As 

suggested also by our data in overweight and metabolic disease, elongation of the left atrium 

may be an early mechanism associated with volume overload from impaired LV relaxation 

that counteracts a clinically relevant increase of filling pressure and merits further 

investigation (19-21). Accordingly, high LV filling pressures are not a pathognomonic feature 

of diastolic dysfunction in metabolic disease, as opposed to hypertensive heart disease and 

primary cardiomyopathy.  

Within the structural criteria for assessing diastolic dysfunction, LAVI suggested more and 

LVMI less severity in both controls and diabetes. These obvious discrepancies, however, are 

not entirely surprising due to the heterogeneous etiology of diastolic dysfunction (20-23). Our 

present data suggest that the traditional functional and structural grading criteria for diastolic 

dysfunction are less useful in metabolic heart disease. 

 

Direct measurement of dynamic LV diastolic function  

Structural alterations cannot be expected, if dysfunction is caused by acute ischemia/hypoxia 

i.e. sudden onset of energy deficiency (2). Dynamic changes in energy delivery are the major 
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problem in metabolic disease (3,20). Accordingly, this etiology of diastolic dysfunction 

requires dynamic indicators. However, LV filling pressure, at least as expressed by E/E’, has 

raised concern about the diagnosis of a mildly increased degree of myocardial dysfunction 

(5,19) also in metabolic disease (20).  

Surprisingly, no functional criterion has yet been identified as a reliable direct measure of 

active myocardial relaxation, although tissue Doppler measurements have introduced E’ as a 

sensitive measure of diastolic myocardial function with prognostic potential (24,25). 

Furthermore, the relationship between changes of E’ with those of exercise capacity has 

recently been reported (4,26). Finally, the feasibility and robustness of obtaining tissue 

Doppler variables even in patients difficult to image supports the use of E’ to characterize 

diastolic function (4,6,9).  

In sequential studies, E’ proved sensitive to acute alterations of oxygen supply in stress tests 

(11,25) or to postprandial dysmetabolism (27). Its potential for monitoring therapeutic 

effectiveness has been demonstrated for improvement of metabolic control, high blood 

pressure, hyperlipidemia or for amelioration of insulin resistance either by diet (26), exercise 

(28) or pharmacological therapy (8). In crossectional studies, however, the strong age 

dependence of  E’ implied a broad range of values thereby limiting the  evaluation of diastolic 

dysfunction. However, the quantitative approach with E’ – E’norm would allow insight into the 

impact of noxious influences. 

 

The dynamic metabolic nature of diastolic dysfunction 

In elderly individuals, limited exercise tolerance often results from age-dependent 

deterioration of diastolic function. Of concern is a growing population of middle-aged 

subjects with impaired exercise tolerance and diastolic dysfunction due to increasing 

prevalence of overweight, diabetes, hypertension and atherosclerotic disease.  
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Diastolic dysfunction consists of 1) slow LV relaxation and LV filling in early diastole and 2) 

increased myocardial stiffness predominantly in late diastole, the mechanism for which is 

poorly understood. 

Firstly, slow relaxation in early diastole results from abnormal cross-bridge detachment, 

calcium uptake by the sarcoplasmic reticulum or altered nitric oxide (NO) signaling (1,4). 

Since cross-bridge detachment is an energy consuming process, slow relaxation may reflect a 

myocardial energy deficit (2) that may be due to microvascular dysregulation induced by 

insulin resistance and/or a low intra-mitochondrial creatine-phosphate/adenosine-triphosphate 

ratio (3,8). Integration of these multiple covariates results in a myocardial energy 

supply/demand mismatch with reduced cardiac efficacy in insulin resistance or diabetes 

(8,29). This untenable situation of reduced energy availability but increased myocardial 

oxygen requirement is exacerbated by disturbed ventricular-arterial coupling, increases in 

heart rate or in sympathetic tone (1,7,29).  

Secondly, increased myocardial stiffness in late diastole suggests structural myocardial 

alterations, that may relate to the extracellular matrix in terms of collagen characteristics (24), 

interstitial fibrosis and inflammation (30), steatosis in insulin resistance and/or advanced 

glycemic end-products (AGE) in diabetes whereas the intracellular components relate to 

pressure induced or insulin/growth hormone induced myocellular hypertrophy and to the 

cytoskeletal protein titin (4,23).  

 

Metabolic determinants of dysfunction in metabolic disease 

The new approach E’ – E’norm allows characterization of the determinants of diastolic 

dysfunction independent from dominant but unchangeable age and its associated risks. Our 

data are the first to demonstrate that these determinants in non-diabetic individuals are 

vascular stiffness, diastolic blood pressure and insulin resistance. This corroborates the impact 

of arterio-ventricular coupling (1) on cardiac function and clarifies the pivotal role of 
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myocardial perfusion being driven by diastolic blood pressure. Of interest, the onset, severity 

and duration of insulin resistance influenced proinflammatory endothelial activation in a 

primate model of diet induced obesity (31) in line with our data that insulin resistance or 

serum insulin levels demonstrate utmost impact on the degree of dysfunction most likely via 

endothelial dysfunction. There is increasing awareness regarding the associations of insulin 

resistance with diastolic dysfunction, cardiomyopathy and heart failure (20,29). Concordant 

with our data, hyperglycemia is not the only driver of these mechanisms (20,27). 

Interestingly, no variable of cardiac structure plays a significant role in diabetic diastolic 

dysfunction but rather insulin resistance, diastolic blood pressure, vascular function, and 

autonomic neuropathy. The greatest contributor to diastolic dysfunction is the underlying 

insulin resistance. As a therapeutic consequence, life style modifications (26,28) and 

pharmaceutical strategies that improve insulin sensitivity should be vigorously applied 

(8,12,26) according to a paradigm shift of understanding HFpEf as an entity of comorbid 

lesions that are often based on metabolic dysfunction, rather than focusing on 

myocardial/vascular structure alone.                                                                                                                                                                                                                                         

In patients with diastolic dysfunction and metabolic disease, accordingly, metabolic therapy 

should be assessed in future studies and patients with relevantly elevated filling pressures 

should be reevaluated after treatment of volume overload.  

 

 

 

Limitations 

Tissue Doppler based E’ was sampled in 6 annular sites whereas clinical routine prefers 

measurements from the septal and lateral wall, leading to a slightly different regression 

equation and cut off level. For any selection of measurement sites and also for the use of 
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colour tissue Doppler with its intrinsically lower velocities, the respective regression 

equations may be implemented in the ultrasound systems to facilitate correct application.  

 

Conclusion 

Because the dominant impact of aging on early diastolic function E’ requires mathematical 

unmasking, the estimated regression equation for E’ norm over age was obtained in healthy 

individuals to quantify individual dysfunction by comparing the actual E’ to the calculated 

E’norm. This reference data is of clinical importance especially to differentiate patients with 

(preclinical) diastolic dysfunction. Additionally, it improves the selection of adequate study 

populations for clinical trials aimed at treatment or prevention of HFpEF. Furthermore it 

allows for more specific research into the determinants of diastolic dysfunction with its broad 

range of etiologic factors including myocardial energy deficiency in overweight and diabetes. 

Acknowledging the epidemic increase of metabolic disease, future therapeutic interest should 

focus on postprandial metabolic effects and their implications for insulin signaling, NO 

availability, oxidative stress generation and endothelial and vascular function. This approach 

offers earlier implementation of therapy for preventive action and the potential for more 

causal therapeutic strategies for patients with HFpEF who face a dismal prognosis without 

effective therapy.  
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Legends 

 

Figure 1 

E’ over age in 205 nondiabetic controls subdivided by the presence of 3 (full red dots), 2 

(violet circles), 1 (green circles) or no cardiovascular risk factors (full black dots). The 

regression line is calculated from the latter, and denotes Enorm surrounded by the lines of the 

upper and lower 95% tolerance intervals (in ±2.86 cm/s distance).  

 

Figure 2 

The same regression lines of normal values and 95% tolerance limits. The lower one (violet) 

is the cut off value for diastolic dysfunction  and the  broken line half way between the latter 

and the regression line for risk of dysfunction. Patients with type 2 diabetes (n=204) 

demonstrate an even distribution of normal diastolic function, risk for dysfunction and 

dysfunction.  
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Table 1: Characteristics of the study population 

Characteristic non-diabetic Control Type 2 Diabetes p 

healthy with CV risk   

n 94 111 204  

age (years) 48 ±16 55 ±14*** 60 ±11***## <0.001 

men (%) 48 35** 66**### <0.001 

BMI (kg/m2) 23 ±3 31 ±9*** 31 ±5*** <0.001 

Blood pressure systolic (mmHg) 119 ±14 135 ±17*** 142 ±21*** <0.001 

Blood pressure diastolic (mmHg) 75 ±9 82 ±11*** 83 ±12*** <0.001 

Heart rate (bpm) 67 ±11 68 ±11 69 ±11 0.227 

LVED (mm) 44 ±5 45 ±5 43 ±5## 0.003 

LAVI (ml/m
2
) 43 ±18 47 ±19 54 ±22***## <0.001 

LVMI (g/m
2
) 74 ±18 85 ±29*** 85 ±20*** <0.001 

S’ (cm/s) 8.7 ±1.3 8.3 ±1.4* 7.7 ±1.1***### <0.001 

E’ (cm/s) 11.8 ±2.9 10.0 ±2.2*** 8.1 ±1.7***### <0.001 

E’-Enorm (cm/s) 0.0 ±1.5 -0.7 ±1.4** -2.0 ±1.6***### <0.001 

E/E’ 6.3 ±1.6 7.2 ±1.8* 8.5 ±2.5***### <0.001 

Intima-media thickness (mm) 0.56 ±0.14 0.67 ±0.15*** 0.69 ±0.16*** <0.001 

HbA1c (%) 5.6 ±0.3 5.6 ±0.3 7.4 ±1.8***### <0.001 

Insulin (µIU/ml)
§
 4.7 ±2.7 15.3 ±17.8** 14.2 ±11.9* 0.012 

HOMA-IR
§
 1.0 ±0.6 3.2 ±3.7** 4.2 ±3.3*** 0.002 

Triglycerides (mg/dl) 100 ±40 119 ±53* 160 ±97***## <0.001 

HDL (mg/dl) 60±16 55±16 49 ±13***### <0.001 

Triglycerides/HDL 1.8 ±1.0 2.6 ±1.8** 3.7 ±2.7***## <0.001 

hsCRP 1.8 ±4.8 3.5 ±6.6 4.2 ±9.9 0.478 

Beta blocker (%) 4 26*** 25*** <0.001 

ACE inhibitor (%) 0 20*** 39*** <0.001 

AT2 receptor blocker (%) 0 15*** 16*** 0.020 

Ca channel blocker (%) 0 8 15*** 0.001 

Statins (%) 0 22*** 34***## <0.001 

* = p<0.05, ** p<0.01 and *** p<0.001 vs. healthy controls; #= p<0.05, ## p<0.01 and 

###p<0.001 vs controls with CV risk,  § = in subgroup without insulin therapy 
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Table 2: distribution of dysfunction severity according to functional and structural 

criteria commonly associated with the assessment of diastolic function 

 

 Control (%)  Diabetes (%) 
 normal mildly-

moderately 

abnormal 

Severely 

abnormal 

 normal mildly-

moderately 

abnormal 

Severely 

abnormal 

E’ – 

E’norm 
73 21 6  34 37 28 

E/E’ 77 23 0  34 63 3 

LAVI 30 32 38  17 26 57 

LVMI 91 8 1  92 7 1 

 

Severity classes were defined for E/E’ according to the European recommendations how to 

diagnose diastolic heart failure (5) and for LAVI and LVMI according to the European and 

American recommendations of chamber quantification (9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 27/31  

Table 3  Correlations for E’ – E’norm   

 Non-diabetic controls type 2 diabetes 

 r p r p 

dyslipidemia -0.380 0.008 -0.007 0.92 

E mitral (cm/s) 0.375 <0.001 0.200 0.005 

(E/A) 0.290 <0.001 0.096 0.183 

E/E’ -0.155 0.080 -0.141 0.049 

LAVI (ml/m2) -0.141 0.061 -0.047 0.53 

LVMI (mm) -0.122 0.104 -0.102 0.157 

Heart rate (bpm) -0.055 0.45 -0.206 0.003 

Systolic BP (cm/s) -0.131 0.077 -0.024 0.73 

Diastolic BP (mmHg) -0.230 0.002 -0.307 <0.001 

EPP (kPasc) -0.177 0.080   0.055 0.45 

PWV -0.294 0.004   0.109 0.140 

BMI (kg/m2) -0.187 0.011 -0.196 0.006 

Glucose (mg/dl) -0.004 0.96 -0.049 0.52 

Insulin 

*intact proinsulin 

-0.288 0.023  

-0.295* 

 

0.027 

Triglycerides (mg/dl) -0.225 0.023 -0.184 0.014 

HDL  -0.187 0.020 0.318 <0.001 

Tri/HDL -0.204 0.011 -0.285 <0.001 

creatinine -0.047 0.57 -0.177 0.016 
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Table 4 Multivariable linear regression analysis 

  

Non-diabetic controls                                        E’ – E’norm (cm/s) 

 Beta (95% CI) * p R2 † p 

Model 1 
  0.086 0.004 

PWV -0.445 (-.745 to –.145) 0.004   

Model 2 (model 1 + LAVI)   0.134 0.001 

PWV -0.446 (-.740 to -.152) 0.003   

LAVI -0.017 (-.032 to –.002) 0.027   

Model 3 (model 1 + diastolic BP)   0.155 0.001 

PWV -0.400 (-.694 to -.107) 0.007   

diastolic BP -0.039 (-.067 to -.011) 0.008   

Model 4: (model 3 after correction 

for each of the following variables) 

    

   a) gender -0.398 (-.694 to –.103) 0.009 0.156 0.002 

   b) BMI -0.360 (-.658 to –.061) 0.019 0.186 <0.001 

   c) systolic blood pressure  -0.405 (-.697 to –.113) 0.007 0.175 0.001 

   d) heart rate  -0.403 (-.696 to –.110) 0.008 0.167 0.001 

   e) E/E’ -0.339 (-.636 to –.041) 0.026 0.124 0.012 

   f) IMT -0.446 (-.754 to –.138) 0.005 0.164 0.001 

   g) hsCRP -0.424 (-.764 to -.083) 0.015 0.172 0.002 

Model 5 (model 3 + 

triglyceride/HDL ratio) 

  0.187 0.001 

PWV -0.336 (-.659 to –.013) 0.042   

diastolic BP -0.037 (-.066 to -.009) 0.010   

triglyceride/HDL ratio -0.203 (-.380 to -.046) 0.018   

 

 

T2D                                                     E’ – E’norm (cm/s) 

 Beta (95% CI) * p R2 † p 

Model 1 
  0.081 <0.001 

triglyceride/HDL ratio -0.243(-.366 to .057) <0.001   

Model 2 (model 1 + diastolic BP)   0.137 <0.001 

triglyceride/HDL ratio -0.206 (-.366 to -.120) 0.001   

diastolic BP -0.032 (-.051 to -.013) 0.001   

Model 3 (model 2 + PWV)   0.130 <0.001 

triglyceride/HDL ratio -0.190 (-.311 to -.068) 0.002   

diastolic BP -0.030 (-.049 to -.011) 0.002   

PWV -0.022 (0.042 to -.002) 0.033   
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Model 4: (model 3 after 

correction for each of the 

following variables) 

    

   a) gender -0.033 (-.055 to -.010) 0.006 0.141 <0.001 

   b) BMI -0.031 (-.053 to .008) 0.008 0.157 <0.001 

   c) systolic blood pressure -0.028 (-.051 to -.006) 0.012 0.182 <0.001 

   d) E/E’  -0.033 (-.055 to -.011) 0.004 0.166 <0.001 

   e) IMT  -0.034 (-.057 to -.012) 0.003 0.151 <0.001 

   f) glucose -0.031 (-.057 to -.004) 0.022 0.152 <0.001 

   g) creatinine -0.030 (-.053 to -.008) 0.009 0.175 <0.001 

   h) hsCRP -0.031 (-.055 to -.008) 0.010 0.143 0.001 

Model 5 (model 3 + heart rate)   0.199 <0.001 

triglyceride/HDL ratio -0.195 (-.316 to -.074) 0.002   

diastolic BP -0.030 (-.048 to -.012) 0.002   

PWV 0.029 (-.049 to -.009) 0.005   

heart rate 0.137 (-.010 to  .264) 0.035   

 

CI, tolerance interval, R2 and †p = level of significance for the respective models for controls in top 

panel or diabetes in bottom panel for E’-E’norm as dependent variable. In models 4 (a-h), 

cardiovascular factors or metabolic components are separately entered as possible confounders for 

correction and shown not to modify the contribution of pulse wave velocity in panel a or 

triglyceride/HDL ratio in panel b. *p = level of significance for the association between E’ – E’norm and 

the separate independent components of the models or for PWV or heart rate, respectively, after the 

adjustments indicated (models 4 a-h respectively).  
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Figure 1
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Figure 2 


