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Methods 

Spirometry and body plethysmography  

In the present analysis, FEV1, FEV1/FVC, Reff and ITGV determined by body plethysmography 

were evaluated. Global Lung Function Initiative (GLI) data were used as reference values for 

FEV1 [1], and European Coal and Steel Community (EGKS) reference values for ITGV [2]. For 

reasons of plausibility, the following inclusion criteria were applied:  

 Forced expiratory volume in 1 second (FEV1) percent predicted >0 and ≤130 

 Forced vital capacity (FVC) percent predicted >0 and ≤130 

 FEV1/FVC >0 and ≤1 

 Intra-thoracic gas volume (ITGV) percent predicted <300 

 Total airway resistance >0 and ≤2 

 Effective airway resistance >0 and ≤2 

 Inspiratory capacity to total lung capacity ratio (IC/TLC) >0 and <1 

 Residual volume to total lung capacity ratio (RV/TLC) >0 and <1 

 Non-missing values for specific airway resistance (total and effective) 

Echocardiography 

Echocardiographic B- and M-mode techniques, Doppler and tissue Doppler were used to 

determine LV size, morphology, systolic and diastolic function. For reasons of plausibility, the 

following inclusion criteria were applied: 
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 left ventricular end-diastolic diameter (LVEDD) ≥25 mm 

 left ventricular end-systolic diameter (LVESD) ≥10 mm 

 interventricular septum diastolic (IVSD) ≤22 mm 

 posterior wall diameter diastolic (PWDD) ≤22 mm 

 LV mass >0 and ≤500 g  

 

In addition to the left atrial diameter (LA), a set of parameters was measured to characterize 

LV diastolic function [3]: 

 Transmitral peak Doppler velocity in early (E) and late (A) diastolic LV filling, and their 

ratio (E/A). A reduced E/A is frequently seen in diastolic dysfunction.  

 Peak velocity in early diastole of the septal and lateral mitral annulus (e’-septal, e’-

lateral), and E to e’ ratio (E/e’), where e’ was the mean of e’-septal and e’-lateral. The 

e’ velocity can be used to correct for the effect of LV relaxation on mitral E velocity, 

and E/e’ predicts LV filling pressures.  

 Pulmonary systolic (S) and diastolic (D) venous flow and the S/D ratio. S-wave 

velocity is influenced by LA pressure and contractility, and by LV and RV contractility; 

D-wave velocity is mainly influenced by early diastolic LV filling and compliance and 

is thus associated with mitral E velocity.  

 Duration of pulmonary venous flow (Ar), and of the mitral inflow during atrial 

contraction (A duration), and the difference between these parameters (Ar-A). Ar-A is 

associated with LV pressure rise following atrial contraction and LV end-diastolic 

pressure, with a longer Ar-A indicating higher pressure.  

 Isovolumic relaxation time (IVRT), prolonged in patients with impaired LV relaxation 

but normal LV filling pressures. When left atrial pressure increases, IVRT shortens, 

with a duration inversely related to LV filling pressure in patients with cardiac disease.  

 E-wave deceleration time [E(dt)], which is influenced by LV relaxation, LV diastolic 

pressure following mitral valve opening, and LV stiffness. 

For reasons of plausibility, the following inclusion criteria were applied:  

 E and A < 5 m/sec 

 é-septal and é-lateral < 30 cm/sec 

 E/é ratio < 30 

 S/D ratio < 5 

 IVRT < 200 msec 

 E (dt) < 700 msec 
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For the diagnosis and grading of diastolic dysfunction we followed guideline-based 

recommendations [3]. In patients with normal LVEF, E/e’ and e’-septal or e’–lateral were 

chosen. Since the LA volume was not available, a diameter >27 mm/m² was considered as 

indicating LA dilatation. More than 50% of the above criteria are required to diagnose diastolic 

dysfunction. For the estimation of filling pressure, the criterion of tricuspid valve regurgitation 

velocity, which might be biased by the presence of COPD, was substituted by the S/D ratio, in 

accordance with the recommendations. Grading was based on compound criteria including the 

E/A ratio and E wave velocity.  

 

Results 

Statistical analyses 

In contrast to general structural equation modelling (SEM), path analysis contains only 

observed (manifest) variables and no latent variables. We also used path analysis to take 

account of the covariances between predictors, which in standard multivariate regression are 

assumed to be independent. The results of the path analyses shown in Figure 3 and 

Supplemental Figure 1 refer to the maximum likelihood estimation procedure, but the 

asymptotically distribution-free procedure was in full accordance with the results, particularly 

regarding the pattern of significances. 

For analysis we used the program package Amos (IBM SPSS Amos 22.0.0, Armonk, NY, US); 

all other computations were performed using SPSS 22 (IBM SPSS 22.0.0.0, Armonk, NY, US). 

In path analysis, the maximum likelihood estimation procedure was chosen; its validity was 

checked via the asymptotically distribution-free procedure to reveal whether residual minor 

deviations from the normal distribution affected the significance levels. To quantify the degree 

of model fit, we used the chi-square value, degrees of freedom and corresponding probability 

level (please note that p-values above 0.05 indicate acceptability in the sense that the model 

does not significantly deviate from the data), moreover the root mean squared error of 
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approximation (RMSEA), the p-value of close fit (PCLOSE), and the confirmatory fit index (CFI) 

[4]. The level of statistical significance in all statistical analyses was set at p<0.05. Data were 

transformed, if necessary, to achieve a normal distribution as closely as possible. The 

transformations were: square root for Reff, IVRT and E (dt); logarithm for E, A, E/A, e’-septal, 

e’-lateral and IVRT; 2/5-power for E/e’. Thus, all regression coefficients of Tables 3 and 

Supplemental Table 1 refer to transformed data, while the descriptive data of Tables 1 and 2 

are given untransformed. 

The parasternal long-axis echocardiography measure that is used to quantify the LA diameter 

is known to be higher in women, and this difference is not completely abolished by 

normalization via the body surface area [5]. Indeed, in preliminary analyses we found an 

influence of gender on nearly all parameters evaluated in this study. However, the influence 

was fairly homogeneous, and did not have any modifying effects that might have indicated 

different relationships between parameters in men and women. We therefore eliminated 

gender as an influencing variable by adjusting the parameters according to mean values for 

males and females. 

Sensitivity analyses 

When bodyplethysmographic airway resistance Reff was substituted for FEV1, the resulting 

model was only slightly modified, with an additional relationship from Reff to LA and the 

relationship between BMI and Reff lost. This model also fitted the data well with a chi-squared 

of 32.872 and 38 degrees of freedom (p=0.705); RMSEA was <0.001 (10/90% confidence 

limits <0.001 and 0.022) with a PCLOSE and a CFI close 1.000. The results of the 

asymptotically distribution-free procedure were again consistent with those of the maximum 

likelihood estimation procedure. Further analyses showed that the FEV1/FVC ratio did not 

provide further relations to echocardiography parameters. As an alternative to using 

% predicted values, we used Z scores for both FEV1 and ITGV. While this slightly affected the 

correlations between influencing variables, the structure and distribution of significances of the 

path analysis model was not affected; this was true for both estimation procedures. 



5 / 8 

When the analysis was restricted to patients with normal or near normal LVEF ≥ 50 %, the 

model also fitted the data with a chi-squared of 30.089 and 38 degrees of freedom (p=0.816). 

The value of RMSEA was <0.001 (10/90% confidence limits <0.001 and 0.019) with a PCLOSE 

and a CFI close to 1.000. The results of the asymptotically distribution-free procedure were 

again consistent with those of the maximum likelihood estimation procedure. 

We introduced gender into the gender-adjusted model to check whether this modified the 

relationships between variables which would not necessarily be accounted for by the 

adjustment of mean values. However, there was no significant relationship between gender 

and any echocardiographic variable, indicating appropriate adjustment. In contrast, when 

unadjusted values were used with gender as an additional predictor, gender turned out to be 

related to several predictors, as well as to LA and E/e’. Nevertheless, the internal structure of 

the echocardiographic parameters was not affected and remained intact, nor was the 

relationship between the other predictors and the echocardiographic parameters affected. This 

demonstrated that the path analysis model obtained was fairly robust, and that the elimination 

of gender as a predictor did not result in a loss of information or bias of relationships between 

parameters.  

  



6 / 8 

References 

[1] P.H. Quanjer, S. Stanojevic, T.J. Cole, X. Baur, G.L. Hall, B.H. Culver, P.L. Enright, J.L. 
Hankinson, M.S. Ip, J. Zheng, J. Stocks, E.R.S.G.L.F. Initiative, Multi-ethnic reference values for 
spirometry for the 3-95-yr age range: the global lung function 2012 equations, Eur Respir J 40(6) 
(2012) 1324-43. 
[2] P.H. Quanjer, G.J. Tammeling, J.E. Cotes, O.F. Pedersen, R. Peslin, J.C. Yernault, Lung volumes 
and forced ventilatory flows. Report Working Party Standardization of Lung Function Tests, European 
Community for Steel and Coal. Official Statement of the European Respiratory Society, Eur Respir J 
Suppl 16 (1993) 5-40. 
[3] S.F. Nagueh, O.A. Smiseth, C.P. Appleton, B.F. Byrd, 3rd, H. Dokainish, T. Edvardsen, F.A. 
Flachskampf, T.C. Gillebert, A.L. Klein, P. Lancellotti, P. Marino, J.K. Oh, B.A. Popescu, A.D. 
Waggoner, Recommendations for the Evaluation of Left Ventricular Diastolic Function by 
Echocardiography: An Update from the American Society of Echocardiography and the European 
Association of Cardiovascular Imaging, Journal of the American Society of Echocardiography : official 
publication of the American Society of Echocardiography 29(4) (2016) 277-314. 
[4] R.H. Hoyle, Handbook of Structural Equation Modeling, 2014. 
[5] S. Kou, L. Caballero, R. Dulgheru, D. Voilliot, C. De Sousa, G. Kacharava, G.D. Athanassopoulos, 
D. Barone, M. Baroni, N. Cardim, J.J. Gomez De Diego, A. Hagendorff, C. Henri, K. Hristova, T. 
Lopez, J. Magne, G. De La Morena, B.A. Popescu, M. Penicka, T. Ozyigit, J.D. Rodrigo Carbonero, A. 
Salustri, N. Van De Veire, R.S. Von Bardeleben, D. Vinereanu, J.U. Voigt, J.L. Zamorano, E. Donal, 
R.M. Lang, L.P. Badano, P. Lancellotti, Echocardiographic reference ranges for normal cardiac 
chamber size: results from the NORRE study, Eur Heart J Cardiovasc Imaging 15(6) (2014) 680-90. 



7 / 8 

Supplemental Table 1. Regression weights and covariances of the model given 

in Figure 3 

Regression coefficients 

Relationship Estimate S.E. 95%CI 

 lower  upper 

 p 

E/A ← Age -0.006 0.001 -0.008 -0.004 <0.001 

E/e’ ← Age 0.006 0.001 0.004 0.008 <0.001 

e’-septal ← Age -0.002 0.001 -0.004 0.000 <0.001 

LA ← Age 0.065 0.014 0.038 0.092 <0.001 

E/A ← Diastolic -0.002 0.000 -0.002 -0.002 <0.001 

IVRT ← Diastolic 0.014 0.006 0.002 0.026 0.012 

e’-septal ← Systolic -0.001 0.000 -0.001 -0.001 0.003 

E/A ← BMI -0.002 0.001 -0.004 0.000 0.045 

E/e’ ← BMI 0.007 0.002 0.003 0.011 <0.001 

LA ← BMI -0.072 0.026 -0.123 -0.021 0.006 

E (dt) ← FEV1 0.023 0.006 0.011 0.035 <0.001 

LA ← ITGV -0.011 0.004 -0.019 -0.003 0.003 

e’-septal ← ITGV 0.000 0.000 0.000 0.000 <0.001 

E/e’ ← E/A 1.090 0.078 0.937 1.243 <0.001 

e’-septal ← E/A 0.289 0.043 0.205 0.373 <0.001 

LA ← E/e’ 0.870 0.398 0.090 1.650 0.029 

E (dt) ← E/e’ 0.916 0.347 0.236 1.596 0.008 

E/e’ ← e’-septal -1.578 0.069 -1.713 -1.443 <0.001 

IVRT ← e’-septal -1.557 0.431 -2.402 -0.712 <0.001 

E (dt) ← IVRT 0.216 0.073 0.073 0.359 0.003 

        

Covariances 

Relationship Estimate S.E. 95%CI 

 lower  upper 

 p 

Age ↔ Diastolic  -15.900 3.370 -22.505 -9.295 <0.001 

Systolic  ↔ Diastolic  67.510 7.802 52.218 82.802 <0.001 

Age ↔ Systolic  36.031 6.306 23.671 48.391 <0.001 

ITGV ↔ Systolic  -57.817 18.697 -94.463 -21.171 0.002 

BMI ↔ FEV1 10.369 3.375 3.754 16.984 0.002 

ITGV ↔ FEV1 -343.616 27.896 -398.292 -288.940 <0.001 

Age ↔ ITGV -22.183 8.894 -39.615 -4.751 0.013 

BMI ↔ ITGV -46.594 6.673 -59.673 -33.515 <0.001 
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Numerical results of the final path analysis model (Figure 3). The upper panel describes the regression 

coefficients (directional arrows), the lower panel the covariances between predictors (bidirectional arrows). 

The first columns show the variables related to each other, the next ones the non-standardized estimate and 

its standard error (S.E.), the next ones the 95% confidence interval (95%CI) and the corresponding p value. 

The standardized regression coefficients corresponding to the regression coefficients are indicted in Figure 

3. The lower part of the table shows the covariances between the predictors, whereby the corresponding 

correlations coefficients are shown in Figure 3. 

FEV1 = forced expiratory volume in 1 second; ITGV = intrathoracic gas volume; LA = left atrial diameter; E/A 

= ratio of transmitral peak Doppler velocity in early (E) and late (A) diastolic LV filling; e’-septal/lateral = peak 

velocity in early diastole of the septal/lateral mitral annulus; E/e’ ratio = ratio of E and e’ that is the mean of 

e’-septal and e’-lateral; E (dt) = E-wave deceleration time; IVRT = isovolumic relaxation time. diastolic and 

systolic denotes blood pressure, respectively. 

 

 

Supplemental Figure 1. Path analysis model of the interdependence between 

echocardiographic parameters.  

Each line is labelled by the standardized regression coefficient. Only significant associations 

are shown (p<0.05). 

 


