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Abstract
Aims. Chronic obstructive pulmonary disease (COPD) and cardiovascular diseases are thought to be linked through various factors. We aimed to assess the relationship between airway obstruction, lung hyperinflation and diastolic filling in COPD.
Methods. The study population was a subset of the COPD cohort COSYCONET. Echocardiographic parameters included the left atrial diameter (LA), early (E) and late (A) transmitral flow, mitral annulus velocity (e’), E wave deceleration time (E[dt]), and isovolumic relaxation time (IVRT). We quantified the effect of various predictors including forced expiratory volume in 1 second (FEV1) and intrathoracic gas volume (ITGV) on the echocardiographic parameters by multiple linear regression and integrated the relationships into a path analysis model. 
Results. A total of 615 COPD patients were included (mean FEV1 52.6% predicted). In addition to influences of age, BMI and blood pressure, ITGV was positively related to e’-septal and negatively to LA, FEV1 positively to E(dt) (p<0.05 each). The effect of predictors was most pronounced for LA, e’-septal and E(dt), and less for E/A, IVRT and E/e’. Path analysis was used to take into account the additional relationships between the echocardiographic parameters themselves, demonstrating that their associations with the predictors were maintained and robust. 
Conclusions. Airway obstruction and lung hyperinflation were significantly associated with cardiac diastolic filling in patients with COPD, suggesting a decreased preload rather than an inherently impaired myocardial relaxation itself. This suggests that a reduction in obstruction and hyperinflation could help to improve cardiac filling.
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Introduction
Cardiovascular comorbidities are frequent in COPD and associated with a worse prognosis [1, 2], while the presence of COPD has a negative impact on cardiovascular disease and heart failure [3-5]. For example, airflow limitation is associated with increased mortality in patients hospitalized for heart failure, independent of cigarette smoking [6]. It is unclear whether the overlap of cardiac diseases and COPD is due to the high prevalence of both diseases per se, or derived from shared risk factors, or based on causal pathophysiological links.
Heart failure can result from systolic or diastolic dysfunction. For clinical purposes, the terms heart failure with reduced or preserved ejection fraction were introduced (HFrEF, HFpEF). In the past, a reduction in systolic function has been viewed as the main cause for symptoms and outcome, but improved diagnostic and imaging techniques have underlined the importance of the diastolic component. Among patients with decompensated heart failure, a relevant contribution originates from diastolic heart failure [7, 8], the prognosis of whom is similar to those with systolic dysfunction [9].
The interplay between myocardial relaxation and filling appears crucial for diastolic heart failure. Frequent myocardial alterations are hypertrophy and increased stiffness, e.g. as a consequence of hypertension, which not only play a role in cardiovascular disorders such as atrial fibrillation, but are also related to respiratory disorders, such as sleep-disordered breathing [10]. Correspondingly, there is an increasing awareness that diastolic dysfunction may contribute to exercise intolerance and physical inactivity in COPD.
In the general population, the prevalence of diastolic dysfunction is associated with age, body weight and hypertension [11]. In patients with COPD, the available estimates of the prevalence of diastolic dysfunction vary widely, probably due to different diagnostic approaches and small sample sizes [12-18]. Single markers involved in diastolic function have been shown to correlate with the degree of airflow limitation [16, 19], underlining their potential contribution to dyspnea and exercise intolerance [20-24]. Direct pathophysiological links have also been hypothesized between heart failure and COPD [25, 26], but diastolic dysfunction in COPD has not been studied comprehensively. As direct assessment requires invasive measurements, clinical evaluations of diastolic dysfunction are largely based on echocardiographic composite criteria [18, 27]. 
We therefore aimed to quantify the association of echocardiographic indices of diastolic cardiac function with airflow limitation and lung hyperinflation, as well as age, body mass index (BMI), and systolic and diastolic blood pressure in patients with COPD. We incorporated the multiple relationships between the parameters in a comprehensive path analysis model. The study population was part of the large COPD cohort COSYCONET (COPD and Systemic Consequences - Comorbidities Network). 


Methods
COSYCONET is a prospective, observational, multicenter cohort study in patients with stable COPD that aims to evaluate severity and time course of comorbidities and their relationship to the lung disorder [28]. The study was approved by the Ethics Committee of the University of Marburg as coordinating center and the Ethics Committees of all study centers, and is registered on ClinicalTrials.gov (registration number NCT01245933).
Study participants
The inclusion criteria for COSYCONET were [28]: at least 40 years of age; doctor-based diagnosis of COPD or chronic (non-obstructive) bronchitis. Exclusion criteria were: significant lung surgery in the past; moderate or severe exacerbation in the four weeks prior to entry; currently diagnosed lung tumor; and physical or cognitive impairment resulting in an inability to participate in the measurements. For the present analysis, additional exclusion criteria were: heart valve disease more than moderate or heart valve replacement; presence of an implanted pacemakers or cardioverter-defibrillator. Only patients with full and plausible lung function as well as echocardiographic data were included (for details see supplement). Additional inclusion criteria were airflow limitation of grade GOLD 1 to 4 [29], i.e. patients with chronic bronchitis not fulfilling these criteria, named as GOLD 0, were not included; and presence of ECG-documented sinus rhythm was required. An additional exclusion criterion was severe diastolic hypertension >110 mmHg, which may have unpredictable, long-term effects on diastolic function [30] (Figure 1). 
Assessments
Spirometry and body plethysmography maneuvers were performed as recommended by the American Thoracic Society (ATS), European Respiratory Society (ERS) and Deutsche Gesellschaft für Pneumologie und Beatmungsmedizin (DGP) [31-34]. Lung function was determined after bronchodilation using 400 µg salbutamol and 80 µg ipratropium bromide [28]. Echocardiography used standard methodology as recommended by the American Society of Echocardiography and the European Association of Cardiovascular Imaging [27, 35]. The endpoints evaluated were: left ventricular ejection fraction (LVEF), e’-septal, e’-lateral, left atrial (LA) diameter, the ratio of transmitral peak Doppler velocity in early (E) to late (A) diastolic LV filling (E/A), the E/e’ ratio (where e’ is the mean of e’-septal and e’-lateral) and, the ratio of pulmonary systolic (S) to diastolic (D) venous flow (S/D) (for details and explanations of the clinical implications of these assessments see supplement).
Data analysis
The present analysis used the baseline data (visit 1, recruitment). Forced expiratory volume in 1 second (FEV1) and intrathoracic gas volume (ITGV) were evaluated as percent predicted values [36, 37], and the ratio of FEV1 to forced vital capacity (FVC) and effective airway resistance (Reff) as absolute values. The echocardiographic LA diameter was normalized to body surface area. For descriptive statistics, we used mean values and standard deviations (SD). Differences between groups were evaluated via t-tests or analysis of variance (ANOVA) in case of continuous variables, via chi-square tests in case of categorical variables. Multiple linear regression analyses were used to evaluate associations between age, BMI, systolic and diastolic blood pressure and lung function parameters, all of which were taken as independent variables, and single echocardiography parameters which were taken as dependent. The relationship between echocardiographic parameters was assessed via linear correlation coefficients. The level of statistical significance was assumed at p<0.05. 
In order to integrate the various relationships found and to assess whether the dependence of echocardiographic parameters on the predictors was affected by their mutual relationships, we additionally established a path analysis model. Path analysis is commonly used in social sciences and econometrics [38] and has also been applied in recent medical research [39-43]. Its advantage over conventional regression analysis is that it can incorporate cross-talk between dependent variables and allows for the quantification of direct and indirect effects. It is therefore well suited to analyze complex networks of interdependences.


Results
Patient characteristics 
A total of 2741 patients were enrolled in COSYCONET, 1591 of whom had full and plausible systolic echocardiographic and lung function data (Figure 1). After exclusion of patients formerly classified as GOLD 0 (symptoms of chronic bronchitis but FEV1/FVC>0.7), or without ECG-documented sinus rhythm, or with diastolic blood pressure >110 mmHg, or implausible diastolic data, 1259 patients remained, 615 of whom had complete diastolic echocardiographic data in terms of E/A, E/e’, e’-septal, E (dt), IVT, and LA.
Patient characteristics stratified for spirometric GOLD categories are given in Table 1. There were significant differences in age, body weight, BMI, and blood pressure across the GOLD grades. Furthermore, LA diameter, e’-septal and e’-lateral, E/e’ ratio, and E (dt) significantly differed across GOLD grades, with no obvious trend for the E/A ratio. Echocardiographic descriptive data are given in Table 2. There were no significant differences in LV mass across the GOLD grades; males exhibited greater LV mass than females, even though the data were normalized to body surface area. A normal (or near to normal, i.e. ≥ 50%) systolic LVEF was found in 587 of 615 patients (95.4%). Diastolic dysfunction was found in 24 patients (4.1%) with normal LVEF. In these, and in 28 patients with depressed LVEF (a total of 52 patients [8.5%]), the grading of diastolic function resulted in diastolic functional grades I/II/III in 35/2/2 patients, with 13 patients undetermined.
Associations with echocardiographic parameters
For the multivariate analyses we used age, BMI, diastolic and systolic blood pressure, FEV1 and ITGV as statistical predictors potentially influencing echocardiographic parameters. Among the echocardiographic parameters, we excluded those being closely related by definition in order to reduce collinearity, which would result in models being statistically unreliable and difficult to interpret. On this basis we selected E/A, E/e’, e’-septal, E (dt), IVRT and LA for analysis. In the multiple multivariate regression analysis we accounted for the correlation between the predictors. Hyperinflation, indicated by an increased ITGV, was associated with a decreased LA diameter, and airway obstruction, indicated by a reduced FEV1, with a decreased E (dt). Results are shown in Table 3, which gives unstandardized regression coefficients and their 95% confidence intervals for all those relationships which were statistically significant. They are also illustrated in Figure 2, which shows standardized regression coefficients. 
Integrative path analysis model
To delineate the relationship between the echocardiography parameters beyond a conventional regression analysis we built a path analysis model (Supplemental Figure 1). The chosen structure fitted well, with a chi-squared of 5.787 (8 degrees of freedom, p=0.671; values above 0.05 indicate that the model does not significantly deviate from the data, thus indicating acceptance of the model. The RMSEA (see methods) was <0.001 (10/90% confidence limits, <0.001 and 0.038), with PCLOSE of 0.990 and CFI close to 1.000 (PCLOSE and CFI values above 0.95 indicate acceptability).
The model of echocardiographic parameters was then combined with the multiple regression results (Figure 2). The result is shown in Figure 3, with the corresponding regression and correlation coefficients in Supplemental Table 1. Importantly, the relationship between the echocardiographic parameters turned out to be robust and not substantially modified through the predictors. Regarding the dependence on predictors, the influence of diastolic blood pressure on e’-septal and that of systolic blood pressure on E/e’ lost their statistical significance. Obviously, these effects were now mediated indirectly via E/A and e’-septal, respectively (compare Figure 2 and 3). The final model fitted with a chi-square of 31.633 (38 degrees of freedom, p=0.757); the RMSEA was <0.001 (10/90% confidence limits, <0.001 and 0.021), while PCLOSE and CFI were close to 1.000. In accordance with the previous multivariate analysis, airway obstruction (reduction of FEV1) was correlated with a decreased E (dt), and hyperinflation (ITGV) with a reduced LA size. 
When inverting the direction of the influences of age, BMI, blood pressure and lung function on the parameters of diastolic function, the model did not fit, thereby confirming the proper choice of influencing variables, of influenced variables and of model structure. Moreover, essentially the same model was obtained when including patients of the former GOLD grade 0 (n=727) in addition to those of grades 1-4. To assess the potential role of bodyplethysmographic airway resistance Reff, FEV1/FVC ratio and gender, additional analyses involving these parameters were performed. The resulting model was only slightly modified (for further sensitivity analyses see supplementary material). 


Discussion
Using data from a large, well-characterized cohort of patients with COPD, we found echocardiographic markers of diastolic function to be associated with airway obstruction and lung hyperinflation, in addition to age, BMI and blood pressure. Specifically, the degree of airflow limitation in terms of FEV1 was related to the E-wave deceleration time, while hyperinflation in terms of ITGV was related to mitral annulus velocity and a reduced LA diameter. These associations were statistically robust and not markedly dependent on the strong relationships between the echocardiography parameters themselves that reflected their pathophysiological interdependence. 
The first novel finding of the present study is that the prevalence of myocardial diastolic dysfunction appears to be lower in COPD than expected. Moreover, although many studies have analyzed markers of diastolic function, the majority used either single or a small number of measures, particularly the E/A ratio [21, 44, 45]. Compared to these previous studies, we provide a comprehensive picture of diastolic dysfunction in COPD, which included both airway obstruction and lung hyperinflation among the influencing factors. Furthermore, the results of our path analysis suggest that the functional impairment of the lung itself exerts small but measurable effects on diastolic parameters, presumably as consequence of a decreased left heart preload. This causal mechanism is an alternative to the assumption of an inherently impaired myocardial relaxation, or of systemic inflammation in COPD [46]. 
As there is no single echocardiographic parameter that changes in a monotonic manner with the severity of the disease, the diagnosis of diastolic dysfunction is challenging. For example diastolic heart failure is characterized by increased ventricular filling pressure that can only be measured invasively [47]. Therefore a bundle of markers have been recommended that can be obtained by echocardiography, including changes in cardiac cavity dimensions, Doppler magnitude flow and duration signals, and tissue Doppler velocities, e.g., of the mitral annulus [27]. The American Society of Echocardiography and the European Association of Cardiovascular Imaging [27] recommend the use of a panel of parameters for the echocardiographic evaluation of diastolic ventricular function (which is why we analyzed a set of six parameters to describe diastolic function). Consistent with the recommendation to use a panel of parameters, in our analyses, there was no clear relationship between COPD grades or lung function and E/A ratio [48]. 
The presence of comorbid conditions such as COPD may complicate the evaluation of diastolic dysfunction, e.g., a decrease of LV chamber size has been observed with increasing airflow limitation and lung hyperinflation [21, 49]. Furthermore, in patients with COPD right heart load can be increased which might exert an influence on the left heart. The consequence is that in patients with manifest heart failure, alterations of echocardiographic parameters could be predominantly a function of heart disease itself and not of lung function. Recognizing this, we excluded patients with certain cardiac entities from our analyses, and so we were able to demonstrate the influence of alterations in lung function, both obstruction and hyperinflation, on diastolic function. 
Age, BMI and blood pressure are known to be associated with heart function and morphology in the general population [27]. In our COPD population age was related to E/A, e’-septal, E/e’ and LA diameter, BMI to E/A, E/e’ and LA diameter, and blood pressure to E/A, IVRT and e’-septal. 
Regarding hyperinflation of the lung, ITGV positively correlated with e’-septal but inversely with LA diameter suggesting that lung hyperinflation has a negative impact on LV filling. This is compatible with reduced left heart filling, i.e. reduced preload. In contrast, reductions in LA filling and diameter can be linked to a reduction in pulmonary vein area as found in COPD independently of the transmitral flow pattern, whereas an abnormal transmitral flow has been associated with an increased vein area in subjects without COPD [46]. This emphasizes the necessity both for a comprehensive picture of diastolic function beyond measurement of single parameters and a consideration of the modulating effect of the lung disorder when evaluating diastolic dysfunction.
Regarding airway obstruction, a lower FEV1, was associated with a lower E (dt), suggesting a link between airway resistance and LV diastolic pressure, relaxation, and/or stiffness. Animal studies have shown that large negative intrathoracic pressure amplitudes can influence left ventricular afterload [47]. Furthermore, positive intrathoracic pressure during expiration, combined with prolonged expiration time, could maintain an elevated intrathoracic pressure for a greater fraction of the respiratory cycle, thereby reducing venous return and impairing ventricular filling and cardiac output [47]. These observations are consistent with observations of decreased LV chamber size in severe COPD [21, 49] and of histological alterations [47] such that the junction points from right to left ventricle at the septal insertion are prone to increased load and distending forces [50-52].
When measuring a broad panel of parameters it has to be taken into account that some of them are very closely related to each other. Therefore we had to be selective in terms of which were included in the path analysis. Various models could be constructed that were in accordance with pathophysiological considerations and statistically valid. The final model of the echocardiographic parameters alone showed the best fit and statistical robustness. This was emphasized by the fact that the addition of the predictors in the final model did not alter the relations between the echocardiographic parameters. Moreover, the links between the echocardiographic outcomes and the predictors age, BMI, FEV1 and ITGV remained stable. This stability underlined that airway obstruction and lung hyperinflation have a small, but robust effect on the echocardiographic indices of diastolic function. 
If obstruction and hyperinflation in COPD are linked to a decreased preload and thus influence cardiac filling, as suggested by our data, a decreased preload might be more frequent in COPD patients than a genuine myocardial relaxation disorder itself. A clinical implication might be that bronchodilator therapy could improve diastolic function in COPD, in accordance with the finding that lung deflation can improve cardiac filling [26, 53]. It might be speculated that this therapy antagonizes the decreased LA size in COPD, improves early left ventricular filling, which leads to an increase in left heart preload and filling. Whether this has therapeutically relevant consequences needs to be explored in interventional studies. 
Our study has the strength that we could analyze quality-controlled data from a large COPD cohort. However, a potential limitation is that the examined subgroup was less than one quarter of the total number of patients included in COSYCONET [28]. This reduction was due to the fact that echocardiography had not been performed in all patients, with the data set incomplete in others. It is difficult to estimate whether this selection introduced a bias but we preferred to restrict the analysis to patients with complete data instead of introducing statistical difficulties based on incomplete data. The disease characteristics of our population were similar to the overall COSYCONET population [28], which is (in turn) consistent with broad COPD populations [54-65]. However, as we excluded patients with reported cardiac diseases or manifest cardiac alterations, direct comparisons of the occurrence of diastolic dysfunction with that in an unselected population of COPD patients are not possible. A further strength was the availability of bodyplethysmographic data that permitted the direct quantification of lung hyperinflation, which turned out to be a significant influencing factor. We also consider it as a strength that the data allowed the formulation and statistical confirmation of a comprehensive picture of echocardiographic indices and lung function via path analysis. Despite this, the cross-sectional character does not permit truly causal inferences, for which follow-up data are more suitable. A method-inherent limitation of our study is that we relied on echocardiographic measurements, which therefore meant that we obtained surrogate markers of diastolic dysfunction only. Alternative, direct measurements include invasive pressure measurement or cardiac magnetic resonance imaging [66]; such techniques are either not indicated in the majority of patients with COPD, or are not widely available. We cannot completely exclude the possibility that the presence of hyperinflation per se could have impacted the echocardiographic data, in terms of variability, patient selection bias, or distortion of the measured values. However, we used data that are typical of those collected in clinical practice, and so we do not believe that this has impact on the potential clinical implications of our findings.


Conclusions
The present cross-sectional study suggests that airway obstruction and lung hyperinflation in COPD are associated with impaired left heart diastolic filling that can be detected by echocardiography. This association resulted in small but significant shifts in the distributions of echocardiographic parameters. The findings are consistent with the hypothesis that a decreased left heart preload is a mechanical consequence of alterations in the cardiac environment caused by the lung disorder, and suggest that reductions of airway obstruction and hyperinflation could improve cardiac forward volume. 
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[bookmark: _Ref439860323]Table 1. Patients' characteristics overall and stratified by GOLD grade and gender
	
	All Patients

N = 615
	GOLD 1

N = 46
	GOLD 2

N = 270
	GOLD 3

N = 243
	GOLD 4

N = 56
	Male

N = 357
	Female

N = 258

	Age, years
	64.3±8.3
	63.8±9.9
	65.3±8.3
	64.2±8.0
	61.1±7.8**
	65.1±8.3
	63.3±8.3**

	Male, n (%)
	357 (58.0)
	29 (63.0)
	153 (56.7)
	139 (57.2)
	36 (64.3)
	-
	-

	Body height, cm
	170.6±9.1
	172.1±8.3
	170.4±9.2
	170.5±9.4
	170.8±8.6
	175.9±6.9
	163.2±6.3***

	Body weight, kg
	76.8±16.3
	77.5±14.0
	78.5±16.5
	76.5±16.2
	69.4±15.2** 
	82.7±15.1
	68.6±14.1***

	Body mass index, kg/m2
	26.3±4.7
	26.1±4.0
	26.9±4.7
	26.2±4.8
	23.7±4.3***
	26.7±4.5
	25.7±5.0*

	Lung function
	
	
	
	
	
	
	

	FEV1, % predicted
	52.6±17.7
	87.0±5.8
	63.3±8.6
	40.7±5.7
	24.8±4.2***
	52.3±18.4
	53.1±16.8

	FVC, % predicted
	77.8±17.8
	104.8±8.0
	86.1±11.8
	69.1±12.8
	52.8±13.1***
	77.7±18.2
	77.8±17.3

	FEV1/FVC
	0.52±0.11
	0.64±0.04
	0.57±0.08
	0.47±0.09
	0.38±0.10***
	0.51±0.12
	0.53±0.10*

	Reff, kPa*s/l
	0.43±0.19
	0.24±0.15
	0.33±0.15
	0.50±0.22
	0.74±0.27***
	0.39±0.21
	0.48±0.25***

	ITGV, % predicted
	149.6±34.5
	125.5±24.4
	134.0±25.9
	160.8±29.9
	195.7±34.7***
	146.0±35.0
	154.5±33.3**

	Blood pressure 
	
	
	
	
	
	
	

	Systolic, mmHg
	140.0±18.4
	133.7±14.8
	142.0±19.3
	139.8±18.0
	136.8±16.9*
	140.9±17.9
	138.7±19.0

	Diastolic, mmHg
	74.6±10.1
	72.0±8.8
	74.8±10.1
	74.7±10.4
	75.7±10.0
	76.3±9.6
	72.4±10.5***

	Pulmonary medication, n(%)
	
	
	
	
	
	
	

	LABA
	530 (86.2)
	34 (73.9)
	221 (81.9)
	223 (91.8)
	52 (92.9)***
	313 (87.7)
	217 (84.1)

	LAMA
	469 (76.3)
	24 (52.2)
	182 (67.4)
	209 (86.0)
	54 (96.4)***
	269 (75.4)
	200 (77.5)

	ICS
	409 (66.5)
	30 (65.2)
	157 (58.1)
	182 (74.9)
	40 (71.4)**
	242 (67.8)
	167 (64.7)

	Cardiovascular Medication, n (%)
	
	
	
	
	
	
	

	Betablockers
	121 (19.7)
	5 (10.9)
	49 (18.1)
	58 (23.9)
	9 (16.1)
	74 (20.7)
	47 (18.2)

	ACE / renin inhibitors,
AT antagonists
	276 (44.9)
	16 (34.8)
	126 (46.7)
	114 (46.9)
	20 (35.7)
	174 (48.7)
	102 (39.5)*

	Diuretics
	104 (16.9)
	3 (6.5)
	38 (14.1)
	48 (19.8)
	15 (26.8)*
	65 (18.2)
	39 (15.1)


Data are given as mean ± standard deviation, unless specified otherwise. Differences between GOLD grades I to IV or gender:* <0.05, **<0.01, ***<0.001.
FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity; Reff = effective airway resistance; ITGV = intrathoracic gas volume; LABA = long-acting beta2 receptor agonist; LAMA = long-acting muscarinic antagonist; ICS = inhaled corticosteroid; ACE = angiotensin converting enzyme; AT = angiotensin II, Pulmonary and cardiovascular medication includes any use of the drug, i.e. as single substance as well as in combined formulations. Diuretics include aldosterone antagonists.


Table 2. Echocardiographic characteristics overall and stratified by GOLD grade and gender
	
	All Patients

N = 615
	GOLD 1

N = 46
	GOLD 2

N = 270
	GOLD 3

N = 243
	GOLD 4

N = 56
	Male

N = 357
	Female

N = 258

	LVEF, %
	62.2±8.5
	62.7±8.2
	62.5±8.8
	62.1±8.4
	60.3±7.9
	61.3±8.4
	63.4±8.6**

	LVEDD, mm
	47.7±6.9
	48.4±6.0
	48.4±6.7
	47.3±7.2
	46.1±6.7
	49.5±6.8
	45.3±6.2***

	LV mass, g/m²
	108.1±43.1
	105.9±28.6
	112.5±43.9
	104.8±43.8
	103.4±44.9
	115.2±42.0
	98.4±42.7***

	LA, mm
	34.7±5.9
	35.7±5.7
	35.5±5.6
	34.2±6.3
	31.8±5.0***
	35.9±5.9
	33.0±5.5***

	LA, mm/m2
	18.5±3.0
	18.8±2.7
	18.8±2.8
	18.3±3.2
	17.8±3.0*
	18.1±3.0
	19.1±3.0***

	E/A ratio
	0.91±0.28
	0.94±0.22
	0.89±0.27
	0.92±0.30
	0.92±0.28
	0.91±0.30
	0.91±0.25

	e’-septal, cm/sec
	8.0±2.5
	7.8±2.0
	7.9±2.4
	8.0±2.6
	9.0±3.1*
	7.9±2.5
	8.2±2.6

	e’-lateral, cm/sec
	9.6±2.8
	9.9±2.9
	9.4±2.7
	9.6±2.9
	10.7±2.8*
	9.6±2.8
	9.6±2.8

	E/e’ ratio
	8.3±2.8
	8.2±2.1
	8.3±2.7
	8.5±2.9
	7.2±2.7*
	8.1±2.8
	8.5±2.7*

	E (dt), msec
	208±75
	220±66
	217±77
	205±74
	166±61***
	208±77
	207±72

	IVRT, msec
	100±29
	97±24
	102±30
	100±28
	94±27
	100±29
	100±28

	S/D ratio
	1.22±0.38
	1.27±0.36
	1.18±0.38
	1.26±0.40
	1.26±0.27
	1.23±0.39
	1.21±0.37

	Ar – A, msec
	-42.4±60.5
	-43.1±67.8
	-54.6±49.2
	-33.3±69.8
	-22.0±40.7
	-40.5±59.7
	-44.5±61.5


Data are given as mean ± standard deviation, unless specified otherwise. Differences between GOLD grades I to IV or gender: * <0.05, **<0.01, ***<0.001. LVEF = left ventricular ejection fraction; LVEDD = left ventricular end-diastolic diameter; 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; S/D = ratio of the pulmonary systolic (S) and diastolic (D) venous flow; Ar – A = difference of the duration of pulmonary venous flow (Ar) and of the mitral inflow during atrial contraction. For detailed explanation of parameters see supplement. 

Table 3. Regression weights of the model given in Figure 2
	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
	0.007
	0.001
	0.005
	0.009
	<0.001

	e’-septal
	←
	Age
	-0.004
	0.001
	-0.006
	-0.002
	<0.001

	LA
	←
	Age
	0.072
	0.014
	0.045
	0.099
	<0.001

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

	e’-septal
	←
	Diastolic 
	-0.001
	0.001
	-0.003
	0.001
	0.038

	IVRT
	←
	Diastolic 
	0.016
	0.006
	0.004
	0.028
	0.006

	E/e’
	←
	Systolic 
	0.001
	0.001
	-0.001
	0.003
	0.045

	e’-septal
	←
	Systolic 
	-0.001
	0.000
	-0.001
	-0.001
	0.039

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

	E/e’
	←
	BMI
	0.009
	0.003
	0.003
	0.015
	<0.001

	LA
	←
	BMI
	-0.065
	0.026
	-0.116
	-0.014
	0.012

	E (dt)
	←
	FEV1
	0.025
	0.006
	0.013
	0.037
	<0.001

	e’-septal
	←
	ITGV
	0.000
	0.000
	0.000
	0.000
	0.001

	LA
	←
	ITGV
	-0.011
	0.004
	-0.019
	-0.003
	0.002


Numerical results of the multiple multivariate regression analysis (Figure 2). The table describes the linear regression coefficients. The first columns show the dependent and independent variables, 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 regression analysis was performed taking into account the correlations between predictors as indicated by lines with two arrows in Figure 2. The corresponding covariances are the same as in Supplemental Table 1.The standardized regression coefficients and the correlations coefficients corresponding to the non-standardized estimates are indicated in Figure 2.
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.


Legends 
Figure 1. Participants included in the analysis.
Figure 2. Results of multivariate multiple linear regression analysis of predictors versus echocardiographic parameters, while including the correlations between the influencing variables (double-headed arrows). Each line is labelled by the standardized regression coefficient or correlation coefficient. Details of the numerical results are shown in Table 3.
Figure 3. Final path analysis model describing the relationship between predictors and echocardiographic parameters as well as the relationships between echocardiographic parameters. This model was constructed as an overlay of the models shown in Figures 2 and Supplemental Figure 1 and adapted according to changes in statistical significance in the combined model. The regression coefficients describing each of the relationships between two variables (unidirectional arrows for regression and bidirectional arrows for correlation), their confidence intervals and significance levels are given in Table 3. Each line is labelled by the standardized regression coefficient or correlation coefficient. 

