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Background: Right ventricular (RV) function can be quantified by right heart catheterization-derived 
pressure-volume loops. While this technique is invasive, echocardiography-based volume-strain loops (VSLs) 
potentially reflect a non-invasive alternative. In this study, an approach to generate VSLs from volume and 
multidimensional strain data of 3D echocardiography-derived RV mesh models is evaluated with regard to 
feasibility and reproducibility.
Methods: In a retrospective cohort study design, 3D intraoperative transesophageal echocardiograms of 
twenty-three patients undergoing aortic valve surgery (AVS) and eighteen patients undergoing off-pump 
coronary artery bypass (OPCAB) grafting were available prior to sternotomy and after sternal closure. RV 
meshes were generated using 3D speckle-tracking. Custom-made software quantified the meshes’ volumes, 
global longitudinal (RV-GLS) and global circumferential strain (RV-GCS) for VSL generation. Linear 
regression of systolic VSLs yielded slopes, intercepts and systolic areas. Polynomial regression of two orders 
was used to analyze systolic-diastolic coupling at 10% increments of the RV end-diastolic volume (RVEDV). 
Reproducibility was analyzed by fourfold double-measurements of four datasets.
Results: VSL calculation was feasible from all included 3D datasets. RV-GLS remained unaltered, but 
RV-GCS worsened in AVS [abs. diff. (∆) 3.9%, P<0.01] and OPCAB patients (∆4.5%, P<0.001). While RV-
GCS systolic areas were markedly reduced at the end of AVS (∆268mL%, P<0.01) and OPCAB (∆185mL%, 
P<0.001), RV-GCS slopes did not change. Systolic-diastolic uncoupling was not observed, but in trend, 
decreased diastolic RV-GCS after AVS (P=0.06) and increased diastolic RV-GCS after OPCAB (P=0.06) were 
observed. Intraclass correlation coefficients (0.84–0.98) and coefficients of variation (6.4–11.8%) indicated 
good reproducibility. 
Conclusions: RV VSL generation using 3D echocardiography-derived mesh models is feasible. 
Longitudinal and circumferential strain vectors yield intrinsically different VSL indices. In future 
investigations, VSLs of multidimensional strains could provide further insight into periprocedural changes of 
RV mechanics.
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Introduction

The quantification of right ventricular (RV) systolic 
function is cornerstone to identify RV dysfunction which 
dramatically limits patient outcomes (1-3). The delineation 
between normal and reduced RV function is challenging, and 
certainly depends on the clinical setting. Echocardiography 
has emerged as the first-line diagnostic tool for RV 
assessment, mainly due to its rapid availability and non-
invasiveness (4,5). Three-dimensional (3D) techniques 
provide a comprehensive display of the anatomically complex 
RV compared to the reference method cardiac magnetic 
resonance imaging (6) and have the potential to identify 
hallmarks of RV deterioration (7,8). Semi-automatic speckle-
tracking echocardiography (STE) and strain analyses 
recently expanded the spectrum of RV characterization by 
3D echocardiography (9,10). As most echocardiographic 
parameters depend on pre- and afterload, right heart 
catheterization-based measurements—especially pressure-
volume relationships—reflect advantageous techniques for the 
quantification of RV contractility and diastolic function (11).  
However, right heart catheterization is invasive and 
conductance catheter-based volumetry often cumbersome 
(12,13). Accordingly, the acquisition of pressure-volume 
loops is mostly withheld from patients in clinical routine but 
plays a pivotal role in scientific contexts (14,15). Volume-
strain or area-strain loops were evaluated as a potential 
non-invasive correlate of pressure-volume loops over the 
last years and approaches to generate RV load-strain loops 
yielded promising results (16,17). Volume-strain loops 
(VSLs) describe the change of RV deformation across the 
cardiac cycle for a defined volume change and—similarly 
to pressure-volume loops—various systolic and diastolic 
parameters can be derived, e.g., slopes of the VSL curve (18). 
Changes in RV pre- or afterload detected by simultaneous 
recordings of strain and volume correlate well with pressure-
volume loops (16). So far, a limitation of these techniques 
was the character of the input parameters (area/volume, 
strain), which were either derived from two-dimensional 
echocardiograms or underwent necessary interpolation due 
to unsynchronized recordings. To the best of our knowledge, 
this report incorporates the first approach to generate non-

invasive real-time VSLs employing volume and strain data 
extracted from a single 3D echocardiographic dataset. The 
application of 3D STE on intraoperative transesophageal 
echocardiograms yielded RV mesh models that underwent 
post-processing with custom-made software to derive 
volume and strain values simultaneously for each frame 
of the cardiac cycle. The goal of this proof-of-concept 
study was to evaluate the feasibility of 3D VSLs in patients 
undergoing two different types of cardiac procedures, and 
to analyze their periprocedural changes alongside other 
established echocardiographic parameters. We present the 
following article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-21-1204/rc).

Methods

Patients, interventions & echocardiography

In this single-center observational retrospective cohort study, 
patients undergoing cardiac surgery were chosen from our 
institutional echocardiographic imaging database. The study 
was conducted in accordance with the Declaration of Helsinki 
(as revised in 2013) and approved by the Ethics Committee 
of the University of Tuebingen (Trial Registration # IRB 
350/2015R). German privacy regulations do not require 
individual patient consent for retrospective data acquisition or 
use. Out of 738 patients in the 3D database eligible between 
November 2013 and October 2018, twenty-three patients 
that underwent on-pump surgery of the aortic valve (AVS: 
replacement or repair) and eighteen patients that underwent 
off-pump coronary artery bypass (OPCAB) grafting were 
included due to the necessary echocardiograms being 
available (Figure 1). The two patient groups were chosen for 
the following reasons: (I) after screening of the database, AVS 
and OPCAB patients represented the two surgical procedure 
groups with the most patients suitable for inclusion; (II) 
RV physiology of AVS and OPCAB patients is intrinsically 
different (AVS: increased afterload, on-pump surgery; 
OPCAB: myocardial ischemia, off-pump surgery) leading to 
a higher probability to detect characteristic changes of VSLs 
between the groups or between the pre- and postoperative 
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state. All included patients received standardized 3D TEE 
during hemodynamic stability under general anesthesia both 
prior to sternotomy (“pre”) and after sternal closure (“post”). 
The institutional protocol for intraoperative 3D TEE 
acquisition has been extensively described elsewhere (19-22). 
In brief, a RV-focused 3D recording was performed using 
multi-beat acquisition to achieve sufficient frame rates for 
STE-based volumetry (Figure 2A). Perioperative pacing was 
read out from digital intraoperative records.

Post-processing, mesh generation & recording of volume-
strain loops 

The 3D datasets were segmented using the most widespread 
commercially available software package (4D RV-Function 
2, Tomtec Imaging Systems GmbH, Unterschleissheim, 
Germany, Figure 2A) .  After global RV volumetric 
parameters were recorded (RVEDV, RVESV, RVEF), the 
meshes were exported and analyzed with a custom-made 
software (written in C++. based on the Visualization Toolkit, 
Ver. 7.1.1, Kitware, Inc., Clifton Park, New York, USA). 
This algorithm quantifies the mesh volume and strains on 
the mesh surface from frame to frame (Figure 2B). Strain 
computation using this software approach and its prognostic 
value have recently been described (22,23): in the present 
study, right ventricular global longitudinal strain (RV-
GLS) was calculated by averaging two regional longitudinal 

strains, each of them running from the tricuspid valve to the 
apex (reflecting free wall and septal wall longitudinal strain). 
Right ventricular global circumferential strain (RV-GCS) 
was quantified by averaging four regional circumferential 
strains (basal upper, basal lower, apical upper and apical 
lower circumferential strain). As volumetric and strain 
data are available simultaneously in each frame of the 
cardiac cycle, no interpolations or merging of volume 
and strain curves from different modalities are necessary. 
A spreadsheet of the raw data is written by the software 
(Figure 2C) and the volume-strain loop is generated using 
Microsoft Excel (Figure 2D). The largest and smallest mesh 
volumes were defined as the end-diastolic and end-systolic 
frame, respectively. Systolic and diastolic volume-strain 
relationships were calculated and displayed separately. Peak 
strain values (of the whole cardiac cycle) were recorded for 
the comparisons with VSL parameters.

Calculation of VSL parameters

Linear regression yielded equations in the form of y = m 
× x + z for systolic volume-strain relationships separately 
for RV-GLS and RV-GCS, respectively [y = strain (%), m 
= slope (%/mL), x = volume (mL), z = intercept (%)]. The 
area under the curve in systolic volume-strain relationships 
was calculated for RV-GLS and RV-GCS, respectively, 
and termed “systolic area” (mL*%). Systolic and diastolic 

Figure 1 Patient selection flow chart. Patients were screened for study inclusion by searching the institutional 3D echocardiography 
database. VSL generation was feasible in all included patients. RV, right ventricular; VSL, volume-strain loop.

Patients screened from 3D echo database for inclusion
(n=738)

Patients eligible for study enrollment
(n=41)

Patients enrolled
(n=41)

Inadequate VSL analysis
(n=0)

Patients undergoing surgery other than aortic valve 
surgery or off-pump coronary artery bypass grafting

(n=514)

Patients without adequate pre- and postoperative 3D RV 
echocardiogram

(n=183)
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components further underwent polynomial regression 
of two orders (y = k1 × x2 + k2 × x + k3) separately. These 
equations were used to compute ideal strain values at 
10% increments of the RVEDV between 100% and 50%, 
resulting in a normalized RVEF of 50%. The difference at 
each 10% increment between systolic and diastolic strains 
(∆sys-dia) was referred to as “systolic-diastolic coupling” 
according to the method of Oxborough et al. (17). Systolic-
diastolic uncoupling was present by definition if ideal 
systolic and diastolic strains differed significantly at a given 
10% increment of the RVEDV.

Reproducibility analysis

To investigate the reproducibility of mesh-derived VSL 

parameters, four 3D echocardiographic datasets were 
randomly picked from the study cohort. Three additional 
mesh models were generated from each of the 3D studies 
in addition to the initial meshes, resulting in four total 
mesh models per dataset. Two-way mixed intraclass 
correlation coefficients (ICCs) for absolute agreement on 
average measurements and the average of the coefficients of 
variation were calculated for slopes, intercepts and systolic 
areas of RV-GLS and RV-GCS VSLs, respectively. 

Statistical analysis

Normally distributed continuous variables are presented 
as the mean ± standard deviation while nonnormally 
distributed continuous variables are presented as the median 

Figure 2 Generation of RV VSLs using simultaneously recorded volume and strain data from 3D speckle-tracking echocardiography-
derived mesh models. (A) Offline segmentation and semi-automatic endocardial border detection of 3D echocardiographic RV studies 
using speckle-tracking. (B) The generated mesh models undergo volume and strain analysis (right ventricular global circumferential strain 
“RV-GCS” and right ventricular global longitudinal strain “RV-GLS”) of the whole cardiac cycle employing a custom-made software. (C) 
Volumetric and strain data are generated frame-by-frame and exported into a raw data file. (D) VSLs are constructed for the whole cardiac 
cycle (closed VSL) as well as for the systolic and diastolic phases separately. Exemplary display of a linear regression model of the systolic 
volume-strain relationship (red dotted line) and a polynomial regression model of the diastolic volume-strain relationship (black dotted 
line), respectively. RV, right ventricular; VSLs, volume-strain loops; RV-GCS, right ventricular global circumferential strain; RV-GLS, right 
ventricular global longitudinal strain.
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Table 1 Baseline characteristics of the study population

Parameter AVS (n=23) OPCAB (n=18) P value MD 95% CI

Age (years) 62.2±8.2 69.0±9.8 0.92 −6.0 to 5.4

Male 15 [65] 14 [78] 0.57 −18 to 40

BMI (kg/m²) 29.6±4.6 29.9±7.0 0.86 −3.6 to 4.3

eGFR (mL/min) 92.0±30.4 71.5±30.7 0.04* −39.9 to −1.1

LVEF <50% 8 [35] 8 [44] 0.79 −23 to 40

NYHA class > II 14 [61] 7 [39] 0.28 −12 to 51

IDDM 3 [13] 6 [33] 0.25 −9 to 48

Chronic lung disease 5 [22] 3 [17] 0.99 −24 to 31

Values are means ± standard deviations or proportions [percentages]. Unpaired Student’s t-tests and chi-squared tests were used to 
calculate P values. *, P<0.05. AVS, aortic valve surgery; BMI, body mass index; CI, confidence interval; eGFR, estimated glomerular 
filtration rate; IDDM, insulin-dependent diabetes mellitus; LVEF, left ventricular ejection fraction; MD, mean difference; NYHA, New York 
Heart Association; OPCAB, off-pump coronary artery bypass grafting.

Table 2 3D echocardiographic data from before sternotomy (pre) and after sternal closure (post)

Parameter Pre Post P value MD 95% CI

Aortic valve surgery (n=23)

RVEDV (mL) 149±45 140±48 0.16 −21 to 4

RVESV (mL) 84±30 86±33 0.69 −8 to 11

RVEF (%) 44±7 39±11 0.03* −10 to −1

RV-GLS (%) −18.2±4.1 −16.6±5.2 0.14 −0.6 to 3.8

RV-GCS (%) −19.4±3.6 −15.5±6.2 <0.01** 1.2 to 6.7

Off-pump coronary artery bypass grafting (n=18)

RVEDV (mL) 139±31 138±34 0.86 −15 to 13

RVESV (mL) 78±21 85±26 0.22 −4 to 18

RVEF (%) 44±6 39±6 0.01* −9 to −1

RV-GLS (%) −17.9±4.3 −15.3±3.6 0.05 −0.1 to 5.3

RV-GCS (%) −19.3±4.0 −14.8±3.4 <0.001*** 2.2 to 6.8

Values are means ± standard deviations. Paired Student’s t-tests were used to calculate P values. *, P<0.05; **, P<0.01; ***, P<0.001. 
CI, confidence interval; MD, mean difference; RV-GCS, right ventricular global circumferential strain; RV-GLS, right ventricular global 
longitudinal strain; RVEDV, right ventricular end-diastolic volume; RVEF, right ventricular ejection fraction; RVESV, right ventricular  
end-systolic volume.

(interquartile range). Comparisons were performed with 
unpaired/paired Student’s t-tests for normally distributed 
continuous variables, Wilcoxon tests for nonnormally 
distributed continuous variables and Chi-squared tests 
for proportions. The significance level was set at P<0.05. 
Significant P values were highlighted as follows: <0.05*, 
<0.01**, <0.001***.

Results

Mesh generation was possible from all included 3D 
datasets (n=82) and VSL analysis was feasible in 100% of 
these meshes. Baseline patient characteristics are given 
in Table 1. Table 2 gives an overview of the study groups’ 
3D echocardiographic RV data before and after the 
interventions. In the AVS group, 14/23 patients (61%) 
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required epicardial AAI pacing after weaning from CPB 
(90–100 beats per minute), but no AV blocks or ventricular 
pacing was present at any time throughout surgery. No 
OPCAB patient was paced perioperatively. RVEF and RV-
GCS deteriorated significantly in the AVS and OPCAB 
group, respectively. RV-GLS was also reduced in both 
groups at the end of the procedure, but the differences did 
not reach significance. Systolic VSL parameters (slopes, 
intercepts and systolic areas) are displayed in Table 3. 
Significant changes of slopes or intercepts between pre- 
and postoperative values were only found sporadically. 
While RV-GLS slopes increased in the AVS patients, RV-
GCS intercepts decreased in value in the OPCAB group. 
Strikingly, systolic areas decreased significantly for RV-GLS 
and RV-GCS in both patient groups. The analyses of ideal 
strain values at 10% increments of the RVEDV are shown 
in Figure 3 and Table 4. Statistically, no systolic-diastolic 

uncoupling was observed with regard to patient group, time 
point or strain direction.

Table 5 lists the results of the reproducibility analysis 
employing the repeated VSL calculations (n=4) from the 
3D echocardiograms of four patients. High ICCs indicated 
satisfying reproducibility of slopes, intercepts and systolic 
areas, respectively. Except for RV-GLS slopes (11.8%), 
coefficients of variations were lower than 10%.

Discussion

Study goals & perioperative implications

The results of the present proof-of-concept study clearly 
demonstrate that RV VSL generation from 3D STE-
derived mesh models is feasible and reproducible. The 
investigated study cohort consisted of patients under 

Table 3 Parameters derived from systolic volume-strain relationships before sternotomy (pre) and after sternal closure (post)

Parameter Pre Post P value MD 95% CI

Aortic valve surgery (n=23)

RV-GLS

Slope m (%/mL) 0.29±0.10 0.33±0.13 0.04* 0.00 to 0.08

Intercept z (%) −38.8±6.6 −40.9±8.6 0.39 −2.9 to 7.2

Systolic area (mL*%) 459 [392–619] 410 [279–522] 0.02* –

RV-GCS

Slope m (%/mL) 0.31±0.11 0.32±0.19 0.91 −0.06 to 0.07

Intercept z (%) −43.1±6.0 −37.8±13.1 0.06 −10.7 to 0.2

Systolic area (mL*%) 616 [471–761] 348 [252–549] <0.01** –

Off-pump coronary artery bypass grafting (n=18)

RV-GLS

Slope m (%/mL) 0.30±0.11 0.30±0.09 0.87 −0.06 to 0.05

Intercept z (%) −38.5±6.0 −37.9±8.0 0.77 −5.3 to 4.1

Systolic area (mL*%) 481 [415–577] 390 [288–467] <0.01** –

RV-GCS

Slope m (%/mL) 0.33±0.10 0.29±0.09 0.07 −0.09 to 0.00

Intercept z (%) −43.7±5.9 −36.8±7.2 <0.001*** −9.0 to −2.9

Systolic area (mL*%) 554 [427–651] 369 [292–439] <0.001*** –

Values are means ± standard deviations or medians (interquartile range). Paired Student’s t-tests were used to calculate P values 
for normally distributed samples, Wilcoxon tests were used in cases of non-normal distribution. *, P<0.05; **, P<0.01; ***, P<0.001. 
CI, confidence interval; MD, mean difference; RV-GCS, right ventricular global circumferential strain; RV-GLS, right ventricular global 
longitudinal strain.
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Figure 3 Systolic and diastolic ideal strain calculation using polynomial regression at 10% increments of the RVEDV within a normalized 
RVEF range of 50%. Patients undergoing aortic valve surgery (AVS, A+B) and off-pump coronary artery bypass grafting (OPCAB, C+D) 
show no significant alterations between “pre” (before sternotomy) and “post” (after sternal closure) recordings of right ventricular global 
longitudinal strain (RV-GLS, A+C). For right ventricular global circumferential strain (RV-GCS, B+D), the curves of the AVS patients (dark 
blue and light blue) point to new-onset early systolic-diastolic uncoupling after the procedure (∆sys-dia =−5.0%±12.0% at 50% increment 
of the RVEDV, P=0.06). RVEDV, right ventricular end-diastolic volume; RVEF, right ventricular ejection fraction; OPCAB, off-pump 
coronary artery bypass; RV-GLS, right ventricular global longitudinal strain; AVS, aortic valve surgery; RV-GCS, right ventricular global 
circumferential strain.

Table 4 Ideal strain calculations and systolic-diastolic coupling analysis using polynomial regression of the volume-strain relationships

Parameter
RV-GLS RV-GCS

Pre Post Pre Post

Aortic valve surgery (n=23)

Systolic strain, %

90% RVEDV −3.3±1.1 −3.6±1.1 −4.3±1.1 −3.5±1.8

80% RVEDV −7.0±1,7 −7.6±2.0 −8.6±1.7 −7.3±3.1

70% RVEDV −11.0±2.1 12.0±3.4 −12.9±1.9 −11.5±4.2

60% RVEDV −15.4±2.7 −16.9±5.9 −17.3±2.2 −16.1±5.4

50% RVEDV −20.2±3.6 −22.2±9.5 −21.7±3.3 −21.1±7.1

Diastolic strain, %

90% RVEDV −3.3±1.0 −3.4±1.3 −3.5±1.0 −3.9±1.1

80% RVEDV −7.1±1.7 −7.3±2.0 −7.2±1.5 −7.4±2.1

70% RVEDV −11.2±2.2 −11.5±2.6 −11.6±2.0 −10.5±4.0

Table 4 (continued)
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general anesthesia, receiving TEEs before and after 
open-heart surgery. In between examinations, one group 
underwent AVS including cardiopulmonary bypass (CPB) 
and the second group underwent OPCAB grafting. In both 
groups, RVEF and RV-GCS were markedly reduced at 

the end of surgery. Postoperative reductions of RV systolic 
function or morphological switches of the contraction 
pattern as a response to inflammation, CPB or surgical 
stress have been reported and discussed intensively (24-27).  
However, the influence of factors associated with open-

Table 4 (continued)

Parameter
RV-GLS RV-GCS

Pre Post Pre Post

60% RVEDV −15.6±2.8 −15.9±3.3 −16.5±2.5 −13.5±7.3

50% RVEDV −20.2±3.6 −20.7±4.7 −22.0±3.4 −16.2±12.1

Systolic-diastolic coupling (∆sys-dia), %

90% RVEDV 0.0±1.2 −0.2±1.1 −0.8±1.3 0.4±1.5

80% RVEDV 0.1±1.4 −0.2±1.4 −1.3±1.8 0.0±2.4

70% RVEDV 0.2±1.1 −0.5±1.9 -1.3±1.6 −1.0±3.8

60% RVEDV 0.2±0.8 −0.9±3.9 −0.8±1.2 −2.7±6.9

50% RVEDV 0.0±2.4 −1.6±7.2 −0.2±2.7 −5.0±12.0

Off-pump coronary artery bypass grafting (n=18)

Systolic strain, %

90% RVEDV −3.4±0.9 −3.3±0.6 −3.8±1.2 −3.6±1.1

80% RVEDV −7.0±1.4 −7.0±1.3 −8.0±1.7 −7.3±1.8

70% RVEDV −10.9±1.8 −11.1±2.2 −12.3±2.0 −11.0±2.3

60% RVEDV −15.3±2.2 −15.4±3.6 −16.8±2.3 −14.7±3.2

50% RVEDV −19.9±2.8 −20.1±5.4 −21.4±3.0 −18.4±4.8

Diastolic strain, %

90% RVEDV −3.5±0.9 −3.8±2.1 −2.9±1.6 −3.5±1.5

80% RVEDV −7.1±1.1 −7.0±1.8 −7.0±1.5 −7.1±1.6

70% RVEDV −11.1±1.5 −10.7±2.8 −11.5±1.9 −11.0±2.4

60% RVEDV −15.4±2.0 −14.9±4.1 −16.4±2.2 −15.3±3.9

50% RVEDV −20.0±2.8 −19.5±6.3 −21.7±2.6 −20.0±6.3

Systolic-diastolic coupling (∆sys-dia), %

90% RVEDV 0.1±1.1 0.5±1.9 −0.9±1.9 −0.1±1.5

80% RVEDV 0.1±1.2 0.0±1.2 −1.0±2.2 −0.2±1.1

70% RVEDV 0.2±1.1 −0.4±1.1 −0.8±2.0 0.1±1.1

60% RVEDV 0.2±1.0 −0.6±1.1 −0.4±1.3 0.7±1.6

50% RVEDV 0.1±1.5 −0.5±2.9 0.3±1.3 1.6±3.2

Values are means ± standard deviations. Systolic and diastolic strains at 10% increments of the RVEDV were compared with paired 
Student’s t-test. Post, under general anesthesia after sternal closure; pre, under general anesthesia and before sternotomy; RV-GCS, right 
ventricular global circumferential strain; RV-GLS, right ventricular global longitudinal strain; RVEDV, right ventricular end-diastolic volume.
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heart surgery on RV function remains unclear, and 
assumptions on intrinsically reduced RV contractility or 
diastolic function require scientific proof. As only a fraction 
of AVS patients were paced in AAI mode postoperatively 
and no ventricular pacing was present in any patients, 
a significant influence of pacing on the RV contraction 
pattern is unlikely. 

Possible correlations between VSL indices and invasive 
parameters

The analysis of the volume-strain relationship might 
facilitate our understanding of perioperative alterations 
of RV function, and differentiate between adaptions and 
deteriorations. Whether the slopes of the systolic volume-
strain relationships share properties with the slopes of 
the end-systolic pressure-volume relationships, and 
consequently serve as a non-invasive single-beat measure 
of myocardial contractility, can only be assumed (16). 
If so, however, it is remarkable that VSL slopes showed 
no systematic procedure-related reductions in AVS or 
OPCAB patients. Strikingly, systolic areas—the systolic 
volume-strain integrals—were dramatically reduced in both 
groups at the end of the procedure, potentially reflecting 
a correlate of myocardial work of the corresponding strain 
vector (longitudinal or circumferential). A clear weakness 
of the systolic area is the presumable afterload dependence, 
which cannot be considered due to the lack of the variable 
“pressure”. Interpretation of the intercept is even less 
trivial: the intercept represents the hypothetical peak strain 

value that is generated by a complete emptying of the RV (an 
ejection fraction of 100% using the linear regression model) 
in its current hemodynamic state, regarding pre- and 
afterload. While RV-GLS intercepts remained unaltered 
in both patient groups, RV-GCS intercepts decreased 
significantly in OPCAB patients and in trend in AVS 
patients (P=0.06). The intercepts depend on RV volumes 
and slope, but neither was significantly altered in the patient 
groups. The nature of the increments makes a correlation 
with RV preload and diastolic filling pressures possible, but 
this needs to be investigated in future studies (RVEDV did 
not change during the procedures).

Systolic-diastolic coupling analysis

Regarding the VSL-based analysis of systolic-diastolic 
coupling, deriving systolic and diastolic polynomial regression 
models and standardizing strains to the individual’s RVEDV 
revealed an absence of statistically significant systolic-diastolic 
uncoupling in our patients. However, the graphical displays 
revealed two phenomena: (I) after OPCAB, ideal diastolic 
RV-GCS values (at 50% RVEDV) were higher in value than 
their systolic counterparts (∆sys-dia 1.6%±3.2%, P=0.06), 
potentially reflecting increased early and mid-diastolic 
relaxation velocities. Optimizing myocardial oxygenation 
through the restoration of coronary blood flow, leading to 
an immediate improvement of diastolic function could serve 
as an explanation (28), especially since 9 of the 18 OPCAP 
patients (50%) underwent right coronary revascularization. 
(II) Ideal RV-GCS curves showed a dissociation of systolic 
and diastolic strain values at 50% RVEDV after AVS. While 
the difference was not significant (∆sys-dia −5.0%±12.0%, 
P=0.06), it points towards systolic-diastolic uncoupling, 
particularly considering the small number of included 
patients. Early diastolic dysfunction after CPB-related 
cardioplegia, ischemia and reperfusion has been observed 
(29,30) and might be reflected by VSL-derived ∆sys-dia. 
Naturally, ∆sys-dia needs to be compared to conventional 
strategies for the assessment of diastolic function in future 
studies.

RV mechanics & load-strain relationships (volume or area)

Literature on the perioperative changes of RV mechanics 
following cardiac surgery is conflicting. While the effects 
presumably depend on the procedure, comorbidities and 
other perioperative variables (such as the use of CPB), 
most studies report a reduction of RV longitudinal function 

Table 5 Reproducibility of VSL-derived systolic parameters

Parameter ICC (95% CI) VC (%)

RV-GLS

Slope m 0.97 (0.85–1.00) 11.8

Intercept z 0.84 (0.22–0.99) 9.0

Systolic area 0.98 (0.92–1.00) 9.1

RV-GCS

Slope m 0.98 (0.92–1.00) 9.3

Intercept z 0.95 (0.76–1.00) 6.4

Systolic area 0.98 (0.88–1.00) 7.6

VSL,  volume-stra in loop;  ICC, int rac lass corre lat ion 
coefficient; CI, confidence interval; RV-GLS, right ventricular 
global longitudinal strain; RV-GCS, right ventricular global 
circumferential strain; VC, coefficient of variation (average).
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while global RV function is maintained (19,24,27,31-33).  
However, systematic assessment of RV mechanics 
employing 3D echocardiography is only used in a limited 
number of these investigations, potentially underestimating 
the role of circumferential RV function. Interestingly, 
a study by Lakatos et al. using a novel 3D STE-based 
technique to quantify the relative contributions of different 
RV motion components found that circumferential 
contraction contributes significantly more to RV stroke 
volume ejection than the longitudinal component (34).

In support of these findings, Oxborough et al. were 
able to differentiate the RV mechanical pattern of high 
endurance athletes from control subjects using longitudinal 
area-strain loops (17): while absolute peak strains did not 
differ between the groups, ideal longitudinal strains at 
10% increments of the end-diastolic area were significantly 
smaller in value in the athlete group. The authors attribute 
this to a potential increase of circumferential reserve at 
rest to which the longitudinal area-strain relationship is 
blind. Nevertheless, published data on longitudinal volume-
strain or area-strain relationships provide insight into the 
transduction of RV functional changes into VSL-derived 
parameters. The slopes of 2D longitudinal systolic area-
strain loops were recently shown to be predictors of long-
term survival in patients with pulmonary hypertension (18). 
Works from the same group demonstrate a correlation 
between systolic slopes and afterload, reflected by invasively 
determined pulmonary vascular resistance (35). With 
regard to preload, an increase or a reduction of venous 
return to the right atrium led to a paradoxical response in 
the longitudinal systolic slope of healthy subjects (where 
a preload increase causes a reduction of the slope and 
vice versa) (16). Again, this might reflect a shift towards 
circumferential contraction with increased EDVs, 
which can only be addressed when circumferential VSL 
parameters are available. This limitation could presumably 
be overcome with the presented mesh-derived method 
of simultaneous longitudinal and circumferential VSL 
generation in future investigations. A recent approach 
to quantify indices of right ventricular myocardial work 
by non-invasive echocardiography-derived pressure-
strain loops revealed significant associations with right 
heart catheterization-based measurements (36). As 
conventional echocardiographic parameters showed no 
correlation with invasive RV pressure-volume loops, the 
non-invasive assessment of RV myocardial work might 
enhance the diagnostic spectrum in the near future. Besides 
reflecting a non-invasive alternative to pressure-volume 

loops, 3D-derived VSLs could carry additional value for 
the detection of early RV dysfunction, the initiation of 
hemodynamic therapies and the guidance of postoperative 
ICU regimens. Overall, the age of right ventricular 
volume-strain loops is still young, and a high number of 
profound studies will help to facilitate the decryption of RV 
pathologies using VSLs and drive clinical implementation 
of the applied techniques. STE-based generation of RV 
meshes is feasible in under 5 minutes (22) and all following 
processes for VSL calculation can be fully automatized, 
potentially enabling future bedside application and rapid 
clinical decision-making.

Limitations

This was an exploratory single-center study, primarily 
investigating merely the technical feasibility of volume-
strain loop generation from simultaneously recorded 
3D echocardiography input data.  The number of 
patients retrospectively included is very small. Despite 
echocardiographic image quality having no impact 
on patient selection, the small percentage of patients 
retrospectively included from a large database may 
potentially be associated with a risk for inclusion bias. All 
measurements were performed under general anesthesia, 
limiting the applicability of the results on awake and 
spontaneously breathing patients. However, 3D datasets 
acquired by transthoracic echocardiography can be analyzed 
in the same fashion. A major limitation is the missing 
comparison with RV pressure-volume loops to evaluate 
the correlations between VSL indices and invasively 
generated measures. Furthermore, many established 
echocardiographic parameters, e.g., Doppler-derived indices 
or diastolic measures, were not systemically available. As 
the technical nature of the 3D data results in relatively low 
framerates (~20 to 30 frames per second), a non-inferiority 
to high-resolution 2D-echocardiography-based area-strain 
loops remains uncertain. The presented approach is further 
based on cumbersome data handling and offline analysis, 
potentially limiting a bedside application in its current 
form.

Conclusions

Right ventricular volume-strain loop generation from 
simultaneously recorded volumes and longitudinal and 
circumferential strains using mesh models derived from 
three-dimensional STE is feasible. The computed indices 
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(systolic slopes, systolic intercepts, systolic areas, systolic-
diastolic coupling) revealed periprocedural changes of right 
ventricular contraction in patients undergoing AVS and 
OPCAB grafting. Whereas non-VSL parameters hinted 
towards a reduction of predominantly circumferential 
function, VSL indices potentially indicated reduced RV 
work while maintaining contractility. Future investigations 
should focus on the comparison with invasive pressure-
volume loops to overcome the main limitations associated 
with our report. Furthermore, our results require external 
validation.
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