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Non‑linearity of end‑systolic 
pressure–volume relation 
in afterload increases is caused 
by an overlay of shortening 
deactivation and the Frank–Starling 
mechanism
Moriz A. Habigt1*, Michelle Krieger1, Jonas Gesenhues2, Maike Ketelhut2, 
Mare Mechelinck1 & Marc Hein1

The linearity and load insensitivity of the end-systolic pressure–volume-relationship (ESPVR), 
a parameter that describes the ventricular contractile state, are controversial. We hypothesize 
that linearity is influenced by a variable overlay of the intrinsic mechanism of autoregulation to 
afterload (shortening deactivation) and preload (Frank-Starling mechanism). To study the effect of 
different short-term loading alterations on the shape of the ESPVR, experiments on twenty-four 
healthy pigs were executed. Preload reductions, afterload increases and preload reductions while 
the afterload level was increased were performed. The ESPVR was described either by a linear or a 
bilinear regression through the end-systolic pressure volume (ES-PV) points. Increases in afterload 
caused a biphasic course of the ES-PV points, which led to a better fit of the bilinear ESPVRs (r2 
0.929 linear ESPVR vs. r2 0.96 and 0.943 bilinear ESPVR). ES-PV points of a preload reduction on a 
normal and augmented afterload level could be well described by a linear regression (r2 0.974 linear 
ESPVR vs. r2 0.976 and 0.975 bilinear ESPVR). The intercept of the second ESPVR (V0) but not the 
slope demonstrated a significant linear correlation with the reached afterload level (effective arterial 
elastance Ea). Thus, the early response to load could be described by the fixed slope of the ESPVR and 
variable V0, which was determined by the actual afterload. The ESPVR is only apparently nonlinear, as 
its course over several heartbeats was affected by an overlay of SDA and FSM. These findings could be 
easily transferred to cardiovascular simulation models to improve their accuracy.

Since the implantation of ventricular assist devices (VADs) has rapidly evolved as an alternative to transplants 
in terminal heart failure1, interest in cardiovascular physiology at the macroscopic scale has experienced a 
resurgence. Today, cardiovascular simulation models are important tools to evaluate the interaction between 
a VAD and the native heart2 and to develop appropriate control algorithms3. These models require an accurate 
illustration of the interaction between changes in the loading condition of the heart and the cardiac force. In 
particular, adaption to afterload is crucial, as VADs are less sensitive to increases in vascular resistance, which 
consequently leads to an unwanted burden on the ventricle4. Most models only implement the Frank-Starling 
mechanism (FSM) and baroreflex to display fast responses of the heart to changes in loading conditions5. Dif-
ferences in in vivo data are particularly visible in responses to afterload and require adaption of contractility 
and venous return6.

A frequently used concept to represent cardiac contractility is the end-systolic pressure volume relationship 
(ESPVR)6–11, which is based on the time-varying elastance (TVE) model presented by Suga et al.12. The ESPVR 
describes a regression through the end-systolic pressure volume (ES-PV) points that are altered by a ventricular 
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volume or load change, and it is characterized by its slope (Ees) and volume axis intercept (V0). The relationship 
was initially described as linear and independent of the cardiac load. An increased ventricular contractility can 
be modeled as an increase in the Ees or a decrease in the V0 (leftward shift). Within this concept, an increased 
end-diastolic volume (Edv) leads to an increased ventricular pressure and stroke volume (SV). This relationship 
depicts the FSM, which is also known as the “fast force response to load”13. Other intrinsic mechanisms that 
regulate cardiac output, such as the “slow response to load” (Anrep effect)14, shortening deactivation (SDA)15 
or Gregg phenomenon16, are not depicted in the current TVE model and have, to our knowledge, not yet been 
implemented in computer simulation models of the heart. SDA is a less-known autoregulation mechanism of 
the heart and describes a decrease in ventricular force generated upon a rapid change in the length of myocar-
dial fibers during contraction. The mechanism is evident in the case of a sudden ventricular afterload decrease. 
Whereas a low SDA increases the cardiac force in response to an increased afterload during the ejection phase 
within a heartbeat, the FSM leads to an increase in force between several consecutive heartbeats related to an 
increase in preload. The Gregg phenomenon describes the increased ventricular contractile function in cases 
of improved coronary blood flow (CBF), which is accompanied by increased myocardial oxygen consumption. 
The Anrep effect becomes evident 2–3 min following an afterload increase and reverses the initial ventricular 
dilation by a consecutive increase in ventricular stroke work (SW).

Soon after the introduction of TVE, it became evident that the ESPVR cannot be considered insensitive to 
load without restrictions, especially under high loading conditions. The load insensitivity is, for example, ques-
tioned by Schipper et al.17,18, who reported higher Ees values in experiments in which the afterload was increased 
compared to those in which the preload was reduced. Similar findings were reported by Baan et al.19, who showed 
an inverse correlation between SV and Ees. These findings can be explained by SDA15.

Further unsolved questions concern the shape of the ESPVR. Some authors consider the ESPVR to be 
linear12,20,21, whereas others suggest curvilinearity13,17,22,23. For example, some authors have stated that a parabolic 
ESVPR would better reflect the actual conditions, at least with respect to increased ventricular contractility22,24. 
Pironet et al.25 replaced the TVE model with a microscopic computer model of sarcomere contraction to improve 
the load dependency of the ESPVR. The model was then parametrized to depict canine data. In their study, 
preload interventions resulted in a curvilinear ESPVR and afterload interventions in a linear ESPVR with a 
higher slope. The authors did not discuss the effects within the context of SDA or the FSM.

As SDA and the FSM play a relevant role in fast cardiac adaptation to changing loading conditions, it is 
likely that both mechanisms need to be considered to obtain a correct concept of cardiac contractility. Thus, 
we hypothesize that the nonlinearity of the ESPVR across a wide load range could be described as a temporal 
overlay of SDA and the FSM and therefore could be subdivided into two phases. The present porcine study was 
used to describe the differences between time-related responses of the left ventricle to acute changes in preload 
and afterload using pressure–volume conductance catheters.

Methods
Animal model.  Animals and maintenance of anesthesia.  Twenty-four female pigs (German landrace, 
47.8  kg ± 3.3  kg body weight (BW)) received intramuscular premedication (4  mg/kg BW azaperone, Elanco 
Tiergesundheit AG, Basel, Switzerland) and were subsequently anaesthetized (3  mg/kg BW propofol, Hexal 
AG, Holzkirchen, Germany) for oral intubation. Further anesthesia was maintained by the insufflation of 0.9–
1.2 vol% isoflurane and the continuous application of 6–8 µg/kg BW/h fentanyl. Normoventilation was main-
tained (Cato, Drägerwerk AG, Lübeck). An infusion of a balanced crystalloid solution (Sterofundin Iso Braun, 
Melsungen, Germany) was administered at a rate of 6–10 ml/kg BW/h. In addition, a balanced colloid solution 
(Gelafundin Iso Braun) was used to compensate for blood loss or volume deficiency, which was detected by low 
cardiac output and hypotension. The body temperature was kept constant (38 °C) by an airflow warming blanket.

Surgical instrumentation.  One central venous catheter was introduced into the right internal jugular 
vein, and two 6F sheaths were introduced into the right carotid artery after surgical cut-down. After median 
thoracotomy, the aorta and pulmonary artery were separated, and a perivascular ultrasound transit-time flow 
probe (MA 20 PAX; Transonic Systems Europa, Maastricht, the Netherlands) was positioned around the aorta 
and connected to a flow meter (T402-PV, Transonic Systems Europa). A solid-state pressure sensor (CA-
61000-PL, CD Leycom, Zoetemeer, the Netherlands) was introduced through the sheath in the right carotid 
artery, positioned 3–4 cm distal to the aortic valve and connected to a pressure interface (Sentron, CD Leycom). 
A multisegment dual-field 7F conductance catheter (SPR-570-7; Millar Instruments, Houston, TX, USA) was 
inserted through the second right carotid sheath and the aortic valve, with its tip placed in the left ventricular 
apex. Echocardiographic imaging was performed to verify the correct positioning of the catheter. The catheter 
was connected to a signal processor (Sigma-5 DF, CD Leycom) and a pressure interface (PCU-2000; Millar 
Instruments) to obtain the instantaneous left ventricular volume and pressure. Via a 10F sheath in the right fem-
oral vein, an 8F balloon catheter (62080822F, Edwards Lifesciences, Irvine, CA, USA) was placed in the inferior 
vena cava. Another equal catheter was introduced into the descending aorta via a 10F sheath in the left femoral 
artery. Finally, an inflatable perivascular occluder was placed distal to the flow sensor around the ascending aorta 
(vascular occluder 20 mm, In Vivo Metric, Healdsburg, California). Figure 1 presents a schematic overview of 
the instrumentation. After the instrumentation was completed, the animals recovered for 30 min with continued 
isoflurane and fentanyl narcosis to achieve stable blood pressure, cardiac output (CO) and normothermia.

Interventions.  Three different types of interventions were applied: preload reductions (load alteration by 
volume (V) reduction, VLoad), afterload increases (afterload alteration by aortal pressure (P) increase, PLoad) 
and preload reductions on an increased afterload (VLoad high). Preload reductions (inferior vena cava occlu-
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sion, IVCO) were achieved by shortly (< 10  s) inflating a balloon catheter in the inferior vena cava. Preload 
reductions were performed on a normal (VLoad normal) and an elevated afterload level (VLoad high). The 
afterload increases were performed in the ascending aorta and in the descending aorta. These increases were 
achieved by partial inflation of the occluder around the ascending aorta (ASC) or the intravascular balloon 
catheter in the descending aorta (DESC). Within every animal, all interventions were conducted with the same 
balloon catheter position and filling volume, with 3–6 repeats. A new intervention was only performed when the 
baseline values of the period before the previous intervention had been restored. The experiments were carried 
out in a random order. A schematic representation of the pre- and afterload interventions is depicted in Fig. 2.

Data acquisition and calculations.  Signals were recorded continuously at a sampling rate of 1000 Hz 
using a data acquisition device (Powerlab, AD Instruments, Dunedin, New Zealand) and software (LabChart, 
AD Instruments). The inbuilt cycle detection algorithm LabChart was used to identify single beats using the 
R-wave of the ECG signal to define the end of diastole. Signals of approximately 20 s in duration around the 
interventions were exported for further processing with R in RStudio (Version 1.1.456)26,27 and several addi-
tional packages28–32. In this step, extrasystoles were excluded manually. The volume signal was corrected by the 
parallel conductance calculated from venous hypertonic saline injections and the slope factor α (ratio of SV from 
conductance signal and aortic flow probe) as described previously33–35.

The end of systole was set as the maximal elastance point following the equation Emax(t) =
P(t)

V(t)−Vd
 , where the 

“slack volume” Vd was determined iteratively as described by Kono et al.36. The ESPVR was calculated only from 
the section of the intervention where pressure and volume changes occurred. Two different types of regressions 
were used to describe the ESPVR. A single linear regression through the end-systolic pressure volume points of 
the complete load intervention with the slope (Ees), x-axis intercept (V0), and coefficient of determination (r2) 
was performed as a marker of the goodness of fit. Furthermore, a “bilinear ESPVR” was determined by selecting 
the combination of two linear regressions through the end-systolic points, where the geometric mean of the 
r2 values of both regressions was the highest. The intersection of both regression lines defined the end of the 

Figure 1.   Scheme of the instrumentation of the heart with a conductance catheter, flow and pressure sensors 
and an inflatable occluder around the ascending aorta and femoral and aortal balloon catheters. (Ao.: aortic, 
asc.: ascending, desc.: descending, fem.: femoral, LV: left ventricle. Figure is a modification of figure “Heart 
normal” by Eric Pierce57. The original figure can freely be published under CC BY-SA license (https​://en.wikip​
edia.org/wiki/User:Wapca​plet).

Figure 2.   Course of the load interventions with a preload reduction (VLoad normal) followed by an afterload 
increase (PLoad) and, finally, a preload reduction of an elevated afterload level (VLoad high).

https://en.wikipedia.org/wiki/User:Wapcaplet
https://en.wikipedia.org/wiki/User:Wapcaplet
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first phase (bilin1) and the start of the second phase (bilin2). Exemplary pre- and afterload interventions with 
the three associated regression lines for the ESPVR are depicted in Fig. 3. The preload recruitable stroke work 
(PRSW) was described by a single linear regression of the end-diastolic volume and SW. The slope (Mw) and 
intercept with the volume axis (Vw) reflect ventricular contractility37. The following parameters were determined 
at the start of bilin1 (a), at the end of bilin1 (b), and at the end of bilin2 (c): end-diastolic pressure (Ped) and 
volume (Ved), end-systolic pressure (Pes) and volume (Ves), SV as the difference of Ved and Ves, SW as the area 
within the pressure–volume loop, effective arterial elastance (Ea) as the ratio of Pes and SV and the maximal 
slope of the left ventricular pressure increase (dP/dtmax).

Statistics.  We used SPSS 24.0 software (IBM Corporation, Armonk, USA) to perform the statistical tests. 
Data are presented as the mean and standard deviation (SD) of the intervention results. A value of p < 0.05 was 
considered statistically significant. To create the graphics and to visualize the data, paint.net (Rick Brewster, 
dotPDN, L.L.C., San Francisco, USA), RStudio27 and Prism (PRISM 8.1, GraphPad Software, San Diego, USA) 
were used.

The effect of the intervention type (VLoad, PLoad) on Ees and r2 of different ESPVRs was analyzed by two-
way variance analysis with Dunnett´s post hoc test for multiple comparisons. Variance analysis for repeated 
measurements was used to describe the significant effects of the intervention type and location on the ESPVR 
and PRSW values and on other hemodynamic parameters. A T-test was used for post hoc analysis of the dif-
ferences between the site of intervention (ASC vs. DESC), and Dunnett´s correction was used for significant 
changes from the normal loading condition. Finally, we investigated the correlation between different values of 
Ea, Ees and V0 using Pearson’s correlation coefficient.

Ethics approval and consent to participate.  All procedures described are compliant with the Guide for 
the Care and Use of Laboratory Animals55 and the ARRIVE Guidelines56 and have been reviewed and approved 
by the local animal care committee and the governmental animal care office (No. 84-02.04.2013. A476; Lande-
samt für Natur-, Umwelt- und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany).

Results
A visible nonlinearity of the ESPVR during the afterload interventions (Fig. 3) compared to the preload inter-
ventions was observed in all animals.

Accordingly, the mean values of Ees lin, Ees bilin1 and Ees bilin2 were significantly different (P < 0.001) and 
were dependent on the intervention type (VLoad, PLoad; P < 0.001). The goodness of fit for the simple linear 
regression (lin) was significantly lower in the afterload interventions than the preload interventions and could 
be improved by bilinear regression analysis (Table 1). Overall, the differences between the identified Ees values 
(Ees lin/bilin1/bilin2) were lower for the preload interventions than the afterload interventions. The afterload 
interventions were characterized by higher Ees values, especially within the first phase (bilin1). Consequently, 
for further analysis, the ESPVR was described by a single linear regression (lin) for the preload interventions 
and a bilinear regression (bilin1/bilin2) for the afterload interventions.

Afterload elevation by occlusion of the ascending or descending aorta led to an increase in Ees (Fig. 4a) only 
in the first phase (lin1) and was associated with a significant increase in V0 in this phase (Fig. 4b). Whereas the 
Ees values had comparable levels in the second phase of PLoad (bilin2) and for VLoad high, the ESPVR was 
significantly shifted to the left (decrease in V0) during the VLoad high phase (Fig. 4a/b).

Figure 3.   Examples of a pre- and afterload intervention. In both cases, a linear ESPVR (lin) and a bilinear 
ESPVR consisting of two linear regressions (bilin1 and bilin2) are shown. The end-systolic and end-diastolic 
points are shown as black dots and stars, respectively. (LVV left ventricular volume, LVP left ventricular 
pressure).



5

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3353  | https://doi.org/10.1038/s41598-021-82791-3

www.nature.com/scientificreports/

Comparable effects on the PRSW could be found. Mw remained stable (Fig. 4c) but Vw decreased significantly 
during the VLoad high phase (Fig. 4c). As the PRSW was nearly horizontal or yielded negative values during 
PLoad, further analysis was not meaningful (data not shown).

During the first phase of the response to the afterload increase (PLoad bilin1), no increase in Ved, dP/dtmax 
or SW was observed in our investigation. However, the slope of the resulting ESPVR was nearly two times 
higher than that observed during the second phase of the response. In contrast, the afterload increase and the 

Table 1.   Effect of preload (VLoad) and afterload (PLoad) interventions on the slope (Ees) and goodness of 
fit (r2) of the ESPVR derived from single linear regression (lin) and two phases of bilinear (bilin1, bilin2)) 
regression. The means and standard deviations (SD) are shown (*p < 0.05 vs. lin; #p < 0.05 vs. bilin1, $p < 0.05 vs. 
VLoad).

Type of regression

lin bilin1 bilin2

Mean SD Mean SD Mean SD

Ees

VLoad 1.21 0.51 1.44* 1.19 1.06*# 0.53

PLoad 2.28$ 0.80 3.36*$ 1.49 1.54*#$ 0.65

r2

VLoad 0.974 0.021 0.976 0.030 0.975 0.060

PLoad 0.929$ 0.068 0.960* 0.055 0.943$ 0.094

Figure 4.   Slope (Ees) and x-axis intercept (V0) of the ESPVR (a, b) and slope (Mw) and x-axis intercept (Vw) 
of the PRSW (c, d) derived from a preload reduction (VLoad normal), the two phases of an increase in afterload 
(PLoad bilin1 and PLoad bilin2) and a preload reduction of an augmented afterload level (PLoad high). The 
increases in afterload were achieved by either occlusion of the ascending aorta (ASC) or inflation of a balloon 
catheter in the descending aorta (DESC). (Mean values ± SD; *p < 0.05 vs. VLoad normal, #p < 0.05 vs. DESC).
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consecutive rise in ventricular pressure led to increases in Ved, Ves, SW and Ped at the end of the second phase of 
the afterload intervention (bilin2, Fig. 5). A decrease in SV could be observed only during the first phase (bilin1) 
of PLoad. Lower levels of dP/dtmax could be measured only after occlusion of the ascending aorta (ASC). Load 
interventions in the descending aorta (DESC) led to higher values of Ees bilin1 and V0 bilin1 but lower values 
of Ees bilin2 compared to ASC interventions. Simultaneously, Ved, SV and dP/dtmax were higher and Ves was 
lower after occlusion of the descending aorta (DESC) (Fig. 5).

When considering the characteristics of the isovolumic contraction phase on the increased afterload level, a 
prolonged duration became evident, whereas dP/dtmax and time to dP/dtmax remained unchanged (data not 
shown).

The intra- and interindividual variability of Ea was useful for further analysis of the effect of the afterload 
levels on the ESPVR indices. The Ea measured at different phases demonstrated a significant negative correlation 
only with V0, not with Ees. Pearson’s correlation coefficient was higher in the second phase of PLoad (Table 2). 
Thus, an acute increase in Ea leads to a leftward shift of the ESPVR.

Discussion
According to the data presented in this study, two phases can be distinguished in the ventricular response to an 
acute afterload increase. As a result, the regression of the ES-PV points can be well described by a bilinear ESPVR, 
where the slope of the second phase (Ees PLoad bilin 2) corresponds to a preload intervention and the x-axis 
intercept V0 with the actual afterload level. Thus, early responses to preload and afterload could be described by 
a linear ESPVR with a fixed slope and variable intercept. Variable shares of SDA and the FSM on the total effect 
of the changes in contractility in response to load resulted in only an apparently nonlinear course.

As no dilation of the ventricle occurred in the first phase of the performed afterload increases (PLoad bilin1), 
the increase in force to generate higher pressure values, which was at the expense of a lower SV, could not be 
related to the FSM. The forces of the acute afterload increases were transferred to the ventricle in the early ejec-
tion phase, where the preload of the ventricle remained unchanged. Consequently, the adaptation that leads to 
these effects must be triggered in an early phase of the cardiac cycle. The known regulatory mechanisms that 
might explain these findings are reduced SDA or increased coronary perfusion pressure (Gregg phenomenon). 
The interrelation between the velocity of ejection and left ventricular pressure has already been described by 
Suga et al.38. They showed that an induced increase in ejection velocity results in reduced pressure generation 
during ejection which corresponds to the SDA. Thus, the manipulation of the loading condition during ejection, 
which affects the ejection velocity, also affects the pressure generation and the end-systolic pressure volume 
relation39. These findings are supported by the work of Schotola et al.40, who investigated the effects of afterload 
and preload on force generation in isolated heart muscle preparations of rabbits. Accordingly, the response to 
preload alterations is modulated by the afterload level. It was postulated that the afterload level increased con-
tractility independent of the FSM, which might be explained by the decreased length-dependent deactivation.

Additionally, it was shown that increases in coronary arterial pressure and coronary blood flow, which may 
be caused by increased aortic pressure, are associated with improved left ventricular function (Gregg phe-
nomenon)16,41. However, these findings, which were shown in isolated hearts42 and hearts with extracorporeal 
circulation43, could not be confirmed in porcine experiments44. Despite significant changes in CBF within a wide 
range of perfusion pressures (70–186 mmHg), no changes in contractility could be observed. Thus, the relevance 
of the Gregg phenomenon for our results seems unlikely.

In our data, the intersection of the two linear regressions (bilin1 and bilin2) and initiation of ventricular 
dilation occurred at the same time and represented the transition from the first to the second phase of the 
ventricular response to acute afterload. The second phase of adaption (PLoad bilin2) demonstrated the typical 
characteristics of the FSM: ventricular dilation, which coincides with an increased Ped and leads to an increased 
SW45. An increased ventricular SW could also be explained by the Anrep effect14. However, the usually slower 
onset of this mechanism and the observed ventricular dilation contradict the relevant role of this effect in the 
observed phase of the afterload increase.

Other investigators also observed increased but linear ESPVRs during afterload interventions18,19. This finding 
might be explained by a slower increase in load, which took approximately 10–20 s in these studies. In contrast, 
we increased the load within 1–2 s. The phase in which the high Ees values could be observed, reflecting SDA, 
lasted for a maximum of 5 s. Increasing the afterload within a shorter period of time also led to a nonlinear 
ESPVR in other studies22,46. In these studies, the ES-PV points were finally described by a parabolic ESPVR, 
whereas the visually presented ES-PV points could be described by a bilinear ESPVR. Kass et al.22, who also stated 
that the linearity of the ESPVR is dependent on the load range induced on the ventricle and that “nonlinearity 
may arise from ejection history,” also fitted two linear ESPVRs to each intervention in their investigation. The 
authors even described the slope of the regression of the second intervention phase as being similar to the slope of 
a preload intervention, which supports our findings as well. Unfortunately, the concept was not pursued further, 
as the authors considered the afterload increase as one phase that should be described by only one regression. 
This point of view might be one reason why the ESPVR resulting from an acute afterload increase has not yet 
been described as a bilinear regression. Additionally, some authors assume that in the range of high filling pres-
sures, exhaustion of the FSM occurs47, and that higher ventricular filling pressures are no longer accompanied 
by higher ventricular force generation, which can be well described by a parabolic ESPVR. This concept has not 
been proven and does not play a role in a physiologic filling pressure range22, but it might explain why these 
authors preferred to describe the ESPVR as parabolic.

The novelty of the concept presented in this study is the accountability of multiple regulation mechanisms 
as being responsible for the acute ventricular response to an afterload increase. Within this concept, a subdivi-
sion of the ventricular response into two phases and the consecutive description of the single phases by a linear 
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Figure 5.   Ventricular parameters under a normal load (a) and at the end of the first (PLoad bilin1) and the 
second (PLoad bilin2) phases of the afterload interventions by either occlusion of the ascending aorta (ASC) or 
inflation of a balloon catheter in the descending aorta (DESC). (MW ± SD; *p < 0.05 vs. normal load; #p < 0.05 vs. 
DESC; Ved = end-diastolic volume, Ves = end-systolic volume, SV = stroke volume, Pes = end-systolic pressure, 
SW = stroke work, dP/dtmax = maximal rate of intraventricular pressure change, Ped = end-diastolic pressure).
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ESPVR seems reasonable. Thus, the first phase of the ESPVR can be described as afterload dependent. This was 
also stated by other authors18,46,48, who described the ESPVR as one linear or a parabolic regression. In contrast 
to these authors, a load dependency of the ESPVR in the second phase (PLoad bilin2) was not found in our data. 
Here, only the volume intercept V0 of PLoad bilin2 seems to correlate with the afterload level (Ea), as shown 
in the results section (Table 2). Within the presented concept, the first phase of the ESPVR (PLoad bilin1) can 
also be interpreted as a sequence of pressure volume loops (PV-loops) with a constant slope of the (single beat) 
ESPVR and a variable volume intercept V0 (Fig. 6; dotted red lines). Consequently, the ESPVR resulting from an 
acute afterload increase can be described by two linear regression lines with different slopes and x-axis intercepts 
or one ESPVR with a constant slope and an intercept correlated with the actual afterload.

These assumptions are based on the comparability of the Ees values obtained from the VLoad normal, VLoad 
high and PLoad bilin2 parameters and the correlation of V0 obtained from PLoad bilin2 with the achieved 
afterload level (Ea).

VADs are less sensitive to afterload, and increases in VADs impair global flow and increase cardiac load4. 
Although no direct comparisons of in vivo and in silico data exist, the observed dilation of the ventricle seemed 
to be more pronounced in simulation studies11,49 than in in vivo studies50,51. This observation might confirm the 
need for an implication of SDA. The linear connection between V0 and Ea facilitates a possible formulation of 
the interrelation between the afterload and the consecutive leftward shift of the ESPVR (SDA) in a computer 
simulation algorithm. Only an additional implementation of an inverse correlation between V0 and the afterload 
(Ea) needs to be implemented, as it could be averaged by our data: V0 = −24.2xEa+ 23.

Table 2.   Pearson’s correlation (r) between the mean Ees and V0 values and the mean maximally generated 
elastance values (Ea) before intervention (normal) and at the end of the different afterload intervention phases 
(Ea PLoad bilin 1 and 2) in all animals.

Ees bilin1 Ees bilin2 V0 bilin1 V0 bilin2

Ea normal

r 0.065 − 0.152 − 0.547 − 0.579

p 0.532 0.143 < 0.001  < 0.001

Ea PLoad bilin1

r − 0.168 − 0.016 − 0.349 − 0.254

p 0.140 0.891 0.002 0.025

Ea PLoad bilin2

r 0.185 − 0.043 − 0.464 − 0.486

p 0.074 0.682 < 0.001 < 0.001

Figure 6.   Pressure volume loops of an afterload intervention with the associated end-systolic pressure volume 
relationships (ESPVR) obtained from the first (PLoad bilin1) and second phases (PLoad bilin2). The end-
systolic values (black dots) of PLoad bilin1 are components of different ESPVRs (dotted red lines) with a slope 
equal to that of the ESPVR bilin2 values. Phase 1 reflects the mechanism of “shortening deactivation”, and phase 
2 represents the Frank-Starling mechanism or “fast force response”.
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Clearly, the type of afterload intervention (ASC vs. DESC) significantly influences the ventricular behavior 
during the intervention. Although occlusion of the ascending aorta (ASC) led to a higher increase in pressure, 
occlusion of the descending aorta (DESC) led to more pronounced ventricular dilation (Fig. 7). These effects 
probably resulted from the different effects of the interventions on baroreflex and aortic compliance. Whereas 
occlusion of the descending aorta (DESC) increased the pressure in the carotid artery, occlusion of the ascending 
aorta (ASC) induced a pressure decrease in the carotid artery. The resulting activation of the baroreflex during 
an intervention of the descending aorta (DESC) counteracted the increase in contractility (lower Ees during 
PLoad bilin2, Fig. 4), which led to increased ventricular dilation. This effect was previously described by Oikawa 
et al.52. Furthermore, occlusion of the ascending aorta (ASC) led to a larger decrease in ventricular compliance 
compared to the compliance observed upon occlusion of the descending aorta, which resulted in increased 
afterload levels. Kelly et al.53 observed a trend toward higher values for indices of contractility after an isolated 
reduction of central compliance. The authors stated that the history of ejection might affect cardiac function.

An important limitation of our study is the missing control of the afterload levels. A prior definition of several 
stages could have improved the findings. For a further analysis of SDA, time-related control of the afterload dur-
ing the early or late ejection phase is necessary. Additionally, it has been shown that myocardial afterload depend-
ency is less pronounced in short-term hibernation than in the ischemic and reperfused myocardium54. How acute 
ischemia and reperfusion effects affect the findings of our study needs to be clarified in further investigations.

Conclusion
An acute afterload increase results in a two-phased ventricular response in our experiments, reflecting SDA 
and the FSM successively in time. The resulting ESPVR could be described by two linear regression lines with 
different slopes an x-axis intercepts or one ESPVR with a constant slope and an intercept correlated with the 
actual afterload. This leftward shift will lead to an increase in contractility and thus less dilation (preload) of 
the ventricle. This effect will affect and possibly improve cardiovascular simulation models, which were used to 
describe the interaction of the heart and the VAD and develop load-sensitive controllers.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
able request.

Received: 9 November 2020; Accepted: 19 January 2021

References
	 1.	 Mancini, D. & Colombo, P. C. Left ventricular assist devices. Rapidly Evol. Altern. Transpl. 65, 2542–2555. https​://doi.org/10.1016/j.

jacc.2015.04.039 (2015).
	 2.	 Fresiello, L. et al. Exercise physiology with a left ventricular assist device: Analysis of heart-pump interaction with a computational 

simulator. PLoS ONE 12, e0181879. https​://doi.org/10.1371/journ​al.pone.01818​79 (2017).
	 3.	 Petrou, A. et al. Standardized comparison of selected physiological controllers for rotary blood pumps: In vitro study. Artif. Organs 

42, E29–E42. https​://doi.org/10.1111/aor.12999​ (2018).
	 4.	 Rosenbaum, A. N., Clavell, A. L., Stulak, J. M. & Behfar, A. Correction of high afterload improves low cardiac output in patients 

supported on left ventricular assist device therapy. Asaio J. 67, 32–38. https​://doi.org/10.1097/MAT.00000​00000​00115​9 (2021).
	 5.	 Brunberg, A. et al. Modeling and simulation of the cardiovascular system: A review of applications, methods, and potentials. 

Biomed. Tech. 54, 233–244. https​://doi.org/10.1515/BMT.2009.030 (2009).
	 6.	 Segers, P., Stergiopulos, N., Schreuder, J. J., Westerhof, B. E. & Westerhof, N. Left ventricular wall stress normalization in chronic 

pressure-overloaded heart: A mathematical model study. Am. J. Physiol. Heart Circ. Physiol. 279, H1120-1127. https​://doi.
org/10.1152/ajphe​art.2000.279.3.H1120​ (2000).

	 7.	 Leaning, M., Pullen, H., Carson, E. & Finkelstein, L. Modelling a complex biological system: the human cardiovascular system—1. 
Methodology and model description. Trans. Inst. Meas. Control 5, 71–86 (1983).

Figure 7.   Mean volume and pressure values of all animals before intervention (normal), at the end of the 
first phase of the pressure intervention (End PLoad bilin1) and at the end of the second phase of the pressure 
intervention (PLoad bilin2). The results for the ascending aorta interventions (ASC) and for the descending 
aorta intervention (DESC) are shown separately.

https://doi.org/10.1016/j.jacc.2015.04.039
https://doi.org/10.1016/j.jacc.2015.04.039
https://doi.org/10.1371/journal.pone.0181879
https://doi.org/10.1111/aor.12999
https://doi.org/10.1097/MAT.0000000000001159
https://doi.org/10.1515/BMT.2009.030
https://doi.org/10.1152/ajpheart.2000.279.3.H1120
https://doi.org/10.1152/ajpheart.2000.279.3.H1120


10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3353  | https://doi.org/10.1038/s41598-021-82791-3

www.nature.com/scientificreports/

	 8.	 Ursino, M. Interaction between carotid baroregulation and the pulsating heart: A mathematical model. Am. J. Physiol. 275, H1733-
1747. https​://doi.org/10.1152/ajphe​art.1998.275.5.H1733​ (1998).

	 9.	 Vollkron, M., Schima, H., Huber, L. & Wieselthaler, G. Interaction of the cardiovascular system with an implanted 
rotary assist device: Simulation study with a refined computer model>. Artif. Organs 26, 349–359. https​://doi.org/10.104
6/j.1525-1594.2002.06870​.x (2002).

	10.	 Colacino, F. M., Moscato, F., Piedimonte, F., Arabia, M. & Danieli, G. A. Left ventricle load impedance control by apical VAD can 
help heart recovery and patient perfusion: A numerical study. Asaio J. 53, 263–277. https​://doi.org/10.1097/MAT.0b013​e3180​
5b7e3​9 (2007).

	11.	 Habigt, M. et al. Comparison of novel physiological load-adaptive control strategies for ventricular assist devices. Biomed. Tech. 
62, 149–160. https​://doi.org/10.1515/bmt-2016-0073 (2017).

	12.	 Suga, H., Sagawa, K. & Shoukas, A. A. Load independence of the instantaneous pressure-volume ratio of the canine left ventricle 
and effects of epinephrine and heart rate on the ratio. Circ. Res. 32, 314–322 (1973).

	13.	 Lankhaar, J. W. et al. Modeling the instantaneous pressure-volume relation of the left ventricle: A comparison of six models. Ann. 
Biomed. Eng. 37, 1710–1726. https​://doi.org/10.1007/s1043​9-009-9742-x (2009).

	14.	 Cingolani, H. E., Perez, N. G., Cingolani, O. H. & Ennis, I. L. The Anrep effect: 100 years later. Am. J. Physiol. Heart Circ. Physiol. 
304, H175-182. https​://doi.org/10.1152/ajphe​art.00508​.2012 (2013).

	15.	 Leach, J. K., Priola, D. V., Grimes, L. A. & Skipper, B. J. Shortening deactivation of cardiac muscle: Physiological mechanisms and 
clinical implications. J. Investig. Med. 47, 369–377 (1999).

	16.	 Schipke, J. D. & Frehen, D. Gregg-Phänomen und Gartenschlauch-Effekt. Z. Kardiol. 90, 319–326. https​://doi.org/10.1007/s0039​
20170​161 (2001).

	17.	 Van der Velde, E. T. et al. Nonlinearity and load sensitivity of end-systolic pressure-volume relation of canine left ventricle in vivo. 
Circulation 83, 315–327 (1991).

	18.	 Schipper, I. B., Steendijk, P., Klautz, R. J., Van der Velde, E. T. & Baan, J. Cardiac sympathetic denervation does not change the load 
dependence of the left ventricular end-systolic pressure/volume relationship in dogs. Pflugers Arch. 425, 426–433 (1993).

	19.	 Baan, J. & Van der Velde, E. T. Sensitivity of left ventricular end-systolic pressure-volume relation to type of loading intervention 
in dogs. Circ. Res. 62, 1247–1258 (1988).

	20.	 Sagawa, K., Suga, H., Shoukas, A. A. & Bakalar, K. M. End-systolic pressure/volume ratio: A new index of ventricular contractility. 
Am. J. Cardiol. 40, 748–753 (1977).

	21.	 Grossman, W., Braunwald, E., Mann, T., Mclaurin, L. P. & Green, L. H. Contractile state of the left ventricle in man as evaluated 
from end-systolic pressure-volume relations. Circulation 56, 845–852 (1977).

	22.	 Kass, D. A. et al. Influence of contractile state on curvilinearity of in situ end-systolic pressure-volume relations. Circulation 79, 
167–178 (1989).

	23.	 Sato, T. et al. ESPVR of in situ rat left ventricle shows contractility-dependent curvilinearity. Am. J. Physiol. Heart Circ. Physiol. 
274, H1429–H1434 (1998).

	24.	 Burkhoff, D., Sugiura, S., Yue, D. T. & Sagawa, K. Contractility-dependent curvilinearity of end-systolic pressure-volume relations. 
Am. J. Physiol. 252, H1218-1227. https​://doi.org/10.1152/ajphe​art.1987.252.6.H1218​ (1987).

	25.	 Pironet, A. et al. A multi-scale cardiovascular system model can account for the load-dependence of the end-systolic pressure-
volume relationship. Biomed. Eng. Online 12, 8. https​://doi.org/10.1186/1475-925X-12-8 (2013).

	26.	 Team, R. C. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, Vienna, 2019).
	27.	 RStudio: Integrated Development for R (RStudio, Inc., Boston, MA, 2016).
	28.	 Hadley Wickham, R. F., Lionel, H., Kirill, M. dplyr: A Grammar of Data Manipulation. R package version 0.8.3 (2019).
	29.	 Andri, S. et al. DescTools: Tools for Descriptive Statistics. R package version 0.99.28 (2019).
	30.	 Lionel Henry, H. W. purrr: Functional Programming Tools. R package version 0.3.2 (2019).
	31.	 John C Nash, D. M. nlsr: Functions for Nonlinear Least Squares Solutions. R package version 2018.1.28 (2018).
	32.	 32Kai Habel, R. G., Robert B. Gramacy, Pavlo Mozharovskyi, David C. Sterratt. geometry: Mesh Generation and Surface Tessel-

lation. R package version 0.4.2 (2019).
	33.	 Baan, J. et al. Continuous measurement of left ventricular volume in animals and humans by conductance catheter. Circulation 

70, 812–823 (1984).
	34.	 de Vroomen, M., Cardozo, R. H., Steendijk, P., van Bel, F. & Baan, J. Improved contractile performance of right ventricle in 

response to increased RV afterload in newborn lamb. Am. J. Physiol. Heart Circ. Physiol. 278, 100–105. https​://doi.org/10.1152/
ajphe​art.2000.278.1.H100 (2000).

	35.	 Steendijk, P. & Baan, J. Comparison of intravenous and pulmonary artery injections of hypertonic saline for the assessment of 
conductance catheter parallel conductance. Cardiovasc. Res. 46, 82–89 (2000).

	36.	 Kono, A. et al. The use of left ventricular end-ejection pressure and peak pressure in the estimation of the end-systolic pressure-
volume relationship. Circulation 70, 1057–1065 (1984).

	37.	 Glower, D. D. et al. Linearity of the Frank-Starling relationship in the intact heart: The concept of preload recruitable stroke work. 
Circulation 71, 994–1009 (1985).

	38.	 Suga, H., Sagawa, K. & Demer, L. Determinants of instantaneous pressure in canine left ventricle. Time and volume specification. 
Circ. Res. 46, 256–263 (1980).

	39.	 Ezzaher, A., el Ouazzani, T. & Crozatier, B. Timing and velocity of ejection as major determinants of end-systolic pressure in 
isolated rabbit hearts. Circulation 90, 3055–3062. https​://doi.org/10.1161/01.Cir.90.6.3055 (1994).

	40.	 Schotola, H. et al. The contractile adaption to preload depends on the amount of afterload. ESC Heart Fail. 4, 468–478. https​://doi.
org/10.1002/ehf2.12164​ (2017).

	41.	 Schipke, J. D., Stocks, I., Sunderdiek, U. & Arnold, G. Effect of changes in aortic pressure and in coronary arterial pressure on left 
ventricular geometry and function Anrep vs. gardenhose effect. Basic Res. Cardiol. 88, 621–637. https​://doi.org/10.1007/BF007​
88879​ (1993).

	42.	 Templeton, G. H., Wildenthal, K. & Mitchell, J. H. Influence of coronary blood flow on left ventricular contractility and stiffness. 
Am. J. Physiol. Legacy Content 223, 1216–1220 (1972).

	43.	 Abel, R. M. & Reis, R. L. Effects of coronary blood flow and perfusion pressure on left ventricular contractility in dogs. Circ. Res. 
27, 961–971 (1970).

	44.	 Schulz, R., Guth, B. D. & Heusch, G. No effect of coronary perfusion on regional myocardial function within the autoregulatory 
range in pigs. Evidence against the Gregg phenomenon. Circulation 83, 1390–1403. https​://doi.org/10.1161/01.cir.83.4.1390 (1991).

	45.	 Sequeira, V. & van der Velden, J. The Frank-Starling Law: A jigsaw of titin proportions. Biophys. Rev. 9, 259–267. https​://doi.
org/10.1007/s1255​1-017-0272-8 (2017).

	46.	 McClain, L. C., Wright, L. D., Bose, R. K., Spratt, J. A. & Maier, G. W. Afterload sensitivity of nonlinear end-systolic pressure-volume 
relation vs preload recruitable stroke work in conscious dogs. J. Surg. Res. 75, 6–17. https​://doi.org/10.1006/jsre.1997.5024 (1998).

	47.	 Peverill, R. E. Understanding preload and preload reserve within the conceptual framework of a limited range of possible left 
ventricular end-diastolic volumes. Adv. Physiol. Educ. 44, 414–422. https​://doi.org/10.1152/advan​.00043​.2020 (2020).

	48.	 Blaudszun, G. & Morel, D. R. Relevance of the volume-axis intercept, V0, compared with the slope of end-systolic pressure-volume 
relationship in response to large variations in inotropy and afterload in rats. Exp. Physiol. 96, 1179–1195. https​://doi.org/10.1113/
expph​ysiol​.2011.05988​1 (2011).

https://doi.org/10.1152/ajpheart.1998.275.5.H1733
https://doi.org/10.1046/j.1525-1594.2002.06870.x
https://doi.org/10.1046/j.1525-1594.2002.06870.x
https://doi.org/10.1097/MAT.0b013e31805b7e39
https://doi.org/10.1097/MAT.0b013e31805b7e39
https://doi.org/10.1515/bmt-2016-0073
https://doi.org/10.1007/s10439-009-9742-x
https://doi.org/10.1152/ajpheart.00508.2012
https://doi.org/10.1007/s003920170161
https://doi.org/10.1007/s003920170161
https://doi.org/10.1152/ajpheart.1987.252.6.H1218
https://doi.org/10.1186/1475-925X-12-8
https://doi.org/10.1152/ajpheart.2000.278.1.H100
https://doi.org/10.1152/ajpheart.2000.278.1.H100
https://doi.org/10.1161/01.Cir.90.6.3055
https://doi.org/10.1002/ehf2.12164
https://doi.org/10.1002/ehf2.12164
https://doi.org/10.1007/BF00788879
https://doi.org/10.1007/BF00788879
https://doi.org/10.1161/01.cir.83.4.1390
https://doi.org/10.1007/s12551-017-0272-8
https://doi.org/10.1007/s12551-017-0272-8
https://doi.org/10.1006/jsre.1997.5024
https://doi.org/10.1152/advan.00043.2020
https://doi.org/10.1113/expphysiol.2011.059881
https://doi.org/10.1113/expphysiol.2011.059881


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3353  | https://doi.org/10.1038/s41598-021-82791-3

www.nature.com/scientificreports/

	49.	 Ochsner, G. et al. A physiological controller for turbodynamic ventricular assist devices based on a measurement of the left ven-
tricular volume. Artif. Organs 38, 527–538. https​://doi.org/10.1111/aor.12225​ (2014).

	50.	 Ochsner, G. et al. In vivo evaluation of physiologic control algorithms for left ventricular assist devices based on left ventricular 
volume or pressure. Asaio J. 63, 568–577. https​://doi.org/10.1097/MAT.00000​00000​00053​3 (2017).

	51.	 Habigt, M. A. et al. In vivo evaluation of two adaptive Starling-like control algorithms for left ventricular assist devices. Biomed. 
Eng. https​://doi.org/10.1515/bmt-2020-0248 (2020).

	52.	 Oikawa, Y. et al. The responses of left ventricular end-systolic pressure-diameter relationship to acute pressure overload induced 
by aortic constriction. Acta Physiol. Scand. 149, 273–281. https​://doi.org/10.1111/j.1748-1716.1993.tb096​22.x (1993).

	53.	 Kolh, P. et al. Increased aortic compliance maintains left ventricular performance at lower energetic cost. Eur. J. Cardiothorac. Surg. 
17, 272–278. https​://doi.org/10.1016/s1010​-7940(00)00341​-9 (2000).

	54.	 Schulz, R., Rose, J., Post, H., Skyschally, A. & Heusch, G. Less afterload sensitivity in short-term hibernating than in acutely ischemic 
and stunned myocardium. Am. J. Physiol. Heart Circ. Physiol. 279, H1106-1110. https​://doi.org/10.1152/ajphe​art.2000.279.3.H1106​ 
(2000).

	55.	 National Research Council Committee for the Update of the Guide for the, C. U. o. L., Animals. in Guide for the Care and Use of 
Laboratory Animals The National Academies Collection: Reports funded by National Institutes of Health. (National Academies Press 
(US) National Academy of Sciences, 2011).

	56.	 Percie du Sert, N. et al. The ARRIVE guidelines 2019: Updated guidelines for reporting animal research. bioRxiv, 703181. https​://
doi.org/10.1101/70318​1 (2019).

	57.	 Pierce, E. https​://en.wikip​edia.org/wiki/File:Heart​_norma​l.svg (licence: https​://en.wikip​edia.org/wiki/User:Wapca​plet). Wikipedia 
(2016).

Author contributions
M.H. contributed to the conceptual design and the funding of the project. J.G., Me.K., Mi.K., M.M., M.A.H. and 
M.H. participated in the animal experiments. M.H. led the carrying out of the animal model, data collection 
and statistical evaluation. M.A.H. and Mi.K. performed the data analysis, and M.A.H. wrote the manuscript 
and created the figures and listings. M.H. revised the final manuscript. All the authors discussed the results and 
contributed to the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was supported by the German Research 
Foundation (DFG) as project Smart Life Support 2.0 (65/15-1 RO 2000/17-1) and by the Medizinische Fakultät, 
RWTH Aachen University (START). The funders had no influence on the study design, data collection and 
analysis, decision to publish, or preparation of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1111/aor.12225
https://doi.org/10.1097/MAT.0000000000000533
https://doi.org/10.1515/bmt-2020-0248
https://doi.org/10.1111/j.1748-1716.1993.tb09622.x
https://doi.org/10.1016/s1010-7940(00)00341-9
https://doi.org/10.1152/ajpheart.2000.279.3.H1106
https://doi.org/10.1101/703181
https://doi.org/10.1101/703181
https://en.wikipedia.org/wiki/File:Heart_normal.svg
https://en.wikipedia.org/wiki/User:Wapcaplet
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Non-linearity of end-systolic pressure–volume relation in afterload increases is caused by an overlay of shortening deactivation and the Frank–Starling mechanism
	Methods
	Animal model. 
	Animals and maintenance of anesthesia. 

	Surgical instrumentation. 
	Interventions. 
	Data acquisition and calculations. 
	Statistics. 
	Ethics approval and consent to participate. 

	Results
	Discussion
	Conclusion
	References


