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Am J Physiol Heart Circ Physiol 319: H882–H892, 2020. First
published August 21, 2020; doi:10.1152/ajpheart.00172.2020.—Dia-
stolic dysfunction (DD) is a major component of heart failure with
preserved ejection fraction (HFpEF). Accordingly, a profound under-
standing of the underlying biomechanical mechanisms involved in
DD is needed to elucidate all aspects of HFpEF. In this study, we have
developed a computational model of DD by leveraging the power of
an advanced one-dimensional arterial network coupled to a four-
chambered zero-dimensional cardiac model. The two main patholo-
gies investigated were linked to the active relaxation of the myocar-
dium and the passive stiffness of the left ventricular wall. These
pathologies were quantified through two parameters for the biphasic
delay of active relaxation, which simulate the early and late-phase
relaxation delay, and one parameter for passive stiffness, which
simulates the increased nonlinear stiffness of the ventricular wall. A
parameter sensitivity analysis was conducted on each of the three
parameters to investigate their effect in isolation. The three parameters
were then concurrently adjusted to produce the three main phenotypes
of DD. It was found that the impaired relaxation phenotype can be
replicated by mainly manipulating the active relaxation, the pseu-
do-normal phenotype was replicated by manipulating both the
active relaxation and passive stiffness, and, finally, the restricted
phenotype was replicated by mainly changing the passive stiffness.
This article presents a simple model producing a holistic and
comprehensive replication of the main DD phenotypes and pres-
ents novel biomechanical insights on how key parameters defining
the relaxation and stiffness properties of the myocardium affect the
development and manifestation of DD.

NEW & NOTEWORTHY This study uses a complete and validated
computational model of the cardiovascular system to simulate the two
main pathologies involved in diastolic dysfunction (DD), i.e., abnor-
mal active relaxation and increased ventricular diastolic stiffness. The
three phenotypes of DD were successfully replicated according to
literature data. We elucidate the biomechanical effect of the relaxation
pathologies involved and how these pathologies interact to create the
various phenotypes of DD.

active relaxation; biphasic delay; diastolic dysfunction; diastolic left
ventricular stiffness; heart failure with preserved ejection fraction

INTRODUCTION

Heart failure (HF) is a cardiac disease that currently affects
2% of the population (18). Originally, HF was attributed to left
ventricular (LV) systolic dysfunction, as reflected by a reduced
ejection fraction (HFrEF). However, it is now recognized that
nearly half or more of patients with HF have a preserved
ejection fraction (HFpEF) but manifest some degree of dys-
function during the diastolic period of the cardiac cycle.
Although both HF types contribute equally to the high mor-
bidity and mortality rates, the prevalence of HFpEF has an
increasing trend (45). This is primarily due to a poor under-
standing of the disease mechanisms and the increasing popu-
lation age. One of the main diagnostic criteria for HFpEF is
evidence of left ventricular diastolic dysfunction (DD) (33).
Therefore, a good understanding of the main physiological
mechanisms behind diastolic dysfunction is needed to gain a
more comprehensive picture of HFpEF.

The diastolic portion of the cardiac cycle is controlled by
two main factors: the active relaxation of the myocardium and
the passive mechanical properties of the ventricular wall.
Active relaxation is characterized by the pressure decay time
constant � and passive mechanical properties by diastolic
stiffness. The various stages of DD have been understood to
result from some combination of delayed and incomplete
active relaxation of the ventricle and increased ventricular
stiffness, independent of the presence of a normal or reduced
ejection fraction (51). However, isolating the exact effects of
impaired active relaxation and increased ventricular stiffness
has proved to be a challenge owing to the inherent biological
and biomechanical interactions of the underlying mechanisms.
Accordingly, the diagnosis of diastolic dysfunction is con-
ducted by measuring various cardiovascular parameters. In
clinical practice, invasively determined diastolic pressures are
used as a surrogate of diastolic function. However, it must be
noted that this is not considered the sole gold standard for
diastolic function analysis, as various other indexes are used in
conjunction for diagnosis.

The hemodynamics of the atrioventricular system in diastole
can be split into two main phases. The first is the early
relaxation (E) phase in which the ventricles rapidly relax and
fill up with blood. In healthy subjects, this phase contributes to
~85% of the ejected blood volume in the ventricles. Afterward,
more blood is forced into the ventricles during the atrial
contraction (A) phase. The presence and progression of dia-
stolic dysfunction has been known to affect the relationshipCorrespondence: S. Pagoulatou (stamatia.pagoulatou@epfl.ch).
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between E and A flows at the level of the mitral valve and is
associated with an increase in left ventricular and atrial pres-
sures.

The most common diagnostic method for diastolic dysfunc-
tion is the use of echocardiography owing to its noninvasive
nature. Numerous Doppler indexes are used to describe dia-
stolic function and refer to different filling phases and pressure
levels. This contributes to the inconsistencies that are some-
times observed in prediction of LV filling pressure between the
different indexes. Typically, the measurement of the peak
mitral flow velocity of both diastolic phases, along with a
measure of the flow deceleration (deceleration time or DT) (51)
and the mitral annulus velocities, is performed. The formal
diagnostic algorithm also includes left atrium enlargement as a
surrogate for chronic elevated left-side filling pressures and
signs of pulmonary hypertension. There are three disease types
that reflect different levels of diastolic dysfunction (51). The
impaired relaxation (IR) type is characterized by a decreased
ratio between the peak E phase mitral flow and peak A phase
mitral flow (E/A ratio) and by a long deceleration time and
normal end-diastolic pressure. The pseudo-normal (PN) type is
characterized by a normal-seeming E/A ratio, normal deceler-
ation time, and elevated end-diastolic pressure. Finally, the
restricted (R) type is characterized by a very high E/A ratio,
short deceleration time, and highly elevated end-diastolic pres-
sure. The PN phenotype of diastolic dysfunction creates much
ambiguity in terms of diagnosis, as the mitral flow mimics
normal flow and other indexes have to be integrated for the
correct diagnosis. However, this diagnostic algorithm cannot
be applied to certain subgroups of patients, e.g., conduction
delay, pacemaker stimulation, atrial fibrillation, and mitral
valve disease. Echocardiographic analysis is furthermore com-
plicated by age and loading condition dependency of the
parameters, but in most patients, at least one parameter is
abnormal (52).

It is important to note that the pathologies regarding HFpEF
are not restricted to just left ventricular diastolic dysfunction.
Longitudinal strain is reduced in HFpEF, and two-dimensional
(2-D) speckle-tracking echocardiography has proven to be
robust and useful to detect this condition (47). The contractility
(in terms of end-systolic elastance) of the left ventricle during
systole has been shown to increase in patients with HFpEF,
although the degree varies from study to study (3, 16, 19, 34).
Recent studies have shown that the right ventricle also tends to
exhibit structural and functional changes in patients with
HFpEF (24, 39, 46). The left atrium has been shown to undergo
remodeling in diastolic dysfunction, likely due to the increased
pressures (8, 30, 44). With regard to systemic vascular remod-
eling, multiple studies have shown that vascular resistance (16,
19) and vascular stiffness (3, 16, 19) are raised in HFpEF.
Consequently, it is currently understood that HFpEF is a highly
heterogeneous disorder of which diastolic dysfunction is only
a component. It is also possible to have diastolic dysfunction
without HFpEF, as is the case in aging and diabetic populations
(49). Accordingly, there is a need for robust computational
models that can investigate the relation between the biome-
chanical effects of diastolic dysfunction and other comorbidi-
ties listed previously such as arterial hypertension, arterial
stiffening, chamber remodeling, arrhythmia, valve dysfunc-
tion, and exercise. Furthermore, the creation of a complete
computational model may allow for the development of novel

diagnostic tools and therapeutic strategies for these patients, as
no efficacious treatment has been developed to date.

The current state of computational modeling of diastolic
dysfunction is still in its infancy. A computational model by
Hay et al. (12) investigated the effect of increasing ventricular
relaxation time and its effect on cardiac output and pulmonary
vein pressure for different heart rates. The fundamental insight
from this work is that a delay applied for LV relaxation during
early diastolic filling is able to replicate the characteristic
mitral waveform associated with impaired relaxation. How-
ever, as the delay was only applied after isovolumic relaxation
had ended, they were unable to replicate other aspects of the
disease related to contraction and isovolumic relaxation, such
as time constant of relaxation and prolonged ejection, which
are markedly increased in DD (14, 48). Luo et al. (23) also
used a zero-dimensional (0-D) model of the cardiovascular
system to replicate some phenotypic aspects of impaired re-
laxation, pseudo-normal, and restricted phenotypes by manip-
ulating the active relaxation and passive properties of the heart.
The fundamental insight gained is that increased stiffness shifts
the mitral waveform toward that of restricted diastolic dysfunc-
tion. However, the impaired relaxation phenotype produced
was created such that end-diastolic pressure (EDP) was signif-
icantly increased, a finding not supported by the clinical
literature (14). Furthermore, the stroke volumes were signifi-
cantly decreased for all three phenotypes, another finding not
consistent with the literature (6, 44). Finally, the pseudo-
normal phenotype was created through directly combining the
impaired relaxation and restricted phenotypes, which produced
a phenotype that was higher in EDP than that of the restricted,
a finding that is not supported by the current literature (13).

In contrast to these approaches, we aimed at the develop-
ment of a computational model of diastolic dysfunction that
also incorporates the insights gained from previous literature
and includes the interaction of the left ventricle with the arterial
system. It consists of an already existing and validated model
of the arterial tree coupled to an upgraded four-chamber
lumped parameter model of the heart including valve dynam-
ics. The main novelty in this article is the implementation of a
biphasic delay mechanism, which consists of early and late-
phase delays. This biphasic delay mechanism was then used
along with increased hyperelastic chamber stiffness and venous
pressure on this computational platform to holistically inves-
tigate the pathological mechanisms of the different stages of
diastolic dysfunction.

MATERIALS AND METHODS

The Cardiovascular Model

The open-loop one-dimensional (1-D) model of the arterial tree
was previously developed (37) and validated (36) in our labora-
tory. Originally, the arterial tree model by Reymond et al. (37) was
coupled at its proximal end to a 0-D model of the left ventricle of
the heart, in which the temporal pressure-volume (PV) relationship
is inputted manually through a time-varying elastance curve (41).
In this work, the cardiac model was upgraded to include all four
chambers of the heart and to better capture the valve dynamics. The
left and right atria are coupled together using a pulmonary lumped
parameter model, and a central venous pressure boundary condi-
tion is connected to the right atrium with a resistance in between.
This improvement is largely inspired by the work of Mynard et al.
(27, 28). The ventricular chambers also had their pressures coupled
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through a septal interaction relation. The contractility of each
chamber was modeled by distinct time-varying elastance functions.
To account for the pressure loss observed during the nonisovolu-
mic contraction, a source resistance was introduced into the model
to yield the effective elastance, as done by Reymond et al. (37).
Finally, the pulmonary circulation was described with a five-
segment lumped parameter model (2-element Windkessel models
connected in series), as in the work of Danielsen et al. (7). An
in-depth description of the model along with all the parameters
used can be found in the supplementary information (all Supple-
mental material is available at https://doi.org/10.6084/m9.figshare.
12661901.v1).

The Upgraded Pressure-Volume Relation

In the original model, the LV pressure-volume relation was con-
sidered linear throughout the cardiac cycle. Although this assumption
has been seen to hold for healthy hearts and many cardiac pathologies,
one key feature of diastolic dysfunction is the increase in nonlinearity
of the LV end-diastolic pressure-volume relation (EDPVR), and thus,
the linear assumption was relaxed to fully capture the later stages of
the pathology. Ignoring the nonlinearity of the LV EDPVR when
modeling diastolic dysfunction would severely hamper our ability to
faithfully capture the disease hemodynamic characteristics (cf.
DISCUSSION). Accordingly, a segregated version of the pressure-volume
relation, similar to that of Luo et al. (23), was used for the left
ventricle, in which the free wall pressure-volume relation PLVF is an
addition of a linear systolic pressure-volume relation Ps and a non-
linear diastolic pressure-volume relation Pd. The contraction of the
heart was controlled by a time-varying activation function ε(t), which
controls the weight that each term adds to the total pressure-volume
relation. The LV end-diastolic pressure-volume relation was modeled
as an exponential function where P0 is the dead pressure and � is the
stiffness parameter. It is important to note that when � is small, the
exponential function approximates a linear curve.

PLVF � ��t� · Ps � �1 � ��t�� · Pd (1)

where

Ps � Emax · �VLV � Vd� (2)

and

Pd � P0 · exp�� · VLV� (3)

Emax is the maximal elastance and Vd is the dead volume, as described
by Sagawa (40). The free wall pressure is then corrected for septal
interaction and pressure loss during ejection according to the aortic
flow rate. Details on how this was done are contained in the online
appendix.

Diastolic Dysfunction Parameters: Biphasic Delay for Active
Relaxation

After systole, the lengthening of the ventricular myocardium is
mediated by the active removal of calcium ions. This lengthening

occurs during both the isovolumic (through untwisting) and filling
(through expansion) phases of relaxation. Inadequate relaxation has
been implicated in diastolic dysfunction, mainly owing to calcium
mishandling and increased myofilament calcium sensitivity (10, 51).
To model the effect of inadequate active relaxation, the diastolic
portion of the activation function underwent specific shape changes
corresponding to either the early or the late phase of diastolic relax-
ation. The early phase of relaxation is related to the isovolumic part of
the diastole, whereas the late phase of relaxation is assumed to be
related to the filling phase of diastole.

To model the impaired relaxation at the early phase of relaxation,
the portion of the activation function ε(t) after the systolic peak was
made to undergo a horizontal stretching proportional to the distance to
the peak (Fig. 1A). The degree of this early phase delay was controlled
by the parameter D1, which was limited such that the curve still had
to return to a value of 0 before the heart cycle ended. To model the
impaired relaxation at the late phase of relaxation, the portion of the
curve at the tail end of the activation function was made to undergo a
similar transformation (Fig. 1B). The degree of the late-phase delay
was controlled by the parameter D2.

Diastolic Dysfunction Parameters: Passive Relaxation

The end-diastolic pressure-volume relation can be changed in two
ways. The first is through changing the dead pressure P0, which results
in the vertical shift of the LV EDPVR. The second is through
changing the stiffness parameter �, increasing or decreasing the
instantaneous dP/dV relation at each point of the LV EDPVR, and
thus changing the diastolic elastic properties of the heart (Fig. 1C).
For the purposes of this study, only the � parameter was analyzed, as
that was determined to be the most physiologically relevant.

Parameter Sensitivity Analysis

To gauge the effect of the various parameters on the hemodynamics
of the model, a parameter sensitivity analysis was conducted with the
parameters D1, D2, and � (Figs. 1 and 2). The parameters were varied
in the following ranges: D1 � [0, 0.7] mmHg, D2 � [0, 0.9], and � �
[0.011, 0.017] mL�1. The control values of P0 � 2.3 mmHg and � �
0.011 mL�1 for the left ventricle were obtained from the study by Zile
et al. (50). Furthermore, the control activation function was set to have
a time relaxation constant similar to the one reported by Zile et al.
(50). To calculate the time constant of relaxation, the isovolumic
pressure was modeled as an exponentially decreasing function. Ac-
cordingly, the time constant was defined as the time interval between
start of isovolumic relaxation and the time at which the LV pressure
dropped to 1/e of its original value. Finally, the isovolumic relaxation
time (IVRT) was calculated from the aortic flow waveform.

From the simulation results, we analyzed the left ventricular and
atrial PV loops and the aortic and mitral flow patterns and quantified
the following hemodynamic parameters: the cardiac output, E-wave
peak, A-wave peak, E/A ratio, filling pressure, maximal left atrial
pressure, ejection fraction, time relaxation constant, and isovolumic
relaxation time (IVRT).

Fig. 1. Changes in the activation function �(t) and the LV EDPVR by varying three parameters: early delayed relaxation (D1) (A), late delayed relaxation (D2)
(B), and stiffness parameter (�) (C).
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Modeling the Progression of Diastolic Dysfunction

Based on the insights gained from the parameter sensitivity anal-
ysis, we replicated the IR, PN, and R mitral flow patterns by changing
the three parameters discussed earlier, i.e., D1, D2, and �. The set of
parameters used for the phenotypic replication of the disease stages is
shown in Table 1. The choice of parameters was guided based on the
current available literature on the E/A ratios, time constants, end-
diastolic pressures, and cardiac outputs to allow for the replication of
the expected hemodynamic parameters seen in diastolic dysfunction
studies. The existence of normal end-diastlic volume (EDVs) in
patients with DD implies the existence of compensatory mechanisms,
such as increased contractility (i.e., end-systolic elastance), arterial
stiffness, and venous pressure, to properly maintain the cardiac output

and systemic pressures. Previous studies have shown that patients
with HFpEF have higher LV end-systolic elastance (19, 39, 46) and an
increased venous pressure (4, 15). In our work, we found that by
adjusting just the cardiac preload along with varying the pathological
parameters such as delay and stiffness, we were able to fully replicate
the three disease phenotypes. In other words, although contractility
and stiffness of the four cardiac chambers influence the analyzed
parameters, the venous pressure had the strongest role in adjusting the
ventricular volumes and, accordingly, was chosen as the sole addi-
tional factor to adjust. It must be stressed that a holistic replication of
DD was emphasized when choosing the parameters. For example, it
was possible to create a mitral waveform that has an E/A ratio of 2
(similar to that of R) by only increasing the central venous pressure.

Fig. 2. Results of the parameter sensitivity analysis, which includes the left ventricular PV loops (A1, B1, and C1), left atrial PV loops (A2, B2, and C2), and
mitral flow profiles (A3, B3, and C3), over D1 (B1, B2, and B3), D2 (C1, C2, and C3), and � (A1, A2, and A3).
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However, this would have caused the cardiac output to surpass
physiological levels. The goal instead was to model the combination
of fundamental pathologies that capture the various aspects of DD in
terms of EDP, cardiac output, relaxation times, etc.

The general algorithm for producing each phenotype is the follow-
ing. First, the early phase delay D1 was increased until the desired
time constant of relaxation is achieved. In this article, the three
phenotypes were assumed to have the same time constant of relax-
ation that was higher than that of the control. This is in accordance to
reviews (14) and a clinical study that found little difference between
the time constants for each stage (43). The time constant was initially
set at a control value of 40 ms, similar to that found by Zile et al. (50).
The time constant was then increased to be in the range of 50–60 ms
(43). It is important to note that the time resolution of the simulation
was 5 ms, so the possible target values were constrained to be in
multiples of 5. Once the time constant of relaxation was tuned, the
remaining relevant parameters, namely, D2, �, and central venous
pressure, were varied to reproduce the expected E/A ratio and EDP,
while maintaining the cardiac output. The assumption of maintained
cardiac output comes from the clinical finding that no significant
difference in stroke volume is found between the DD stages and
controls (25, 44).

The target E/A ratio for the IR phenotype was determined to be 0.8
according to guidelines (29) and clinical studies (17, 43, 44). This E/A
ratio was achieved by increasing D2 and central venous pressure until
the target ratio was reached and cardiac output was maintained.
Another constraint placed on the tuning process was that the filling
pressure for the IR stage is not markedly increased according to
official guidelines (29) and clinical studies (13, 43). The target E/A
ratio for the PN phenotype was determined to be equal to that of the
control value of 1.6 according to guidelines (29) and clinical studies
(25, 43, 44). The E/A ratio was achieved by increasing D2, �, and
central venous pressure while maintaining cardiac output. The
filling pressure was also constrained to be within the range of 20
mmHg according to the clinical literature (13, 25, 43). The target
E/A ratio for the R phenotype was set to be larger than 2 (in this
case, 2.3) according to guidelines (29) and clinical studies (44).
The E/A ratio was achieved by increasing �and central venous
pressure while maintaining cardiac output. The filling pressure was

also constrained to be within the range of 26 mmHg according to
the clinical literature (13).

RESULTS

Parameter Sensitivity Analysis Results

In the following paragraphs, we describe the results from
the parameter sensitivity analysis with respect to the PV
loop of the left ventricle, the PV loop of the left atrium, and
hemodynamic indexes. The results are summarized in Fig. 2
and Table 2.

Left ventricular pressure-volume loop. We found that be-
cause the EDPVR (Pd) is only affected by the � parameter, an
increase in stiffness � caused the LV systolic pressure and
stroke volume to decrease significantly (Fig. 2A1). Accord-
ingly, an increase in � caused the LV diastolic pressure to rise
rapidly with increasing volume. This means that given the
same central venous preload, the ventricle pressure should
equalize with the atrial pressure during diastole at a smaller
volume. Increasing D1 prolonged the ejection phase and in-
creased ejection time; this can be seen by noticing the decrease
in minimum volume of the PV loops with increasing D1 in Fig.
2B1. Correspondingly, the prolongation of both contraction
and relaxation through D1 decreased the EDV and EDP to a
small degree. One notable effect is that an increase in D1

disallowed the activation function in early diastole to reach 0,
which is what would occur if relaxation was normal. This
means that the pressure-volume relation is the sum of a large
fraction (inversely proportional to the nonzero activation level)
of the EDPVR (Pd) and a small fraction (proportional to the
nonzero activation level) of the ESPVR (Ps). This can be seen
by examining the zoomed-in view of early diastole in Fig. 2B1,
where the control PV loop dropped to follow the exponential
EDPVR (thus acting as a purely passive stiff vessel) at low
volumes, whereas the delayed relaxation PV loops converged
to the same EDPVR at different rates. A change in the D2 also
slowed the rate of LV pressure drop during early diastole and
prevented the LV from acting as a purely stiff vessel (as the
activation function is nonzero). This can be seen by examining
the zoomed-in view of Fig. 2C1, where increasing the delay
parameter increased the volume at which the PV loop follows
a purely exponential EDPVR. As expected, we find that chang-
ing D2 did not affect any of the end-systolic or end-diastolic
pressures and volumes (Fig. 2C1). This can be explained by the
fact that the late-phase delay is applied after the contraction
phase is over.

Table 1. Parameters used to replicate the three stages of the
disease with pressure compensation mechanisms

Parameter Control IR PN R

D1 0 0.25 0.25 0.25
D2 0 1.3 0.45 0
�, mL�1 0.011 0.011 0.0145 0.016
Venous pressure, mmHg 6 6.25 7.12 7.5

IR, impaired relaxation; PN, pseudo-normal; R, restricted.

Table 2. Hemodynamic indexes of parameter sensitivity analysis

Value of D1 Value of D2

Value of �
(10�3 mL�1)

Hemodynamic indexes 0 0.3 0.5 0.7 0 0.3 0.6 0.9 11 13 15 17
Cardiac output, L/min 5.6 5.49 5.39 5.28 5.59 5.58 5.58 5.56 5.6 5.29 4.96 4.63
E-wave peak, mL/s 486 472 457 443 484 454 421 391 486 521 552 581
A-wave peak, mL/s 295 295 316 395 295 295 296 301 296 287 278 267
E/A ratio 1.64 1.60 1.45 1.12 1.64 1.54 1.42 1.30 1.64 1.81 1.98 2.17
Filling pressure, mmHg 12.1 11.8 11.5 11.1 12.0 12.0 12.0 12.0 12.1 14.8 17.7 20.3
Maximum aortic pressure, mmHg 132 129 126 123 131 131 131 131 132 122 113 104
Minimum aortic pressure, mmHg 83 81 80 78 83 83 82 82 83 78 74 70
Maximum left atrial pressure, mmHg 12.0 11.7 11.5 11.6 11.9 11.9 11.9 11.9 12 14.7 17.4 19.9
Ejection fraction, % 64% 65% 65% 66% 64% 64% 64% 64% 64% 64% 64% 65%
Isovolumic relaxation time, ms 65 110 135 160 65 70 70 75 65 65 60 55
Time relaxation constant, ms 40 65 80 100 40 40 40 40 40 40 45 40
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Left atrial pressure-volume loop. For the left atrium, we
found that increasing the stiffness parameter � caused a sig-
nificant diagonal shift of the atrial loop along the EDPVR
corresponding to an increase in atrial pressure (Fig. 2A2).
Furthermore, an increase in stiffness changed the ratio between
the atrial pump function (the atrial volume change during atrial
contraction) and conduit function (the atrial volume change
during early diastolic filling). This is also reflected by the
increase in the E/A ratio seen in Table 2. Increasing D1 changed
the atrial loop such that maximum and minimum pressures
decreased slightly (Fig. 2B2); furthermore, the maximum and
minimum volumes increased and decreased, respectively, with
D1. Increasing D2 only affected the PV loop such that the
conduit function steadily decreased (Fig. 2, B2 and C2).

Hemodynamic parameters and mitral and aortic flow
patterns. We see that the E/A ratio increased significantly with
increased stiffness, mainly by strongly increasing the E-wave
peak and slightly decreasing the A-wave peak (Fig. 2A3). This
also caused the cardiac output to decrease significantly in the
absence of compensation mechanisms. It can also be seen that
the IVRT, EF, and time relaxation constant did not change
significantly with increasing stiffness. With regard to the delay
parameters D1and D2, an increase in both delay parameters
caused a slight decrease in cardiac output and E/A ratios. There
are two mechanisms at play that change the mitral waveform
with increasing D1; the first is that the atrioventricular pressure
gradient decreases slower in time due to the delay, and the
second is that ejection time is prolonged, which has an effect
on cardiac output and correspondingly the mitral flow (Fig.
2B3). The D2 parameter only decreased the E-wave by keeping
the LV pressure slightly higher during early diastole (Fig.
2C3), thus creating a smaller atrioventricular pressure gradient.
Accordingly, the cardiac output was nearly unchanged with
increases in either delay parameter. As expected, it can be seen
that D2 had no effect on the IVRT and time constant, whereas
an increase in D1 strongly increased both parameters. This is
because D2 only acts to delay relaxation at a later stage, after
the isovolumic phase of the cardiac cycle has ended.

Diastolic Dysfunction Phenotype Results

The three disease phenotypes produced by the model and the
healthy control are shown in Fig. 3, and the respective hemo-
dynamic parameters are summarized in Table 3. A zoomed-in
view of the diastolic pressure evolution for the left atrium (LA)
and LV is shown in the boxes in Fig. 3.

By looking at Table 3 and Fig. 3, we observe that the IR and
control LV pressure waveforms during diastole (zoomed-in
view) differ in the following respect: the IR phenotype initially
exhibited a higher pressure during early diastolic filling (Fig. 3,
A1 and B1) due to delayed relaxation. Once the LV began to
expand, the control LV pressure increased quickly with in-
creasing volume, and thus, the atrioventricular pressure was
equalized at an earlier point than the IR case (Fig. 3, A1 and
B1). The E/A ratio for the IR phenotype is smaller than the
control due to the late-phase delay causing a small atrioven-
tricular gradient that lasts for an extended amount of time (Fig.
3B1). During late diastole, the pressures in the left ventricle for
both the control and the IR phenotype were equal to ~12–13
mmHg, as they were completely relaxed in terms of active
relaxation and acted as passively stiff chambers. As the E-wave

does not decrease to 0 before the A-wave begins, the deceler-
ation time was calculated by finding the equation of a straight
line between the peak of the E-wave and the start of the
A-wave. Accordingly, the IR deceleration time (DT) was found
to be an elevated 340 ms (Table 3), which fits the criterion for
diagnosis (�220 ms) according to guidelines and reviews (11,
14, 26). The IVRT for the IR phenotype was found to be 95 ms
(Table 3), which is expected according to the standards for
diagnosis (�90 ms) (11, 14).

The control and PN LV diastolic pressures (Fig. 3, A1 and
C1) followed similar paths. The combination of late-phase
delay (which decreases the atrioventricular gradient and delays
the equalization) and increased stiffness (which has the oppo-
site effect on the gradient) allowed for the pseudo-normaliza-
tion of the mitral waveform. During atrial contraction, LV
pressure rapidly increased as the chamber expanded due to the
increased stiffness parameter until the end-diastolic pressure of
21 mmHg was reached (Fig. 3C1). The mitral waveform for the
PN closely mimicked that of the control (Fig. 3, A2 and C2), as
they both had the same E/A ratio of 1.6 and very similar
deceleration times, namely, 164 ms for PN and 158 ms for
control (Table 3). The finding that the DTs were roughly equal
is well supported by the guidelines for diagnosis (11, 14) and
clinical studies (25). Furthermore, the IVRT for both the
control and the PN phenotype was found to be 65 ms and 85
ms, respectively (Table 3), in line with the current diagnostic
standards (�90 ms) according to guidelines (14). It must be
noted that the PN mitral wave began later than the control wave
due to the isovolumic delay imposed by parameter D1 (Fig. 3,
A2 and C2).

The control and R phenotype LV diastolic pressures (Fig. 3,
A1 and D1) dropped to similar levels during early filling;
however, due to the increased LA pressure in the R phenotype,
the corresponding pressure gradient was large, which led to a
high E-wave. The increased nonlinear stiffness of the R case
allowed for the LV pressure to rise rapidly with increasing
volume, equalizing the atrioventricular gradient faster than the
control. This increased stiffness also resulted in the LV pres-
sure rapidly increasing during atrial contraction until it reached
an end-diastolic pressure of 25 mmHg (Fig. 3, C1 and D1).
Accordingly, the E/A ratio for the R phenotype was the highest
with a value of 2.3, and the deceleration time was the lowest
with a value of 120 ms (Table 3). The DT was calculated at 120
ms (Table 3), which is within the diagnostic standards (�150
ms) provided by the guidelines (14, 29). The IVRT was
calculated at 85 ms (Table 3), which is higher than what is
suggested by the guidelines (�70 ms) (14). Finally, the ejec-
tion fraction managed to remain constant throughout all phe-
notypes at a value of ~65% (Table 3), which is supported by
the clinical finding of ~60% for all stages of DD (44).

DISCUSSION

In the present study, we investigated the development and
progression mechanisms of diastolic dysfunction. Our compu-
tational approach was based on an already validated, complete
model of the cardiovascular system, which so far has provided
a solid platform for the understanding of physiological pro-
cesses such as aging (31), development of noninvasive meth-
ods to derive central hemodynamic indexes (32), and investi-
gation of the hemodynamics of diseases such as hypertension
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(38). There is also a strong association of DD with increasing
age (43). Accordingly, the eventual goal of the model is to act
as a computational platform upon which the effects of aging
and hypertension can be simulated in tandem with diastolic
dysfunction to investigate their effects. Our work expanded on
previous studies that model diastolic dysfunction by leveraging
the potential of this valuable computational tool and by fol-
lowing the literature data on disease initiation and progression.

The current paradigm put forward in our study is that
diastolic dysfunction arises and evolves from the interplay of
two principal pathologies. The first pathology is the impair-

ment of active relaxation (represented by the activation func-
tion) where the early diastolic filling of the ventricle is altered.
In most of the literature investigating impaired active relax-
ation, the pathology is characterized by a single time constant
of relaxation related to the isovolumic phase of the cardiac
cycle. This work is taking the first steps to investigate in
greater detail how the time-varying rate of the active relaxation
affects the hemodynamics of the left ventricle. The principal
insight gained from the simulations is that a constant delay
applied uniformly at the start of relaxation is unable to fully
capture the IR phenotype; although the applied early delay

Fig. 3. Time-pressure graphs (A1, B1, C1, and D1) along with corresponding mitral flow (A2, B2, C2, and D2) for the control case (A1 and A2), the IR case (B1
and B2), the PN case (C1 and C2), and the R case (D1 and D2).
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managed to increase the time constant of relaxation, it was
unable to replicate the characteristic mitral flow associated
with IR. What was found to be required was a comparatively
pronounced delay in the late phase of relaxation corresponding
to diastolic filling. This combination of early phase delay from
isovolumic contraction combined with a strong (relative to the
other phenotypes) late-phase delay with diastolic filling man-
aged to capture the characteristic time constants and mitral
flow profiles associated with impaired relaxation, while having
minimal effects on the aortic pressures and cardiac output.

The second pathology is in passive relaxation, in which the
end-diastolic pressure-volume relation increases in nonlinear-
ity and becomes steeper. This is meant to physiologically
reflect increased stiffness of the left ventricle. As the main
driving mechanism for mitral flow is the atrioventricular pres-
sure gradient, an increase in stiffness allowed the atrioventric-
ular pressure gradient to remain large for the low-volume
regime (Fig. 3D1), as the volume increased the LV pressure
rapidly increased due to the high level of nonlinearity. This
rapid equalization (compared with Fig. 3A1) of the pressure
gradient between the LV and LA created an E-wave that is tall
and narrow (Fig. 3D2). As the ventricular pressure is higher
due to increased stiffness before atrial contraction, the contrac-
tion of the atrium was not able to fill the heart effectively due
to both the increased pressure and increased resistance to
expansion, creating a small A-wave. It must also be stated that
the most important factor in recreating the R phenotype was
not the height of the EDPVR but the convexity or nonlinearity.
In previous versions of the current cardiac model, the EDPVR
was approximated as linear, and increased stiffness was mod-
eled through the increased slope of the EDPVR. This increase
in the EDPVR slope would cause a drop in the E/A ratio. In our
nonlinear modeling of EDPVR, we avoid this erroneous E/A
ratio because the stiffness, as derived by the local gradient of
the nonlinear EDPVR, was much smaller at low LV volumes
right after mitral valve opening than during the atrial contrac-
tion, hence most of the expansion occurs right after isovolumic
relaxation.

The PN phenotype was replicated by combining the pathol-
ogies involved in active relaxation (mainly responsible for IR)
and passive relaxation (mainly responsible for R). However, it
must be noted that the two main pathologies, namely, increased
stiffness and late-phase relaxation, were being combined in

their milder form to produce the phenotype. The stiffness for
the PN phenotype is larger than that for the IR and the control
but smaller than that for the R. The same also applies to the
degree of late-phase relaxation in which the PN has a delay that
is lower than that of the IR and higher than that of the R.
Accordingly, it can be said that the PN phenotype results from
the combination of the two principal pathologies underlying IR
and R, respectively (increased late-phase delay and increased
stiffness), such that their effects on the mitral waveform are
cancelled out.

Physiological Mechanisms

As the varying elastance framework used in this article is a
phenomenological model that only models the global PV
relation, it is difficult to directly relate the pathologies intro-
duced into the diastolic dysfunction models to physiological
mechanisms. Increased stiffness of the EDPVR can plausibly
be linked to various remodeling processes linked to DD. This
includes titin isoform shift and increased collagen content (21).
The biphasic delay model is more difficult to physiologically
explain. This is because the active relaxation of the heart is an
emergent process that encompasses various scales and involves
tightly coupled multiphysics phenomena. However, the main
clue to follow for the biphasic delay model is that the relax-
ation rate for the left ventricle is significantly slowed down
during early filling. This indicates that the pathological mech-
anism is possibly dependent on time, calcium levels, myofila-
ment activation, or stretch. The control of diastolic calcium is
not well understood (10); however, one possible mechanism
currently being investigated is mishandling of calcium during
diastole. The dysfunction of ion channels such as
sarco(endo)plasmic reticiulum calcium ATPase (SERCA2a),
sodium-calcium exchanger (NCX), and ryanodine receptors
(RyRs) is currently being implicated in DD (10, 35). One
particularly interesting study (42) investigated the different
effects that SERCA2a and RyR had on the calcium transients.
They found that in the presence of �-adrenergic stimulation,
the ryanodine receptor calcium leak induced a biphasic decay
of the calcium transient, with an early fast phase and a late
slow phase. They also managed to link SERCA2a dysfunction
to monophasic delay. A second possible mechanism being
investigated is a pathology in myofilament crossbridge dynam-
ics, with the suspected pathology being increased myofilament
sensitivity to calcium (10, 35). It is difficult to discover
whether the various changes for the cell or sarcomere are
causal or correlational with regard to diastolic dysfunction;
however, phenomenological studies such as the ones con-
ducted for this article provide hints as to what types of
mechanisms should be investigated in the future.

Accordingly, multiscale modeling must be used in the future
to investigate how pathologies on the scale of the myocardium
affect global organ-level performance. One example of such a
model would be the one-fiber model developed by Theo Arts et
al. (2) that relates the global PV chamber performance to
sarcomere mechanics. The one-fiber model as implemented in
contemporary models (1, 22) simulates the sarcomere as a
passive elastic element in parallel with an elastic element in
series with a contractile element. One important effect that can
be investigated is how a change in the passive stiffness with
DD would affect the active contraction of the sarcomere, as the

Table 3. Hemodynamic indexes for each simulated
phenotype

Hemodynamic indexes

Phenotypes

Control IR PN R

Cardiac output, L/min 5.59 5.61 5.62 5.55
E-wave peak, mL/s 484 318 500 676
A-wave peak, mL/s 295 385 306 294
E/A ratio 1.64 0.82 1.63 2.3
Filling pressure, mmHg 12.0 12.8 21.5 25.9
Max aortic pressure, mmHg 131 132 131 129
Min aortic pressure, mmHg 83 82 82 81
Maximum left atrial pressure, mmHg 11.9 13.0 21.2 25.5
Ejection fraction, % 64 65 65 65
Isovolumic relaxation time, ms 65 95 85 85
Time relaxation constant, ms 40 55 60 60
Deceleration time, ms 158 340 164 120

IR, impaired relaxation; PN, pseudo-normal; R, restricted.
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passive stress would resist the contraction of the sarcomeres.
Another effect to be investigated is the how the importance
of elastic recoil would change throughout the different
stages of DD.

It may also seem unintuitive that the progression of diastolic
dysfunction from the impaired relaxation stage to the restricted
stage necessitates an initial increase and then decrease in
late-phase relaxation parameter D2 (Table 1). However, the
following factors must be considered. The interaction between
myocardial stiffness and active relaxation is highly complex
and not well understood. A recent multiscale modeling study
by Campbell et al. (5) demonstrated that cardiac muscle relax-
ation rate can change significantly with increased nonlinear
stiffness of the filaments, as it modulates the rate at which
myosin heads move relative to the filament. Thus, the increased
stiffness of the PN and R phenotypes can play a modulating
role for the D2 parameter. This is also supported by the finding
that one of the main causes of increased stiffness in diastolic
dysfunction is titin isoform shift (14). The same computational
study also demonstrated that muscle relaxation is sensitive to
changes in strain. Furthermore, it is currently understood that
relaxation rate is related to the preload and afterload in com-
plex ways (20). Accordingly, these various factors are expected
to be relevant to the time course of relaxation during early
filling (corresponding to late-phase relaxation) and must be
studied further.

Possible Hypotheses

Several testable hypotheses can be derived from the assump-
tions we used to recreate the various phenotypes. First, it is
likely that the central venous pressure increases from IR to PN
to R to compensate for the increased stiffness. Second, we
expect the stiffness � to be mildly (relative to the control
phenotype) increased for patients with a PN phenotype and
strongly increased for patients with an R phenotype; we also
predict the degree of late-phase delay to follow an equivalent
inverse relation. The nature of delayed active relaxation in
diastolic dysfunction is not well understood; research must be
directed to investigate the causal mechanism of the delay in
addition to their timing.

One final hypothesis emerges from the fact that the simu-
lated phenotypes were set up such that their activation func-
tions return to zero by the end of the heart cycle. It is likely that
if the heart rate were increased significantly, the ventricle
would be unable to completely relax in the case of IR and to a
lesser extent in the case of PN, causing increased filling
pressures. This was partially explored in a simple 0-D Wind-
kessel-based computational study by Hay et al. (12), in which
the effect of ventricular relaxation on pulmonary venous pres-
sure was investigated in tandem with heart rate. Accordingly,
if it is true that the degree of delay is the most severe for IR and
least severe for R, we would expect the pressure increase
during tachycardia for patients with the IR phenotype to be
more severe than for patients with the R phenotype.

Central Venous Pressure

Our assumption of increased central venous pressure being
the main mechanism behind restoring pressures and volumes is
seemingly supported by several studies on HFpEF found in the
literature. A previous review by Katz et al. (15) suggests that

the central venous pressure might be increased during diastolic
dysfunction. This finding is also supported by other studies,
such as the study by Burkhoff et al. (4), who collected data on
venous pressure with regard to severe end-stage HFpEF and
found that patients have a central venous pressure of 12–14
mmHg. In our simulations, we found that increasing the car-
diac preload indeed managed to restore the cardiac output
through decrease of the ESV and increase of the EDV. The
increase in the central venous pressure was propagated
throughout the cardiac system and hence led to the increase of
also the pressures in the right atrium, right ventricle, pulmo-
nary circulation, and the left atrium. The resulting pulmonary
hypertension is consistent with the literature (9) and is possibly
linked to further compensatory mechanisms.

It must be noted that here we investigated solely the effect of
venous return on the restoration of the cardiac output and on
the disease phenotype. However, a change in the function of
the atria or right ventricle may also regulate the cardiac output;
hence, the cardiac output compensation may not need be
completely modulated by just an increase in venous return. In
fact, it is expected that the cardiovascular system uses multiple
remodeling methods to adjust itself, the exploration of which
might provide further insight into the disease mechanisms.

Model Limitations

The largest limitation of the model is that it is currently an
open-loop model, whereby pressure changes in the systemic
blood vessels do not propagate forward to affect the right
atrium. Using a closed-loop model would provide a better
estimate of the venous pressure and allow for the control of the
venous pressure through changing the systemic vein parame-
ters. The pulmonary model is currently a simplified 0-D
lumped parameter model, and a proper investigation of dys-
pnea would require a more complex pulmonary model to
analyze the pulmonary vessel volume change with diastolic
dysfunction. Furthermore, there is some literature detailing
how the pulmonary vein flow can be used to diagnose diastolic
dysfunction, which could possibly be captured by a more
complex pulmonary model.

It must also be noted that HFpEF is linked to structural and
functional changes in the right ventricle (24, 39, 46) and left
atrium (8, 30, 44). However, for the purposes of this article, the
effects of these changes were not systematically investigated
and are left to future studies. Furthermore, to our knowledge,
there are very little data available on the three main parameters
investigated in this study. In fact, one of the main arguments of
this article is that the traditional way of measuring active
relaxation through the time constant of relaxation is insufficient
for characterizing DD. Clinically, the active relaxation of the
cardiac chamber is taken to be represented mainly by the pressure
drop during the isovolumic phase. However, what the biphasic
delay model implies is that the time course of active relaxation has
a critical causal role in dictating mitral flow hemodynamics.
Accordingly, from this study, it follows that clinicians should
focus more on understanding and measuring the active relax-
ation pathologies involved in both early phase (isovolumic)
and late-phase (diastolic) relaxation.

Another issue is the inability of the model to fully capture
the correct progression of the IVRT. According to the litera-
ture, the IVRT for the R phenotype should be lower than the
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control value of 65 ms, but instead it was calculated to be 85
ms. This is because the changes in both time constant and
IVRT are proportionally linked to the same parameter D1; the
choice of D1 to fit the increased time constants for the DD
stages dictates a similar progression for the IVRTs. This may
be because there are little high-quality data relating to the time
constant of the R phenotype; it could be possible that more
precise clinical studies on the R stage of DD show that the time
constant is not as increased as for the other stages, in which
case, the subsequent tuning of the simulation would likely
produce an IVRT that matches the expected value.

Conclusions

The main purpose of this computational model was to
replicate in a biomechanically and hemodynamically relevant
manner, the main pathological phenotypes of diastolic dys-
function. This was done by isolating the pathological diastolic
behavior into three parameters—the biphasic delay model is
controlled by two parameters for active relaxation (early and
late-phase delays) and one parameter for passive relaxation
(stiffness). It was found that a combination of increasing both
early and late-phase delays can replicate the hemodynamic
parameters associated with impaired relaxation. An increase in
stiffness and a decrease in late-phase delay compared with the
impaired relaxation case managed to recreate the progression
to pseudo-normal, with the restrictive phenotype being the
result of strongly increased stiffness and little delay. However,
it must be noted that changing only the diastolic portion of
heart behavior by itself tends to significantly decrease the
maximum left ventricular pressure, end-diastolic and end-
systolic volumes, and cardiac output. These parameters are
either normal or slightly abnormal in people with DD. Accord-
ingly, it stands to reason that patients with any form of DD will
correspondingly have different cardiac and systemic properties
to compensate for a pathological diastolic phase. It was found
that the most influential possible mechanism for the restoration
of the cardiac output was an increase in the venous pressure.
From this holistic replication of DD, the biomechanics of the
pathology is further elucidated. Furthermore, several hypothe-
ses were produced and research directions were suggested for
future research.
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