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Left ventricular wall stress normalization in chronic pres-
sure-overloaded heart: a mathematical model study. Am J
Physiol Heart Circ Physiol 279: H1120-H1127, 2000.—It is
generally accepted that the left ventricle (LV) hypertrophies
(LVH) to normalize systolic wall stress (o) in chronic pres-
sure overload. However, LV filling pressure (P,) may be
elevated as well, supporting the alternative hypothesis of
end-diastolic wall stress (o4) normalization in LVH. We used
an LV time-varying elastance model coupled to an arterial
four-element lumped-parameter model to study ventricular-
arterial interaction in hypertension-induced LVH. We as-
sessed model parameters for normotensive controls and ap-
plied arterial changes as observed in hypertensive patients
with LVH (resistance +40%, compliance —25%) and assumed
1) no cardiac adaptation, 2) normalization of o, by LVH, and
3) normalization of o, by LVH and increase in P, such that
oq4 is normalized as well. In patients, systolic and diastolic
blood pressures increase by ~40%, cardiac output (CO) is
constant, and wall thickness increases by 30—55%. In scenar-
ios 1 and 2, blood pressure increased by only 10% while CO
dropped by 20%. In scenario 2, LV wall thickness increased
by only 10%. The predictions of scenario 3 were in qualitative
and quantitative agreement with in vivo human data. LVH
thus contributes to the elevated blood pressure in hyperten-
sion, and cardiac adaptations include an increase in P,
normalization of o, and preservation of CO in the presence of
an impaired diastolic function.

hypertrophy; heart-arterial interaction; aging; hypertension;
varying elastance; windkessel; left ventricle

THE FACT THAT THE HEART and the arterial system make
an interacting pair is most obvious in conditions of
chronic pressure overload, where the complex interac-
tion of the heart and arterial system leads to changes
in blood pressure. Altered arterial system properties
affect blood pressure and cardiac output; this change in
blood pressure, in turn, affects the heart.

The generally accepted concept is that, as a response
to chronic pressure overload, the left ventricle (LV)
hypertrophies to compensate for increased systolic wall
stress by increasing its wall thickness; i.e., wall stress
is maintained at normal values (11). The increase in
pump function then allows for the generation of a
normal cardiac output against higher loads (9). How-
ever, this straightforward adaptive pattern is not al-
ways observed in experimental animal studies with
induced chronic pressure overload. Frequently, an ele-
vation of LV end-diastolic pressure is found that is
moderate in absolute value (a few mmHg) but signifi-
cant in a relative sense and is of the same order of
magnitude as the relative increase in LV wall thickness
(2, 10, 13, 19, 22, 24, 26, 29). This observation led to the
hypothesis that LV end-diastolic wall stress is normal-
ized in chronic pressure overload (22, 26) or that end-
diastolic and systolic wall stress are normalized (10, 29).

We have used a mathematical model (31) to study
the heart-arterial interaction in conditions of chronic
pressure overload, i.e., essential hypertension, where
total peripheral resistance is increased and total arte-
rial compliance is decreased compared with normoten-
sive controls (9, 30). With implementation of these
arterial changes, LV pressure-volume (P-V) loops and
aortic pressure and flow waves are calculated accord-
ing to three heart-arterial interaction scenarios: 1)
there are no cardiac changes in response to the in-
creased load; 2) peak systolic wall stress is normalized
via an increase in LV wall thickness; and 3) peak
systolic wall stress is normalized through an increase
in LV wall thickness, and LV end-diastolic pressure is
allowed to change to normalize end-diastolic wall
stress. A mathematical model allowed us to simulate
hypothetical conditions that are actually impossible to
obtain in the in vivo setting, yielding more insight into
the structural changes that must occur to explain hy-
pertension-induced alterations in systolic and end-dia-
stolic wall stress. As such, the contribution of the heart
in chronic pressure overload and the importance of the
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elevated LV filling pressure can be assessed. This
study further addresses whether the views on normal-
ization of systolic and end-diastolic wall stress in the
chronic pressure-overloaded heart can be merged.

MATERIALS AND METHODS

Heart-Arterial Model

The heart-arterial model consists of a time-varying elastance
model [E(#)] (34) coupled to a four-element lumped-parameter
windkessel model representing the arterial load (33). It has
been shown that, after normalization of the elastance curve to
peak elastance (E,,.; Ex = E/E,,,.) and time (¢) to the time to
reach peak elastance (tp; tyy = #/tp), this normalized time-
varying elastance curve [Ey(ty)], measured in healthy subjects
and in patients with various cardiovascular diseases, always
has the same shape (28, 34). The elastance curve given by
Senzaki et al. (28) is for a signal with period ¢ = 3.46. To obtain
periodicity for shorter cycles (<3.46), E(ty) is rotated around
E(0) to give the start and the end of the cardiac cycle the same
value. Furthermore, E\(t\) is set to E_, /E, .. for all points
after isovolumic relaxation (Fig. 1), where E_; is minimal
elastance. This linearizes the passive diastolic pressure-volume
(P-V) relationship. E(¢) is then fully described by three param-
eters: E .., E,;n, and tp. Other heart-related parameters are
heart period (7), venous filling pressure (P,), and the intercept
of the end-systolic P-V relation with the volume axis (V) (34).
In diastole, the heart fills through the mitral valve that is, in the
open position, modeled as a linear resistance (0.001
mmHg-ml ™ !-s).

The arterial model is a four-element lumped-parameter
windkessel model (33) consisting of total peripheral resis-
tance (R), total arterial compliance (C), total blood inertance
(L), and the characteristic impedance of the aorta (Z,; Fig. 1).
To allow the coupling between the time-varying elastance
model and the lumped-parameter arterial model, an inverse
Fourier algorithm (Matlab 5.2, Mathworks) is used to trans-
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Fig. 1. A: original normalized time-varying elastance curve [Ey(¢y)]
as given by Senzaki et al. (28) and modified E(¢y) [for heart period
(T) = 0.8 s and time to peak elastance (tp) = 0.3 sl. E_ ., peak
elastance. B: arterial 4-element lumped-parameter model consisting
of total peripheral resistance (R), total arterial compliance (C), aortic
characteristic impedance (Z,), and inertia (L).
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form the frequency domain description of the arterial model,
i.e., the input impedance, into its time domain formulation,
i.e., its impulse response function (3).

An iteration loop starts at the onset of isovolumic contrac-
tion (¢ = 0). At that moment, LV pressure (P y) equals P, LV
volume (Viy) equals end-diastolic volume (LVEDV), and
E(t = 0) = E_;, follows from the relation

Pv

B = LVEDV - v,

As the ventricle contracts isovolumically, P; v rises until an
initially assumed end-diastolic aortic pressure (DBP,.) is
reached. Then the aortic valve opens and the heart starts to
eject. At each time step, aortic flow (Q) is determined, such
that the increase in aortic pressure (P,,), relative to DBP,,
matches the increase in P}, which, in turn, is given by

Pry(?)
Vi(t) — Vq

with Vi y(¢) calculated from LVEDV and Q from the previous
time steps. End systole is reached as soon as Q(¢) becomes
negative, and it is assumed that Q = 0 in diastole. At the end
of the first iteration cycle, a new DBP,_ is obtained and a new
cycle is calculated. The iteration continues until the differ-
ence in DBP,_ between two successive iteration loops is <1%.
The iteration scheme was validated by comparison with re-
sults from an existing heart-arterial model (31), both models
yielding identical results. The model has been programmed
in Matlab 5.2 (Mathworks).

Validation of the Heart-Arterial Model

E@) =

Other heart-arterial interaction models, similar to the
model used in this study, have been validated earlier with
data measured in the isolated canine (15) or feline (31) heart
pumping into an artificial load. To test our model in the
intact human cardiovascular system, we first compared
model-generated data with data from three patients with
dilated cardiomyopathy (27). A dual-micromanometer trans-
ducer conductance catheter (model F'7, Sentron) was inserted
via the femoral artery into the LV for measurement of P,
P,., and V;y. The conductance catheter was connected to a
Leycom Sigma-5DF signal conditioner/processor (CardioDy-
namics, Zoetermeer, The Netherlands) to measure V. A
Swan-Ganz thermodilution catheter was placed in the pul-
monary artery for measurement of cardiac output and used
for calibration of V|, as measured by the conductance cath-
eter. Further details on patients and protocols can be found
elsewhere (27). Multiple beats (n > 10) at baseline were
averaged to yield a single representative data set (Fig. 2).
Differentiation of Vi, during systole gives an approximation of
flow. V, is assumed to be 15 ml for all patients. The P-V loop
yields P, and LVEDV and, thus, E,_;,. The remaining two
parameters, E, .. and tp, are chosen to match measured and
model E(¢). T is obtained from the electrocardiogram. Arterial
parameters are derived from P,, and Q: R is calculated as
P,/Q, C is estimated using the pulse pressure method (32), and
Z, is derived from the slope of Q-P,, in early systole (16). Py,
Vv, P,.,, and Q are computed using the heart-arterial model
and are compared with the measured data.

Simulation of (Compensated) Cardiac Adaptation to
Chronic LV Pressure Querload

Values for arterial and cardiac model parameters for con-
trol subjects and for hypertensive patients with concentric
hypertrophy are taken from the literature. The data pre-
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dicted by the different scenarios are compared with data
given by Ganau et al. (9), who give hemodynamic data aver-
aged for a control group and for a patient population with
concentric LV hypertrophy.

Model parameters for the normotensive subject. Control val-
ues for R and C are taken as 1.1 mmHg'ml s and 1.1 ml/
mmHg (9), respectively. Z, = 0.033 mmHg'ml~*-s~*(21), and L
is set to 0.005 mmHg-ml™*-s~* (33). T'is taken to be 0.86 s (70
beats/min), and tp = 0.32s. E, . is 1.5 mmHg/ml, P is set to 5
mmHg, and V4 = 15 ml, giving E,;,, = 0.031 mmHg/ml.

Modeling chronic pressure overload (hypertension). Arte-
rial changes in hypertension are modeled as a 25% decrease
in C (0.82 ml/mmHg) and a 40% increase in R (1.54
mmHg-ml~!-s) (9, 30). Z, varies in proportion to 1/\/C and
increases by 15% to 0.038 mmHg-ml '-s™ 1.

Three heart-arterial coupling scenarios are considered: 1)
cardiac parameters do not vary; 2) peak systolic wall stress (o)
is normalized via an increase in LV wall thickness; and 3) peak
o, is normalized through an increase in LV wall thickness, and
P, is allowed to change to normalize diastolic wall stress (o).
The o, and o4 are calculated using the Laplace formula for a

time (s) Vv (ml)

thick-walled sphere (18): ¢ = Pr?h(2r + h), where r and h
represent LV cavity radius and wall thickness, respectively,
and P is P;, at the moment of peak systolic pressure and end
diastole (P,), respectively. The radius is calculated from Vi,
with the assumption of a spherical ventricular shape. Wall
thickness for the control condition is taken as 1.6 cm. For an
average Vi, of 150 ml, this yields an LV cavity-to-LV wall
volume ratio of 0.44, which is within the normal range of
0.15-0.70 (1). For the control case, o, and o, are 11.7 and 0.6
kPa, respectively, and these values are used as the level to
which stress is normalized in hypertension. Inasmuch as the
LV P-V relations in systole and diastole are proportional to wall
thickness, derived parameters E, .. and E,;, are proportional
to wall thickness as well. Simulated data are presented as P y;,
P_., Q, and P-V loops.

RESULTS
Validation of the Heart-Arterial Model

The parameters used for the simulation of the pa-
tient data are summarized in Table 1. For these dilated

LTOZ ‘€z dun( uo /Z'2€022 0T Aq /Bi10°ABojoisAyd-uesydle//:dny woly pspeojumod



http://ajpheart.physiology.org/

LV PRESSURE OVERLOAD AND WALL STRESS NORMALIZATION

hearts, LVEDV is high and varies from 240 to 311 ml,
whereas P, was between 14.6 and 19.3 mmHg. With
V4 = 15 ml, this yields E,;, between 0.060 and 0.072
mmHg/ml. E .. as estimated from the P-V relations is
~0.8 ml/mmHg. C is estimated to be between 0.68 and
1.32 ml/mmHg and Z, between 0.035 and 0.109
mmHg-ml '-s”!. R is between 0.82 and 1.15
mmHg-ml !-s. With the model parameters from Table
1, the model elastance function is reasonably close to
the calculated elastance curve by use of measured Py
and Vv, and V4 = 15 ml (Fig. 2A). Differences between
measured and model-predicted systolic and diastolic
pressure are —3 and —1%, respectively, for patient 1,
—4.8 and +4% for patient 2, and 0 and —7% for patient
3. In systole, the correspondence between measured
and calculated aortic and LV pressure data is good; in
diastole, the discrepancy is larger, especially for pa-
tients 1 and 2 (Fig. 2, B-D). Overall, the LV P-V loops
are reasonably well simulated, especially during the
ejection phase (Fig. 2E).

Simulation of (Compensated) Cardiac Adaptation to
Chronic LV Pressure QOuverload

When cardiac parameters are kept constant (scenar-
to 1), the arterial changes in hypertension lead to an
increase in systolic (from 124 to 143 mmHg) and dia-
stolic blood pressure (from 76 to 90 mmHg; Fig. 3).
Stroke volume is predicted to decrease by 18% (from 80
to 65 ml), and peak flow is reduced as well as the
duration of LV ejection (Fig. 3, A and B). Inasmuch as
preload is unchanged, end-diastolic volume is constant,
while end-systolic LV volume is increased (Fig. 3C).

The results for scenario 2, where LV wall thickness is
increased to normalize peak o, are shown in Fig. 3,
D-F. Aortic systolic and diastolic pressures are ~5
mmHg lower than in scenario 1, and stroke volume is
further depressed (63 ml), mainly because of the lower
end-diastolic volumes (E, ;, increases and filling pressure
remains the same). To normalize o, wall thickness (and
accordingly E, .. and E ;) has increased by 10%.

min

Table 1. Model parameters from patient data

Patient 1 Patient 2 Patient 3
Gender M M M
Age, yr 64 56 65
Weight, kg 80 74 80
HR, beats/min 56 51 106
LVEDV, ml 311 240 283
P, mmHg 17.8 14.1 19.2
E_ .., mmHg/ml 0.80 0.74 0.82
tp, S 0.38 0.38 0.23
Vg4, ml 15 15 15
Zo, mmHg-ml 1-s1 0.109 0.056 0.035
L, mmHg-ml -5 2 0.005 0.005 0.005
R, mmHg-ml !-s 1.15 0.94 0.82
C, ml/mmHg 0.87 1.32 0.68

Heart rate (HR), left ventricular end-diastolic volume (LVEDV),
and venous filling pressure (P,) were directly measured; peak elas-
tance (E,,,,) and time to E_ . (tp) were determined from pressure-
volume (P-V) loops by fit; the intercept of the end-systolic P-V
relation (V4) and inertance (L) were taken from the literature (31);
characteristic impedance of aorta (Z,), peripheral resistance (R), and
arterial compliance (C) were estimated from aortic pressure and flow.

H1123

Figure 3, G-I, shows P,, and Q and LV P-V relations
when o is normalized by an increase in wall thickness
and when o, is normalized by an increase in preload
(P,), i.e., scenario 3. Diastolic (108 mmHg) and systolic
(172 mmHg) blood pressure have increased by ~40%,
while stroke volume and cardiac output are preserved
(—0.4%). Wall thickness has increased by 34%, and P,
has risen from 5.0 to 6.9 mmHg (+38%). The effects of
the different heart interaction scenarios on systolic and
diastolic blood pressure and on cardiac output are
summarized in Fig. 4, where a comparison with data
(9) measured in normotensive controls (n = 125) and in
hypertensive patients with compensated concentric hy-
pertrophy (n = 13) is shown.

DISCUSSION

In the present study we used a theoretical model to
study the interaction between the LV and the systemic
circulation in conditions of chronic pressure overload as
observed in hypertensive patients with compensated con-
centric hypertrophy. We assumed arterial compliance to
be 25% lower and peripheral resistance to be 40% higher
in hypertensive patients than in normotensive controls
(30) and predicted blood pressure, cardiac output, LV
filling pressure, and wall thickness according to three
cardiac adaptation scenarios. The scenario where LV
hypertrophy normalizes peak systolic wall stress and
preload increases to normalize end-diastolic wall stress
presented results most in line with data in the literature.
The increase in systolic and diastolic blood pressure and
the preservation of cardiac output are in qualitative and
quantitative agreement with in vivo measurements (Fig.
4), and the 33% increase in wall thickness approximates
that (30—55%) observed in patients with essential hyper-
tension (30).

We used a relatively simple model, consisting of an
LV time-varying elastance model coupled to an arterial
lumped-parameter model, to simulate hemodynamics
in the intact human. It was shown earlier that similar
models generate pressure, flow, and P-V curves that
are in good agreement with data measured in the
isolated canine (15) or cat (31) heart pumping into an
artificial load. Data necessary for a validation study of
the model in humans (simultaneously measured LV
pressure and volume and aortic pressure and flow) are,
to the best of our knowledge, not available, especially
not in healthy control subjects. Thus we could compare
model predictions only with data that were measured in
three patients with LV dilated cardiomyopathy before
surgical treatment by cardiomyoplasty (27). Measured
and simulated data are in good agreement, especially in
systole, and our findings support the further application
of the model for simulations on the hemodynamic inter-
action between the LV and the arterial load.

The shape of the normalized LV time-varying elas-
tance curve for the dilated cardiomyopathy patients
closely resembled Ey(ty) given by Senzaki et al. (28).
Therefore, especially during the ejection phase, mea-
sured and model E(¢) curves are close (Fig. 2A4). In
diastole, the difference between measured and mod-
eled E(¢) is somewhat larger, and this results in differ-
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Fig. 3. P,, (A, D, and G), aortic flow (Q..; B, E, and H), and left ventricular pressure-volume loops (C, F, and I) with

a0’

the arterial effects of hypertension modeled as a 25% decrease in compliance and a 40% increase in resistance. In

A-C, cardiac parameters are kept constant; in D-F, wall thickness

(via E,, and E ;) is modified to normalize

peak systolic wall stress; and in G-I, wall thickness (via E,,, and E ;) is modified to normalize peak systolic wall
stress, and preload (venous filling pressure) is changed to normalize end-diastolic wall stress.

ences between measured and simulated LV pressures.
However, part of this discrepancy also results from the
simple model that was used for LV filling: LV pressure
is calculated from LV volume via the elastance curve,
and the time course of LV filling therefore determines
the time course of LV pressure in diastole.

There is some discrepancy between measured and
simulated aortic pressure during diastole in patients 1

and 2. This is the consequence of our choice of a linear
four-element windkessel model as afterload. A (nonlin-
ear) three-element windkessel model (36) with appro-
priately chosen model parameters may, for these pa-
tients, yield aortic pressure waves better resembling
the measured data. These three-element windkessel
models, however, have the disadvantage that the char-
acteristic impedance is placed in series with the two-
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element windkessel model, necessitating correction
factors on measured compliance and Z, to obtain a
good fit of the actual input impedance (3, 33). The
discussion on which lumped-parameter model best de-
scribes arterial input impedance is outside the scope of
this work. In addition, lacking a high-fidelity flow wave
measurement, we have insufficient detailed informa-
tion to correctly answer this question.

LV wall stress normalization in compensated hyper-
trophy is used as a mechanism to explain LV hypertro-
phy in the presence of an increased load (11). An
increased load results in higher systolic blood pressure
and, following Laplace’s law, leads to an increased wall
stress. To reduce wall stress back to normal levels, we
increased LV wall thickness, keeping LV internal di-
ameter (at maximal systolic pressure) constant (con-
centric hypertrophy). The resulting increase in mass
thus reflects a larger number of sarcomeres in parallel
in the same number of myocytes. If possible intrinsic
contractility changes due to altered calcium handling
in hypertrophy are neglected (17, 20, 22), active con-
tractile properties of the LV (E,,,) vary in proportion
to the increase in LV mass. On the other hand, the
greater wall thickness will influence the passive dia-
stolic P-V relation (E_;,), inasmuch as higher pres-
sures are needed to fill the stiffer ventricle. We thus
assumed that E_; changes in proportion to E, .., and
this assumption is supported by human studies report-
ing parallel changes in £, and E,;, (6, 17). There is

further evidence, based on Doppler and ultrasound
measuring techniques, that diastolic function is im-
paired in hypertension. Delayed LV diastolic relax-
ation has been reported (8, 17) as well as changes in
the flow velocity pattern measured over the mitral
valve during LV filling. The amplitude of the rapid
early filling wave (E wave) is reduced, and the ratio of
the E wave to the A wave (the A wave is a second peak
in the LV filling wave due to contraction of the left
atrium) is reduced (8, 14).

In the scenario where peak systolic LV wall stress
was normalized to compensate for the increased after-
load, blood pressure and wall thickness increased by
only 10%. The main effect was a reduction in cardiac
output due to the stiffer ventricle in diastole, while LV
filling pressure remained at the same level. End-dia-
stolic wall stress thus decreased, as end-diastolic pres-
sure was constant, end-diastolic chamber dimensions
were reduced, and wall thickness was increased.
Therefore, LV wall stress normalization alone cannot
account for the hemodynamic observations in hyper-
tensive patients with LV hypertrophy.

Normalization of systolic wall stress is not always
observed in experiments on chronic pressure-overloaded
hearts. In dogs with an aortic constriction, Sasayama et
al. (26) reported normalized end-diastolic wall stress af-
ter 18 days of chronic pressure overload but no normal-
ized systolic wall stress. In dogs with renovascular hy-
pertension, end-diastolic but not end-systolic wall stress
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appears normalized (22), whereas in dogs with perine-
phritic hypertension, it has been reported that end-dia-
stolic and end-systolic wall stress are normalized (10, 29).

When we allowed venous filling pressure to rise to
normalize end-diastolic wall stress while still normal-
izing systolic wall stress, the hemodynamic data better
matched the in vivo observations, with a marked ele-
vation of systolic and diastolic pressure. For unaltered
LV dimensions, wall thickness and venous filling pres-
sure are increased by ~40%. This increase in wall
thickness is within the range reported in hypertensive
patients with concentric hypertrophy (9). Also, stroke
volume and cardiac output are preserved, as reported
elsewhere (9, 30). An increased venous filling pressure
in the presence of an increased arterial load was ob-
served earlier in animals in renovascular (22) and
perinephrinic (10, 29) hypertension. In humans, ele-
vated filling pressures have been reported in LV hy-
pertrophy patients (2, 17). Indirect evidence is found in
studies reporting on regression of venous filling pres-
sure in aortic stenosis patients after valve replacement
(12, 19). Pulmonary venous pressure is often increased
in patients with acute LV dysfunction. In a theoretical
model study, Burkhoff and Tyberg (5) showed that the
increase in venous filling pressure is hardly due to the LV
dysfunction itself; they hypothesize that the changes in
venous filling pressure are dictated by sympathetic con-
trol on venous capacity. The mechanism of a reduced
venous capacity, yielding higher filling pressures to com-
pensate for the impaired diastolic filling in the hypertro-
phied heart, is also supported by Safar and London (25).

Venous filling pressure is an important, sensitive
modeling parameter (31). Small changes in absolute
values are important in a relative sense and, therefore,
have an important effect on pressure and flow. Venous
filling pressure is explicitly introduced in the model,
and we can only speculate on the (sympathetic) mech-
anisms controlling its value. We chose a mechanically
driven feedback mechanism controlling venous filling
pressure, i.e., normalization of wall stress, inasmuch
as it is known that the heart muscle responds to me-
chanical stimuli. Alternatively, one may control venous
filling pressure in such a way as to maintain cardiac
output, but it is unknown whether the body contains
flow or cardiac output sensors. In our simulations, both
control mechanisms for venous filling pressure would
yield very similar data, inasmuch as cardiac output is
practically preserved in scenario 3.

Only ~10% of all hypertensive patients show clinical
signs of LV hypertrophy, i.e., an increase in LV mass
and relative wall thickness (9). This is also the patient
subgroup with the highest total peripheral resistance
and lowest total arterial compliance. Clinical observa-
tions suggest that, in hypertension, there is a relation
between changes in arterial and cardiac mechanical
and functional properties (6, 23, 35). We demonstrated
that cardiac and arterial changes contribute to hyper-
tension in LV hypertrophy. Consequently, it is impor-
tant to consider the heart and the arterial system in
the diagnosis, treatment, and follow-up of hyperten-
sion. In this study we used the model to simulate
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noninvasively measured data averaged over a control
and a patient group. Similar analysis, with estimation
of cardiac and arterial properties, is thus possible on a
per-patient basis. The hemodynamic effect of alter-
ations in these parameters is easily assessed, inas-
much as individual model parameters can be switched
from control values to their actual patient values. This
allows us to quantify the contribution of vascular vs.
cardiac changes in hypertension to the increase of
arterial blood pressure. Potentially, this approach may
lead to a better prognostic marker for cardiovascular
risk and to the use of more specific drugs in the treat-
ment and follow-up of hypertensive patients.

This study, being a mathematical model study, in-
herently has some limitations. Although model results
were compared with data measured invasively in pa-
tients with dilated cardiomyopathy, we could not vali-
date our model in control subjects or in patients with
concentric hypertrophy. Such data, consisting of simul-
taneously measured aortic pressure and flow and LV
pressure and volume, are, to the best of our knowledge,
not available. We focused on modeling the changes in
the mechanical properties of the heart and the arterial
system in concentric hypertrophy, without speculating
on the molecular, genetic, and biochemical mecha-
nisms triggering these changes in this complex, dy-
namic pathophysiological process (7). We further as-
sumed linear end-diastolic and end-systolic P-V
relationships, whereas they are curvilinear (4). We also
modeled the arterial tree as a linear windkessel model,
neglecting nonlinear pressure-dependent arterial
properties. Furthermore, we modeled an increase in
contractility in hypertrophy by an increase in LV wall
thickness, also affecting passive diastolic properties
and thus neglecting changes of intrinsic contractile
myocyte properties (17, 20, 22).

In conclusion, on the basis of a mathematical heart-
arterial interaction model, we have shown that concen-
tric LV hypertrophy can be explained as a cardiac
adaptation pattern to an increased afterload, in which
peak systolic wall stress is normalized by increasing
LV wall thickness, whereas an increased preload filling
pressure compensates for the impaired diastolic filling
and normalizes end-diastolic wall stress. The model
predictions are in qualitative and quantitative agree-
ment with in vivo findings on arterial pressure, cardiac
output, and increase of LV mass. The proposed mech-
anisms may explain some of the ambiguity in the
literature on whether peak systolic or end-diastolic LV
wall stress is normalized. It should be realized how-
ever, that LV hypertrophy occurs only in ~10% of all
hypertensive patients and that the model still cannot
explain why some patients develop hypertrophy or how
and why, in some hearts, hypertrophy is only an inter-
mediate step toward heart failure.
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