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RESEARCH ARTICLE

Impact of Aging on the Cardiovascular System

Mechanistic insights on age-related changes in heart-aorta-brain hemodynamic
coupling using a pulse wave model of the entire circulatory system
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Abstract

Age-related changes in aortic biomechanics can impact the brain by reducing blood flow and increasing pulsatile energy trans-
mission. Clinical studies have shown that impaired cardiac function in patients with heart failure is associated with cognitive
impairment. Although previous studies have attempted to elucidate the complex relationship between age-associated aortic stiff-
ening and pulsatility transmission to the cerebral network, they have not adequately addressed the effect of interactions
between aortic stiffness and left ventricle (LV) contractility (neither on energy transmission nor on brain perfusion). In this study,
we use a well-established and validated one-dimensional blood flow and pulse wave computational model of the circulatory sys-
tem to address how age-related changes in cardiac function and vasculature affect the underlying mechanisms involved in the
LV-aorta-brain hemodynamic coupling. Our results reveal how LV contractility affects pulsatile energy transmission to the brain,
even with preserved cardiac output. Our model demonstrates the existence of an optimal heart rate (near the normal human
heart rate) that minimizes pulsatile energy transmission to the brain at different contractility levels. Our findings further suggest
that the reduction in cerebral blood flow at low levels of LV contractility is more prominent in the setting of age-related aortic
stiffening. Maintaining optimal blood flow to the brain requires either an increase in contractility or an increase in heart rate. The
former consistently leads to higher pulsatile power transmission, and the latter can either increase or decrease subsequent pul-
satile power transmission to the brain.

NEW & NOTEWORTHY We investigated the impact of major aging mechanisms of the arterial system and cardiac function on
brain hemodynamics. Our findings suggest that aging has a significant impact on heart-aorta-brain coupling through changes in
both arterial stiffening and left ventricle (LV) contractility. Understanding the underlying physical mechanisms involved here can
potentially be a key step for developing more effective therapeutic strategies that can mitigate the contributions of abnormal LV-
arterial coupling toward neurodegenerative diseases and dementia.

aging; arterial stiffening; hemodynamics; vascular dementia

INTRODUCTION

The circulatory system operates based on a delicate hemo-
dynamic balance between the heart, the aorta, andmajor tar-
get organs such as the brain (1, 2). In healthy young adults,
interactions between the left ventricle (LV) and the aorta are
optimized to guarantee the delivery of cardiac output (CO)
with a modest pulsatile hemodynamic load on the LV (3, 4).
In youth, the low impedance of a compliant aorta interacts
with stiffer conduit arteries such as the carotid artery. This
creates impedance mismatches and wave reflections at
the aorta-brain boundaries that limit the transmission of

excessive pulsatile energy into the cerebral microcirculation
and protect the brain tissue (5, 6). It is worth noting that im-
pedance mismatch is not the only theory explaining the
brain’s protective mechanism against excessive pulsatile
energy transmission. As highlighted in other studies, factors
such as vessel size and area should also be considered (7, 8).
What is unquestionable, however, is that alteration in wave
dynamics due to aortic stiffening leads to increased pulsatile
energy transmission to the brain, which can be detrimental
to the cerebral microvasculature and brain tissues (8). The
optimum hemodynamic coupling between the LV, the aorta,
and the brain can be impaired because of age-related
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changes in aortic stiffness (2, 9). Indeed, stiffness increases
with age and is one of the earliest pathological changes
within the arterial wall, ultimately affecting the wave dy-
namics in the vasculature. This change can be identified
before the onset of hypertension and may account for ethnic
differences in cardiovascular and brain health (1, 10, 11). For
heart-aorta coupling (LV arterial coupling), previous stud-
ies have shown that elevated aortic stiffness increases the
LV pulsatile load, leading to an increase in LV mass which,
in turn, contributes to the development of heart failure
(HF) (12, 13). At the aorta-brain interface, it has been
shown that disproportionate aortic stiffening increases
aortic impedance, alters wave reflections, and increases
the transmission of harmful pulsatile energy into the cere-
brovascular network, ultimately leading to cognitive
impairments such as Alzheimer’s and other related vascu-
lar dementia (14, 15).

Furthermore, population-based clinical studies have sug-
gested that patients with HF with impaired LV function have
worse degrees of cognitive impairment than age-matched
individuals without HF (16, 17). HF has been proposed as a
risk factor for Alzheimer’s disease (AD), where the current
clinical hypothesis is that the decreased cerebral blood flow
due to HF may contribute to the dysfunction of the neuro-
vascular unit and hence may lead to impaired clearance of
amyloid beta (17–20). In addition to the consequences of HF,
age-associated changes in ventricular wall thickening and
stiffening may trigger heart remodeling that can also affect
cerebral hemodynamics. Although previous studies have
attempted to elucidate the complex relationship between
aortic stiffness and pulsatile energy transmission to the
brain (3, 6, 21), these studies have not adequately addressed
the effect of interactions between the aorta and the LV on
such energy transmission (nor on brain perfusion). Indeed,
recent work has focused only on aorta-brain coupling and
has not studied the impact of cardiac dynamics on cerebral
perfusion (14). This may be due to the inherent difficulties in
studying the isolated effects of aortic wave dynamics and
cardiac function on brain hemodynamics in clinical settings
(22, 23).

The state of LV-aorta-brain coupling is mainly dominated
by LV contractility (a major determinant of LV function),
heart rate (a determinant of the fundamental frequency of
propagated arterial waves), and aortic stiffness (a determi-
nant of the buffering function of the aorta and pulse wave
velocity). The optimal state of LV-aorta-brain coupling is
achieved via the interplay of these three determinants (13,
21). The current study aims to gain mechanistic insight into
age-related impacts on brain hemodynamics that are caused
by alterations in the arterial system and cardiac function. In
particular, we investigate the effects of LV contractility (as
quantified by LV end-systolic elastance) and of aortic stiff-
ness [as measured by pulse wave velocity (PWV)] on the
transmission of pulsatile energy and flow to the brain. One-
dimensional (1-D) arterial pulse wave models (based on axi-
symmetric Navier–Stokes formulations) are well established
as physiologically relevant tools to study global cardiovascu-
lar function (24–26). In this work, we use such a modeling
approach to the entire human circulation (27) using a high-
order, fast Fourier transform (FFT)-based numericalmethod-
ology (28, 29).

METHODS

Physical Model of the Entire Human Circulation

A validated 1-D model (27) of the complete circulatory
system, based on space-time variables, was used in this
study. The physical model included 122 larger systemic
arteries and 162 veins, each characterized by diameter,
length, Young’s modulus, and wall thickness. Figure 1
illustrates the closed-loop cardiovascularmodel that consists
of such 1-D segments for modeling wave propagation in
larger arteries/veins, together with zero-dimensional (0-D)
compartments for modeling all four heart chambers (includ-
ing the left ventricle) as well as the (truncated) microvascula-
ture. The arterial wall is assumed to be thin, incompressible,
homogeneous, and isotropic. In this study, we focused on
investigating the effect of LV dynamics and aortic stiffness
on pulsatility transmission to the brain. Different levels of aor-
tic rigidity were considered by using multiplicative factors of
a minimum rigidity level E1 xð Þ that corresponds to the base-
line PWV (c0) that is initially prescribed in the model. To sim-
ulate different states of LV contractility (29–32), the end-
systolic elastance (Ees) is varied. In this work, a value of Ees ¼
2.5 mmHg/mL is considered as the control and normotensive
case, whereas values below 1.5 mmHg/mL and larger than 3.5
mmHg/mL are considered to be of low and high contractility,
respectively (33).

Computational Model and Numerical Solver

We adopt a nonlinear and physiologically relevant fluid-
structure model to simulate the complete circulation, partic-
ularly the different material properties encountered in vari-
ous vascular segments (27, 34). For cross-sectional area
A ¼ A x; tð Þ and mean velocity over the cross section
U ¼ U x; tð Þ (yielding the flow rate as Q ¼ AU), such a model
can be expressed as a reduced-order nonlinear system for
each vessel segment by the expression
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where q is a (constant) blood density, l is a (constant) blood
viscosity, and n is a given constant of an assumed axisym-
metric velocity profile. The blood is assumed to be
Newtonian (35, 36). The system is closed by an assumed elas-
tic (tube law) that accounts for the fluid-structure interaction
and can be given by the constitutive law (37).

P ¼ Pext þ b xð Þ
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where Pext is the external and reference pressure,Ad is the di-
astolic area, and b xð Þ is an expression of the arterial wall ma-
terial properties in terms of elastic modulus E xð Þ (a measure
of stiffness) and wall thickness h xð Þ. To simulate multiple
vessels, including vascular bifurcations or trifurcations, it is
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necessary to treat the fractal structure of the circulation net-
work and, namely, branching points. These junctions effec-
tively act as mathematical discontinuities in cross-sectional
area and material properties. Physically, one must enforce
continuity of total pressure and conservation of mass (flow
rate) at junction points. For example, given a parent vessel p
that splits into two daughter vessels di; i ¼ 1;2, the corre-
spondingmathematical conditions are given by

Pp þ q
2
Up ¼ Pdi þ

q
2
Udi ; i ¼ 1; 2; ð3Þ

ApUp þ Ad1Ud1 þ Ad2Ud2 ¼ 0: ð4Þ
The overall numerical methodology for a vessel governed

by Eqs. 1 and 2, together with the junction conditions of Eqs.
3 and 4, is provided by a high-order Fourier continuation
approach for hemodynamics equations introduced by Amlani
and Pahlevan (29). Such a methodology enables long-time
and long-distance wave propagation with minimal numerical
dispersion or diffusion errors (28, 29, 38). A brief description
of the corresponding algorithm, as well as benchmark valida-
tion (37) of its implementation, is provided in APPENDIX.

Following the works of Mynard and Smolich (27, 39), three
types of vascular beds are considered: generic vascular beds
(shown in Fig. 1), a hepatic vascular bed, and coronary vascular
beds. The generic vascular bed model is used for all microvas-
culature beds except the liver and myocardium (27) and is
based on the commonly used three-element Windkessel
model. All baseline parameters of vessel segments and vascular
beds are adopted from the study byMynard and Smolich (27).

Time-Varying Elastance Heart Model

The relationship between the pressure and the volume of
a heart chamber is given by

P ¼ Ppc þ Enat

Esep
P� þ Enat V� VP¼0ð Þ � Rsq; ð5Þ

where Ppc is the pericardial pressure (assumed to depend
exponentially on the total chamber volumes), Enat is the
native elastance of the chamber, Esep is the septal elastance,
VP¼0 is the volume of the chamber in zero pressure, Rs is the
source resistance, and P� is the pressure in the contralateral
chamber. Parameters varied in this study and their corre-
sponding range are listed in Table 1.

Hemodynamic Analysis

The total power �Ptotal transmitted to the brain over a car-
diac cycle of length T is calculated as the average of the prod-
uct of the pressure P(t) and the flow Q(t). We employ
pressure and flow data from the left common carotid artery
for computing energy since it is the only cerebral branch
directly connected to the aortic arch. The steady power �Ps is
computed as the product of mean pressure Pmean and mean
flow Qmean in each segment. The pulsatile transmitted power
�Ppulse is the difference between the total power and the
steady power. Each of these power quantities is, respectively,
given by

Systemic Venous
1D Segments

Systemic Arterial
1D Segments

Systemic Vascular Bed
RCR 0D Model

In-silico Model of
Entire Circulation

Left Heart
Time-varying Elastance 0D Model

Right Heart
+

Pulmonary Circulation

Figure 1. Closed-loop cardiovascular model consisting of 1-
dimensional (1-D) segments coupled to 0-dimensional (0-D)
lumped-parameter models of the heart and microvasculature.

Table 1. Physical parameters used in this study

Physical Parameter Baseline Range

Aortic PWV, m/s 4.66 [4.66, 13.98]
Heart rate, beats/min 75 [30, 180]
LV end-systolic elastance, mmHg/mL 2.5 [0.6, 5.0]
LV end-diastolic volume, mL 136 [65, 465]
Ejection fraction, % 55 [14, 70]
Stroke volume, mL 74 [19, 186]
Cardiac output, L/min 5.56 [1.4, 7.1]

LV, left ventricular; PWV, pulse wave velocity.
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�Ptotal ¼ 1
T

ðT

0

P tð ÞQ tð Þdt; ð6Þ

�Ps ¼ PmeanQmean; ð7Þ
�Ppulse ¼ �Ptotal � �Ps: ð8Þ

Total fluid flow transmitted to the cerebral network is
computed by summing the average flow over one cardiac
cycle (i.e., integrating over time) for all four arteries con-
nected to the brain (two carotid and two vertebral). In
addition to Eqs. 6–8, wave intensity (WI), a well-estab-
lished clinical metric (40), is also considered to quantify
energy transmission to the brain. Mathematically speak-
ing, WI is computed as the product of the change in pres-
sure (dP) times the change in velocity (dU) during a small
interval, i.e.,

dI ¼ dP � dU: ð9Þ
To remove the dependency of dI on sampling time, the de-

rivative of pressure and velocity are divided by the time
interval (denoted as dP=dt and dU=dt, respectively), yielding
units of power per unit area per unit time (W � s�2 �m�2)

(40–42). To account for changes in the diameter, we also
conducted wave power analysis (43). Wave power is defined
as the product of the pressure and volumetric flow signals
and has the unit of the power (Watt) (44). We additionally
investigated the reflection measures from wave separation
analysis. To this end, the carotid pressure waveform is
decomposed into its forward and backward components,
following previous works (45, 46). The corresponding
reflection index (RI, defined as the ratio of the peak back-
ward pressure over the total pressure) is then computed
and reported as a percentage.

As a third and final measure employed in this work, we
also consider the carotid (flow) pulsatility index (CPI), a clini-
cal parameter (2, 12) based on a single-flow waveform mea-
surement that is defined as

CPI ¼ qmax � qmin

1
T

Ð T
0 q tð Þdt

; ð10Þ

where qmin andqmax are, respectively, the minimum and
maximum flow transmitted to the brain through the carotid
artery during a cardiac cycle.

Figure 2 illustrates the impact of the elastance Ees on the
LV pressure-volume loop. For example, varying Ees while
fixing the preload and LV end-diastolic volume (LVEDV),
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Figure 2. A: schematic representation of the human circulatory system. B: interventricular pressure-volume loops for different cases of contractility
(demarcated in different line styles and colors). ESV and EDV, end-systolic volume and end-diastolic volume, respectively. C: compounded impact [a
fixed left ventricular end-diastolic volume (LVEDV)] and the isolated impact [a fixed cardiac output (CO)] of contractility. Ees, end-systolic elastance.
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leads to different COs. To keep the CO constant at different
levels of contractility, we adjust the LVEDV (Frank–Starling
mechanism).

Statistical Analysis

We have conducted three ordinary least square regres-
sions using a heteroscedasticity-consistent covariance ma-
trix (HC3 type) (47) to assess the statistical significance of the
relationship between the dependent variables (e.g., carotid
pulsatile power) and the corresponding independent varia-
bles. Independent variables in this study are considered to
be LV contractility, aortic PWV, and heart rate. All independ-
ent variables have been incorporated in the models as cate-
gorical variables. The Shapiro–Wilk test for normality has
been conducted to check the normality of each regression’s
residuals. The independence of the variables has also been
tested by a v2 test to check their correlations (no correlation
has been found among the independent variables). Statistical
significance is defined as a ¼ 0:05=40 ¼ 0:001 (Bonferroni
adjusted). The software package R version 4.2.2 has been used
to conduct the statistical analysis.

RESULTS

Physiological Accuracy of the Model

Figure 3 presents various pressure and flow waveforms,
simulated via the numerical methodology described earlier,
for cases of decreased (Ees ¼ 1:2mmHg=mL) and increased
(Ees ¼ 5:0mmHg=mL) contractility, where LVEDV is adjusted
to have the same CO for both (5:60L=minÞ: These cases are
computed at a baseline heart rate (75 beats/min) and aortic
PWV (4.66 m/s), both within physiological ranges. The pre-
sented pressure and flow waveforms demonstrate the
expected dynamics of the LV and the aorta during systole,

including the presence of the pressure dicrotic notch as well
as the physiological point-to-point consistency of the pres-
sure with the flow. For the case of increased contractility,
all waveforms have steeper upstrokes at the onset of ejec-
tion and reach their respective peaks earlier in systole.
Even though varying LVEDV preserves CO, the peak flow
is significantly higher for the increased contractility case.
In addition, while pulse pressure minimally changes, the
corresponding shape of the pressure waveform is affected
by changes in contractility alone.

Figure 3 further presents the computed carotid WI for the
decreased and increased contractility cases. The curves fully
capture the typical pattern of WI (40, 41, 48): a large-ampli-
tude forward (positive) peak corresponding to the initial
compression caused by LV contraction (forward compres-
sion wave intensity, or FCWI); a subsequent small-amplitude
backward (negative) peak corresponding to the reflection of
the initial contraction (backward compression wave inten-
sity, BCWI); and a final moderate-amplitude forward decom-
pression wave in protodiastole (forward expansion wave
intensity, FEWI). The overall results of Fig. 3 demonstrate
the general ability of our in silico computational model to
reproduce the physiological characteristics of the LV, the
aorta, and the carotid artery.

Effect of LV Contractility on Transmitted Pulsatility to
the Brain

Figure 4A presents the carotid pulsatile power (CPP) trans-
mitted to the brain as a function of contractility for different
levels of aortic PWV at a fixed LVEDV. The data are com-
puted at the baseline heart rate (75 beats/min). Since LVEDV
is fixed, changes in contractility lead to corresponding
changes in CO (see also Fig. 2), further compounding the
overall effect of varying contractility by Ees. Figure 4B
presents the isolated impact of contractility at a fixed CO
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Figure 3. Effects of left ventricular (LV) contractility on aortic and carotid hemodynamics. Cardiac output (CO) is the same for both sets right and left. Left:
impact of reduced contractility. Right: impact of increased contractility. BCWI, backward compression wave intensity; Ees, end-systolic elastance; FCWI,
forward compression wave intensity; FEWI, forward expansion wave intensity; WI, wave intensity.
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(achieved by adjusting LVEDV) on the transmitted pulsatile
power to the brain, where it can be observed that, at all val-
ues of Ees, pulsatile power in the carotid artery increases as a
function of aortic PWV.

Figure 5 presents CPP as a function of contractility (Ees) at
different levels of both aortic PWV and heart rate (HR). As

before, to achieve a constant CO (5.6 L/min) at baseline aor-
tic PWV (c0), values of LVEDV are accordingly adjusted;
hence, at each PWV, the changes in CPP are a consequence
of the isolated changes in contractility. Results demonstrate
a trend toward increased transmitted pulsatile power to the
brain as contractility increases. However, the rate of this
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increase depends on HR. Table 2 additionally presents a
comparison between baseline and increased aortic PWV
(which can result from aging) on CPP transmitted to the
brain and further presents corresponding values of the aortic
pulsatility index (CPI) computed using Eq. 10.

Effect of Heart Rate on Transmitted Pulsatility to the
Brain

Figure 6 presents values of CPP as a function of HR for dif-
ferent levels of aortic PWV. The data in each plot are
obtained at different levels of contractility (as measured by
Ees). CO is fixed at each level of aortic PWV in a manner as
has been described before. As HR increases, CPP decreases
until the heart rate reaches an optimum point corresponding
to where CPP is minimized. CPP increases with HR beyond
this optimum point. Note that this phenomenon is present
for all the different multiplicative factors of aortic PWV

considered here, as well as for all the different levels of con-
tractility. In all cases, the optimum point is located near the
normal human heart rate (75 beats/min). The P values from
a corresponding Shapiro–Wilk test are too large to reject the
null hypothesis of the normality of the residuals. The coeffi-
cients of the regression results yield the expected signs and
magnitudes. In addition, by experimental design, our inde-
pendent variables are uncorrelated; however, we have also
conducted a v2 test to check their correlations, and the
results confirm the hypothesis (see APPENDIX for details).
Indeed, the outcome of the statistical analysis reveals that
an increase from the initial level of contractility (Ees ¼ 0.6
mmHg/mL) to a contractility level of Ees ¼ 1.2 mmHg/mL or
Ees ¼ 1.8 mmHg/mL is not statistically significant for CPP
(see APPENDIX). On the other hand, the rest of the coeffi-
cients for other variables are significant, and all signs are
found to be as expected. The impact of a change in HR is
significant at all levels. Furthermore, CPP rises as the level
of PWV rises, and all results are statistically significant (see
APPENDIX).

Figure 7 presents the carotid pulsatility index (CPI) as a
function of HR for different levels of aortic PWV. The
data in each plot are obtained at different levels of con-
tractility (as measured by Ees). As before, CO is fixed at
each level of aortic PWV. The results suggest a trend to-
ward increased CPI as HR increases. The statistical
results (see APPENDIX) for CPI demonstrate that CPI
increases when independent variables increase; however,
the impact at the lower level of HR and contractility does
not show statistical significance.

Table 2. Impact of LV contractility at two levels of aortic
stiffness on the transmitted pulsatility to the brain

Contractility, mmHg/mL 0.6 1.2 1.8 2.5 3.5 5.0

Baseline aortic PWV, c0
Carotid pulsatile power, mW 2.19 2.20 2.25 2.44 2.83 3.49
Carotid pulsatility index 5.00 4.96 4.96 5.04 5.90 7.55

Increased aortic PWV, 3c0
Carotid pulsatile power, mW 5.11 5.24 5.42 5.88 6.78 8.24
Carotid pulsatility index 8.50 8.52 8.61 8.86 9.43 11.16

All values are reported at a heart rate of 75 beats/min. LV, left
ventricular; PWV, pulse wave velocity.
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Effect of LV-Aorta Dynamics on Wave Intensity

Figure 8 presents calculated carotid WI patterns from simu-
lations at different levels of aortic PWV for different HR and
contractility values. Similarly to Fig. 3, these patterns capture
all the well-known fiducial features (40), including the large-
amplitude forward (positive) peak FCWI that is followed in
sequence by both a small-amplitude backward (negative) peak
BCWI and a moderate-amplitude forward decompression
wave FEWI. Sample patterns of aortic wave intensity at differ-
ent levels of contractility are presented in APPENDIX (Fig. A3).

Table 3 presents peak amplitudes of the major features of WI
(FCWI, BCWI, and FEWI) at different levels of contractility. The
data are presented at normal HR for both baseline aortic PWV
and an increased PWV. For reference, we have also included the
amplitude of thefirst peak of thewave power (forward compres-
sion wave power; FCWP) in Table 3. The reflection index (as a
percentage) at different contractility values, determined from
carotid pressurewave separation, is also reported in Table 3.

Table 4 presents peak amplitudes of the major features of
WI (FCWI, BCWI, and FEWI) at different HR. The data are
presented for both baseline aortic PWV and an increased
PWV at a state of normal contractility (Ees ¼ 2.5 mmHg/mL).
Similarly, to Table 3, we have also included the amplitude of
the first peak of the wave power (FCWP) in Table 4. The
reflection index for the carotid pressure at different values of
heart rate is also reported Table 4.

Effect of LV-Aorta Dynamics on Brain Perfusion

Figure 9 demonstrates how changes in aortic stiffness (as
measured by PWV) at different levels of contractility affect

transmitted cerebral blood flow (CBF). The data in each plot
are obtained at different heart rates. At each wave state, the
percent change is computed by the change in flow relative to
baseline PWV. Note that at each contractility, LVEDV
remains fixed. Results suggest a trend toward decreased cer-
ebral flow as aortic stiffness increases. The rate of this
change depends on the contractility and HR. The regression
results (see APPENDIX) indicate that CBF decreases monotoni-
cally as the level of PWV increases, where the coefficients are
statistically significant.

DISCUSSION

In this study, we have investigated the effect of LV-aor-
tic dynamics on brain perfusion and the transmission of
excessive wave pulsatility to cerebral circulation. We have
modeled age-related changes in the arterial system and
cardiac dynamics. Our results suggest that 1) LV contrac-
tility by itself affects the pulsatile energy transmission to
the brain (even at a preserved cardiac output); 2) at differ-
ent levels of LV contractility and aortic stiffness, there
exists an optimum wave condition, occurring near the
normal human heart rate (75 beats/min), in which exces-
sive pulsatile energy (power) transmission to the brain is
minimized; and 3) at a given heart rate and LV contractil-
ity, greater aortic stiffness leads to lower cerebral blood
flow. At the limit of brain autoregulation, the compensa-
tory mechanism for adjusting the cerebral flow is achieved
either by increasing the LV contractility or the heart rate.
Our results suggest that the former consistently leads to
higher pulsatile power transmission. The latter can either
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increase (for values less than normal heart rate) or decrease
(for values beyond normal heart rate) pulsatile power trans-
mission to the brain.

Impact of LV Contractility

We have used a reduced-order 1-D model of the entire
human circulation to study and elucidate the underlying
mechanisms involved in LV-aorta-brain hemodynamic cou-
pling. The numerical solver employed in this work incorpo-
rates the nonlinear and nonstationary coupling of various
cardiovascular system components [including an ordinary
differential equation (ODE)-based 4-chamber heart model
with valves], where the validation results that have been
presented support its suitability for the objectives of this
study. Results further demonstrate that our model can
adequately capture the effects of contractility on central
and peripheral pressure waveforms (Fig. 3). The expectedly
steeper upstrokes in both pressure and aortic flow wave-
forms for increased contractility are well captured in this

model and are consistent with previous studies (22). Our
findings suggest that increased LV contractility alone can
directly alter central and peripheral hemodynamics, even
for unchanged arterial loads and cardiac outputs. These
observations are consistent with previous experimental and
clinical studies (13, 49).

The first principal finding in this study is related to exam-
ining the impact of LV contractility on transmitted energy
and pulsatility to the cerebral network, where we have used
end-systolic elastance (Ees) as a measure to quantify the state
of LV contractility. Figure 4 demonstrates the true effect of
contractility on pulsatile energy transmission to the brain
(where CO is fixed by adjusting LVEDV; see Fig. 2), where our
results suggest that even at a fixed CO, an increase in con-
tractility alone can lead to elevated levels of harmful pulsa-
tile energy transmission to the brain. This behavior is also a
function of aortic stiffness (Fig. 4). However, the rate of
increase in pulsatile energy transmission as a function of
contractility is slower when the CO is compensated for than
when the CO is affected by changes in Ees. In other words,
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the impact of contractility on the cerebral pulsatile power
depends on the preload (measured by LVEDV) as well. As
preload is adjusted to compensate for CO, the effect of con-
tractility is less pronounced. Since CO and the total arterial
resistance of the system is the same for different levels of
contractility (at the same aortic PWV), the steady portion of
the transmitted power does not change (13). However, since
the shape of the pressure also changes because of contractil-
ity, the total power increases (Eq. 6), leading to an increase
in the transmitted pulsatile power (Eq. 8).

Results also suggest that the impact of contractility on
brain perfusion depends on heart rate (Fig. 5 and Table 2). At
lower heart rates, changes in carotid pulsatile power are
more pronounced than at higher heart rates. At a fixed travel
time (keeping PWV constant), changing the heart rate affects
the interaction between the compression waves generated
by the LV and the reflected waves due to vessel branching
(30, 50). The sample net effect of these two types of waves is
illustrated in the WI patterns of Figs. 3 and 8. These interac-
tions become less sensitive to contractility at higher heart
rates. Hence, the pulsatile portion of the power varies less.
This pattern can be observed at all levels of aortic stiffness
considered in this work. Another major finding in this study
is the relation between volume blood flow transmission to
the brain and heart contractility, as shown in Fig. 9. Results
suggest that decreased contractility at fixed heart rate and
aortic PWV leads to a reduction in volume blood flow trans-
mission (brain malperfusion). This can explain one of the
underlying mechanisms involved in heart failure-induced
brain injury (where LV contractility is impaired).

Presence of an OptimumHeart Rate

Our results indicate that there is an optimum heart rate at
which the transmitted carotid pulsatile energy is minimized
(Fig. 6). This is consistent with previous findings (21).
Pulsatile energy decreases with increasing heart rate until it
reaches this minimum value. Beyond this value, waves
transmitted to the brain begin to act destructively, and, as a
result, pulsatile power starts increasing as the heart rate

increases. This has implications for the aging population,
where resting HR generally increases (51, 52). In addition,
aging leads to the stiffening of the aorta, further increasing
the pulsatile energy transmission to the brain. Indeed, our
findings are consistent with previous studies (2, 50) suggest-
ing that aortic wave optimization is one of the key design
characteristics in the mammalian cardiovascular system. To
the best of our knowledge, the presence of the optimum
heart rate at different levels of contractility in the LV-aorta-
brain system has not been reported in prior studies (includ-
ing from in vivo experiments).

In contrast to pulsatile energy, which requires both flow
and pressure waveforms to calculate, the carotid flow pulsa-
tility index (CPI) is a conventional dimensionless parameter
quantifying hemodynamic pulsatility transmission to cere-
brovasculature based only on flow measurements (2, 12).
Figure 7 presents CPI values corresponding to the same val-
ues of heart rate, contractility, and aortic PWV considered
for our pulsatile energy analysis. A trend of increasing CPI
with increasing heart rate can be observed in all cases.
However, the CPI curves do not capture the nonlinearity and
the presence of a minimum that can be found in the CPP
curves of Fig. 6. A statistical analysis of the coefficients
reveals that the impact of lower levels of heart rate is statisti-
cally significant on CPI, although this impact does not show
statistical significance on the CPI results (Tables A2 and A3
in APPENDIX). This suggests that considering the flow wave-
form alone may not be adequate in properly quantifying the
pulsatility transmitted to the brain and that consideration of
energy-based methods that include both pressure and flow;
hence, we suggest that future clinical studies should include
both indices in their assessments. This is particularly pru-
dent since aortic aging simultaneously affects the transmit-
ted flow and pressure waves to the brain (21).

Impact of Aortic Stiffness (Vascular Aging)

Aortic stiffening is the primary cause of systolic hyperten-
sion with aging (53). It has been shown that blood pressure
lowering with antihypertensive agents compared with con-
trol is significantly associated with a lower risk of incident

Table 3. Impact of LV contractility on carotid WI and WP
indices, as well as the reflection index at different aortic
stiffness (PWV)

Contractility, mmHg/mL 0.6 1.2 1.8 2.5 3.5 5.0

Baseline PWV c0
FCWI, W·m�2·s�2 � 105 9.5 14.2 19.4 26.7 39.0 60.2
BCWI, W·m�2·s�2 � 105 1.7 2.4 2.9 3.6 4.4 5.2
FEWI, W·m�2·s�2 � 105 8.8 6.1 3.8 2.5 2.9 5.5
FCWP, W � 10�6 39.5 59.7 82.4 111.5 170.9 262.7
Reflection index, % 35.5 35.2 35.4 35.5 36.9 38.6

Increased PWV 3c0
FCWI, W·m�2·s�2 � 105 18.7 27.6 37.1 50.7 74.0 113.0
BCWI, W·m�2·s�2 � 105 3.4 4.6 5.8 7.1 8.9 11.4
FEWI, W·m�2·s�2 � 105 8.9 19.0 15.6 13.1 11.6 10.6
FCWP, W � 10�6 75.9 112.4 153.2 211.7 314.9 498.0
Reflection index, % 38.2 38.6 39.2 39.4 39.6 40.5

All values are reported at a heart rate of 75 beats/min. The effect
of contractility is isolated at fixed cardiac output. BCWI, backward
compression wave intensity; FCWI, forward compression wave in-
tensity; FCWP, forward compression wave power; FEWI, forward
expansion wave intensity; LV, left ventricular; PWV, pulse wave
velocity; WI, wave intensity; WP, wave power.

Table 4. Impact of heart rate on carotid WI and WP indi-
ces, as well as the reflection index at different aortic stiff-
ness (PWV)

Heart rate, beats/min 30 50 75 100 125

Baseline PWV c0
FCWI, W·m�2·s�2 � 105 27.1 27.3 26.7 28.3 28.9
BCWI, W·m�2·s�2 � 105 4.9 4.4 3.5 3.1 2.5
FEWI, W·m�2·s�2 � 105 2.5 2.9 2.5 6.8 19.9
FCWP, W � 10�6 106.3 112.2 114.9 123.3 127.7
Reflection index, % 42.6 39.3 35.5 36.2 36.6

Increased PWV 3c0
FCWI, W·m�2·s�2 � 105 40.4 47.7 50.7 55.2 58.2
BCWI, W·m�2·s�2 � 105 8.1 8.2 7.1 6.4 5.5
FEWI, W·m�2·s�2 � 105 10.9 14.3 13.2 18.6 46.3
FCWP, W � 10�6 151.0 190.9 211.7 235.2 252.4
Reflection index, % 43.7 42.2 39.4 39.2 39.4

All values are reported at a contractility of 2.5 mmHg/mL.
BCWI, backward compression wave intensity; FCWI, forward com-
pression wave intensity; FCWP, forward compression wave power;
FEWI, forward expansion wave intensity; PWV, pulse wave veloc-
ity; WI, wave intensity; WP, wave power.
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dementia or cognitive impairment (54). In prior work, we
have shown such age-related stiffening (11, 21) is a powerful
predictor of insult to the microvasculature in the brain, more
so than blood pressure (15). Our results in this work confirm
that aortic stiffening does indeed increase the transmission
of harmful pulsatility to the brain. This excessive pulsatility
can be observed at all contractility states in both CPP (Fig. 6)
and CPI (Fig. 7). For example, age-related changes in aortic
biomechanics can lead to an increase from the average aortic
PWV of 7 m/s for a young adult to an average aortic PWV of
14 m/s for an old individual (55). This age-related increase in
aortic PWV under normal contractility leads to a 42%
increase in pulsatile energy transmission to the brain. The
effect of these age-related changes becomes even more pro-
nounced when compounded with increased contractility.
For example, changes in aortic PWV and contractility from
normal values for a young adult to increased values for an
old individual can elevate the pulsatile energy transmission
to the brain more than 200%.

Results from Fig. 9 further suggest that greater aortic stiff-
ness leads to lower cerebral blood flow at a fixed heart condi-
tion (i.e., a fixed contractility). A statistical analysis confirms a
significant dependency for cerebral blood flow on aortic stiff-
ness (Table A4 in APPENDIX). These findings are consistent
with a recent population-based clinical study by Jefferson et
al. (56), where it was reported thatmore significant aortic stiff-
ening relates to lower cerebral blood flow, especially among
individuals with an increased genetic predisposition for
Alzheimer’s disease. The authors have hypothesized that this
mechanism is due tomicrocirculatory remodeling in response

to higher pulsatility in the cerebrovascular network. In our
present investigation, an isolated increase in aortic stiffness
(under fixed contractility) leads to decreased blood flow trans-
mission to the brain (56). Therefore, the effects of harmful ca-
rotid pulsatile energy transmission are likely compounded
with the decreased flow transmission to the brain as a result
of such age-related aortic stiffening.

A decreased cerebral blood flow, which can result from sys-
temic diseases such as heart failure, can contribute to the dys-
function of the neurovascular unit (17). This is the prevailing
view of the underlyingmechanism of HF-induced Alzheimer’s
disease (16). Our results suggest that at low levels of LV con-
tractility, the reduction in cerebral blood flow due to age-
related changes in aortic stiffness becomes even more pro-
nounced (Fig. 9). To counteract this suboptimal flow, the brain
may employ its autoregulatorymechanism by reducing the re-
sistance. However, this effort to maintain perfusion may have
other deleterious effects, such as allowing further penetration
of pulsatile energy into the microvasculature where it may
cause more damage (8). In addition, the autoregulatory
capacity of the brainmay be limited in the setting ofmicrovas-
cular disease (1, 8, 10). Under these circumstances, the body
needs to either increase the heart rate or the contractility to
compensate for and to regulate the blood flow to the brain.
The latter leads to higher harmful pulsatile energy transmis-
sion to the brain (Figs. 4 and 5). On the other hand, increasing
the heart rate can both decrease or increase this energy trans-
mission (Fig. 6), depending on whether the increasing HR is
approaching or diverging from the minimum, respectively.
Since the resting heart rate in the elderly is usually higher
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than the normal human heart rate (i.e., the latter case), an
increase in pulsatile energy transmission will be observed
(which, as explained before, can have detrimental effects on
brain structure). Overall, our results demonstrate that age-
related aortic stiffening can lead to a cascade of detrimental
effects, because of changes in contractility and HR, on both
cerebral perfusion and pulsatile energy transmission to the
brain. Figure 10 summarizes this compensatory mechanism
for cerebral blood flow in the context of heart-aorta-brain cou-
pling based on the findings of this study.

Pulse Wave Analysis

Wave intensity (WI) analysis is a well-established method
for quantifying the energy carried in arterial waves (48, 57–
59). In a recent population-based clinical study, Chiesa et al.
(60) showed that elevated carotid WI, captured in FCWI
amplitudes (e.g., in Fig. 3), predicts faster cognitive decline
in long-term follow-ups independently of other cardiovascu-
lar risk factors. Their findings suggest that exposure to
increased WI in mid- to late-life may contribute to the
observed association between arterial stiffness in midlife
and the risk of dementia in the following decades. This can-
not be detected using common carotid phenotypes (60). Our
results are consistent with such observations, where one can
observe that elevated aortic stiffness leads to higher WI (Fig.
8 and Table 4). Our results also demonstrate that elevated
FCWI not only depends on aortic stiffness but also strongly
upon LV contractility (Fig. 8 and Table 3). This can bemainly
attributed to the larger dP=dt resulting from increased con-
tractility, which manifests as sharper pressure slopes in early
systole and more pronounced forward compression waves
(Tables 3 and 4). Similar trends can also be observed in FCWP
amplitudes. The difference between wave intensity and wave
power is rooted in their definition; the latter is not sensitive to
variations in cross-sectional area, and thus, it is conserved at
junctions (43, 44). Our results suggest that these patients
might also suffer from excessive FCWI and FCWP, which
could have adverse effects on brain structure (1–3, 15, 60).
Tables 3 and 4 also present results for the computed reflec-
tion index at different contractility values and at different
levels of the heart rate. Our results indicate that elevated
aortic stiffness leads to an increase in the reflection index

(Tables 3 and 4). Results also suggest that reflection index is
higher at lower heart rates (below 75 beats/min) and
increased contractility (above 2.5 mmHg/mL). Both these
conditions may have adverse effects on cerebral circula-
tion, particularly in terms of pulsatile energy transmission
to the brain (Figs. 5 and 6).

Limitations

The primary limitation of this study is in the vessel wall
assumptions of the 1-D vasculature model formulation, i.e.,
neglecting the viscoelasticity [which may be important to
consider in certain vessels (58, 61)]. However, our model still
employs an effective nonlinear/hyperelastic wall model that
has been shown previously to be appropriate under normal
physiological conditions and does not lead to considerable
differences with viscoelastic considerations (34). In addition,
we have not included any autoregulatory models for brain
circulation. However, since this study aims to investigate the
impact of LV-aorta dynamics on general brain hemodynam-
ics, the feedback response of the brain on such dynamics is
beyond the scope of this work. Finally, while we examined a
large range of the heart rates in our study (from 30 beats/min
to 180 beats/min), the mechanistic model that we propose
here is based on a stable heart rate. Future work can focus on
the impact of irregular heart rate that can happen under cer-
tain cardiovascular conditions such as atrial fibrillation.

Conclusion

We have demonstrated that alterations in LV contractility
can affect pulsatile energy transmission to the brain. We have
additionally demonstrated an optimum wave condition, exist-
ing at different levels of contractility, heart rate, and aortic stiff-
ness, that minimizes this harmful pulsatile energy. We have
shown that this optimum condition occurs near the normal
human heart rate and remains constant across a wide range of
aortic arch stiffnesses and LV contractility. Our findings also
suggest that greater aortic stiffness leads to higher pulsatile
energy transmission to the brain and to lower cerebral volume
blood flow. These principal findings not only demonstrate the
level of coupling in the LV–aorta–brain system but also
demonstrate how such coupling is affected by age-related
changes to the cardiovascular system. Understanding the
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underlying physical mechanisms involved is an important
step toward developing improved therapeutic strategies for
vascular-related neurodegenerative diseases. All in all, the
insight from our work is central to answering questions about
proper management of blood pressure and aortic stiffness
among the elderly. Our results suggest that the age-related
changes in aortic stiffness and contractility both affect the cer-
ebral blood flow. Hence, it is crucial to consider the impact of
antihypertensive treatment on these age-related factors and
the resulting impact on cerebral blood flow. Ultimately, our
findings suggest that more rational and individualized antihy-
pertensive therapy (e.g., not only based on systolic pressure
level) is needed to preclude such cerebrovascular events.

APPENDIX

The Numerical Model

The numerical methodology for solving the partial differential
equation (PDE) systemofEqs. 1 and 2 is based on a Fourier con-
tinuation (FC) approach that has been introduced previously
for 1-D arterial wave propagation (29). Both implicit and explicit
FC-based PDE solvers have been successfully constructed and
used for a variety of physical problems, including those gov-
erned by advection-diffusion equations, Navier–Cauchy elasto-
dynamics equations, Navier–Stokes fluid equations, and fluid-
structure equations (28, 29, 38, 62, 63).

Validations of the complete numerical solver have been
conducted using the benchmark problems proposed by
Boileau et al. (37). Figure A1 presents pressure and flow solu-
tions of a single-segment common carotid artery (with
Windkessel) benchmark using both FC as well as commonly
used discontinuous Galerkin (DCG) (37) and locally conserv-
ative Galerkin (LCG) methods (64). Figure A2 additionally
presents corresponding FC-, DCG-, and LCG-simulated pres-
sure and flow at midpoints of various vascular segments
from a benchmark problem (37) on a 77-segment open-loop
model (that considers 56 major arteries). Parameters for
these benchmarks can be found in the respective source
(37). For both problems, Figs. A1 and A2 demonstrate excel-
lent correspondence between the solutions generated by the
FC solver employed in this work and those generated by
other numerical schemes.

Aortic Wave Intensity Pattern

Figure A3 presents calculated aortic WI patterns from simu-
lations at different contractility values. These patterns are
presented for the normal heart rate (75 beats/min) and the
baseline aortic stiffness. Results indicate a distinct midsys-
tolic forward traveling front (which is a function of contrac-
tility) in both carotid and aortic WI patterns, with it being
more pronounced in the carotid, as demonstrated in Fig. 8.

Statistical Analysis

The summary of the Shapiro–Wilk test to check the normal-
ity of each regression’s residuals is presented in Table A1.

The regressionmodel outcomes for three dependent vari-
ables, CPI, CPP, and CBF, are presented in Tables A2–A4,
respectively. Independent variables in this study are LV con-
tractility, aortic PWV, and heart rate. All independent varia-
bles are incorporated in the models as categorical variables.
Theminimum baseline for the heart rate is 30 beats/min, for
the contractility is 0.6mmHg/mL and the aortic PWV is c0.
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Heart rate, beats/min
100 0.003 0.003 0.936 0.352
125 0.016 0.004 3.921 <0.001
180 0.008 0.003 2.434 0.017

Contractility, mmHg/mL
1.2 0.006 0.003 1.879 0.064
1.8 0.013 0.004 3.394 0.001
2.5 0.012 0.003 3.646 <0.001
3.5 0.032 0.004 7.757 <0.001
5.0 0.0288 0.004 6.541 <0.001

PWV c0
1.5 �0.017 0.003 �5.316 <0.001
2.0 �0.025 0.003 �7.739 <0.001
3.0 �0.032 0.003 �9.144 <0.001

CBF, cerebral blood flow; PWV, pulse wave velocity.
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