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Abstract

The ballistocardiogram (BCG) captures the mechanics
and fluid-dynamic properties of the cardiovascular system
and provides useful insights into cardiovascular function.
However, the cardiovascular mechanisms generating the
BCG are still poorly understood and this limits its clinical
applications. The present work examines computer-aided
methods for understanding the cardiovascular foundations
of the BCG signal. The main goal is to investigate how dif-
ferent cardiovascular compartments contribute to the BCG
waveform. This is achieved by comparing BCG signals
generated by cardiovascular models of increased complex-
ity, while assessing the impact on pressure-volume loops
in the left ventricle. All models describe the circulation as
a closed-loop system, which is crucial to capture the dy-
namic interplay among all cardiovascular compartments,
with increasing anatomical and physiological detail. The
results highlight the importance of including the ventricles,
the main arteries, and the cerebral vasculature in a con-
structive model for the BCG. The findings emphasize the
potential of mathematical modeling to significantly impact
cardiovascular diagnostics and healthcare.

1. Introduction

The ballistocardiogram (BCG) is a physiological signal
generated by the repetitive motion of the center of mass
of the human body as the blood moves within the circu-
latory system at each heartbeat [1]. The BCG offers a
more comprehensive assessment of cardiovascular perfor-
mance than conventional monitoring techniques, since it

captures the mechanical and fluid-dynamical characteris-
tics of the cardiovascular system as a whole. While hav-
ing the great advantage of being acquired non-invasively,
the use of BCG as a clinical monitoring and diagnostic
tool is limited by the scarce understanding of the cardio-
vascular mechanisms responsible for changes in the sig-
nal. Computer-aided approaches can help provide a mech-
anistic and quantitative interpretation of BCG signals, as
pioneered by Starr and Noordergraaf and further devel-
oped by various research groups [1–5]. In particular, the
present study aims to understand the influence of vari-
ous vascular compartments on the model-predicted BCG
waveform. Mathematical models of the cardiovascular
system of increasing levels of complexity are considered
and the corresponding simulated BCG signals are com-
pared. In [6], changes in BCG signals have been connected
to changes in the left ventricle (LV) pressure-volume (PV)
loops, which provide quantitative information about the
contractile state of the heart. Therefore, this study also
considers the model-generated PV loops when comparing
the predictions across the hierarchy of cardiovascular mod-
els. Ultimately, the goal is to advance the understanding of
BCG signals based on cardiovascular mechanisms and aid
their potential clinical uses in cardiovascular monitoring.

2. Methods

2.1. Cardiovascular Closed-Loop Models

The starting point for the hierarchy of models consid-
ered in this work is the closed-loop system proposed by
Avanzolini et al [7], henceforth referred to as Model 0.
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The model includes the left and right ventricles along with
a lumped description of the systemic and pulmonary cir-
culations. The hierarchy of models summarized in Table 1
embodies a progressively more detailed description of the
large arteries (aorta, iliac arteries) and of the cerebral cir-
culation, till reaching the complexity of Model 5, which
was introduced by Guidoboni et al in [5].

Table 1. Summary of the features of the hierarchy of car-
diovascular closed-loop models considered in this work.

2.2. Model-generated BCG waveform

The pioneering work of Starr and Noordergraaf paved
the way for a theoretical foundation to interpret the
BCG [1]. The force generated by the BCG is a function
of the blood volumes occupying different vascular com-
partments at a given time during the cardiac cycle. Con-
sidering the head-to-toe direction and denoting the force
as fBCG(t), this can be written as

fBCG(t) = M · aBCG = ρb

N∑
i=1

d2Vi(t)

dt2
yi(t)

where M is the mass of the subject, ρb is the blood density,
N is the total number of vascular compartments under con-
sideration, Vi(t) is the blood volume filling the compart-
ment i at the time t, and yi(t) is the head-to-toe coordinate
of the compartment i with respect to the heart plane.

The total number of vascular compartments N differs
among the closed-loop models described in Section 2.1,
where N increases with model complexity. Specifically, N
goes from 4 in Model 0 to 9 in Model 5. This direct con-
nection between model complexity and BCG waveform al-
lows us to investigate what is the minimal complexity that
is necessary to capture essential BCG features.

2.3. Model-generated LV-PV loops

Each closed-loop model described in Section 2.1 shares
the same mathematical representation for the left ventricle
(LV), which originates from the electric analogy to fluid
flow reported in Fig. 1. The LV volume corresponds to the
electric charge that accumulates on the nonlinear capacitor

described by the time-varying elastance EL. The LV pres-
sure corresponds to the electric potential in the node LV
circled. Thus, by applying Kirchhoff’s laws to the electri-
cal circuits representing each model in the hierarchy, it is
possible to obtain the LV-PV loop as part of the numerical
solution. The activation function, a(t), employed for the
pumping timing of the heart is the same for each model. It
is a modified version of the original a(t) proposed in [7]:

a(t) =

{
1
2

[
tanh(qL/R ta)− tanh(qL/R tb)

]
if tm < Ts

0 if tm ≥ Ts

where Ts is the time duration of the systole, qL/R is a fre-
quency parameter, ta and tb are time parameters [5].

Figure 1. Electrical analogy of left ventricular blood flow.

3. Results and Discussion

A typical BCG waveform is characterized by the so-
called I, J, K, L, M, and N peaks and valleys [1]. LV-PV
loops typically exhibit four phases (filling, isovolumetric
contraction, ejection, isovolumetric relaxation), with vol-
umes and pressures typically in the range 40-170 ml and
2-120 mmHg, respectively [8,9]. The BCG waveforms and
LV-PV loops simulated over a cardiac cycle using the six
models summarized in Table 1 are reported in Figures 2
and 3. The BCG and LV-PV loop generated by Model 5
(Fig. 2-3, black) have been validated against clinical and
experimental data [6] and will be used as reference for
comparison with the other models.

MODEL 0: Although Model 0 gives a fundamental un-
derstanding of cardiovascular relationships, its simplicity
does not appear to be detailed enough to capture essential
features of the BCG waveform, which only exhibits the L
peak (Fig. 2, red). The LV-PV loop shape is reasonable,
but the values of volume and pressure are on the high end
of physiological ranges (Fig. 3, red). These results are not
unexpected, since Model 0 does not contain an extensive
description of the main arteries and, consequently, the dy-
namic effect of fluid volume in them does not explicitly
contribute to the BCG.

MODEL 1: The BCG signal (Fig. 2, blue) exhibits a re-
markable improvement in shape when compared to what is
produced by Model 0. Typical BCG peaks and valleys be-
come more apparent, even though they are delayed in time
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Figure 2. BCG waveform in the head-to-toe direction,
fBCG, simulated over one cardiac cycle for each closed-
loop cardiovascular model. The BCG simulated using
Model 5 exhibits the I, J, K, L, M, and N peaks and valleys
that characterize experimental BCG signals.

Figure 3. Left ventricular pressure-volume loops simu-
lated over one cardiac cycle for each cardiovascular model.

with respect to what is predicted by Model 5. In addition,
the J peak is not as prominent, since its amplitude is sim-
ilar to that of the L peak. This improvement in the BCG
indicates that the waveform benefits from the addition of
a more detailed description of the large arteries, which are
modeled as two major Groups (Fig. 4). The PV-loop has
a narrow shape, with high pressures, high volumes, and
a small difference between end-diastolic and end-systolic
volumes (Fig. 3, blue). This may be caused by the fact
that the pressure is not slowly distributed among multiple
vessel segments, given the limited number of arterial com-
partments included in this model.

MODEL 2: The BCG signal (Fig. 2, green) shows an
improved amplitude difference between the J and L peaks.

However, it exhibits a non-standard pattern, with delayed
peaks and a double peak instead of a single K peak. Model
2 has a more detailed description of the large arteries, with
three aortic segments included explicitly (ascending aorta,
aortic arch, thoracic aorta), followed by a group represent-
ing the abdominal aorta and iliac arteries (Fig. 4). This
indicates that the more details are provided on the large
arteries, the closer the simulated BCG waveform will be
to the true BCG waveform. The PV-loop presents again a
narrow shape (Fig. 3, green), with high pressures and high
volumes. Hence, simply adding a more detailed descrip-
tion of the large arteries is not enough to improve on both
the BCG and PV-loop.

MODEL 3: The amplitude difference between the J and
L peaks in the BCG is more physiological (Fig. 2, cyan),
even though a time delay is still present. This can be at-
tributed to the fact that we used the same arterial circu-
lation described in Model 1, which includes two arterial
compartments, group 1 and group 2, with the addition of
the cerebral circulation (Fig. 4). The PV-loop (Fig. 3, cyan)
shows a remarkable improvement in pressure and volume
values, which are now within the physiological ranges.
Hence, adding cerebral circulation helps to better distribute
volumes and pressures within the cardiovascular system.

Figure 4. Cardiovascular model considering the aorta
composed of two main groups, group 1 and 2 (black solid
line), or the abdominal circulation and iliac arteries as
group 3 (red dashed line), with a detailed cerebral descrip-
tion (blue block), for Model 3 and 4, respectively or with-
out cerebral description for Model 1 and 2, respectively.

MODEL 4: The timing of the J peak (Fig. 2, purple) is
consistent with that of Model 5. The K and L peaks are
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not as pronounced, though, and are slightly delayed. The
PV-loop (Fig. 3, purple) shows pressure and volume values
within the physiological ranges and is similar to Model 5.
This improvement can be attributed to the fact that the aor-
tic segments are modeled explicitly, along with the pres-
ence of cerebral circulation.

MODEL 5: The BCG waveform (Fig. 2, black) is char-
acterized by the typical I, J, K, and L peaks and valleys,
and the LV-PV loop (fig. 3,black) is within physiological
ranges. This result was achieved by including within the
same closed-loop model a detailed description of the large
arteries, from the ascending aorta to the iliac arteries, along
with the presence of the cerebral circulation.

4. Conclusions

The hierarchical analysis illustrated in this work high-
lights how not all closed-loop cardiovascular models are
equally suitable for reconstructing the BCG waveform and
the associated LV-PV loop. Clearly, all mathematical mod-
els have limitations, since they are based on simplifying
assumptions that make them a tractable abstraction of the
real complex world. Thus, the challenge is to understand
what is the minimal complexity that is necessary to include
in the model in order to capture the features of real wave-
forms that are deemed essential.

The important contribution of large arteries to the BCG
is evidenced by the lack of any realistic peak when their
description is not included (Model 0). This result is consis-
tent with prior modeling work [3,4]. In addition, our com-
parative analysis shows that the cerebral circulation helps
achieve better amplitude and timing of the BCG peaks, as
well as more realistic LV-PV loops. This is an interesting
finding that shows how the dynamics of blood pressure and
volume distal from the major arteries does affect the BCG
and LV-PV loop in a significant manner. This is a result
of the fact that the cardiovascular system is a closed-loop
network and, consequently, events happening anywhere in
the system have repercussions along the network.

Computational modeling has the potential to signifi-
cantly impact the understanding of cardiovascular physi-
ology. For example, the level of cardiovascular detail of
Model 5 allowed us to investigate the cardiovascular dif-
ferences between men and women and how this is man-
ifested in blood circulation, cardiovascular performances,
and BCG signal [10]. Moreover, model parameters can
be individualized for personalized cardiovascular monitor-
ing through BCG signals [11]. While many challenges re-
main in translating this fundamental knowledge into prac-
tical technology, this work shows how modeling can help
guide the design of sensing solutions whose signals can be
interpreted on the basis of cardiovascular physiology.
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