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ABSTRACT
Mathematical models of the cardiovascular system (CVS) allow to explore the inner workings of the human
body and therefore provide various benefits to medical education. There are indeed some comprehensive
models covering complex physiological mechanisms, yet, most of these do not provide the flexibility to
change the defining parameters at all times. In this paper, we present CAVA – an interactive, hemodynamic
model of a cross-scale CVS that provides just this flexibility, combining the trachea, lung, heart and vascular
system approximated as a single vessel. We evaluated the outcome by comparison to empirical measures
from literature and analyzed its performance, demonstrating that CAVA is well suited for real-time interactive systems. The code base including examples for two game engines is provided open-source.
Keywords: Cardiovascular, Cross-scale, Cross-compartment, Real-Time Interactive System
1

INTRODUCTION

Since Cardiovascular diseases (CVD) are the leading cause of death worldwide (WHO 2019), the demand
for quantitative investigations has increased greatly over the last decades (Quarteroni 2006). A better understanding of CVDs could lead to easier decision-making and improved treatments, eventually resulting in
the decrease of clinical costs (Brunberg et al. 2009). A research approach in this context are computational
and mathematical simulation models of the human CVS (Broomé et al. 2013). Their aim can range from
understanding basic biological systems to generating new hypotheses to patient-specific modeling (Kassab
and Guccione 2019). Furthermore, those models could overcome the limitations of studies on humans due
to ethical or financial issues (Ishbulatov et al. 2020). However, the realization of an accurate simulation is
difficult, as the CVS is highly complex (Quarteroni 2006). A single model can hardly represent all potential
events and actions that may occur in the overall system. Especially the geometry of human organs, e.g.
the non-linearity of the beating myocardium of the heart, makes it difficult to accurately model the CVS.
Nevertheless, a simplified model could still be extremely valuable. Without the necessity to simulate the
entire CVS and all its properties, the computation time for simpler models is rather short and therefore they
can be a powerful tool for clinical decision-making (Bozkurt 2019). As noted by one reviewer of this paper,
there are some advanced comprehensive physiological simulation models, but lack flexibility in adjusting
parameters at runtime, enhancing the knowledge about the correlations of bodily functions. Furthermore,
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due to their large scope and complexity, examined systems had a relatively high impact on performance.
Thus a mathematical, hemodynamic model of the CVS called CAVA has been created, providing just this
flexibility at negligible computational cost. CAVA itself is divided into four parts: trachea, lung, heart and
vascular system as a single vessel. Section 2 will first introduce the different categories of CVS models.
Examples of existing implementations will be presented in section 3. Subsequently, the functionality of
CAVA will be elaborated on (section 4), followed by a short evaluation of its behavior and computational
cost (section 5). The paper will conclude with a small discussion on the limitations of CAVA in its current
state (section 6) and a short outlook on potential future improvements (section 7).
2

MODEL TYPES

In general, models of the human CVS are categorized according to their complexity. Zero-dimensional (0D)
models are strongly reduced to basic functions of the human body, whereas models of higher dimension can
depict correlations more realistically (Bersani et al. 2017).
2.1 0-Dimensional Models
0D models assume a one-way flow of blood through the organs (Kant and Boswal 2011) with a uniform
distribution of essential variables such as blood pressure or volume (Abdi et al. 2015). In particular, all 0D
models are governed by ordinary differential equations. These simple models can be further divided into two
sub-types: 1-compartment and multi-compartment models. The former consider the systemic vasculature
as a whole, entailing that internal pressure distribution and flow velocities in different parts of the vascular
network are not calculated separately. In contrast, multi-compartment models include vascular segments as
individual compartments containing information on spatial details (Malatos et al. 2016).
2.2 1-Dimensional Models
One-dimensional (1D) models are based on simplified fluid flow equations solved in frequency domain
using Fourier or Laplace transformations, which are mostly partial differential equations. A model of this
kind can be formed with the help of numerical and analytical methods. Thereby several boundary outflow
conditions have to be specified due to the hyperbolic nature of the underlying 1D pulse wave equations. For
an instance at the inlet of a blood vessel the pressure and flow rate applied have to be based on derivations
or experimental data.(Malatos et al. 2016). With 1D models it is possible to study pulse wave dynamics in
arterial segments or even the complete arterial network
2.3 Multi-Scale Models
2D or 3D models, also called multi-scale, combine the efficiency of continuum models with higher fidelity
of atomistic and mesoscopic systems. The governing equations, usually based on Navier-Stokes, account
for the local vascular geometry, which allows for a more detailed prediction of hemodynamic properties.
Theoretically, models of higher dimensions would be superior to simpler models, as they depict the interplay of the human organs more realistically, but to this date even multi-scale models are limited regarding
accuracy and required computational power. A common strategy to tackle this issue is to couple 0D models
with higher dimensional models to obtain accurate results adapted to specific expectations of the model’s
behaviour (Malatos et al. 2016, Kassab and Guccione 2019).
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3

MODELING EXAMPLES

The majority of models in literature that simulate functions of the CVS cover only single compartments
(Bersani et al. 2017) as this allows to focus on their specific workings. Still, there are some multicompartment models that depict the entire CVS connecting blood flow with oxygen transport (Goldman
2008). For instance, Blanco et al. created a 3D-1D-0D model of the CVS. Herein the arterial tree itself is
described as a 1D model, whereas the connection to arterioles and capillaries as well as the circulation of
the heart are managed by a 0D model. To further enhance the system, the local hemodynamics of striking
blood vessels are upgraded to 3D (Blanco and Feijóo 2010). Broomé et al. created a time dependent multicompartment model of the heart function, covering the opening and closing of the valves, thereby leading to
changes in pressure and various pathological states. Additionally, their model incorporates the calculation
of blood oxygen saturation under the assumption that it is homogeneous in every compartment and oxygen transport between compartments is proportional to blood flow (Broomé et al. 2013). Most similar to
CAVA there is the Pulse Physiology Engine (Bray et al. 2019), a fork from the BioGears C++ library for
body physiology simulations (Baird et al. 2020). Its system is built upon various compartments describing
cardiovascular physiology, respiratory physiology, blood chemistry, substance transport and more. Yet, the
engine implements mostly lumped parameter models and, in contrast to CAVA, the modification of input
parameters is more complicated. The definition of patient-describing properties is done at the initialization
phase of the engine, the only intended means of input during runtime is through pre-defined actions. Thus,
it is difficult to examine which properties depend on each other or cause drastic changes.
4

CAVA

The functionality of CAVA’s CVS is reduced to four compartments: the trachea, the lung, the heart and
the vascular system. These organs are modeled with dimensions ranging from 0 to 2. The trachea (0D)
is a simple compartment, solely working as an input layer for the lung (1D). The heart (0D) is a multicompartment model, as it is divided into its four chambers: the respective ventricles and the atria. The blood
circuit is modeled as a single blood vessel (2D). In addition, the tissue is implemented as a non-contributing
compartment working as a recipient of the vessel’s actions. One of the main aims of CAVA is to model the
oxygen inflow to the consuming organs represented as the tissue (see fig.1). Thus backflow and transport of
emerging carbon dioxide is neglected.
Trachea

Lung

Heart
Left atrium

Blood vessel

Right atrium

Left ventricle Right ventricle

Tissue

Figure 1: CVS compartments and their interactions in the CAVA model.

4.1 Mathematical Model
All equations of CAVA have been retrieved from previous studies on the individual compartments and combined into one CVS model. Time t in seconds stands for the point of time within the cardiac cycle.
4.1.1 Trachea
The calculated characteristics of the trachea include the tracheal Womersley number W , which is an expression of the pulsatile flow frequency in relation to viscosity, and the tracheal Reynolds number R, which is
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used to predict the subsequent flow rate of the air f rt . To properly compute these values, the cross sectional area at is calculated with the help of the tracheal diameter δt = 18mm (Gaddam and Santhanakrishnan
2021) and the outer thickness to = 3mm (Furlow and Mathisen 2018). Further, the following tracheal prop2
erties are defined: viscosity of air ηt = 1.46 · 10−5 ms , mean speed of air flow vtm = 3.4 ms , respiratory rate
60
rr = 12.5 breaths
min , duration of the breathing cycle tb = rr s and duration of inhalation ti = 0.5 · tb (Gaddam and
Santhanakrishnan 2021). In addition to the following equations the incoming oxygen content is adjusted
according to a potential (partial) blockage of the trachea.
at =

0.25π(δt2 − (δt

2

− 2to ) ) (1)

W=
2·

δ
qt

2π
tb ηt

R=

(2)

vtm δt
ηt

(3)

In the case of exhalation f rt (4a) is multiplied by the term described in (4b):

f rt = 60 ·

at ηt R
δt

(4a)

ti
tb − ti

(4b)

4.1.2 Lung
The characteristics of the lung in CAVA consist of the oxygen flow fO2 and the pressure pl (Hao et al.
2019). The constant properties are defined as: area of throttle alt = 32mm2 (Niu et al. 2017), upstream and
downstream pressure pu = 41.0mmHg and pd = 10.3mmHg (Smiseth et al. 1999, Hasinoff et al. 1990),
J
(Hao et al. 2019), lung volume Vl = 3.251l
critical pressure ratio θ = 0.528, gas constant G = 287 kg·K
(McDonough et al. 2015), atmospheric density ρa = 1.2 mkg3 (Picard et al. 2008) , body temperature T =
309.15K, air mass flow fm = 0.12 kgs (Sabz et al. 2019) and mass of air ma = 0.03g (Calzà et al. 2009).
Depending on whether the respiratory status is inhalation or exhalation, the flow coefficient λ1 is set to 1 or
ml
ml
-1 and the respiratory compliance cres to 58 cmH
or 44 cmH
respectively (Oikkonen and Tallgren 1995).
2O
2O
s
√
pd
fm GTVl t
alt pu · 1 − θ
Pu − θ 2
pl = 2
+ λ1
(6)
√
fO2 = α
· 1−(
)
(5)
Vl + cres ma GT
1−θ
ρ · GT
a

4.1.3 Heart
The properties of the heart in CAVA include the total flow rate fh , as well as atrial and ventricular specific
flow rates (D’Angelo and Papelier 2005). Predefined characteristics of the heart involve the heart rate rh =
70 beats
min , stroke volume VSh = 80ml (D’Angelo and Papelier 2005) and duration of the heart cycle th = 0.8s
with two key times for the specific calculations tk1 = 0.33 · th and tk2 = 0.45 · th (Bozkurt 2019).
fh = VSh rh

(7)

Due to the simplifications of the CVS in CAVA there are no differences in the left and right atrium (LA,
RA) for the calculation of the elastance ea (D’Angelo and Papelier 2005). Only the coefficient λ2 is of
different size: 13 for the LA and 23 for the RA. The atrial properties can then be calculated with the activation
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function σ (t) and the following preset parameters: minimum and maximum elastance emin = 0.2 mmHg
ml and
mmHg
emax = 0.3 ml , the coefficients ι = 5.5 and κ = 1.2, a specific atrial time in the cardiac cycle tk3 = 0.04s
and the radius at zero pressure r p0 = 1.316cm (Cheng et al. 2004). The atrial pressures pal and par are
calculated as a function of time t. The atrial radii ral and rar are calculated assuming the atrium being of a
spherical shape, dependent on an array of volumes (Vvl ,Vvr ,Val ,Var ) that change over time (Bozkurt 2019).
σ (t) = 1 − cos 2π

t − tk3
th − tk3

ea = emin + 0.5(emax − emin ) · σ (t)

σ (t) = 0

(8a)

tk3 ≤ t < th

if

pal = ea ικπ · (ra2l − r2p0 ) · λ2

(9)

(8b)

(10)

The different volumes of the left and right ventricle (LV, RV) entail different preset values for the ventricular
end-systolic elastance eesl = 2.5ms and eesr = 1ms and the coefficients ωl = 1.15 and ωr = 1.75 (Bozkurt
2019). The ventricular radius rvl p at zero pressure is determined as the smallest radius according to the
0
preset volumes. The blood density ρbv = 1.06 cmg 3 and λ3 = 1 are equal in both ventricles and the inflow
length tli is calculated as the double of the radius. With the aforementioned properties, the inflow inertance
Ivl (Broomé et al. 2013), the active, passive and total pressures pvla , pvl p and pvl as well as the radius rvl are
computed in CAVA. τ(t) is an activation function for the pressure determination (Bozkurt 2019).
rvl =

τ(t) =

3Vvl
2π

16ωl

+ λ3

Ivl =

(11)

(t−tk1 )
−tk1 )
2

1 + cosπ (tk
2

(13a)

τ(t) =

2

pvla = eesl ·8πωl (rv2l −rv2l p )·τ(t)
0

(14a)

pvl p = e0.16πωl rvl − 1

1 − cosπ tkt

1

2

(14b)

ρbv tli
πrvl

(12)

t < tk1

(13b)

pvl = pvla + pvl p

(14c)

if

4.1.4 Blood Circuit
The vascular system of CAVA is modeled as a single blood vessel into which two well-known models of
the blood flow are integrated. First, the Windkessel model depicts the blood flow parameters analogous to
electrical conductivity. Depending on the requirements of a CVS the Windkessel model can consist of 2,
3 or 4 elements. A 2-element model includes one capacitor for the compliance of large arteries and one
resistor for the resistance of small peripheral arteries. Adding one more resistor for the aortic valve to the
blood flow forms a 3-element Windkessel model. Making the equations dependent on the cardiac cycle time
raises the model to 4 elements. All equations follow basic laws of fluid dynamics (Malatos et al. 2016). The
Windkessel model of CAVA can be associated with a 4-element model (see fig. 2).
Another established idea about quantifying oxygen transport at the microcirculatory level integrated in
CAVA has been introduced by Krogh. His model describes the mechanism of oxygen exchange between
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Figure 2: Windkessel model for a blood vessel (left) compared to an electrical circuit (right).
a single capillary and a surrounding cylinder of uniform tissue. Krogh assumed that oxygen is diffused
passively, driven by gradients of oxygen tension and uniformly in a radial direction from the blood in the
capillary into the tissue. The design is further based on the hypothesis that the blood is a homogeneous
fluid and presents no resistance to the diffusion. Therewith, the oxygen consumption rate in the tissue is the
same throughout the whole cylindrical volume (Pittman 2011, Possenti et al. 2021). The model has been
augmented with the corresponding differential equations governing oxygen diffusion and uptake in a tissue
cylinder by Erlang (Popel 1989). Although some of Kroghs assumptions turned out to be incorrect (Secomb
2015), the model is the basis of many modern oxygen transport models (Goldman 2008), as the fundamental
idea has been proven to be valid in simplified conditions. This basic cylindric model is depicted in fig. 3.
rt

rv

dO2

dO2

O2

O2

O2

O2

dO2

dO2

rt : Radius of the tissue
rv : Radius of the vessel
dO2 : Oxygen demand of the tissue

blood flow

Figure 3: Illustration of the Krogh cylinder model used in CAVA. The arrows labeled with O2 present the
dO2 radial vectors. Based on dO2 , rv and tv the partial pressure inside of the cylinder can be computed.
The preset, constant values of the blood vessel’s properties required for the velocity νb and the Windkessel
calculations including resistance Rb , inertance Ib , compliance Cb (Abdolrazaghi et al. 2010) and elastance
Eb (Broomé et al. 2013) as well as diastolic and systolic pressure Ps and Pd (Choudhury et al. 2014) inside
the vessel are defined as follows: start velocity νbs = 424.4 mm
s , number of parallel vessels nv = 1 (Secomb
2015), viscosity ϑ = 6.72mPa·s (Lowe et al. 1980), Young modulus Y = 400kPa (Olufsen and Nadim 2003),
blood density ρb = 1.06 cmg 3 (Broomé et al. 2013), coefficients λ4 = 1, λ5 = 0.2057 and λ6 = 0.0392, initial
systolic pressure Ps0 = 120mmHg and initial diastolic pressure Pd0 = 80mmHg (Choudhury et al. 2014).
The proportions of the blood vessel (Olufsen and Nadim 2003) have been approximated by calculating the
mean of vessel radius rv = 0.48cm and vessel thickness tv = 0.059. Further, in order to obtain the values of
systolic blood pressure, I0 has to be calculated as a flow-dependent parameter.
νb = 2νbs ·

Cb =

1 − λ42
rv2

3πrv3 · Ib
2Y tv

I0 =

f h th
60th
π

(15)

(18)

(21)

Rb =

λ5
8ϑ lv
·
λ6 − 1 πnv rv4

(16)

Ib =

Y tv
2πlv nv rv2

(19)

Pd = Pd0 · e

Eb =

Ps = Ps0 · e

−0.25th
Rb Cb

+

λ5 8ρb lv
·
λ6 πrv2
−0.75th
Rb Cb

−0.25th
πtrv2 I0Cb
· (1 + e RbCb )
2
2
2
2
(0.25th ) +Cb π Rb

(17)

(20)

(22)

The predefined properties of the blood vessel integrated into the Krogh model are as follows: Bunsen solg
ubility coefficient β = 3 · 10−5 ml (Popel 1989), hemoglobin concentration cHb = 13.8 100ml
(Christoforides
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and Hedley-Whyte 1969), hemoglobin-oxygen saturation sHb/O2 = 0.88% (Payen et al. 2009), velocity of
ml

O2
red blood cells νrbc = 2.5 mm
s (Jeong et al. 2006), oxygen binding capacity cbO2 = 1.34 gHb (Pittman 2011),
2

the metabolic rate σmeta = 4 · 10−5 mls t (Tenney 1974) and Krogh diffusion coefficient K = 2.41 · 10−4 ms
(Possenti et al. 2021). To obtain the partial pressure PPb inside the Krogh cylinder, first the Hill coefficient
H and the half-pressure P50 must be computed, both dependent on the body temperature T (Jasiński 2020).


2.57
H = 2.45


−0.017T + 3.199

if T < 310.15K
if T > 317.15K
else

(23a)

PPb = P50 ·



if T < 310.15K
27mmHg
P50 = 35.9mmHg
if T > 317.15K


1.27T − 19.99 else

sHb/O2
1 − sHb/O2

1
H

(23b)

(23c)

Oxygen flow fb and concentration cO2 (Pittman 2011, Popel 1989) are determined as follows:
fb =

π(2rv )2
· νrbc · cbO2 · cHb · sHb/O2
4

(24)

cO2 = β · PPb

(25)

The partial pressure in the surrounding tissue PPt can be determined in addition to its oxygen consumption
rate σtO2 with the help of the Michaelis-Menten-Formula and the preset value of the tissue’s oxygen demand
ml

dO2 = 6.17 · 10−5 cmO3 ·s2 (Tenney 1974, Possenti et al. 2021):

PPt = PPb +

σmeta 3(rv2 − rt2 )
rt
rt4
· ln ) (26)
·(
−
2K
8
rv
2(rv2 − rt2 )

σtO2 = dO2

PPt
PPb + P50

(27)

4.2 Implementation
CAVA is implemented as a C++ library and tested with the game engines Unity and Unreal. The library
provides all CVS calculations and gives the user the possibility to create a specific human model with a
certain age, gender, weight and body temperature. To get an insight on all featured properties of CAVA,
an example application has been set up in Windows Forms. Therein, it is possible to adjust the human’s
parameters during runtime to observe the relations between the CVS properties. The code base and all
examples are freely available under the Apache 2.0 license and can be found via link (CAVA 2022).
5

VALIDATION

To examine the correctness of the model the results of the equations for a female in resting state have been
exemplary compared to measured values from literature. The contrasting juxtaposition for values that are
constant in CAVA can be seen in table 1. To facilitate the validation of properties that are dependent on time,
the update rate of the simulation was fixed to one calculation per millisecond. At a heart rate of 60bpm this
resulted in 1000 sample data points for each cardiac cycle. Those points were then connected to form the
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line diagrams depicted in the figures 4 and 5. One simulation cycle of CAVA takes on average 0.002ms to
calculate on any consumer-grade single-core CPU. Thus, even in highly demanding real-time applications
like virtual reality simulations with update rates of 90 frames/s, CAVA requires only about 0.02% of the
total time budget per frame, which is negligible. In the same scenario, the examined simulation model Pulse
Engine (Bray et al. 2019) took 1.2ms on average which would account for at least 10% of the time budget.
Depending on other calculations (like in-game physics, animations and AI) this cost may be prohibitive. All
constant values in table 1 are in the range of the values retrieved from literature, cO2 is at least close to its
comparison. As the range for the values for Eb and Cb is relatively high depending on the size specification
of the blood vessel, the outcome at the end of these ranges is not unexpected. Also, the simplification to only
one blood vessel may lead to small deviations. Still, it can be concluded that CAVA is capable to simulate
these properties, given a resting condition of the human. Compared to the chart in the original paper (Hao
et al. 2019) oxygen flow fO2 is not time dependent but simplified to a constant value and the pressure pl
of the lung shows only a small, almost linear increase. ea is within the value range measured by (Bozkurt
2019), yet whether the course of the curve is accurate can not be validated with the examined paper. Small
deviations of the ventricular radii rvl and rvr from the original charts in (Bozkurt 2019) can be attributed to
the fact that the volumes for the chambers have been approximated and divided in several time steps, thus
the charts show also a gradual increase. The ventricular pressures pvl and pvrl depend on the calculation of
these radii, therefore deviations can be seen as an subsequent error. Yet overall, the pressure curves are quite
similar to the original. The charts for ral , rar , pal and par do not exactly replicate the original charts, but there
are no unrealistic spikes, therefore it is acceptable. Deviations can also be attributed to only approximated
atrial volumes over time. The equations for diastolic and systolic pressure are very close to the expected
120/80, yet this outcome should be interpreted with caution, as the authors tested the calculations within a
2-element Windkessel model (Choudhury et al. 2014). Further the input values of resistance and compliance
have been approximated with multilinear regression, whereas CAVA used the previously calculated values
of Rb and Cb multiplied with constants as a simplification.
Table 1: Comparison of the constant parameter values in CAVA to ones obtained from literature. Some of
the values from literature show ranges from charts, therefore these limits are only approximated.
Parameter Name
f rt (Tracheal flow rate)
fO2 (Lung oxygen flow)
fh (Heart flow rate)
Iv (Ventricular inertance)
νb (Blood velocity)
Cb (Compliance)
Rb (Resistance)
Eb (Elastance)
Ib (Inertance)
cO2 (O2 concentration)
PPt , PPb (Partial pressure)
σtO2 (O2 consumption)
Pd (Diastolic pressure)
Ps (Systolic pressure)
6

CAVA
28.83
2.7 · 10−5
5.6
0.67
836.24
0.04
0.7
18.79
0.019
0.002
59.96
4.3 · 10−5
77 − 80
117

Literature
0 − 60
960 − 50
5−6
0−8
100 − 2000
0.12 − 49.5
0.01 − 0.95
< 18.8
0.013 − 0.055
∼ 0.003
1 − 100
< 6.17 · 10−5
< 100
< 160

Unit
L/min
L/min
L/min
g/cm2
µm/s
ml/mmHg
mmHg · s/ml
mmHg/ml
mmHg · s2 /ml
mlO2 /mlblood
mmHg
mlO2 /cm3 s
mmHg
mmHg

Reference
Gaddam and Santhanakrishnan (2021)
Hao et al. (2019)
D’Angelo and Papelier (2005)
Flachskampf et al. (1993)
Secomb (2015)
Lim et al. (2013)
Bozkurt (2019)
Lim et al. (2013)
Stergiopulos et al. (1999)
Popel (1989)
Jasiński (2020)
Possenti et al. (2021)
Choudhury et al. (2014)
Choudhury et al. (2014)

CONCLUSION

In this paper, we (1) presented a mathematical, hemodynamic cardiovascular model consisting of four compartments (trachea, lung, heart and vascular system) as well as (2) evaluated its mechanism by comparing the
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Figure 4: Measured values of atria and lung over the time of one cardiac cycle compared to literature.

Figure 5: Measured values of ventricles over the time of one cardiac cycle compared to literature.
resulting values to empirical measures from literature. The flexibility and performance of the open-source
implementation makes it most suitable for the application in real-time interactive systems. As seen in table
1, for most properties the outcome of CAVA’s calculations is close to the values from literature. Yet, as
these do not change over time, it can not be guaranteed that the outcome is stable under varying conditions.
Further, the constant input values that would normally be time-dependent can sometimes lead to deviations.
Since not all processes of the compartments affect each other, extending them with corresponding equations
would increase CAVA’s accuracy. Also, the simplification of the blood circuit to a single vessel cannot cover
the complexity of a real human’s circuit. It would be beneficial to separate this compartment into smaller
parts like arteries or capillaries. Additionally, only few values are fitted to the set up human so far, this
presents another limitation of CAVA that needs to be addressed. Overall, despite the promising results of
CAVA’s current state there is still room for improvement which will be discussed in the following section.
7

FUTURE WORK

CAVA could be integrated into applications that focus on the interactive simulation of bodily functions such
as serious games for health education. The characteristics of a patient in a virtual reality game for first aid
training could for example be efficiently simulated in real-time via CAVA. Due to its modular and lightweight architecture, the CAVA library could be easily extended and made more flexible and adaptive to
individual human characteristics in order to provide more realistic scenarios. Because of its high computational efficiency and portability, CAVA could be integrated into wearable embedded systems to enrich the
simulation with real-time sensor data. Further, the simulation could be extended to not only reflect healthy
patients but also account for various diseases that manifest themselves in deviations of processes and resulting physiological health values. It is intended to further validate the functionality especially regarding the
simulation of internal and external influence factors like diseases by generating data on a bigger variety of
humans and conducting expert interviews. Surely, the current and future scientific progress will allow for a
better insight in the CVS, whereby CAVA can be improved upon.
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