
 

Abstract— Objective: The Physiology Simulation Coupled 

Experiment (PSCOPE) is a hybrid modeling framework that 

enables a physical fluid experiment to operate in the context of a 

closed-loop computational simulation of cardiovascular 

physiology. Previous PSCOPE methods coupled rigid experiments 

to a lumped parameter network (LPN) of physiology but are 

incompatible with volumetrically dynamic experiments where 

fluid volume varies periodically. We address this limitation by 

introducing a method capable of coupling rigid, multi-branch, and 

volumetrically dynamic in-vitro experiments to an LPN. Methods: 

Our proposed method utilizes an iterative weighted-averaging 

algorithm to identify the unique solution waveforms for a given 

PSCOPE model. We confirm the accuracy of these PSCOPE 

solutions by integrating mathematical surrogates of in vitro 

experiments directly into the LPN to derive reference solutions, 

which serve as the gold standard to validate the solutions obtained 

from using our proposed method to couple the same mathematical 

surrogates to the LPN. Finally, we illustrate a practical application 

of our PSCOPE method by coupling an in-vitro renal circulation 

experiment to the LPN. Results: Compared to the reference 

solution, the normalized root mean square error of the flow and 

pressure waveforms were 0.001%~0.55%, demonstrating the 

accuracy of the coupling method. Conclusion: We successfully 

coupled the in-vitro experiment to the LPN, demonstrating the 

real-world performance within the constraints of sensor and 

actuation limitations in the physical experiment. Significance: 

This study introduces a PSCOPE method that can be used to 

investigate medical devices and anatomies that exhibit periodic 

volume changes, expanding the utility of the hybrid framework. 

 
Index Terms— Hardware in the loop, hybrid model, lumped-

parameter network, PSCOPE, mock circuit 

 

I. INTRODUCTION 

HE cardiovascular system has conventionally been 

modeled numerically or experimentally. Numerical 

simulations such as Lumped parameter network (LPN), finite  
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element models, and multiscale models have been widely used 

to investigate various hemodynamic parameters; and in-vitro 

mock circulatory loops have been developed to directly test 

medical devices and physically model fluid interactions in the 

cardiovascular system [1-4]. Despite continuous 

advancements in these approaches, numerical simulations 

struggle to simultaneously capture mechanics that occur on 

drastically different time scales — for example, the blade-

blood interactions of a rotary blood pump and physiologic 

responses [5]—[6]; while analogous in-vitro models struggle 

to accurately reproduce the closed-loop cardiac response of 

the cardiovascular system [7]—[12]. These respective 

limitations have motivated the development of hybrid mock 

circulatory loops which integrate numerical and experimental 

methods into a single framework, capitalizing on each 

approach's respective advantages [13]-[17]. These previous 

implementations demonstrated the potential of using the 

hybrid approach to investigate the feedback response of the 

cardiovascular system to dynamic conditions modeled within 

the framework. However, the real-time feedback required at 

the experimental-numerical interface has limited such 

investigations to scenarios that can tolerate significant sensor 

and actuation limitations. These scenarios typically localize 

the experimental-numerical interface to the ventricular region 

of the cardiovascular system where the hemodynamic signals 

are large and can tolerate measurement and actuation 

imprecision and delays.  

The limitations of prior hybrid mock circulatory loops 

motivated the development of the Physiology Simulation 

Coupled Experiment (PSCOPE) [18] which is a hybrid 

framework that does not require real-time feedback at the 

experimental-numerical interface. In our previous study we 

validated the PSCOPE framework against an established 

multiscale computational fluid dynamics model in the clinical 

context of a Fontan graft obstruction; we then illustrated the 

capability of PSCOPE to overcome the limitations of the 

multiscale computational model by using the hybrid 

framework to construct a representative scenario of a Jarvik 

2000 blood pump implementation for cavopulmonary support 

in a single-ventricle circulation [18]. This highlights the utility 

of PSCOPE in modeling the closed-loop physiologic response 

to blood flow through complex moving geometries of a 

medical device in operation. 
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The main limitation in previous PSCOPE implementations 

is the inability to couple experiments that exhibit changes in 

fluid volume.  In each PSCOPE model, a coupling protocol 

directs the exchange of hemodynamic information between the 

experimental and numerical domains within the hybrid 

framework. The protocol consists of an algorithm that 

generates flow rate or pressure boundary conditions for each 

domain and an operation to iteratively converge the flow and 

pressure to the model solution. Previously developed 

proportional-control [18] and Broyden-method [19] algorithms 

coupled numerical simulations to rigid (either single 

inlet/outlet or multibranch) experiments but were unable to 

couple volumetrically dynamic experiments which exhibit 

periodic changes in fluid volume. Fluid volume in such 

experiments typically changes due to the compliance of the 

system enabling the fluid to be stored and released 

periodically in the experiment.  

In this study, we augment the previous PSCOPE coupling 

methods by presenting an iterative protocol capable of 

coupling the full range of in-vitro experiments (including 

volumetrically dynamic, rigid, and multi-branch) to a lumped 

parameter network (LPN) model of the cardiovascular system. 

We also investigate factors that impact the convergence 

efficiency of the coupling operation and offer 

recommendations for optimizing the process. 

 

II. METHODS 

A. Coupling Principle 

To illustrate the PSCOPE coupling principle, consider a 

generic 2-branch (one inlet, one outlet) experimental domain 

coupled to a generic numerical domain (Fig. 1). The inlet 

branch of one domain directly interfaces with the outlet branch 

of the other domain at a junction we refer to as a “coupling 

junction”. In Fig. 1, Psubscript and Qsubscript correspond to 

pressure and volumetric flow rate waveforms at the respective 

branches of each domain. At each coupling junction, there 

exists a unique flow rate waveform that when applied to both 

domains (i.e., Qout,num = Qin,exp and Qout,exp = Qin,num), would 

produce the same pressure waveform in both domains (i.e. 

Pout,num = Pin,exp and Pout,exp = Pin,num). This set of unique flow 

rates and corresponding pressure waveforms are collectively 

referred to as the coupling solution. The goal of our coupling 

protocol is to identify these solution waveforms by iteratively 

prescribing boundary conditions (flow rate or pressure 

waveforms) to each coupling junction and analyzing the 

resulting flow rate and pressure waveforms. The protocol 

quantifies the difference (coupling residual) between 

corresponding experimental and numerical waveforms at each 

coupling junction and generates new boundary conditions to 

minimize these residuals, thus identifying the coupling 

solution. 

 

B. Description of the Coupling Protocol 

We designed a coupling protocol to derive the coupling 

solution via two alternative configurations for any given 

PSCOPE model where “domain A” corresponds to either the 

physical or the numerical domain (Fig. 2). For each model  

 

 
Fig. 1.  Schematic of a generic PSCOPE model. P and Q represent pressure 

and volumetric flow rate waveforms, respectively. Subscripts “in/out; 

exp/num” represent inlet/outlet locations of experimental/numerical domains. 
 

scenario, the user can select the suitable configuration based 

on their PSCOPE application and technical preference. 

Regardless of the configuration implemented, the user 

initializes the coupling protocol at each coupling junction by 

prescribing periodic flow rate boundary conditions to domain 

A and deriving the resulting pressure waveforms. The selected 

configuration determines if these pressure values are 

computed or experimentally measured. Subsequently, the user 

prescribes the derived pressure values as periodic boundary 

conditions to domain B to obtain the resulting set of flow rate 

waveforms at each coupling junction. Similarly, the selected 

configuration determines if these flow rate values are 

computed or experimentally measured. This process implies 

that at each coupling junction the pressure waveforms for both 

domains are identical, but the flow waveforms would differ 

before the model solution is identified. We will refer to these 

flow rate waveforms as “coupling flows”. For each iteration of 

the coupling protocol, an algorithm computes a coupling 

residual via (1) to quantify the difference between coupling 

flows. The exact coupling solution would result in a coupling 

residual of 0% Normalized root mean square error (NRMSE) 

at each coupling junction. In practice, experimental noise 

introduces a finite residual that limits the protocol to an 

approximation of the coupling solution. Iterative improvement 

of this approximation is a tradeoff between the protocol’s run 

time and the accuracy of the derived solution waveforms. 

Users can balance this tradeoff by specifying an NRMSE 

threshold as the convergence target. To generate an updated 

set of flow rate boundary conditions, our algorithm calculates 

a weighted average of coupling flows via (2). The user then 

prescribes this new set of flow rate boundary conditions to 

domain A at their respective coupling junctions to initialize 

the subsequent iteration of the protocol. Once the convergence 

target is achieved, we perform one final update of the flow 

waveforms for each coupling junction via (2) with the “K” 

coefficients equal to 0.5. This set of resulting flow and 

pressure waveforms is the coupling solution.  

Mass conservation requires the maintenance of the total 

amount of fluid in a PSCOPE model between iterations. Fluid 

volume is stored in each domain in capacitors and other fluid 
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chambers such as those representing the heart. The pressure 

boundary conditions prescribed to domain B can cause its 

stored fluid volume to change between the initial and 

equilibrium states of an iteration, indicating a volume transfer 

between the domains. Note that this change in volume does not 

occur in domain A because we always prescribe inflow and 

outflow rates that have the same average value. For the 

following iteration, the user adjusts the initial fluid volumes in 

each domain to reflect the volume transfer indicated by domain 

B. The volume adjustment must ensure that each iteration 

begins with the same total volume within the PSCOPE model. 

As the pressure boundary conditions iteratively converge onto 

the coupling solution, fluid volume transferred between 

domains approaches zero. Depending on the sensitivity of a 

PSCOPE implementation, volume adjustment in each single 

iteration that is large (compared to the total volume) can hinder 

convergence, and in some cases lead to runaway divergence of 

the coupling flows. In such cases, the user should re-run the 

coupling protocol iteration while applying a fractional scaling 

factor to the volume adjustment magnitude. In other words, the 

user updates the volume in both domains to reflect a scaled-

down volume transfer between domains, while maintaining a 

constant total volume. Progressively smaller fractional values 

may need to be tested until a scaling factor that mitigates 

divergence in the algorithm’s operation is identified. 

 

For j = 1:2    

%NRMSE(x(j), y(j)) = 

√∑  𝑁
𝑖=1  (𝑥𝑖(𝑗) − 𝑦𝑖(𝑗)  )2

𝑁
 

𝑥(𝑗)̅̅ ̅̅ ̅̅  * 100 

 

where:   [ 𝑥(2)
𝑥(1)

] = [ 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑤𝑎𝑣𝑒𝑓𝑜𝑟𝑚𝑠
     𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝑓𝑙𝑜𝑤𝑠 (𝐷𝑜𝑚𝑎𝑖𝑛 𝐴)

]  

 

              [ 𝑦(2)
𝑦(1)

] = [ 𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑤𝑎𝑣𝑒𝑓𝑜𝑟𝑚𝑠
   𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝑓𝑙𝑜𝑤𝑠 (𝐷𝑜𝑚𝑎𝑖𝑛 𝐵)

]  

 

      [ 𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙
𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙

] = [ %𝑁𝑅𝑀𝑆𝐸(𝑥(2),𝑦(2))
%𝑁𝑅𝑀𝑆𝐸(𝑥(1),𝑦(1))

] 

 
                     {𝑆𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝑖}  =  𝑇𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 𝑖𝑛 𝑤𝑎𝑣𝑒𝑓𝑜𝑟𝑚 

                     {𝑁}  =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑡𝑎 𝑝𝑜𝑖𝑛𝑡𝑠 𝑖𝑛 𝑤𝑎𝑣𝑒𝑓𝑜𝑟𝑚 

                     {𝑥(𝑗)̅̅ ̅̅ ̅}  =  𝑚𝑒𝑎𝑛 𝑜𝑓 𝑥(𝑗)                    (1) 

 

𝑄 𝑛+1  =  (𝐾 𝐸𝑥𝑝 ∗ 𝑄 𝐸𝑥𝑝,𝑛)  +  (𝐾 𝑁𝑢𝑚 ∗ 𝑄 𝑁𝑢𝑚,𝑛)  

 
where:    { 𝑆𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝐸𝑥𝑝 , 𝑁𝑢𝑚} = 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙  𝑎𝑛𝑑 𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙 𝑑𝑜𝑚𝑎𝑖𝑛𝑠  
        { 𝑆𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 𝑛} =  𝑛𝑡ℎ 𝑖𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛  
        { 𝑄} =  𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝐹𝑙𝑜𝑤𝑠                                                     

        { 𝐾 𝐸𝑥𝑝; 𝐾 𝑁𝑢𝑚} = 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 𝑓𝑜𝑟 𝑑𝑜𝑚𝑎𝑖𝑛𝑠; 

                      𝐾 𝐸𝑥𝑝 + 𝐾 𝑁𝑢𝑚 = 1                          (2) 

 

C. Preconditioning Protocol  

The preconditioning protocol is an optional step to include as 

needed for specific PSCOPE cases. The flow rate waveforms 

prescribed to initialize the first iteration of the coupling protocol 

can impact the ability of the algorithm to converge onto the 

coupling solution. When these waveforms are very different 

from those of the coupling solution it can lead the algorithm to 

diverge with subsequent iterations. This presents a challenge in 

cases where a reasonable estimation of the coupling solution 

flow waveforms cannot be obtained. To promote convergence 

in such cases we present a preconditioning protocol (Fig. 2A) 

that utilizes a similar iterative procedure as the coupling 

protocol to first identify steady flow rates that can be used to 

initialize the coupling protocol and enhance convergence in 

instances where the algorithm is otherwise diverging. These 

steady flow rates identified by the preconditioning protocol 

approximate the cycle-averaged flow waveforms of the 

coupling solution at each coupling junction. Cycle-averaging is 

a transformation process that converts a flow rate waveform to 

a steady flow rate (Fig. 2B). The difference between the 

preconditioning and coupling protocols is that the former 

always initializes each iteration with steady flow boundary 

conditions prescribed to domain A; this involves cycle-

averaging the derived flow waveforms from domain B (which 

may no longer be steady) to generate steady flow rates for the 

subsequent iteration. The preconditioning protocol iteratively 

converges the coupling residual between these steady coupling 

flows below a specified convergence target.  

 

D. Algorithm Testing Using Virtual Experiments 

We coupled virtual experiments of different types to LPNs in 

order to verify the accuracy of the coupling solutions identified 

by the algorithm [20]. A virtual experiment is a mathematical 

surrogate that approximates the behavior of a physical 

experiment and can be either integrated directly into the 

physiology simulation to constitute a homogeneous model or 

coupled to the physiology simulation using the PSCOPE 

framework. Both methods should produce identical solutions 

albeit through different approaches. The homogenous model 

produces the reference solution we can use to validate the 

coupling solution derived from its PSCOPE counterpart. 

To this end, we developed two virtual experiments to 

examine the applicability of the algorithm in modeling fluid 

systems that exhibit multi-branched flows, mechanically 

actuated flows, flows through compliant conduits, and 

discontinuous flows. The closed-loop Fontan circulation LPN 

model developed by Kung et al. [21] serves as the physiology 

simulation for demonstrating the operation of the coupling 

algorithm with these virtual experiments (Fig. 3A). 

While theoretically one would not expect the applicability of 

the coupling algorithm to be dependent on the use of any 

specific LPN, we include additional data in the supplemental 

materials to confirm the applicability of the coupling algorithm 

to a bi-ventricular LPN. 

 

1) Stenotic Pulmonary Circulation Virtual Experiment 

The first virtual experiment characterizes the resistance, 

compliance, and multi-branched features of pulmonary 

circulation (Fig. 3B). The experiment models vascular stenosis 

in one of its pulmonary arteries as a quadratic function of flow 

rate [18], [19], [22] and its parameter values [19], [21] 

replicate physiologically realistic pressure drops according to 

prescribed flow rates (Table I). We examined the combined 

effect of varying protocol configuration and interfacing 

resistance distribution on the convergence rate of this coupling 
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operation. Interfacing resistances refer to resistances in each of 

the PSCOPE domains that are directly adjacent to a coupling 

junction. To study this effect, we specify a constant pulmonary  

 

 

 

 
 

 

Fig. 2.  (A) Flowchart illustration of coupling and preconditioning protocols. 

The protocol in operation determines the input into “or” gates. Qcouple,(A;B) 

represents coupling flows and Pcouple represents the set of pressure waveforms 

shared by both domains at each coupling junction. (B) Illustration of cycle-

averaging. Flow rate Waveform (Q) is cycle-averaged to produce a steady flow 

rate (Qcycle-average) based on the mean value of Q. 

 

venous resistance, “Rpv”, and vary interfacing venous 

resistances, “Rpv,exp & Rpv,num” as per (3), while coupling the 

virtual experiment to the LPN using both configurations of the 

protocol. We applied the preconditioning protocol for the 

configuration with the virtual experiment being domain A (as 

it was necessary to avoid divergence); and directly applied the 

coupling protocol for the alternative configuration. We used 

physiologically realistic steady flow rates [21] as the initial 

guess for both. 

 

𝑅 𝑝𝑣  =  𝑅 𝑝𝑣,𝑒𝑥𝑝   +  𝑅 𝑝𝑣,𝑛𝑢𝑚   

for:                {𝑅 𝑝𝑣} = 0.0893670 mmHg s ml-1    

 {
𝑅 𝑝𝑣,𝑒𝑥𝑝

𝑅 𝑝𝑣
}  =  [0.125;  0.25;  0.375;  0.5;  0.625;  0.75;  0.875] 

                          (3) 

 
TABLE I 

PARAMETER VALUES FOR VIRTUAL EXPERIMENTS. R- LINEAR 

RESISTANCE; C-CAPACITANCE; L-INDUCTANCE; K- QUADRATIC 
RESISTANCE. 

Virtual 

Experiment 

R (mmHg s 

ml-1) 

C (ml 

mmHg-1) 

L (mmHg s2 ml-1) K 

(mmHg 

s2 ml-2) 

Stenotic 

Pulmonary 
Circulation 

Rpa= 0.0179 

0 < Rpv,exp < 

0.0894 

C1= 2.32 

C2= 2.32 

--------------

-------------- 

k = 

0.0004 

Ventricular 

Assist 
Device 

(VAD) 

--------- -------------- LVAD,in= 1.70 

LVAD,out= 0.760 

KVAD,in

= 0.500 

KVAD,out

= 0.450 

 

2) Berlin Heart Ventricular Assist Device (VAD) Virtual      

Experiment 

We used a computational model characterizing the Berlin 

Heart Excor device from our previous work [23] as a virtual 

experiment in this study (Fig. 3C and Table 1). The VAD 

model simulates the mechanical actuation and discontinuous 

flow properties observed in the physical device. We initialized 

the coupling protocol with steady zero value flow rates 

prescribed as boundary conditions and the VAD model 

implemented as domain B. 

 

We specified a 1%NRMSE convergence target for both 

PSCOPE models and evaluated the validation residuals via (1) 

to quantify the difference between the respective coupling and 

reference solutions.  
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Fig. 3.  Illustration of Coupling the Fontan LPN (A) to the virtual stenotic 
pulmonary circulation (B), virtual VAD (C), and in-vitro Renal circulation 

experiments (D) 

 

E. Renal Circulation Physical Experiment 

We demonstrate the real-world applicability of our coupling 

algorithm by coupling an in-vitro experiment modeling renal 

circulation to the LPN (Fig. 3D). The in-vitro model is a 

resistance-capacitance-resistance (R-C-R) module that mimics 

the vascular impedance of the kidneys via hydraulic 

capacitance and resistances. We used an air-pocket based 

hydraulic capacitor [24] and clamped-flow tubing resistances. 

The flow circuit consists of the R-C-R module connected in 

series with programmable flow pumps [25] and a fluid 

reservoir (Fig. 4). The operating fluid for the experiment is a 

40% glycerol solution with a density (1092 kg m-3) and 

dynamic viscosity (41 x 10-4 Pa s) similar to that of human 

blood [19]. We implemented the in-vitro model as domain A 

and initialized the preconditioning protocol with 

physiologically realistic steady flow rate boundary conditions 

[21] prescribed via programmable flow pumps [25]. We 

measured the prescribed flow rates via flow modules (TS410 

transonic system) connected to flow sensors (16PXL transonic 

systems; 12PXL transonic systems) and the resulting pressure 

values via control units (PCU 2000, Millar Instruments) 

connected to pressure sensors (Model DT-XX, Argon Medical 

Devices). We acquired all in-vitro measurements via a NI 

USB-6002 device (DAQ).  We used a custom MATLAB 

program (MATLAB 2019a, The MathWorks, Inc., Natick, 

Massachusetts, United States) consisting of the coupling 

algorithm, a program to generate control signals used to 

manage the operation of the flow pumps, and a low-pass filter 

(set at 10Hz) to improve experimental signal-to-noise ratio.  

We ran the physical experiment until periodicity was achieved 

and used the last cycle of recorded data for analysis.  We set 

the convergence target for this real-world PSCOPE test to be 

5% NRMSE.  

 

 

 
Fig. 4.  Schematic of the physical experiment setup 

 

III. RESULTS 

A. Algorithm Testing Using Virtual Experiments 

The virtual VAD PSCOPE model converged in 9 iterations 

while the virtual stenotic pulmonary circulation PSCOPE 

model converged within 47 to 247 iterations, depending on the  
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Fig. 5.   Comparing coupling and reference solutions for the stenotic pulmonary 

circulation (A) and VAD (B) virtual experiments. mPA- Main Pulmonary 

artery; LPV-Left pulmonary vein; RPV- Right pulmonary vein. For (A) the 
results shown correspond to the case where the interfacing resistance ratio 

Rpv,exp/Rpv = 0.5. (C) Convergence rate of the virtual stenotic pulmonary 

circulation PSCOPE model is quantified by the average validation residual of 

flow rate waveforms at the 40th iteration. 

 

various implementations of interfacing resistance distribution 

and protocol configuration selection. For all models involving 

virtual experiments, the converged validation residuals ranged 

from 0.001% to 0.55%, confirming the ability of the coupling 

algorithm to obtain accurate solutions (Fig. 5A and 5B).  

We assessed the convergence rate of the stenotic pulmonary 

circulation PSCOPE model with varying interfacing resistance 

distributions by examining the pre-converged validation 

residual of flow rate waveforms at the 40th iteration averaged 

across coupling junctions.  The convergence rate varied across 

interfacing resistance distributions for both configurations of 

the coupling protocol (Fig. 5C).  Implementing the LPN as 

domain A resulted in faster convergence rates for all interfacing 

resistance distributions except one. The optimal convergence 

rate from implementing the virtual stenotic pulmonary 

circulation experiment as domain A and B in the protocol 

occurred at Rpv,exp/Rpv = 0.625 and Rpv,exp/Rpv = 0.25 

respectively, while the worst convergence rate occurred at 

Rpv,exp/Rpv = 0.125 (lowest Rpv,exp/Rpv value among tested) for 

both configurations of the protocol. 

 
 

  
 
 

 

 

 

 

 

 

Fig. 6.   (A) Coupling Flow waveforms at the 14th iteration of the in-vitro Renal 

circulation PSCOPE model; (B) Convergence trend of renal coupling flow 
waveforms. The preconditioning and coupling protocols were executed in 

iterations 1-6 and 7-14 respectively. 

 

B. Renal Circulation Physical Experiment 

The coupling flow waveforms obtained from the in-vitro 

renal circulation PSCOPE model converged below the 5% 
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NRMSE convergence target after 9 iterations (Fig. 6). The 

preconditioning and coupling protocols were executed in 

iterations 1-6 and 7-14 respectively. The coupling solution was 

identified at the 9th iteration, but subsequent iterations were 

continued to confirm the stabilization of the coupling residual. 

Each iteration required 3 to 5 minutes for execution, resulting 

in an overall experimental run time of approximately 60 

minutes for the entire PSCOPE process. 
 

IV. DISCUSSIONS 

Previous Coupling methods applied identical flow boundary 

conditions to both PSCOPE domains, and attempt to minimize 

the residual between the resulting pressure waveforms by 

iteratively updating the flow waveform prescription [18]—[19]; 

this approach computes the updated flow waveforms at each 

time step based on the residual between the resulting pressure 

waveforms at the same time step, such that for waveforms with 

N discrete time points these algorithms solve N distinct 

optimization equations (Fig. 7). Such an approach requires the 

flow and pressure waveforms to be in phase and is therefore 

incompatible with volumetrically dynamic experiments where 

there may be a phase shift between flow and pressure. The 

coupling method presented in this study does not compute 

waveform updates via a method that relates pressure and flow 

at the same time point; our protocol captures phase shifts 

between flow and pressure when they are sequentially 

prescribed to each domain within one single iteration, and 

therefore is compatible with volumetrically dynamic 

experiments. 

 

  
Fig. 7.    Illustration of previous coupling approaches which compute the 

updated flow based on pressure residual at the same time point. N- number of 

time points in each cycle; ti- arbitrary time step in the waveform cycle; P(A;B),n- 

pressure values for Domain (A;B) at the nth iteration; Q(n;n+1)- flow rate 

prescriptions for the (n;n+1th) iteration. 

 

Like all optimization problems, the initial flow rate values 

impact the likelihood and rate of convergence for a PSCOPE 

implementation. The further these initial values are from the 

coupling solution the more iterations are required to achieve 

convergence [19], [26]—[28]. The preconditioning protocol 

presented in this paper provides users with a standardized 

approach to obtain initial flow rate values for the coupling 

protocol. Users can derive a steady flow rate that 

approximates the cycle-average of the coupling solution flow 

rate waveforms. This approach offers a high likelihood of 

convergence and is particularly useful in applications where 

the algorithm is otherwise diverging.  

Protocol configuration is another factor to consider when 

attempting to optimize the convergence rate of a coupling 

operation. Alternating between configurations can result in 

different convergence rates for the same PSCOPE model. For 

example, we observe worse convergence rates when the LPN 

is specified as domain B for the model corresponding to Fig. 

5C; this is because the pressure boundary condition prescribed 

to the LPN interferes with the calculated atrial pressure values 

in the LPN. 

We tested the performance of the algorithm with 

volumetrically dynamic virtual experiments that exhibit multi-

branched, mechanically actuated, compliant, and 

discontinuous flow properties.  These virtual experiments can 

directly integrate with the LPN to result in a homogenous, 

purely computational model which provides the true solution 

of the analogous PSCOPE models. The validation residual 

between the PSCOPE and true solutions quantify the accuracy 

of the solution identified by the algorithm (Fig. 5A and 5B). 

We expect the validation residual to be proportional to the 

coupling residual because we hypothesize that the coupling 

residual reflects the hybrid model’s solution accuracy.  In the 

real-world application of PSCOPE, only the coupling residual 

is available and thus it is important to confirm that a low 

coupling residual corresponds to a low validation residual. 

Lastly, we demonstrated the real-world applicability and 

performance of the coupling protocol by coupling an in-vitro 

experiment containing a compliance chamber to the LPN. The 

efficient convergence of the coupling flows illustrates the 

algorithm’s robust ability to achieve a reliable approximation 

of the coupling solution despite the presence of measurement 

and actuation noises, and other hardware limitations. 

Limitations 

The coupling protocol presented in this study requires users 

to prescribe pressure versus flow rate boundary conditions to 

each PSCOPE domain and cannot be operated in cases where 

both domains are only compatible with the same type of 

boundary condition. The technical feasibility of prescribing 

flow rate or pressure waveforms to each branch of a PSCOPE 

domain determines its compatibility with each type of 

boundary condition. For instance, there are currently no 

commercially available devices for prescribing pressure 

boundary conditions to a physical experiment, and various 

locations in an LPN have limitations regarding flow rate or 

pressure prescriptions. Further research is required to develop 

a protocol to tackle these scenarios. Finally, the zero-

dimensional nature of the LPN makes it unsuitable for 

investigations of phenomena that include spatial dimensions in 

the analysis (i.e. wave reflections, etc); therefore, with the 

particular setup presented in this study, the user must 

investigate those phenomena by including the relevant 
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segments in the experimental domain. If there is a need to 

model spatial phenomena computationally in a hybrid model, 

future research is needed to confirm the coupling performance 

when the computational domain consists of a reduced-order 

model (such as a 1-D model) that is capable of modeling 

spatial effects.   

V. CONCLUSION 

The PSCOPE model is a closed-loop hybrid framework 

capable of capturing the dynamic response of a simulated 

cardiovascular system to various flow and fluid-structure 

interactions modeled experimentally. In this study, we present 

a protocol capable of coupling volumetrically dynamic in-vitro 

experiments to an LPN physiology simulation, overcoming the 

limitations of previous PSCOPE coupling methods. The 

coupling protocol enables the exchange of pressure and flow 

rate information between each of the PSCOPE domains by 

employing an iterative weighted averaging algorithm to identify 

the coupling solution. The results from comparing the reference 

and coupling solutions of PSCOPE models containing virtual 

experiments confirm the ability of the algorithm to identify 

accurate solutions. We also recognize the significance of the 

initial flow rate values in affecting convergence and described 

a preconditioning procedure to obtain a steady flow rate value 

that mitigates divergence. Furthermore, we show that other 

factors such as protocol configuration and interface resistance 

distribution can impact convergence efficiency in each 

application. Finally, the algorithm successfully coupled an in-

vitro renal circulation physical experiment to the LPN, 

demonstrating its potential for real-world applications such as 

medical device testing and disease state modeling. 

 

DATA AVAILABILITY 

The source code for the virtual PSCOPE and integrated 

model simulations in this study are openly available in Zenodo 

at https://doi.org/10.5281/zenodo.7154220, reference [20].  
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