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A. Supplementary Sections and Table. 
Section S1. Model components and equations. 

Our model consists of three sub-models that are coupled to each other. The whole body circulation model [1] is 
presented in Figure 1, while the detailed kidney, dialyzer model [2,3], and the baroreflex models [4,5] are illustrated in 
Figures S1, S2, and S3. Unless otherwise stated, model parameters have been adapted from the original literature. Inter-
model coupling was implemented as described in the literature [6]. The body circulation model’s renal Windkessel 
representation was further developed in this study. Specifically, the original model’s renal arteriolar and microvascular 
resistances were distributed into two parallel circuits as shown in Figure S1. Further, the capacitances were evenly 
distributed among the two parallel kidneys. In each kidney, the baseline inlet resistance was assigned a value 5 mmHg-
s/ml, and each of the six microvascular resistances were assigned values 15 mmHg-s/ml. Concurrently, the baseline inlet 
capacitance was assigned a value 5 mL/mmHg, and each of the six microvascular capacitances were assigned values 1.2 
mL/mmHg. 

In the coupled model, any resistance with value over 0.1 mmHg-s/ml was assumed to be large. All large resistances 
(represented by R) were dynamically computed as functions of vessel radius (represented by r) and blood viscosity 
(represented by ŋ) as: 
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 where R is resistance, eta is blood viscosity, l is length of vessel, and r is radius. The radius was considered to depend 
on temperature as 
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where Q10 = 2.1 is a constant. In all small vessels (vessels with resistance more than 0.1 mmHg-s/ml), the shear stress 
was computed using the viscosity, flow, and vessel diameter.  

In this study, we considered cardiac output (CO), systemic artery systolic and diastolic pressures, and heart rate 
(beats per minute) as clinically relevant outputs. The cardiac output was computed by summing the left ventricle out-
flow over one heart beat. 

Time varying elastance 𝐸(𝑡), as a function of diastolic elastance 𝐸ௗ, and systolic elastance 𝐸௦ of each chamber:  𝐸(𝑡) = 𝐸ௗ + ாೞିா೏ଶ   𝛼(𝑡)  (S3)

where 𝛼(𝑡) is the activation function, specific to each chamber:  

𝛼௩௘௡௧௥௜௖௟௘(𝑡) =  ⎩⎪⎨
⎪⎧ 1 − cos ቆ𝜋 𝑡 − 𝑇௔௩𝑇௦,௩ ቇ                  , 𝑇௔௩ < 𝑡 ≤ 𝑇௔௩ + 𝑇௦,௩1 + cos ቆ2𝜋 𝑡 − (𝑇௔௩ − 𝑇௦,௩)𝑇௦,௩ ቇ ,  𝑇௔௩ + 𝑇௦,௩ < 𝑡 ≤ 𝑇௔௩ + 32 𝑇௦,௩ 0                                                      

 

𝛼௔௧௥௜௨௠(𝑡) =  ⎩⎪⎨
⎪⎧ 1 − cos ൬𝜋 ௧ೞ்,ೌ൰           , 0 < 𝑡 ≤ 𝑇௦,௔1 + cos ൬2𝜋 ௧ି ೞ்,ೌೞ்,ೌ ൰   , 𝑇௦,௔ < 𝑡 ≤ ଷଶ 𝑇௦,௔ 0                                           

(S4)

 



The atrio-ventricular time-delay 𝑇௔௩ = 0.2 s, along with the ventricular systolic time duration 𝑇௦,௩ and atrial systolic 
time duration 𝑇௦,௔, all scale with √𝑇 where 𝑇 is the cardiac cycle duration (in seconds). 

Table S1. Model resistance, compliance, and cardiac elastance parameters used to generate popula-
tions. Baseline parameters were obtained from the literature [1,7]. 

Resistances (mmHg-s/ml). 

Inlet resistance of upper body. 3.9 

Inlet resistance of splanchnic. 3.0 

Inlet resistance of lower limbs. 3.6 

Inlet resistance of right kidney. 5.0 

Inlet resistance of left kidney. 5.0 

Inlet resistance for kidney microcirculation, 12 independent resistances in total (see Figure S1). 15.0 

Outlet resistance for kidney microcirculation, 12 independent resistances in total (see Figure S1). 0.3 

Compliances (ml/mmHg). 

Pulmonary arteries. 4.3 

Pulmonary veins. 8.4 

Systemic arteries. 2.0 

Upper body. 8.0 

Splanchnic. 55.0 

Lower limbs. 19.0 

Abdominal veins. 25.0 

Inferior vena cava. 2.0 

Superior vena cava. 15.0 

Kidney inlet. 15 

Kidney microcirculation, 12 independent compliances in total (see Figure S1). 1.25 

Cardiac parameters. 

Left atrial diastolic elastance (elastance has unit mmHg/ml). 0.5. 

Right atrial diastolic elastance. 0.3 

Left ventricle diastolic elastance. 0.13 

Right ventricle diastolic elastance. 0.07 



Left atrial systolic elastance. 0.6. 

Right atrial systolic elastance. 0.74 

Left ventricle systolic elastance. 2.5 

Right ventricle systolic elastance. 1.3 

Atrial (left and right) systolic activation time. 0.25 s. 

Ventricle (left and right) systolic activation time. 0.37 s. 

Atrial to ventricular conduction time. 0.19 s. 

Intrinsic heart rate (beats per minute). 70. 

Baroreflex parameter. 

G factor, sympathetic feedback strength, unitless. 0.8. 

 

B. Supplementary figures. 

 

Figure S1. Schematic diagram of the detailed right-left kidneys’ complex. Each kidney consists of 
six microvascular components, implemented as three element Windkessel models. Each component 
consists of two microvascular beds that is assigned two resistance values and one compliance value. 



All resistances and compliances under baseline conditions were assumed to have the same value 
(see Table S1 for parameter values). 

 
Figure S2. Schematic of the dialysis unit adapted from the literature. Further details including base-
line parameter values used in this work can be found in Coli and Ursino [2,3,8] and Lim et al. [6]. 



 
Figure S3. Schematic of the baroreflex sub-model adapted from Lin et al. [7]. 

 
Figure S4. Representative parameter Gaussian distributions in the baseline model population (see 
Figure 2, main manuscript) where mean values are taken from the unperturbed model, and a coef-
ficient of variation of 0.25 is used to generate the population. Left panel shows distribution of aortic 
compliance, and right panel shows distribution of left kidney inlet resistance. 



 
Figure S5. Distribution of flows in model organs under baseline (grey), hemodialysis (red), thera-
peutic hypothermia (blue), and simultaneous hemodialysis with therapeutic hypothermia (green). 
Top row: upper body; second row: splanchnic; third row: lower body; bottom row: two kidney com-
plex. This illustration accompanies Figures 2 and 3 in the main manuscript. 

 
Figure S6. Baroreflex control of heart rate by the parasympathetic and sympathetic tone mecha-
nisms. The control value is shown by the black circle in the bottom left hand corner of the panel. 
Both parasympathetic (horizontal axis) and sympathetic (vertical axis) rate values are shown after 
subtracting the baseline value. See Table S1 for parameter values. 



 
Figure S7. Blood flow under baseline (left column), AF (middle column), and exercise (right column) 
conditions. All data are normalized to the baseline values of the left panel. 

 
Figure S8. Population distributions of intracellular volume (left panel), interstitial volume (middle 
panel), and plasma volume (right panel). See Figures 2 and 3 and related text for details. 
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