
APPENDIX A. DESCRIPTION OF THE MODEL OF THE HUMAN CARDIOVASCULAR AND RENAL SYSTEMS 

Table A1. List of the model mathematical functions. 

Functions Description 
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Allometric scaling formula for calculating wall elasticity of six compartments of the circulatory 

system depending on the body weight m and the average normal elasticity value e taking into 

account the allometric index -0.75. 
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70

volume

m
mass v m v   

Formula for allometric scaling relative to the body weight m taking into account the average 

human value of 70 kg. It is used to calculate the theoretical maximum stroke volume maxSV , the 

Frank-Starling law threshold thresholdFS  and the body oxygen demand 2RO . 

  0.75, 0.042conductivitymass c m m c    
Allometric scaling formula for calculating conductivity of individual sections of the vascular 

bed depending on the body weight m and the average normal value c taking into account the 

allometric index 0.75. 
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Sigmoid function of receptor activity of the fatigue factor (nD), the stress factor (nS), and the 

neurohumoral factor (H). 

   0 0, , , 1 , , ,minus plusr a b x x r a b x x   Activity function of respiratory center receptors (nV) and baroreceptors (nB). 
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The function for calculating values of pulse waves of the left and right atria based on the 

duration of cycle T, actual duration of the left or right ventricular systole ST , pressure in the 

systemic arteries ALP  and the current time of the cardiac cycle t. 
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The function for calculating an amount of blood flow through heart valves (aortic, tricuspid, 

pulmonary and mitral) taking into account the inlet pressure inP , outlet pressure outP , 

conductivity YY and regurgitation coefficient factorR . The second part of the formula describes 

the reverse blood flow through a valve (regurgitation) in the case of a defect in the locking 

element ( 0 0.3factorR  ). In normal conditions, 0factorR  . 
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 The function for calculating the oxygen debt level. 

  



Table A2. List of the model equations divided into 20 modules. 

№ Equations Description Ref 

Left ventricle (LV) 

001      HL
VRHL HLAL

dV
F F

dt
   

Change in blood volume in the LV due to the difference between the 

input blood flow VRHLF  and the output blood flow HLALF . 
Proshin 

002  0  0.03HLV V   

Starting value
1
 of blood volume in the LV is 3% of the total blood 

volume V (systemic circulation – 84% [Hall], pulmonary – 10% 

[Gazioglu], and values  0HLV  and  0HRV  are assumed to be equal). 

Hall 

Gazioglu 

003 
  

  

0 0

0

0.25 20 0.4

0.25 20 0.7

L L L

L

K K nH sigm K

nH sigm K

      

            
 

Inotropic factor of the LV. Numerical characteristic of the myocardial 

inotropism (contractility). 0LK  – inotropic status of the LV. 

nH  – myocardial sympathetic inotropic sensitivity. 

Proshin 

004  0HL HL HLk V    
Unstressed LV volume – the LV volume at zero diastolic pressure       

[S-D]
2
, calculated as a fraction HLk  of HLV . 

– 

005    00 ,threshold volume thresholdFS mass FS m  
The Frank-Starling law threshold thresholdFS  is the normal average value 

0thresholdFS  normalized to the body weight m. 

Proshin
3
 

MATLAB 

006    max max 00 ,volumeSV mass SV m  
Theoretical maximum of the VL stroke volume maxSV  is the average 

value max 0SV  normalized to the body weight m. 

Proshin 

MATLAB 

007 

If: 

  Time LengthCycle Cycle  

Then: 

1. 
1

LengthCycle
H

  

2. 0TimeCycle   

3. _HL KD HLV V  

4.   max 0.03 80L HL thresholdSV K SV sigm V FS        

  0.03 260HL thresholdsigm V FS       

Transition "diastole – systole". A discrete event determined by the 

instantaneous change of the LV parameters at the beginning of the 

cardiac cycle. The event is triggered when a current cycle time TimeCycle  

reaches a cycle length LengthCycle . 

1. LengthCycle  – a value inversely proportional to the value of the 

neurohumoral factor H. 

2. Starting a new cycle corresponds to the zeroing TimeCycle . 

3. _HL KDV  – the LV blood volume at the end of diastole. 

4. The LV stroke volume SV is defined as the product of the inotropic 

factor LK , theoretical maximum maxSV  and value of a bell-shaped 

Proshin 

MATLAB 

                                                           
1
 Formulas for calculating starting values of variables are used to reconcile them in the case of changing the initial parameter values, for example, during generation of a virtual 

patient. When we consider the model in equilibrium, these formulas are not taken into account. 
2
 Here and below, the reference "S-D" means the educational resource: http://www.samara-dialog.ru/help/eng/help.htm. 

3
 Mention of MATLAB hereinafter means that the detailed formula is not available in open sources and is taken from the Proshin and Solodyannikov model implementation in 

MATLAB obtained in correspondence with the authors. 

http://www.samara-dialog.ru/help/eng/help.htm


5. _ maxHL KS HL LV V K SV     

  

  

0.03 80

0.03 260

HL threshold

HL threshold

sigm V FS

sigm V FS

    

    

 

6.  _ _

0.25
0.2 1Length L Exp LSystole K

H
     

7.  _

0.25
0.2 1Length L LSystole K

H
     

8. 1LSystole   

9. D ALP P  

function, which is equal to the difference of two logistic functions, 

depending on _HL HL KDV V  and threshold of the Frank-Starling law 

thresholdFS . 

5. End systolic volume of the LV _HL KSV  is equal to the difference 

between _HL HL KDV V  and SV. 

6. _ _Length L ExpSystole  – the nominal duration of the LV systole. 

7. _Length LSystole  – the actual duration of the LV systole. It changes 

value at the transition "LV systole – LV diastole" resulting in a 

possible mismatch between _ _Length L ExpSystole  and _Length LSystole . 

8. LSystole  – indicator of the actual LV systole equals 1 when 

_ _Length L ExpSystole  and _Length LSystole  are matched. 

9. Diastolic pressure DP  is the systemic arterial pressure ALP  at the 

end of diastole. 

008 
If: 1Systole   

Then: _HLAL p HLALF F  

Systole start. Discrete event triggered after the transition "diastole – 

systole" (Systole = 1). At this point, blood flow through the aortic valve 

HLALF  reaches its peak _HLAL pF . 
– 

009 

If: 

  _  and 1HL HL KS LV V Systole  , 

Then: 

1. 0LSystole   

2. _Length L TimeSystole Cycle  

3. S ALP P  

Transition "LV systole – LV diastole". A discrete event set by the 

instantaneous change of the LV parameters at the moment of switching 

the LV from systole to diastole. It fires when the LV volume HLV  

reaches the LV end-systolic volume _HL KSV  in condition: the LV is in a 

systolic state. 

1. 0LSystole  , that is, the LV is in the state of diastole. 

2. Actual duration of the LV systole _Length LSystole  corresponds to the 

transition time from diastole to systole. 

3. SP  – blood pressure in the systemic arteries ALP  at the end of systole. 

Proshin 

MATLAB 

010 

If: 

  VR HLP P  

Then: 

  _ VRHL ep VRHLF F  

Mitral valve opening. A discrete event triggered at the moment of the 

LV transition to diastole, when the pressure in pulmonary veins VRP  

becomes greater than the pressure in the LV HLP . In normal subjects, the 

LV filling rate reaches its highest value (early peak) _VRHL epF  

immediately after valve opening [Caudron]. 

– 



011    _ ,HL D elasticity HL HL HLP mass G m V    

Diastolic pressure in the LV _HL DP  depends on the blood volume HLV , 

unstressed volume HL  and the LV wall elasticity HLG  (characterizing 

stiffness of the LV wall in the phase of its relaxation). The allometric 

scaling formula for HLG  is taken from the MATLAB implementation of 

the model by Proshin and Solodyannikov. 

Ottesen
4
 

Suga 

012 
_ _

_

0,

1,

Time Length L Exp

L Exp

Cycle Systole
Systole

else


 


 Nominal LV systole indicator. 
Proshin 

MATLAB 

013 _L L L ExpDTS Systole Systole   LV systolic mismatch. 
Proshin 

MATLAB 

014 1TimedCycle

dt
  

Mapping time of the current cardiac cycle TimeCycle  to a model time of 

the LV module. 
– 

015 
_

5

HL S

L

dP
A DTS

dt
   

LV systolic pressure _HL SP  depending on a magnitude of mismatch 

LDTS  and sensitivity coefficient 5A . 

Proshin 

MATLAB 

016 
 

  _ _1

HL L AL

HL D HL S L

P Systole Systole P

Systole P P Systole

   

            
 

LV blood pressure HLP : 

_HL HL SP P , if the LV is in the state of systole; 

HL ALP P , if the LV is in the state of diastole, and the RV is in the state 

of systole; 

_HL HL DP P , if both the LV and the RV are in the state of diastole. 

Proshin 

MATLAB 

017  0 16 ,VRHL conductivity VRHL VRY mass Y A P m    

Conductivity of the mitral valve and pulmonary veins VRHLY  is the 

inverse of resistance to blood flow in the specified section of the 

bloodstream. The value of VRHLY  is calculated according to the allometric 

law depending on the body weight m. 0VRHLY  – basic conductivity. 

VRP  – pulmonary vein and left atrial pressure. 16A  – constant. 

Proshin 

MATLAB 

                                                           
4
 In the work [Ottesen], when describing the model of a pumping heart, the unified formula for relation between left ventricular cavity pressure lvp  and ventricular volume lvV  is 

given by:    ,lv lv lv d lvp E t V V   , where ,d lvV  is the LV volume at 0lvp  , and the elasticity function  lvE t  remains constant and takes the minimum value during diastolic filling 

of the LV. In the MATLAB implementation of the model by Proshin and Solodyannikov, the value _HL DP  is calculated taking into account residual pressure in the LV 0HLP  as a 

quadratic function:    
2

_ 0 ,HL D HL elasticity HL HL HLP P mass G m V    . In addition, exponential and logarithmic functions [Zhang, 2008], cubic and power functions [Burkhoff] can be 

used to model the variable _HL DP  corresponding to the end-diastolic pressure-volume relationship (EDPVR). 



018  , , ,VRHL VR HL VRHL VRHLF valve P P K Y  

Amount of blood flow through the mitral valve VRHLF  is characterized by 

the difference between pressure in the pulmonary vein and the left 

atrium VRP  and pressure in the LV HLP . 

VRHLY  – conductivity of the mitral valve and pulmonary veins. 

VRHLK  – regurgitation coefficient describes the mitral valve closing 

function failure that leads to the reverse blood flow from the LV into the 

left atrium and pulmonary vein in the systole phase in conditions of the 

valve defect. 

S-D 

019   , , , ,HLAL HL AL HLAL conductivity HLALF valve P P K mass Y m  

Amount of blood flow through the aortic valve HLALF  is characterized by 

the difference between pressure in the LV HLP  and pressure in the upper 

part of the arterial bed (the aorta and large arterial vessels extending 

from it) ALP . 

HLALY  – conductivity of the aortic valve and systemic arteries taken with 

the allometric scaling relative to the body weight m. 

HLALK  – regurgitation coefficient describes the aortic valve closing 

function failure that  leads to the reverse blood flow from the aorta to the 

LV in the diastole phase in conditions of the valve defect. 

S-D 

020  _, , ,PULSE pulse Length Length L AL TimeLA atrium Cycle Systole P Cycle  

Left atrial pulse wave depends on the cycle length LengthCycle , actual 

duration of the LV systole _Length LSystole , blood pressure ALP , and 

current cycle time TimeCycle . 

Proshin 

MATLAB 

021 

If: 

   _0.2   Time Length Length Length LCycle Cycle Cycle Systole  

Then: 

  _VRHL ap VRHLF F  

A discrete event that defines the active peak _VRHL apF  in blood flow 

through the mitral valve VRHLF . This peak is achieved with left atrial 

contraction [Caudron] at the time when PULSELA  becomes positive. 

– 

022 
2

3

S DP P
MAP

 
  

Mean arterial pressure MAP depends on systolic blood pressure SP  and 

diastolic blood pressure DP . 
Moran 

023 
60

Rate

Length

Heart
Cycle

  
Length of the cardiac cycle LengthCycle , by definition, corresponds to the 

time of one heartbeat. Heart rate RateHeart  is the number of heart beats 

per minute. 

– 

024  
1000

RateSV Heart
CO


  

Cardiac output CO (l/min) is equal to the product of stroke volume SV 

(ml) and HeartRate (bpm). 
Cattermole 



025  TPR MAP CO  
Total peripheral resistance TPR is the ratio of mean arterial pressure 

MAP to cardiac output CO. 

Cattermole 

Daly 

026 
_

    1  00
HL KD

SV
EF

V
   

Ejection fraction (EF) is stroke volume SV divided by the LV end-

diastolic volume _HL KDV   and multiplied by 100%. 
Maceira 

2006a 

027 

  

   

_ _ max _

_

0 0.03

80 0.03 260

HL KS HL KD L HL KD

threshold HL KD threshold

V V K SV sigm V

FS sigm V FS

     


     


 

   _ _ 0 0.25 0.2 1Length L Exp Length LSystole Cycle K      

   _ 0 0.25 0.2 1Length L Length LSystole Cycle K      

Initialization of parameters according to the implementation of the 

model by Proshin and Solodyannikov in MATLAB received from the 

authors. See equation group 007 for explanation. 

Proshin 

MATLAB 

Systemic arteries 

028 AL
HLAL ALVL

dV
F F

dt
   

Change in blood volume in arteries of the systemic circulation is the 

difference between input ( HLALF ) and output ( ALVLF ) blood flow. 
Proshin 

029  0 0.13ALV V   13% of the total blood volume V is contained in the systemic arteries. Hall 

030  0 9 ,AL elasticity ALG mass G A H m    

Systemic arterial elastance ALG  is calculated according to the allometric 

law depending on the body weight m. 

0ALG   – basic (independent of nervous and hormonal influences) 

systemic arterial elastance. 

9A  – degree of the 0ALG  dependence on nerve and hormonal influences. 

H – neurohumoral factor. 

Proshin 

MATLAB 

031  _ 8      ,AL AL nom volumemass A m H     

Unstressed volume of the systemic circulation arteries AL   is a volume 

of blood in the arteries at pressure equal to atmospheric pressure [S-D]. 

_AL nom  – nominal unstressed volume of the arteries. 

8A  – sympathetic sensitivity of the systemic arteries normalized to the 

body weight m. H – neurohumoral factor. 

Proshin 

MATLAB 

032  _   0  AL nom AL ALk V    
_AL nom  – unstressed volume of the systemic arteries without nervous 

and hormonal influences calculated as a fraction ALk  of ALV . 
– 

033  AL AL AL ALP G V    
Arterial blood pressure ALP  depends on the systemic arterial elastance 

ALG , blood volume ALV  and unstressed volume AL . 

Proshin 

Ottesen 

034 1.23 1
99

n
Hc

Vis
t



 
  





,  1.7 9.86 exp 0.0607n Hct      

Blood viscosity Vis is calculated as the function of hematocrit (Hct) with 

the plasma viscosity of 1.23 cP. 
Hund 



035 

 

1_

ALVL AL VL

ALVL

AT ALVL

norm

Y P P
F

Vis

Vis

 




 

Amount of blood flow from arterial to venous bed of the systemic 

circulation depends on the conductivity of the systemic microvessels 

(arterioles, capillaries and venules) ALVLY , as well as the difference 

between pressures in the systemic arteries ALP  and veins VLP  [Proshin]: 

 ALVL ALVL AL VLF Y P P   . 

We modified this formula based on the following facts. 

1. Value ALVLF  is inversely proportional to the normalized blood 

viscosity normVis Vis  [Guyton]. 

2. Conductivity ALVLY  is the inverse of microvessel resistance 

influenced by calcium ions and angiotensin II binding to their AT1 

receptors in the vascular smooth muscle [Hughes] (mainly in the 

arteries [Consigny]). To take into account the vasodilating effect of 

antihypertensive drugs affecting the renin-angiotensin-aldosterone 

system (and, as a consequence, the concentration of AT1-bound 

angiotensin II), we determined the function 1_AT ALVL . 

Proshin 

Guyton 

036 
1_

1_ 1_ 1_ 1_
1_

AT ALVL

AT ALVL AT ALVL AT ALVL

C
A B AT ANGII

AT ANGII
    

 

Effect of AT1-bound angiotensin II (AT1_ANGII) on YALVL is modeled 

by analogy with the influence functions of AT1_ANGII on resistance of 

efferent/afferent arterioles, as well as interlobar, arcuate, and interlobular 

arteries in the model [Hallow, 2014]. We assume that a concentration of 

AT1-bound angiotensin II in the systemic arterioles has the same value 

as in the kidneys. 1_ ALVLATA , 1_ ALVLATB  and 1_ ALVLATC  are constant. 

– 

Systemic microvessels 

037  0 3 4 2  ,ALVL conductivity ALVLY mass Y A H A DO m      

Conductivity of the systemic microvessels (arterioles, capillaries and 

venules) ALVLY , the inverse of resistance to blood flow in the specified 

section of the bloodstream, is calculated according to the allometric law 

depending on the body weight m. 

0ALVLY   – basic conductivity. 

3A  – sympathetic sensitivity of the systemic circulation microvessels 

characterizes a degree of the ALVLY  dependence on nervous and hormonal 

influences. H – neurohumoral factor. 

4A  – oxygen-deficient sensitivity of the systemic circulation 

microvessels characterizes a degree of the ALVLY  dependence on the 

oxygen debt DO2 [S-D]. 

Proshin 

MATLAB 



Systemic veins 

038 VL AL AR HL HR VRV V V V V V V       

Volume of blood in the systemic veins VLV  is calculated by reducing the 

total circulating blood volume V by the volumes of all other 

compartments representing the cardiovascular system. 

Proshin 

039  0 11 ,VL elasticity VLG mass G A H m    

Systemic vein elastance VLG  is calculated by the allometric function 

taking the body weight m. 

0VLG   – basic elasticity of the systemic vein walls independent of 

nervous and hormonal influences. 

11A   – venous tone, the VLG  dependence on the indicated influences. H – 

neurohumoral factor. 

Proshin 

MATLAB 

040  0VL VL VLk V    
Unstressed volume of the systemic circulation veins VL  is calculated as 

a fraction VLk  of VLV . 
– 

041  0VL PULSE VL VL VLP P RA G V      

Blood pressure in the systemic circulation veins VLP  is the sum of the 

base pressure 0P , pulse wave of the right atrium PULSERA , as well as the 

product of the systemic vein elastance VLG  and the difference between 

the blood volume VLV  and unstressed volume VL . 

Proshin 

MATLAB 

Right ventricle (RV) 

042 HR
VLHR HRAR

dV
F F

dt
   

Change in blood volume in the RV due to the difference between the 

input blood flow VLHRF  and the output blood flow HRARF . 
Proshin 

043  0 0.03HRV V   

Starting value of blood volume in the RV is 3% of the total blood 

volume V, because the systemic circulation – 84% [Hall], the pulmonary 

circulation – 10% [Gazioglu], and values  0HLV  and  0HRV  are 

assumed to be equal. 

Hall 

Gazioglu 

044 
  

  

0 0

0

0.25 20 0.4

0.25 20 0.7

R R R

R

K K nH sigm K

nH sigm K

      

            
 

Inotropic factor of the RV. Numerical characteristic of the myocardial 

inotropism (contractile ability). 0RK  – inotropic status of the RV. 

nH  – myocardial sympathetic inotropic sensitivity. 

Proshin 

045  0HR HR HRk V    
Unstressed RV volume HR  is the RV volume at zero diastolic pressure 

[S-D], calculated as a fraction HRk  of HRV . 
– 



046 

 

If: 

  Time LengthCycle Cycle  

 

Then: 

1. 0TimeCycle   

2. _HR KD HRV V  

3. _ max 0.03HR KS HR R HRV V K SV sigm V       

   80 0.03 260threshold HR thresholdFS sigm V FS         

4.  _ _

0.25
0.2 1Length R Exp RSystole K

H
     

5.  _

0.25
0.2 1Length R RSystole K

H
     

6. 1RSystole   

7. _AR D ARP P  

Transition "diastole – systole" is the instantaneous change of the RV 

parameters at the beginning of the cardiac cycle (a current cycle time 

TimeCycle  reaches a cycle duration LengthCycle ). 

1. Starting a new cycle corresponds to the zeroing TimeCycle . 

2. End diastolic volume of the RV _HR KDV  is equal to the RV blood 

volume at the end of diastole. 

3. End systolic volume of the RV _HR KSV  is equal to the difference 

between _HR HR KDV V  and the stroke volume of the RV, calculated 

as the product of RK , theoretical maximum maxSV  and the 

difference of two logistic functions, depending on HRV  and thresholdFS  

(threshold of the Frank-Starling law). 

4. _ _Length R ExpSystole   – the nominal duration of the RV systole. 

5. _Length RSystole  – the actual duration of the RV systole. It changes a 

value at the transition "RV systole – RV diastole", after which a 

mismatch may occur between _ _Length R ExpSystole  and _Length RSystole . 

6. RSystole  – indicator of the actual RV systole. It equals 1 when 

_ _Length R ExpSystole  and _Length RSystole  are matched. 

7. _AR DP  is diastolic pressure in the pulmonary arteries. 

Proshin 

MATLAB 

047 
If: 1Systole   

Then: _HRAR p HRARF F  

Systole start. A discrete event triggered after the transition "diastole – 

systole" (Systole = 1). At this time point, blood flow through the 

pulmonary valve HRARF  achieves a peak value _HRAR pF . 
– 

048 

If: 

  _  and 1HR HR KS RV V Systole   

Then: 

1. 0RSystole   

2. _Length R TimeSystole Cycle  

3. _AR S ARP P  

Transition "RV systole – RV diastole". A discrete event characterized by 

the instantaneous change of the RV parameters at time of the diastole 

onset; it is triggered when the RV volume HRV  reaches the RV end-

systolic volume _HR KSV  provided that the RV is in the state of systole. 

1. 0RSystole  , i.e. the RV is in the state of diastole. 

2. Actual duration of the RV systole _Length RSystole  corresponds to the 

transition time from diastole to systole. 

3. _AR SP  – systolic pressure in the pulmonary arteries. 

Proshin 

MATLAB 



049 

If: 

  VL HRP P  

Then: 

  _ VLHR ep VLHRF F  

Opening of the tricuspid valve. A discrete event triggered as the RV 

enters the diastole state, when pressure in the systemic veins VLP  

becomes greater than pressure in the RV HRP . _VLHR epF  is the early peak 

of the RV filling [van Straten]. 

– 

050    _ ,HR D elasticity HR HR HRP mass G m V    

Diastolic pressure in the RV _HR DP  depends on the blood volume HRV , 

unstressed volume HR  and the RV wall elasticity HRG  (characterizing 

stiffness of the RV wall in the phase of its relaxation) taking into account 

the allometric scaling [Proshin, MATLAB]. 

Ottesen 

051 
_ _

_

0,

1,

Time Length R Exp

R Exp

Cycle Systole
Systole

else


 


 Nominal RV systole indicator. 
Proshin 

MATLAB 

052 _R R R ExpDTS Systole Systole   RV systolic mismatch. 
Proshin 

MATLAB 

053 1TimedCycle

dt
  

Mapping time of the current cardiac cycle TimeCycle  to the model time of 

the RV module. 
– 

054 
_

15

HR S

R

dP
A DTS

dt
   

Systolic pressure in the RV _HR SP  depending on a magnitude of 

mismatch RDTS  and coefficient of sensitivity 15A . 

Proshin 

MATLAB 

055 
 

 

_

_1

HR R HR S AR R

HR D

P Systole P P Systole Systole

Systole P

     

          
 

RV pressure HRP  is calculated by the following way: 

_HR HR SP P , if the RV is in the state of systole; 

HR ARP P , if the RV is in the state of diastole, and the LV is in the state 

of systole; 

_HR HR DP P , if both the RV and the LV are in the state of diastole. 

Proshin 

MATLAB 

056  0  6 20 7 _ 10 ,VLHR conductivity VLHR VL HR SY mass Y P A RO A P A m        

Conductivity of the tricuspid valve and systemic veins VLHRY  is the 

inverse of resistance to blood flow in the specified area of the 

bloodstream. It is calculated taking into account the allometric scaling 

relative to the body weight m. 0VLHRY   – basic conductivity, 

VLP   – pressure in the inferior vena cava and the right atrium, 

20RO   – average normal value of oxygen demand, 

_HR SP  – systolic pressure in the RV, 6A , 7A , 10A   – constants. 

Proshin 

MATLAB 



057  , , ,VLHR VL HR VLHR VLHRF valve P P K Y  

Amount of blood flow through the tricuspid valve VLHRF  is characterized 

by the difference between pressure in the inferior vena cava and the right 

atrium VLP  and pressure in the RV HRP . 

VLHRY  – conductivity of the tricuspid valve and systemic veins. 

VLHRK  – regurgitation coefficient describes the tricuspid valve closing 

function failure that leads to the reverse blood flow from the RV to the 

right atrium and vena cava in the systole phase in conditions of the valve 

defect. 

S-D 

058   ,  ,  , ,HRAR HR AR HRAR conductivity HRARF valve P P K mass Y m   

Amount of blood flow through the pulmonary valve and pulmonary 

arteries HRARF   is characterized by the difference between pressure in the 

RV HRP  and pressure ARP  in the upper part of the pulmonary artery and 

large arterial vessels extending from it. 

HRARY  – conductivity of the pulmonary valve and pulmonary arteries 

taking into account the allometric scaling relative to the body weight m. 

HRARK  – regurgitation coefficient describing the pulmonary valve 

closing function failure that leads to the reverse blood flow from the 

pulmonary artery to the RV in the diastole phase in conditions of the 

valve defect. 

S-D 

059  _, , ,PULSE pulse Length Length R AL TimeRA atrium Cycle Systole P Cycle  

Right atrium pulse wave depends on the cycle duration LengthCycle , 

actual duration of the RV systole _Length RSystole , pressure in arteries of 

the systemic circulation ALP  and the current time of the cardiac cycle 

TimeCycle . 

Proshin 

MATLAB 

060 

If: 

   _0.2Time Length Length Length RCycle Cycle Cycle Systole     

Then: 

  _VLHR ap VLHRF F  

A discrete event that defines the active peak _VLHR apF  in blood flow 

through the tricuspid valve VLHRF . This peak is achieved with the right 

atrial contraction [van Straten] at the time when the value PULSERA  

becomes positive. 

– 

061 

  

   

_ _ max _

_

0 0.03

80 0.03 260

HR KS HR KD R HR KD

threshold HR KD threshold

V V K SV sigm V

FS sigm V FS

     


     


 

   _ _ 0 0.25 0.2 1Length R Exp Length RSystole Cycle K      

   _ 0 0.25 0.2 1Length R Length RSystole Cycle K      

Initialization of parameters, according to the implementation of the 

model by Proshin and Solodyannikov in MATLAB, received from the 

authors. See equation group 045 for explanation. 

Proshin 

MATLAB 



Pulmonary arteries 

062 AR
HRAR ARVR

dV
F F

dt
   

Blood volume change in the pulmonary circulation arteries due to the 

difference between the input blood flow HRARF  and the output blood 

flow ARVRF . 

Proshin 

063  0 0.035ARV V   
Starting value of blood volume in the pulmonary arteries is 3.5% of the 

total blood volume V, because the pulmonary circulation is 10% of V, 

and the pulmonary arterial volume is 35% of the pulmonary vessels. 

Gazioglu 

064  0 19 ,AR elasticity ARG mass G A H m    

Pulmonary arterial elastance ARG  is calculated by the allometric function 

taking the body weight m. 

0ARG   – basic pulmonary arterial elastance. 

19A   – pulmonary arterial tone, the degree of the ARG  dependence on 

nervous and hormonal influences. 

H – neurohumoral factor. 

Proshin 

MATLAB 

065  _ 18    ,AR AR nom volumemass A m H     

Unstressed volume of the pulmonary circulation arteries AR  is the 

volume of blood in these arteries at pressure equal to the atmospheric 

pressure [S-D]. 

_AR nom  – nominal unstressed volume. 

18A  – sympathetic sensitivity of the pulmonary circulation arteries. 

H – neurohumoral factor. 

Proshin 

MATLAB 

066  _ 0    AR nom AR ARk V    
Unstressed volume of the pulmonary arteries without hormonal and 

nervous influences _AR nom  is calculated as a fraction ARk  of ARV . – 

067  AR AR AR ARP G V    
Pressure in the pulmonary arteries ARP  depends on the pulmonary 

arterial elastance ARG , blood volume ARV , and unstressed volume  AR . 

Proshin 

Ottesen 

068  ARVR
ARVR AR VR

norm

Y
F P P

Vis Vis
    

Blood flow through the pulmonary microvessels ARVRF  depends on their 

conductivity ARVRY  and the difference between pressures in the 

pulmonary arteries ARP  and veins VRP  [Proshin]: 

 ARVR ARVR AR VRF Y P P   . 

We modified this formula so that the value of ARVRF  should be inversely 

proportional to the normalized blood viscosity normVis Vis  [Guyton]. 

Proshin 

Guyton 



Pulmonary microvessels 

069  0 13 14 2  ,ARVR conductivity ARVRY mass Y A H A DO m      

Conductivity of the pulmonary microvessels (venules, capillaries and 

arterioles) ARVRY , the inverse of resistance to blood flow in the indicated 

section of the bloodstream, is calculated according to the allometric law 

depending on the body weight m. 

0ARVRY  – basic conductivity. 

13A  – sympathetic sensitivity of the pulmonary microvessels 

characterizes dependence of ARVRY  on nervous and hormonal influences. 

H – neurohumoral factor.  

14A  – pulmonary microvessels sensitivity to the oxygen debt 2DO  [S-D]. 

Proshin 

MATLAB 

Pulmonary veins 

070 VR
ARVR VRHL

dV
F F

dt
   

Blood volume change in the pulmonary circulation veins due to the 

difference between the input blood flow ARVRF  and the output blood flow 

VRHLF . 

Proshin 

071  0 0.065VRV V   

Starting value of blood volume in the pulmonary veins is 6.5% of the 

total blood volume V, because the pulmonary circulation is 10% of V, 

pulmonary veins – 45%, and capillaries – 20% of pulmonary vessels 

[Gazioglu]. In the model by Proshin and Solodyannikov, the pulmonary 

veins and capillaries are included in one compartment of the circulatory 

system. 

Gazioglu 

Proshin 

072  0 11 ,VR elasticity VRG mass G A H m    

Pulmonary vein elastance VRG  is calculated by the allometric function 

taking the body mass m. 

0VRG    – basic elasticity of the pulmonary vein walls independent of 

nervous and hormonal influences.  

11A  – venous tone, the VRG  dependence on the indicated influences.  

H – neurohumoral factor. 

Proshin 

MATLAB 

073  0VR VR VRk V    
Unstressed volume of the pulmonary circulation veins VR  is calculated 

as a fraction VRk  of VRV . 
– 

074  0VR PULSE VR VR VRP P LA G V      

Blood pressure in the pulmonary circulation veins VRP  is the sum of the 

base pressure 0P , left atrium pulse wave PULSELA , and the product of the 

pulmonary vein elastance VRG  and the difference between the blood 

volume VRV  and unstressed volume VR . 

Proshin 

MATLAB 



Tissue metabolism 

075  2 2 2min ,1ALVLgO F AO VO    

Amount of oxygen consumption 2gO  in tissues is proportional to blood 

flow through the tissues ALVLF  and the arteriovenous oxygen difference 

2 2AO VO . 

Proshin 

MATLAB 

076 2
2  

1000

HHe C SpO
AO

 
  

Arterial oxygen content 2AO  is calculated as the product of the total 

amount of hemoglobin He (g/l), oxygen capacity of hemoglobin HC  

(mg/ml) and arterial oxygen saturation 2SpO , which characterizes a 

percentage of hemoglobin saturated with oxygen. 

S-D 

077   2
2 2 2 2sgn ,

dDO
DO A RO gO

dt
    

Rate of change of the accumulated amount of unmet oxygen requirement 

(oxygen debt) 2DO  is proportional to the difference between the oxygen 

demand 2RO  and oxygen consumption 2gO . Oxygen debt decreases 

with 2 2RO gO , and increases  with 2 2RO gO . Parameter 2A  is the 

organism functional status. It describes the rate of change of the 

weariness factor under the change of physical activity, with advent of the 

non-zero difference between 2RO  and 2gO . The parameter does not 

effect on periodical modes in the absence of changes in physical activity. 

Proshin 

MATLAB 

078  2
1 2 2

dVO
A gO RO

dt
    

Rate of change of the venous oxygen content 2VO  is proportional to the 

difference between the oxygen consumption 2gO  and oxygen demand 

2RO . 1A  is the total metabolic intensity describing the rate of transient 

processes under the change of physical activity, i.e. with advent of the 

non-zero difference between 2RO  and 2gO . 

Proshin 

079    2 200 ,volumeRO mass RO m  

Oxygen demand is calculated according to the allometric law at the 

initial moment of time and depends on the average normal value 20RO  

and the body weight m. 

Proshin 

MATLAB 

Neurohumoral control 

080   1_min 0.07,30, ,50 ,1minus AL AT BaronB r P   

In the model by Proshin and Solodyannikov, the baroreceptor activity is 

determined by the function   min 0.07,30, ,50 ,1minus ALnB r P , where 

ALP  is arterial pressure in the systemic circulation, and 0 50P   mmHg is 

the baroreceptor sensitivity threshold, i.e. the lower bound for ALP , at 

which nB = 0. When modeling the pharmacological action of drugs 

affecting the concentration of AT1-bound angiotensin II (AT1_ANGII), 

we took into account the fact that this hormone, interacting with AT1 

Proshin 

MATLAB 



receptors, promotes an increase in blood pressure without a decrease in 

heart rate through raising the 0P  threshold [Reid]. We achieved such 

dynamics using a coefficient 1_AT Baro  proportional to AT1_ANGII. 

Together with affect on the stress receptor activity function, this decision 

allowed to simulate the therapeutic decrease in the ALP  value without 

changing the heart rate, which, for example, characterizes losartan 

[Porthan], [Nedogoda]. 

081 1_

1_
1

1_
AT Baro baro baro

norm

AT ANGII
sl sl

AT ANGII
      

We assumed the linear function with the slope 0 1barosl   as the 

influence of the normalized AT1-bound angiotensin II level 

( 1_ 1_ )normAT ANGII AT ANGII  on the threshold of baroreceptor 

sensitivity. 

– 

082   1_min 10,50, ,0 ,1plus AT StressnS r st   

In the Proshin and Solodyannikov model, activity of the stress receptors 

is determined by the function   min 10,50, ,0 ,1plusnS r st , where st is 

a stress factor describing the level of steroid hormones in the blood 

(adrenaline, norepinephrine) and taking nominal values from 0 (absolute 

rest) to 1 (absolute stress). We multiplied st by a coefficient 1_AT Stress  

proportional to the concentration of AT1-bound angiotensin II 

(AT1_ANGII) based on the fact that this hormone, acting on AT1 

receptors, increases the norepinephrine release from the atria [Brasch]. 

Proshin 

MATLAB 

083 1_

1_
1

1_
AT Stress stress stress

norm

AT ANGII
sl sl

AT ANGII
      

We assumed the linear function with the slope 0 1stresssl   as the effect 

of the normalized concentration of AT1-bound angiotensin II 

( 1_ 1_ )normAT ANGII AT ANGII  on the stress factor. 

– 

084   2min 30,30, ,0 ,1minusnV r VO  
Respiratory receptor activity function depending on the venous oxygen 

content 2VO . 
Proshin 

MATLAB 

085   2min 0.1,10, ,0 ,1plusnD r DO  Weariness receptor activity function depending on the oxygen debt 2DO . 
Proshin 

MATLAB 

086 
2

Baro Stress

Oxygen VO Base

nSum Heart nB Heart nS

Heart nD Heart nV Heart

    

                
 

Cardiac center activity function nSum is the sum signal of activities of 

the stress (nS), weariness (nD), and respiratory (nV) receptors, as well as 

the baroreceptors (nB). 

BaroHeart  is baroreceptor sensitivity of the cardiac center characterizing 

the dependence of nervous control actions on a value of arterial pressure. 

StressHeart  is stress sensitivity of the cardiac center characterizing the 

dependence of nervous control actions on a value of the receptor stress 

signal. 

Proshin 



OxygenHeart  is weariness sensitivity of the cardiac center characterizing 

the dependence of nervous control actions on the value of oxygen debt. 

A smaller value of the parameter corresponds to the lower dependence of 

heart rate on the level of oxygen starvation, i.e. the greater tolerance to 

the physical activity. 

2VOHeart  is respiratory sensitivity of the cardiac center characterizing 

the dependence of nervous control actions on the concentration of 

oxygen in the venous blood. 

BaseHeart  is the basic activity of the cardiac center. 

087  

 

0, 0

1 exp 3
,

1 100 exp 3

H

HnH
else

H




  
   

 
Sigmoid function of the myocardial sympathetic inotropic sensitivity 

depending on the neurohumoral factor H. 

Proshin 

MATLAB 

088    12 3.2 min 2,18, ,0 ,1plus

dH
A r nSum H

dt
     

Equation for calculating the neurohumoral factor H taking into account 

reactivity of the cardiac center 12A , which characterizes its adaptive 

ability and determines the signal rate through the axon of formal neuron. 

Proshin 

MATLAB 

Coordination of LV and RV systolic time intervals 

089 
0, 0 0

 
1,

L RSystole and Systole
Systole

else

 
 


  
 

Systole is an indicator of the total actual systole. It equals 0, if the actual 

LV and RV systole indicators are simultaneously equal to 0, and 1, 

otherwise. 

Proshin 

MATLAB 

Nervous system 

090 rsna map rapRSNA N    
Renal sympathetic nerve activity RSNA depends on the normalized value 

of rsnaN . 
Karaaslan 

2005 

091 

1

100
0.5 1.1 1 exp

15
map

MAP


  
      

  
 Effect of mean arterial pressure MAP on RSNA. 

Karaaslan 

2005 

092 1 0.008rap raP     Effect of right atrial pressure raP  on RSNA. 
Karaaslan 

2005 

093  0.2787 exp 0.2281raP CO    
Normalized right atrial pressure raP  is calculated according to the Frank-

Starling law as the function of cardiac output CO. 

Karaaslan 

2005 



Sodium
5
 

094 filsod sodGFR C    

Amount of the sodium filtered from the glomerulus to the proximal 

tubule per unit time filsod  is expressed as the product of the glomerular 

filtration rate (GFR) and sodium plasma concentration sodC . 

Karaaslan 

2005 

095  _ _min 1, pt sodreab pt filsod at rsnan         

Fractional proximal sodium reabsorption is defined as the normal value 

_ ptn  multiplied by functions of the various factors described below. 

Cannot exceed 100% of the filtered sodium. 

Karaaslan 

2005 

096 
 

0.12
0.95

1 exp 2.6 1.8 log 1_
at

AT ANGII
  

  
 An increase in the level of AT1-bound angiotensin II (AT1_ANGII) 

results in the rise of fractional proximal sodium reabsorption. 

Karaaslan 

2005 

097  1

0.3
0.8

1 138 exp 14
filsod

filsod

 
  

  
 An increase in the amount of the filtered sodium load filsod  leads to the 

decrease in the fractional proximal sodium reabsorption. 

Karaaslan 

2005
6
 

098 
 1

0.7
0.5

1 2.18 exp 1
rsna

RSNA
  

  
 An increase in the renal sympathetic nerve activity RSNA results in the 

rising of the fractional proximal sodium reabsorption. 

Karaaslan 

2005
6
 

099 _ _pt sodreab filsod pt sodreab    Absolute proximal tubular sodium reabsorption rate. 
Karaaslan 

2005 

100 _ _md sod filsod pt sodreab    Macula densa sodium flow rate.  
Karaaslan 

2005 

101  _ _min 1,dt sodreab dt aln    

Fractional distal tubule sodium reabsorption is defined as the normal 

value _ dtn  multiplied by the function of aldosterone concentration 

influence al . Cannot exceed 100%. 

Hallow 

2014 

102 

1

 

0.48 1.2 log
0.17 0.94 1 exp

0.88

al
al

C


   
      

  
 

Effect of the aldosterone concentration alC  on the fractional distal tubule 

sodium reabsorption. 

Karaaslan 

2005 

103 _ _ _dt sodreab md sod dt sodreab    Absolute distal tubule sodium reabsorption rate. 
Karaaslan 

2005 

104 _ _ _dt sod md sod dt sodreab    Rate of the distal tubule sodium outflow. 
Karaaslan 

2005 

105  _ _min 1,cd sodreab cd dt anpn     

Fractional collecting duct sodium reabsorption is defined as the normal 

value _ cdn  multiplied by functions of the various factors described 

below. Cannot exceed 100%. 

Karaaslan 

2005 

                                                           
5
 The process of sodium transport and reabsorption along the nephron is given by [Palmer].  

6
 The formula is presented taking into account correction of typos revealed during correspondence with authors of the model during its validation in BioUML. 



106   _

0.39
0.82

1 exp 0.5 1.6
dt

dt sod

  
   

 Effect of the distal tubule sodium outflow rate _dt sod  on the fractional 

collecting duct sodium reabsorption. 

Karaaslan 

2005 

107 
_

0.1 1.1199
anp

anp

anp norm

C

C
      

Effect of the atriopeptin concentration anpC  on the fractional collecting 

duct sodium reabsorption. 

Karaaslan 

2005 

108 _ _ _cd sodreab dt sod cd sodreab    Absolute collecting duct sodium reabsorption rate. 
Karaaslan 

2005 

109 _ _ _u sod dt sod cd sodreab    Urine sodium excretion rate. 
Karaaslan 

2005 

110 _
sod

sodin u sod

dM

dt
   

Rate of the total exchangeable sodium ( sodM ) formation is determined 

by the difference between the rate of sodium intake sodin  and the rate of 

sodium excretion _u sod . 

Hallow 

2014 

111 
 

9 8.44
410

1.03 0.2 7
sod

sod

M

TBW
C glucose


     

Plasma sodium concentration sodC  is defined depending on the total 

body water TBW and the plasma glucose concentration (taking into 

account the conversion factor from mmol/l to mg/dl [Bhagat]) by the 

formula [Nguyen] obtained on the basis of the Edelman equation 

[Edelman]: 

 
1.6

1.03 23.8 18 120
100

sod K
sod

M M
С glucose

TBW


       , 

where KM  is the total exchangeable potassium [Moore, 1967]: 

97.4 410KM TBW   . 

Nguyen 
 

Moore 

1967 

Renin 

112 _ 1_

ln 2
sec nom MD sod RSNA AT ANGII

renin

R PRC v v v
h

      

In the model [Hallow, 2014], the renin secretion rate is determined by 

the equation _ 1_sec rs MD sod RSNA AT ANGIIR N v v v    , where rsN  is the renin 

secretion equilibrium rate, and _MD sodv , RSNAv , 1_AT ANGIIv  represent 

influences of various factors on secR  (see below). We took into account 

that ln 2rs renin nomN h PRC  according to [Hallow, 2017a]. 

Hallow 

2014 

 

Hallow 

2017a 

113   _ _ _ _ _ 0MD sod MD renin md sod md sodexp       

Influence of the macula densa sodium flow rate _md sod  on the rate of 

renin secretion secR  using the nominal value _ _ 0md sod . _MD renin  is a 

constant. 

Hallow 

2017a 



114 
 
2.056

1.89
1.358 exp 0.8667

RSNA
RSNA

  
 

 
Effect of the renal sympathetic nerve activity RSNA on the rate of renin 

secretion secR . 
Karaaslan 

2005 

115 
1_

1_

1_

1_

AT PRCslope

norm
AT ANGII

AT ANGII

AT ANGII

 
   

 
 

Effect of AT1-bound angiotensin II (AT1_ANGII) on the rate of renin 

secretion secR . 1_ normAT ANGII  is the normal level of AT1_ANGII. 

1_AT PRCslope  is a constant. 

Hallow 

2017a 

116 
l 2n

sec

renin

dPRC
R PRC

dt h
   

Plasma renin concentration (PRC) is described by the renin secretion 

rate secR  and the renin clearance rate with the half-life of reninh . 
Hallow 

2014 

117  0 nomPRC PRC  Initial PRC value is the nominal value nomPRC . – 

Angiotensin 

118 _PRC PRAPRA PRC X   
Plasma renin activity (PRA). 

_PRC PRAX  – equilibrium ratio of PRA to PRC. 
Hallow 

2014 

119  
ln 2

ACE chym nep

ANGI

dANGI
PRA c c c ANGI ANGI

dt h
        

Rate of change in the concentration of angiotensin I (ANGI). 

ACEc   and chymc  – the constant rates of ANGI conversion to angiotensin II 

by ACE and by chymases, respectively. 

nepc  – the constant rate of ANGI conversion to angiotensin-(1-7) by 

neprilisin. 

ANGIh  – the half-life of ANGI. 

Hallow 

2014 

120 

 

 2 _ 1 2

2ln

ACE chym

ACE ANGII ANGIV AT AT

ANGII

dANGII
c c ANGI

dt

c c c c ANGII ANGII
h

   

           

 

Rate of change in the concentration of angiotensin II (ANGII). 

2ACEc  – the constant rate of ANGII conversion to angiotensin-(1-7) by 

ACE2. 

_ANGII ANGIVc   – the constant rate of ANGII conversion to angiotensin IV. 

1ATc  and 2ATc  – the constant rates of ANGII binding to AT1 and AT2 

receptors, respectively. 

ANGIIh  – the half-life of ANGII. 

Hallow 

2014 

121 2

17

17 ln
17

2
nep ACE

ANG

dANG
c ANGI c ANGII ANG

dt h
      

Rate of angiotensin-(1-7) (ANG17) production by the converting of 

ANGI or ANGII, and clearance with the half-life of 17ANGh . 
Hallow 

2014 

122 _

l 2n
ANGII ANGIV

ANGIV

dANGIV
c ANGII ANGIV

dt h
    

Rate of angiotensin IV (ANGIV) production by the converting of ANGII, 

and clearance with the half-life of ANGIVh . 
Hallow 

2014 

123 1

1

1_ ln
_

2
1AT

AT

dAT ANGII
c ANGII AT ANGII

dt h
    

Rate of AT1-bound angiotensin II complex formation (AT1_ANGII) and 

its clearance with the half-life of 1ATh . 
Hallow 

2014 



124 2

2

2_ ln
_

2
2AT

AT

dAT ANGII
c ANGII AT ANGII

dt h
    

Rate of AT2-bound angiotensin II complex formation (AT2_ANGII) and 

its clearance with the half-life of 2ATh . 
Hallow 

2014 

Aldosterone 

125 _als k sod map atN      

Normalized aldosterone secretion rate alsN  is calculated by the product 

of the factors representing different effects described below. 

map  is the effect of mean arterial pressure MAP on alsN ; 

1map   (no effect) if MAP is above normal. 

Karaaslan 

2005 

126 
4.5

_ 2 KC

k sod


   

In the model [Karaaslan, 2005], the factor _k sod  characterizes the effect 

of potassium ( KC ) to sodium ( sodC ) concentration ratio on alsN , and 

_

1
max 0, 9

0.003525

K
k sod

sod

C

C

 
    

 
. 

In the case 0.031725K sodC C  , we have _ 0k sod  . Thus, considering 

the physiological norms of 3.5 – 5.5 mEq/L for KC  [Rastegar] and 137 – 

147 mEq/L for sodC  [Payne], we find that the values 3.5 4.3KC   

completely block aldosterone secretion. However, studies [Chen] and 

[Kojima] using bovine cells showed that extremely low potassium levels 

(2 mmol/L) actually reduce aldosterone production stimulated by 

angiotensin II, but does not stop it completely. In addition, a low-sodium 

diet does not directly affect the aldosterone secretion, but indirectly 

through activation of the renin-angiotensin-aldosterone system, 

upregulation of AT1 receptor levels, and hyperplasia of the zona 

glomerulosa [Bollag]. Therefore, we did not consider a value sodC  in the 

formula for _k sod . Since a rise of 1 mmol/L in serum potassium 

concentration doubles the aldosterone secretion [Pralong], [Bollag], we 

used a power of two as the function of the KC  effect on alsN . We 

normalized this function so that the average normal value 4.5KC   

mEq/L had an effect equal to 1. Note that the values of _k sod  are in 

agreement with the values used in the model of human physiology 

HumMod (version 1.6.1) [Pruett]: ξk_sod (3.0) = 0.3, ξk_sod (4.4) = 1.0, and 

ξk_sod (6.0) = 3.0. 

– 



127 

1

log 1_
0.4 2.4 1 exp 2.82 1.5

0.8
at

AT ANGII


  
        

  
 

Effect of AT1-bound angiotensin II (AT1_ANGII) on the rate of 

aldosterone secretion. 

Karaaslan 

2005 

128 
al als al

al

dN N N

dt T


  

Calculation of the normalized aldosterone concentration alN  using the 

time constant alT . 

Karaaslan 

2005 

129 _al al norm alC C N   
Plasma aldosterone concentration alC  is equal to the product of its 

normalized concentration alN  and the normal value _al normC . 

Karaaslan 

2005 

Hormonal system 

130 
 

_

6.554
7.427

1 exp 3.762
anp anp norm

ra

C C
P

 
      

 
Concentration of atriopeptin anpC   dependes on the right atrial 

pressure raP  and the normal level of the hormone _anp normC . 

Karaaslan 

2005 

131 1.86 9sodosmolality C glucose urea      

Serum osmolality (osmolality) is the function of the sodium 

concentration sodC , as well as the levels of glucose (glucose) and urea 

(urea) in blood. 

Dorwart 

Bhagat 

132   max 0,0.23 271adhC osmolality    
Antidiuretic hormone (vasopressin) concentration adhC  depends on the 

serum osmolality. 
Hammer 

Diuresis 

133  _ _ _1t wreab pt sodreab pt sodreab adhGFR GFR          

Tubular water reabsorption rate _t wreab  depends on the glomerular 

filtration rate GFR. In the absence of significant amounts of poorly 

reabsorbable solutes, the fraction of the water load passively reabsorbed 

in the proximal tubule is equal to the fraction of the sodium load 

reabsorbed _pt sodreab  [Uttamsingh]. Taking into account details of 

laboratory measurements, this fraction also includes sodium reabsorbed 

in the loop of Henle [Seidlerová]. The rate of fluid reabsorption from the 

distal tubules and collecting ducts (the second term in the formula) 

depends on the influence of plasma vasopressin concentration adh  

[Uttamsingh]. 

– 

134 
2

0.0, 0.765

0.383 0.293, 0.765 3

3 50.0383 0.364 0.109,

50.0012 0.9653,

adh

adh adh

adh

adhadh adh

adhadh

C

C C

CC C

CC




   
  

     
  

 
Effect of plasma vasopressin concentration Cadh on the rate of fluid 

reabsorption from distal tubules and collecting ducts based on the 

experimental data [Dehaven]. 

Uttamsingh 



135 _u t wreabGFR    
Urine flow rate u  is the difference between the glomerular filtration 

rate and the tubular water reabsorption rate. 

Karaaslan 

2005 

Body fluids 

136 

1

_

_

0.25 1.5 1 2 2 adh
win win norm

adh norm

C
exp

C

  
  

  

 
        


 

  

   

Water intake win  is the function taking the nominal value of water 

consumption _win norm  and the normalized level of vasopressin 

concentration adhC . 

Hallow 

2017a 

137 win u

dTBW

dt
   

Total body water TBW is calculated using the difference between water 

intake win  and urine flow u . 
– 

138 111.5 650V TBW    Total blood volume V as the linear function of TBW. 
Moore 

1967 

139 0.37 2.7ecfV TBW    Extracellular fluid volume ecfV  as the linear function of TBW. Moore 

1967 

Glomerular filtration 

140 _ 0 1_aa aa rsna tgf myo AT aaR R      
Single afferent arteriole resistance aaR  is equal to the nominal value 

_ 0aaR  multiplied by the factors representing various effects listed below. 

Hallow 

2014 

141 4_ 0

128
1.25 8 a

aa

aa
aR

Vis L
E

d

 






 

Nominal value of the single afferent arteriole resistance _ 0aaR  can be 

defined according to the Poiseuille’s law based on the arteriole diameter 

aad , length aaL , and blood viscosity Vis. The coefficient 1.25E8 is used 

to convert units from cP∙μm
–3

 to mmHg∙min∙ l
–1

: 

1 cP = 10
–3

 Pa∙s, 1 Pa = 0.00750062 mmHg, 1 m
3
 = 10

3
 liters. 

Hallow 

2017a 

142  1.5 1 1rsna RSNA      Effect of the renal sympathetic nerve activity RSNA on aaR  and preglomR . Karaaslan 

2005 



143 

1

_ 3.859
0.3408 3.449 3.88 exp

0.9617

tgf md sod

tgf

d

dt



    
          

 
Tubuloglomerular feedback signal is modeled as the function of macula 

densa sodium flow _md sod . 
Karaaslan 

2005
7
 

144 
_

1
myo gh

Pgh Pgh myo

gh norm

d P
sl sl

dt P


      

Myogenic autoregulation signal myo  is calculated according to [Hallow, 

2014] by the formula: 

_

_

1
gh

myo GP autoreg

gh nom

P
c

P

 
    

 
 

 

with the constants _ 5GP autoregc   and _ 60gh nomP   mmHg. In the case of 

values 60ghP   mmHg within the normal range [Škrtić], this formula 

gives the negative values for aaR  and preglomR , however, this contradicts 

the physiological meaning of these variables. In this regard, we 

introduced 1 as a term in the right side of the formula, and as the result 

for 60ghP   mmHg, we received the signal 1myo  . Further, by 

analogy with tgf , we converted the algebraic equation for myo  to the 

differential one in order to remove the cyclical dependency of aaR , ghP , 

myo , RBF, aR , and preglomR . 

– 

145 
1_

1_ 1_ 1_ 1_
1_

AT aa

AT aa AT aa AT aa

C
A B AT ANGII

AT ANGII
      

Effect of AT1-bound angiotensin II (AT1_ANGII) on aaR . 1_AT aaA , 

1_AT aaB , and 1_AT aaC  are constant. 

Hallow 

2014 

146 _ 0 1_preglom rsna AT preglompreglom myoRR      

Resistance of interlobar, arcuate, and interlobular arteries preglomR  is 

equal to the nominal value _ 0preglomR  multiplied by the factors 

representing various effects listed below. 

Hallow 

2014 

147 
1_

1_ 1_ 1_ 1_
1_

AT preglom

AT preglom AT preglom AT preglom

C
A B AT ANGII

AT ANGII
    

 

Effect of AT1-bound angiotensin II (AT1_ANGII) on preglomR . 

1_AT preglomA , 1_AT preglomB , and 1_AT preglomC  are constant. 

Hallow 

2014 

                                                           

7
 In the model [Karaaslan, 2005], the formula is determined as    

1

_0.3408 3.449 3.88 exp 3.859 0.9617tgf md sod



        . In this case, the equations for tgf , rb , _md sod , 

filsod , gfilt , _pt sodreab , aaR , ghP , filsod  and _pt sodreab  form a cyclical dependency. Since the algebraic solver in BioUML (the software used for our modeling) is slower and more 

likely to loop than the differential equation solver, and this can be significant for the model optimization during generation of virtual populations, we converted the algebraic 

equation to the differential one by the scheme:  _tgf md sodf    =>   _1tgf md sod tgfd fdt T     . Such convertion means that tgf  takes a value  _md sodf   not 

immediately, but with the delay T. This approach is used, for example, in [Kofranek]. 



148 
aa

preglom

nephron

a

s

R
R

R
N

   
Resistance of afferent vessels aR  is equal to the sum of preglomR  and the 

resistance of all afferent arterioles (which number is nephronsN ). 

Hallow 

2014 

149 _ 79.68a dyne aR R   

Conversion aR  units from mmHg∙min∙ l
–1

 to dyn∙s∙cm
–5

: 

5

mmHg min 60 mmHg s 60 dyn s
1328

l 1000 ml 1000 cm

  
      

using the coefficient 1328 taken from the work [Škrtić]. 

– 

150 _ 0 1_ea ea AT eaR R   
Single efferent arteriole resistance eaR  is equal to the nominal value 

_ 0eaR  multiplied by the factors representing various effects listed below. 

Hallow 

2014 

151 4_ 0

128
1.25 8 a

ea

ea
eR

Vis L
E

d

 






 

Nominal value of the single efferent arteriole resistance _ 0eaR  can be 

defined according to the Poiseuille’s law based on the arteriole diameter 

ead , length eaL , and blood viscosity Vis. The coefficient 1.25E8 is used 

similar to _ 0aaR . 

Hallow 

2017a 

152 
1_

1_ 1_ 1_ 1_
1_

AT ea

AT ea AT ea AT ea

C
A B AT ANGII

AT ANGII
      

Effect of AT1-bound angiotensin II (AT1_ANGII) on eaR . 

1_AT eaA , 1_AT eaB , and 1_AT eaC  are constarnts. 

Hallow 

2014 

153 
ea

nephrons

e

R

N
R   Resistance of all efferent arterioles eR  (which number is nephronsN ). Hallow 

2014 

154 _ 79.68e dyne eR R   Conversion of eR units from mmHg∙min∙ l
–1

 to dyn∙s∙cm
–5

 (as for aR ). – 

155 a e v

RBF GFR
RVR R R R

RBF


     

Renal vascular resistance RVR is equal to the sum of aR , eR  (with a 

coefficient characterizing decrease in RBF through the efferent arterioles 

due to the glomerular filtration rate GFR) and the constant renal venous 

resistance vR . 

Gómez 

156 
 v FG e B go

a e v FG e a

MAP P K R MAP P P

R R R K
RB

R R
F

     

   



 

Calculation of the renal blood flow RBF. For the formula derivation, see 

appendix B. 
App. B 

157 gh aP MAP RBF R    
Calculation of the glomerular hydrostatic pressure ghP  according to the 

Ohm’s law. 
Gómez 

158  1 0.01RPF RBF Hct     
Effective renal plasma flow RPF is determined from hematocrit Hct and 

the RBF value. 
Škrtić 



159 
GFR

FF
RPF

  
Filtration fraction FF is the ratio of the glomerular filtration rate GFR to 

the renal plasma flow RPF. 
Škrtić 

160 
1

0.1 ln
1

M

TP
C

FF FF

 
 

 
 

  
 

Plasma protein mean concentration within the glomerular capillaries 

MC  dependes on the total protein level TP and the value of FF. 
Škrtić 

161  5 2
go

M go

dP
C P

dt
     Glomerular capillary oncotic pressure goP  is defined by the value of MC . Škrtić 

162 _ 0

1_
1

1_

norm
FG FG KFG KFG

AT ANGII
K K sl sl

AT ANGII

 
  


 


  

Angiotensin II provides a reduction in the glomerular filtration 

coefficient FGK  [Blantz] via decrease in the total filtering surface area 

because of mesangial cell contraction [Schmitt]. Angiotensin II receptors 

on mesangial cells belong to the AT1 subtype [Ardaillou]. Thus, for 

calculation of FGK , we considered the product of the normal value 

_ 0FGK  and the linear function (with a slope 0 1KFGsl  ) expressing 

inversely proportional relationship between FGK  and the normalized 

concentration of AT1_ANGII. The function is chosen so that the value 

1_ 1_ normAT ANGII AT ANGII  gives the result _ 0FG FGK K . 

– 

163  FG gh B goGFR K P P P     
Glomerular filtration rate GFR depends on ghP , goP , the hydrostatic 

pressure in the Bowman’s space BP ,  and the filtration coefficient FGK . 
Gómez 

 

  



Table A3. List of the model constants with values for a healthy person. 

№ Parameters Entity 
Pathological conditions and 

factors affecting the value 

Initial values Reference values 
Units 

Values Sources Norms Sources 

001 1A  Total metabolic intensity Age, weight [Henry] 0.0008 
Proshin 

MATLAB 

0.00032 – 

0.00128
8
 

– ml
–1 

002 10A  – – 0.8 
Proshin 

MATLAB 
– – ml∙s

–1
∙mmHg

–2
 

003 11A  
Systemic and pulmonary venous 

tone 

Changing the sensitivity of venous 

vessel walls to nervous and 

hormonal influences [S-D] 

0.0325 
Proshin 

MATLAB 
– – ml∙mmHg

–1 

004 12A  Reactivity of cardiac center – 0.19336 
Proshin 

MATLAB 
– – s

–1 

005 13A  
Sympathetic sensitivity of the 

pulmonary microvessels 

Changing the sensitivity of 

pulmonary microvessels to 

nervous and hormonal influences 

[S-D] 

0.65 
Proshin 

MATLAB 
– – ml∙mmHg

–1 

006 14A  
Pulmonary microvessel sensitivity 

to oxygen debt 
– 0.08265 

Proshin 

MATLAB 
– – s

–1
∙mmHg

–1
 

007 15A  – – 22.0 
Proshin 

MATLAB 
– – s

–1
∙mmHg

–1
 

008 16A  – – 3.3 
Proshin 

MATLAB 
– – ml∙s

–1
∙mmHg

–2
 

009 18A  
Sympathetic sensitivity of the 

pulmonary arteries, 18 8A A  [S-D] 
Pulmonary vasospasm [S-D] 40.0 

Proshin 

MATLAB 
– – ml∙s

 

010 19A  
Pulmonary arterial tone, 

19 9A A  [S-D] 
Changing the elastic properties of  

the pulmonary artery walls [S-D] 
0.02 (0.06) 

FP
9
 

(Proshin 

MATLAB) 

– – mmHg∙s∙ml
–1

 

011 2A  Organism functional status 

Low tolerance to the exercise 

stress in metabolic disorders 

(hyperthyroidism, hypothyroidism, 

diabetes mellitus), asthenic 

conditions and others [S-D] 

0.3752 
Proshin 

MATLAB 
– – –

 

012 3A  
Sympathetic sensitivity of the 

systemic microvessels 

Vegetative-vascular crisis, 

hypertension [S-D] 
0.1 

Proshin 

MATLAB 
– – ml∙mmHg

–1 

                                                           
8
 We took the initial value 1 0.0008A   ml

–1
 from the Proshin and Solodyannikov model implementation in MATLAB and considered its deviation within a virtual population by 

60%, which in accordance with [Henry] is the allowable fluctuation in the basal metabolic rate (closely related to the oxygen consumption) in people with the same weight. 
9
 The “FP” (fitted parameter) notation means that the corresponding value was identified so that the model dynamics in the case of a healthy person lies within physiological norms 

given in Table A4 below. 



013 4A  
Systemic microvessel sensitivity 

to oxygen debt 
Vegetative-vascular crisis [S-D] 0.031537 

Proshin 

MATLAB 
– – s

–1
∙mmHg

–1 

014 5A  – – 22.0 
Proshin 

MATLAB 
– – s∙mmHg

–1
 

015 6A  – – 3.3 
Proshin 

MATLAB 
– – ml∙s

–1
∙mmHg

–2
 

016 7A  – – 4.0 
Proshin 

MATLAB 
– – mmHg

–1
 

017 8A  
Sympathetic sensitivity of the 

systemic arteries, A8 > A18 [S-D] 

Vascular spasm, e.g., vascular 

collapse [S-D] 
45.0 

Proshin 

MATLAB 
– – ml∙s

 

018 9A  
Systemic arterial tone, 

A9 > A19 [S-D] 

Neurocirculatory dystonia [S-D], 

hypertension [Amberg] 
0.07 

Proshin 

MATLAB 
– – mmHg∙s∙ml

–1 

019 1_AT aaA  
Constant for AT1-bound 

angiotensin II effect on afferent 

arteriole resistance 

– 1.3754 (0.8) 
FP (Hallow 

2014) 
– – – 

020 1_AT ALVLA  
Constant for AT1-bound 

angiotensin II effect on blood flow 

through systemic microvessels 

– 1.7323 FP – – – 

021 1_AT eaA  
Constant for AT1-bound 

angiotensin II effect on efferent 

arteriole resistance 

– 1.6601 (0.925) 
FP (Hallow 

2014) 
– – – 

022 1_AT preglomA  

Constant for AT1-bound 

angiotensin II effect on resistance 

of interlobar, arcuate, and 

interlobular arteries 

– 0.4464 (0.8) 
FP (Hallow 

2014) 
– – – 

023 2AO  Arterial oxygen content – 
2  

1000

HHe C SpO 
 

0.188
 

S-D 
0.145 – 

0.244 
Hattori – 

024 1_ normAT ANGII  
The normal level of AT1-bound 

angiotensin II 
– 16.63 

Hallow 

2017a 
– – fmol∙ml

–1
 

025 1_AT aaB  
Constant for AT1-bound 

angiotensin II effect on afferent 

arteriole resistance 

– 0.0549 (0.055) 
FP (Hallow 

2014) 
– – – 

026 1_AT ALVLB  
Constant for AT1-bound 

angiotensin II effect on blood flow 

through systemic microvessels 

– 0.0032 FP – – – 

027 1_AT eaB  
Constant for AT1-bound 

angiotensin II effect on efferent 

arteriole resistance 

– 0.0383 (0.05) 
FP (Hallow 

2014) 
– – – 



028 1_AT preglomB  

Constant for AT1-bound 

angiotensin II effect on resistance 

of interlobar, arcuate, and 

interlobular arteries 

– 0.0661 (0.055) 
FP (Hallow 

2014) 
– – – 

029 ACEc  
Rate of conversion of angiotensin 

I to angiotensin II by ACE 
– 0.9016666 

Hallow 

2014 
– – min

–1 

030 2ACEc  
Rate of conversion of angiotensin 

II to angiotensin-(1-7) by ACE2 
– 0.04 

Hallow 

2014 
– – min

–1
 

031 _adh normC  Normal plasma level of 

antidiuretic hormone (vasopressin) 
– 4.7 – 1.0 – 13.3 Yarmohammadi pg·ml

–1 

032 _al normC  Normal plasma concentration of 

aldosterone 
– 85 

Karaaslan 

2005 
70 – 300 Fischbach pg·ml

–1
 

033 _ANGII ANGIVc  Rate of conversion of angiotensin 

II to angiotensin IV 
– 0.3916666 

Hallow 

2014 
– – min

–1
 

034 _anp normC  Normal plasma level of atrial 

natriuretic peptide (atriopeptin) 
– 36.0 

Karaaslan 

2005 
7.4 – 152.0 

Cannone 

Nozuki 
ng·l

–1
 

035 1ATc  
Rate of angiotensin II binding to 

AT1 receptors 
– 0.1966666 

Hallow 

2014 
– – min

–1
 

036 1_AT aaС  
Constant for AT1-bound 

angiotensin II effect on afferent 

arteriole resistance 

– 0.1437 (0.185) 
FP (Hallow 

2014) 
– – – 

037 1_AT ALVLС  
Constant for AT1-bound 

angiotensin II effect on blood flow 

through systemic microvessels 

– 0.2170 FP – – – 

038 1_AT eaС  
Constant for AT1-bound 

angiotensin II effect on efferent 

arteriole resistance 

– 0.2441 (0.17) 
FP (Hallow 

2014) 
– – – 

039 1_AT preglomС  

Constant for AT1-bound 

angiotensin II effect on resistance 

of interlobar, arcuate, and 

interlobular arteries 

– 0.2133 (0.185) 
FP (Hallow 

2014) 
– – – 

040 2ATc  
Rate of angiotensin II binding to 

AT2 receptors 
– 0.065 

Hallow 

2014 
– – min

–1
 

041 chymc  Rate of conversion of angiotensin 

I to angiotensin II by chymase 
– 0.01833333 

Hallow 

2014 
– – min

–1
 

042 HC  Oxygen capacity of hemoglobin Carbon monoxide poisoning [S-D] 1.34
 

S-D
 

1.32 – 1.39 Dijkhuizen ml∙g
–1 

043 KC  Serum potassium concentration 

Hypokalemia: alkalemia, states of 

high endogenous or exogenous 

insulin or catecholamines, marked 

potassium deficiency (poor dietary 

4.5 –
 

3.5 – 5.5 Rastegar mEq∙l
–1 



intake, gastrointestinal disorders); 

Hyperkalemia: thrombocytosis, 

leukocytosis, significant 

hemolysis, acidemia, sudden 

increase in plasma osmolality, 

massive tissue breakdown, β-

blockade during and immediately 

after exercise, decrease in renal 

excretion of potassium [Rastegar] 

044 nepc  
Rate of conversion of angiotensin 

I to angiotensin-(1-7) by 

neprilysin 

– 0.01833333 
Hallow 

2014 
– – min

–1
 

045 aad  Afferent arteriole diameter – 23.1 – 21.5 ± 2.4 Neal μm 

046 ead  Efferent arteriole diameter – 16.9 FP 15.9 ± 2.4 Neal μm 

047 thresholdFS  
Frank-Starling law action 

threshold 
– 070 thresholdm FS  Proshin 

MATLAB 
– – ml 

048 0thresholdFS  
Mean threshold of the Frank-

Starling law action 
– 20.0 

Proshin 

MATLAB 
– – ml 

049 0ALG  Basic systemic arterial elastance Hypertension [Haluska] 0.65 
 Proshin 

MATLAB 
0.33 – 1.00 Table A4 mmHg∙ml

–1
 

050 0ARG  Basic pulmonary arterial elastance 
Pulmonary hypertension 

[Thenappan] 
0.125 

Proshin  

MATLAB 
0.08 – 0.26 Table A4 mmHg∙ml

–1
 

051 HLG  LV wall elasticity 

Hypertension [Safar, 1985], LV 

hypertrophy [S-D], exercise 

regularity [Bhella] 

0.0824 (0.16) 
FP (Zhang, 

2008) 
0.01 – 0.43 Zhang, 2008 mmHg∙ml

–1
 

052 HRG  RV wall elasticity RV hypertrophy [S-D] 0.0471 (0.16) 
FP (Zhang, 

2008) 
0.01 – 0.43 Zhang, 2008 mmHg∙ml

–1
 

053 0VLG  Basic elasticity of systemic veins 
Changing the elastic properties of  

systemic venous vessels [S-D] 
0.0112 (0.0375) 

FP (Proshin 

MATLAB) 
– – mmHg∙ml

–1
 

054 0VRG  
Basic elasticity of pulmonary 

veins 

Changing the elastic properties of  

pulmonary venous vessels [S-D] 
0.0108 (0.0375) 

FP (Proshin 

MATLAB) 
– – mmHg∙ml

–1
 

055 glucose Plasma glucose concentration 

Hyperglycemia: diabetes mellitus, 

physiological increase in glucose 

(stress, exercise, smoking, etc.), 

endocrine pathology, pancreatic 

diseases (acute and chronic 

pancreatitis, pancreatic tumors, 

etc.), chronic liver and kidney 

diseases, cerebral hemorrhage, 

5.0 – 3.9 – 6.1 Dedov mmol∙l
–1 



myocardial infarction, presence of 

antibodies to insulin receptors; 

Hypoglycemia: pancreatic 

diseases, endocrine pathology, 

severe liver diseases (cirrhosis, 

hepatitis, carcinoma, etc.), 

malignant non-pancreatic tumors, 

fermentopathies, nutritional 

disorders (prolonged fasting, 

malabsorption syndrome), 

functional disorders (vegetative 

disorders, gastroenterostomy, 

etc.), intense physical activity, 

feverish states [Andrushkevich] 

056 17ANGh  Half-life of angiotensin (1-7) – 30.0 
Hallow 

2014 
19.2–51.6

10
 Rodgers min 

057 ANGIh  Half-life of angiotensin I – 0.25 – 0.25±0.08
11

 Admiraal min 

058 ANGIIh  Half-life of angiotensin II – 0.9 – 
M: 1.0 

W: 0.8 

Magness 

Donato 
min 

059 ANGIVh  Half-life of angiotensin IV – 0.5 
Hallow 

2014 
– – min 

060 1ATh  
Half-life of AT1-bound 

angiotensin II 
– 12.0 

Hallow 

2014 
12.0

12
 Inada min 

061 2ATh  
Half-life of AT2-bound angiotensin 

II 
– 12.0 

Hallow 

2014 
– – min 

062 reninh  Half-life of circulating renin 
Malignant hypertension 

[Skrabal, 1974] 
12.0 

Hallow 

2014 

10.0 – 

15.0
13

 

Skrabal 

1974 
min 

063 Hct Hematocrit – 40.0 Guyton 
M: 40 – 54 

W: 36 – 48 
Billett % 
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 In vivo measurement. The mean plasma half-life of angiotensin (1-7) administered before and after chemotherapy in patients with newly diagnosed breast cancer was 0.49 h (29 

min), range 0.32 – 0.86 h (19.2 – 51.6 min) [Rodgers]. A similar range 0.42 – 0.61 h was obtained for higher doses of ANG17 administered in patients with advanced solid tumors 

refractory to standard therapy [Petty]. 
11

 In vivo measurement. The estimate obtained for six subjects with essential hypertension after the infusion of rather high quantities of unlabeled angiotensin I in combination with 

radiolabeled ANGI (
125

I-ANG I). High ANGI doses was given to minimize the contribution of endogenous ANGI to the plasma levels measured during the infusion [Admiraal]. 
12

 In vitro measurement. The value was obtained using bovine adrenal cortical membrane [Inada], and corresponds to the range 13 – 23 min obtained in [Glossmann] also for bovine 

adrenal cortex. 
13

 In vivo measurement. Half-life of plasma renin activity in 3 normal subjects after maximal stimulation and subsequent inhibition of renin release by the intravenous administration 

of propranolol were 10, 13 and 15 minutes, and in the patient with malignant hypertension immediately after bilateral nephreetomy – 1 hour 22 minutes [Skrabal, 1974]. The values 

reported in the literature range from about 10 to 165 min, which can be explained, at least partly, by differences in the methods used for measuring renin [Derkx]. 



064 He Hemoglobin Anemia [S-D] 143.0 – 
M:140–180 

W:120–160 
Billett g∙l

–1
 

065 BaseHeart  Basic activity of the cardiac center – 0.1357 (0.5) 
FP (Proshin 

MATLAB) 
– – – 

066 BaroHeart  
Baroreceptor sensitivity of the 

cardiac center 

Hyper- or hypoactivity of the 

vegetative nervous system, 

blockade of baroreceptors [S-D] 

0.6 
Proshin 

MATLAB 
– – – 

067 OxygenHeart  Weariness sensitivity of the 

cardiac center 

Hyper- or hypoactivity of the 

vegetative nervous system, 

organism tolerance to the exercise 

stress under some functional 

disorders, such as neurocirculatory 

dystonia [S-D] 

1.75 
Proshin 

MATLAB 
– – – 

068 StressHeart  
Stress sensitivity of the cardiac 

center 

Hyper- or hypoactivity of the 

vegetative nervous system [S-D] 
1.5 

Proshin  

MATLAB 
– – – 

069 2VOHeart  
Respiratory sensitivity of the 

cardiac center 

Hyper- or hypoactivity of the 

vegetative nervous system [S-D] 
1.0 

Proshin  

MATLAB 
– – – 

070 ALk  
Fraction AL  of ALV  at the initial 

moment of time  
– 0.91 (0.87

14
) 

FP (Proshin 

MATLAB) 
– – – 

071 ARk  
Fraction AR  of ARV  at the initial 

moment of time 
– 0.82 (0.8

14
) 

FP (Proshin  

MATLAB) 
– – – 

072 _ 0FGK  Normal filtration coefficient – 0.005202 Škrtić 
0.0039–

0.0162 
Hoang l∙min

–1
∙mmHg

–1
 

073 HLk  
Fraction HL  of HLV  at the initial 

moment of time 
– 0.0 

Rosalina 

Paeme 
0.0 – 0.3

15
 – – 

074 HLALK  
Aortic valve regurgitation 

coefficient 
Aortic valve failure [S-D] 0.0 S-D 0.0 S-D – 

075 HRk  
Fraction HR  of HRV  at the initial 

moment of time 
– 0.0 Paeme 0.0 – 0.3

15
 – – 

076 HRARK  
Pulmonary valve regurgitation 

coefficient 
Pulmonary valve failure [S-D] 0.0 S-D 0.0 S-D – 
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 The model implementation by Proshin and Solodyannikov in MATLAB provides the initial volumes 0 300ALV   ml, 0 300ARV   ml, 0 1135VRV   ml, 0 140HLV   ml, and 

0 140HRV   ml, the body weight 70.86m  , and the formula for the allometric scaling volumemass , according to which the body weight of 70 kg corresponds to the normal circulating 

blood volume of 4725 ml. Based on this, we found the value 70.86 4725 70 4783V     ml and received 0 0 0 0 0 0 2768VV AL AR VR HL HRV V V V V V V        ml. Taking into account 

the normal values of the unstressed volumes 0 260AL   ml, 0 240AR   ml, 0 40HL   ml, 0 40HR   ml, 0 2650VL   ml, and 0 1075VR   ml, we calculated the corresponding 

fractions 0.87ALk  , 0.8ARk  , 0.3HLk  , 0.3HRk  , 0.96VLk   and 0.95VRk  . 
15

 The rationale for this range is given in Table A4 below in description of the parameters HL  and HR . 



077 VLk  
Fraction 

VL  of 
VLV  at the initial 

moment of time 
– 1.0 (0.96

14
) 

FP (Proshin 

MATLAB) 
– – – 

078 VLHRK  
Tricuspid valve regurgitation 

coefficient 
Tricuspid valve failure [S-D] 0.0 S-D 0.0 S-D – 

079 VRk  
Fraction 

VR  of 
VRV  at the initial 

moment of time 
– 0.97 (0.95

14
) 

FP (Proshin 

MATLAB) 
– – – 

080 VRHLK  
Mitral valve regurgitation 

coefficient 
Mitral valve failure [S-D] 0.0 S-D 0.0 S-D – 

081 0LK  Inotropic status of the LV 

Decreased pumping function of 

the heart (myocardial infarction, 

heart failure of different 

pathogenesis, etc.) [S-D]. 

0.55 S-D 0.55 – 0.60 S-D – 

082 0RK  Inotropic status of the RV Similar to 0LK  [S-D]. 0.55 S-D 0.55 – 0.60 S-D – 

083 aaL  Afferent arteriole length – 112.0 Neal – – μm 

084 eaL  Efferent arteriole length – 138.0 Neal – – μm 

085 m Body weight – 70 – – – kg 

086 nephronsN  Number of nephrons in the 

kidneys 

Renal pathology, hypertension, 

birth weight, age [Bertram] 

2.75E6 

(2.0E6) 

FP (Hallow 

2014) 

2 х 0.2E6 – 

2 х 2.7E6
16

 
Bertram – 

087 rsnaN  
Normalized renal sympathetic 

nerve activity 
– 1.0 

Karaaslan 

2005 
– – – 

088 _ dtn  
Normal fractional distal sodium 

reabsorption 
– 0.50 

Karaaslan 

2005 
– – – 

089 _ cdn  Normal fractional collecting duct 

sodium reabsorption 
– 0.90 (0.93) 

FP 

(Karaaslan 

2005)
 

– – – 

090 _ ptn  
Normal fractional sodium 

reabsorption in the proximal 

tubule and the loop of Henle 

– 0.80 
Karaaslan 

2005 

M: 0.795 ± 

0.083 

W: 0.793 ± 

0.084 

Seidlerová – 

091 
_ _

_ _

dt cd

cd dt

n n

n n

 

 

 

 
 

Normal fractional sodium 

reabsorption in the distal tubule 

and subsequent nephron parts 

– 0.95 
Karaaslan 

2005 

M: 0.946 ± 

0.032 

W: 0.950 ± 

0.031 

Seidlerová – 

092 0P  Baroreceptor sensitivity threshold 

Hyperfunction of the circulatory 

system, baroreceptor blockade 

[S-D] 

2.0 
Proshin 

MATLAB 
– – mmHg 
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 The article [Bertam] gives a range of 0.2E6 – 2.7E6 for the nephron number in one human kidney with an average value of 895711. nephronsN  is the number of nephrons in two 

kidneys. 



093 BP  
Hydrostatic pressure in the 

Bowman’s space 
– 10.0 Gómez 10.0 – 15.0 

Digne-

Malcolm 
mmHg 

094 _gh normP  Normal glomerular hydrostatic 

pressure 
– 60.0 

Hallow 

2014 
48.0 – 63.0 Guberina mmHg 

095 vP  Renal venous pressure 

Hypertension (with hydropenia or 

during sustained isotonlc saline 

volume expansion) [Willassen] 

6.0 
Digne-

Malcolm 
– – mmHg 

096 nomPRC  
Nominal value of plasma renin 

concentration 
– 20.0 (15.0) 

FP (Hallow 

2014) 
3.42 – 69.4 Perschel pg∙ml

–1 

097 _ 0preglomR  Nominal resistance of interlobar, 

arcuate and interlobular arteries 
– 10.0 (14.0) 

FP (Hallow 

2017a) 
10.0 – 20.0 

Hallow 

2017a 
mmHg∙min∙l

–1
 

098 vR  Renal venous resistance – 15.0 App. B 11.3 – 20.1 App. B mmHg∙min∙l
–1

 

099 2RO  Oxygen demand Exercise stress [S-D] 2070m RO  
Proshin 

MATLAB 
– – ml∙s

–1
 

100 20RO  Mean body oxygen demand Exercise stress [S-D] 4.2 – ≈ 4.2 Treacher ml∙s
–1

 

101 barosl  
Slope of the linear function of  

AT1-bound angiotensin II effect 

on baroreceptor activity 

– 0.3457 FP – – – 

102 KFGsl  
Slope of the linear function of 

AT1-bound angiotensin II effect 

on filtration coefficient 

– 0.0924 FP – – – 

103 Pghsl  

Slope of the linear function of 

glomerular hydrostatic pressure 

effect on myogenic autoregulation 

signal 

– 0.8294 FP – – – 

104 stresssl  
Slope of the linear function  of 

AT1-bound angiotensin II effect 

on stress receptor activity 

– 0.1349 FP – – – 

105 1_AT PRCslope  
Constant for AT1-bound 

angiotensin II effect on renin 

secretion rate 

– 1.2 
Hallow 

2017a 
– – – 

106 2SpO  Arterial oxygen saturation – 0.98 – 0.95 – 0.99 Goldberg – 

107 st 
Stress factor, the level of steroid 

hormones in the blood 
Stress mode [S-D] 0.25 

Proshin 

MATLAB 
0.0 – 1.0 S-D – 

108 maxSV  
Theoretical maximum stroke 

volume 
– 070 maxSVm   

Proshin 

MATLAB 
– – ml 

109 0maxSV  
Average theoretical maximum 

stroke volume 
– 200.0 

Proshin 

MATLAB 
– – ml 

110 alT  
Time constant for aldosterone 

secretion 
– 30.0 

Karaaslan 

2005 
– – min 



111 TP Total protein 

Albumin: increase – acute 

dehydration; decrease – end-stage 

liver disease, intestinal 

malabsorption syndromes, protein-

calorie malnutrition, nephrotic 

syndrome, severe burns. 

Globulin: increase – stress, acute 

inflammation, tissue necrosis, 

chronic infections, nephrotic 

syndrome, severe iron deficiency, 

connective tissue diseases, liver 

disease, multiple myeloma, 

lymphoma, etc.; decrease – 

congenital α1 antitrypsin 

deficiency, hemolytic reaction, 

congenital immune deficiency 

syndromes, chronic lymphocytic 

leukemia, nephrotic syndrome 

[Busher]. 

70.0 – 
60.0 – 80.0 

66.0 – 86.0 

Busher 

Gardner 
g∙l

–1 

112 urea Plasma urea concentration 

Renal (glomerulonephritis, renal 

amyloidosis, pyelonephritis, etc.) 

and extrarenal (heart failure, 

severe bleeding, shock, etc.) 

retention azotemia, production 

azotemia (cachexia, leukemia, 

increased physical activity, etc.), 

liver dysfunction, pregnancy, low 

protein diet, phosphorus 

poisoning, acromegaly, 

malabsorption syndrome 

[Andrushkevich] 

5.0 – 1.8 – 7.1 Hosten mmol∙l
–1

 

113 Vis Blood viscosity 
Heat stress [Keatinge], 

hypertension [Letcher] 

1.23 1
99

1.7, 9.86,

0.0607

n

c Hct

Hct

n a b e

a b

c



 

 
  
 

  

 



 Hund 
4.66 ± 

0.72
17

 
Furukawa sP 
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 Values for a shear rate of 100 s
–1

. Experimental data [Brooks] used to derive the viscosity formula in [Hund] correspond to shear rates above 100 s
–1

, when the viscosity is 

practically unchanged. Typical ranges of shear rates: 20–200 s
–1

 for veins, 300–800 s
–1

 for large arteries, 500–1600 s
–1

 for arterioles [Kroll]. 



114 normVis  Mean normal blood viscosity – 4.65
18

 Hund 4.66 ± 0.72 Furukawa sP 

115 _PRC PRAX  
Equilibrium ratio of plasma renin 

activity to plasma renin 

concentration 

– 1.016666 
Hallow 

2014 
– – 

fmol∙ 

min
–1

∙pg
–1 

116 0ALVLY  
Basic conductivity of systemic 

microvessels (arterioles, 

capillaries and venules) 

Peripheral vascular spasm [S-D] 1.363 (1.2) 
FP (Proshin 

MATLAB) 
– – ml∙s

–1
∙mmHg

–1
 

117 0ARVRY  
Basic conductivity of pulmonary 

microvessels (arterioles, 

capillaries and venules) 

Pulmonary vasospasm [S-D] 15.0 (4.8) 
FP (Proshin 

MATLAB) 
– – ml∙s

–1
∙mmHg

–1
 

118 HLALY  
Basic conductivity of the aortic 

valve and systemic arteries 
Aortic stenosis [S-D] 7.0 (13.515) 

FP (Proshin 

MATLAB) 
– – ml∙s

–1
∙mmHg

–1 

119 HRARY  
Basic conductivity of the 

pulmonary valve and arteries 
Pulmonary valve stenosis [S-D] 57.0 (15.225) 

FP (Proshin 

MATLAB) 
– – ml∙s

–1
∙mmHg

–1
 

120 0VLHRY  
Basic conductivity of the tricuspid 

valve and systemic veins 
Tricuspid valve stenosis [S-D] 90.0 (120.0) 

FP (Proshin 

MATLAB) 
– – ml∙s

–1
∙mmHg

–1
 

121 0VRHLY  
Basic conductivity of the mitral 

valve and pulmonary veins 
Mitral stenosis [S-D] 57.0 (40.0) 

FP (Proshin 

MATLAB) 
– – ml∙s

–1
∙mmHg

–1
 

122 map  Effect of mean arterial pressure on 

the aldosterone secretion 
– 1.0 

Karaaslan 

2005 
– – – 

123 _MD renin  Constant for macula densa sodium 

flow effect on renin secretion rate 
– 0.0959 (2.0) 

FP (Hallow 

2017a) 
– – – 

124 _ _ 0md sod  Nominal value of macula densa 

sodium flow rate 
– 3.320 (0.7980) 

FP (Hallow 

2017a) 
– – mEq∙min

–1
 

125 sodin  Sodium intake – 0.0565 (0.1260) 

FP 

(Karaaslan 

2005) 

0.035 – 

0.174 
Luft mEq∙min

–1 

126 _win norm  Normal value of water intake – 0.0019 – 
0.0019 ± 

0.0007
19 Malisova l∙min

–1
 

127 _AL nom  Nominal unstressed volume of 

systemic arteries 

Vasospasm (vascular collapse) 

[S-D] 

kAL∙VAL(0) 

≈ 573.82 
–

 
– – ml 

128 _AR nom  Nominal unstressed volume of 

pulmonary arteries 
Pulmonary vasospasm [S-D] 

kAR∙VAR(0) 

≈ 139.21 
– – – ml 
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 The value given by the viscosity formula proposed by Hund et al. [Hund] for hematocrit of 40%. 
19

 2.75 ± 1.01 l/day 



129 HL  Unstressed LV volume
20

 

LV hypertrophy [S-D], heart 

disease [Senzaki], hypertension 

[Kelly], [Kass] 

kHL∙VHL(0) = 0.0 – 0.0 – 42.0
20

 – ml 

130 HR  Unstressed RV volume
20

 
RV hypertrophy [S-D], pulmonary 

hypertension [Trip] 
kHR∙VHR(0) = 0.0 – 0.0 – 42.0

20
 – ml 

131 VL  
Unstressed volume of systemic 

veins 

Congestion in the veins: varicose 

veins, congestive heart failure, etc. 

[S-D] 

kVL∙VVL(0) 

≈ 3443.90 
– – – ml 

132 VR  
Unstressed volume of pulmonary 

veins 

Congestion in the pulmonary 

veins: pulmonary edema, RV 

failure, etc. [S-D] 

kVR∙VVR(0) 

≈ 305.83 
– – – ml 
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 The variable HL  (or HR ) corresponds to the LV (RV) volume HLV  ( HRV ) at zero diastolic pressure _HL DP  ( _HR DP ), and defines a volume-axis intercept of the end-diastolic 

pressure-volume relation (EDPVR) curve [Paeme]. Theoretically, for a healthy heart, the corresponding end-systolic pressure-volume relation (ESPVR) curve has the same volume 

intercept  ( 0V ) [Bastos], [Paeme]. Therefore, to assign the reference ranges for HL  and HR , we used the estimates found in the literature for the linear (unless otherwise stated 

below) ESPVR curves. Figure 6 of the article [Kelly] shows that the LV value 0V  in a young normotensive is approximately –5.0 to 0.0 ml, which is consistent with the value 

0.0HL   in the [Rosalina] and [Paeme] models. In [Hayward], for 11 subjects with normal LV function, the values 0V  are negative: –32.5 ± 3.2 ml. The work [Kass] gives estimate 

–32.5 ± 18.6 ml of the LV value 0V  for 6 patients with normal coronary arteriography and ventriculography, which taking into account the normalization to LV end-diastolic 

volumes presented for all patients results in the range –0.82 to 0.0 for HLk . The author of the article [Shoucri, 2013] considered the non-linear ESPVR curve and found the LV values 

16.62 – 51.37 ml of 0V  (0.15 – 0.28 for HLk ) in 10 normal patients. A similar estimate for 9 normal subjects is in another work by the same author: 33.8 – 61.1 ml (0.19 – 0.28 for 

HLk ) [Shoucri, 2015]. The article [Dell'Italia] provides an estimate 24 – 89 ml of the RV values 0V  (0.20 – 0.43 for HRk ) in 9 patients with normal coronary anatomy and ventricular 

function. In work [Brown, 1988], for 8 patients with normal RV function, the values 0V  were –8 to 28 ml/m
2
 (–0.12 to 0.40 for HRk ).  Note that in patients with heart disease, the 

ranges of 0V  for the LV and the RV can vary significantly. So in the work [Senzaki], an estimate of 0V  for the LV in 87 patients with normal or myopathic hearts is –100 to 200 ml, 

and in the article [Trip], for patients with pulmonary hypertension, the range –8 to 171 ml is given for the RV values 0V . Based on the above, in the current work, we considered the 

normal range 0.0 – 0.3 for HLk  and HRk , which taking into account the normal initial volumes 140HL HRV V   ml gives 0.0 – 42.0 ml for HL  and HR . 



Table A4. List of the model variables. 

№ Variables Entity 
Pathological conditions and factors 

affecting the value
 

Values 

Units 
Equilibrium

21
 

Initial 

(to generate 

virtual 

patients)
22

 

Norms
23

 

001 ANG17 
Plasma angiotensin-(1-7) 

concentration 

Hypertension, pre-eclampsia, 

hypertrophic myocardial disease, 

congestive heart failure, myocardial 

infarct, chronic renal diseases, 

hepatic cirrhosis, diabetic nephropathy, 

gestational diabetes [Ribeiro-Oliveira] 

14.1233 23.0 
22.9 ± 8.8 

[Ferrario] 
fmol∙ml

–1
 

002 ANGI 
Plasma angiotensin I 

concentration 

Hymenoptera venom anaphylaxis 

[Hermann] 
7.5052 

7.5 

[Hallow, 2017a] 

8.2 ± 5.4 

[Nussberger] 
fmol∙ml

–1 

003 ANGII 
Plasma angiotensin II 

concentration 

Type 1 diabetes [Bojestig], aldosterone 

level [Wang], hymenoptera venom 

anaphylaxis [Hermann] 

4.7180 
4.75 

[Hallow, 2017a] 

5.2 ± 1.9 

[Nussberger] 
fmol∙ml

–1
 

004 ANGIV 
Plasma angiotensin IV 

concentration 
– 1.3330 0.0 – fmol∙ml

–1
 

005 AT1_ANGII 
Concentration of AT1-

bound angiotensin II 
– 16.0637 

16.63 

[Hallow, 2017a] 
– fmol∙ml

–1
 

006 AT2_ANGII 
Concentration of AT2-

bound angiotensin II 
– 5.3092 

4.16  

[Hallow, 2017a] 
– fmol∙ml

–1
 

007 adhC  
Plasma concentration of 

antidiuretic hormone 

(vasopressin) 

Hypertension [Cowley], change in 

blood osmolality [Hammer] 
3.2746 – 

1.0 – 13.3 

[Yarmohammadi] 
pg∙ml

–1 

008 alC  
Plasma aldosterone 

concentration 

Salt intake [Ishimitsu], [Wambach], 

hypertension, concentric LV 

hypertrophy, atrial fibrillation, obesity, 

chronic kidney disease, high 

triglycerides, metabolic syndrome 

[Buglioni], ascites in hepatic cirrhosis 

[Kuiper], primary and secondary 

aldosteronism [Glinicki], type 1 

diabetes [Škrtić], race [Tu] 

108.2091 – 
70 – 300 

[Fischbach] 
pg∙ml

–1
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 Equilibrium values of the model within the normal ranges for a healthy person (an accuracy of 10
–4

, the exact values can be found in the BioUML implementation of the model in 

the website: https://gitlab.sirius-web.org/virtual-patient/blood-pressure-regulation).  
22

 The initial values of variables calculated using differential equations or discrete events. They can be used for generation of virtual patients. 
23 Data range or mean ± SD. 

https://gitlab.sirius-web.org/virtual-patient/blood-pressure-regulation


009 anpC  
Plasma concentration of 

atrial natriuretic peptide 

(atriopeptin) 

Type 1 diabetes [Bojestig], salt intake, 

hypertension [Ishimitsu], [Wambach], 

congestive heart failure, chronic renal 

failure [Nozuki], plasma aldosterone 

level in hypertension [Cannone], 

ventricular pacing [Zullo] 

43.7338 – 

7.4 – 152.0 

[Cannone] 

[Nozuki] 

ng∙l
–1 

010 MC  
Plasma protein mean 

concentration within the 

glomerular capillaries 

– 7.6064 – – g∙l
–1 

011 sodC  
Serum sodium 

concentration 

Hypovolaemia (burns, diarrhoea, 

vomiting, acute and chronic renal 

disease, etc.), hypervolaemia 

(congestive cardiac failure, cirrhosis 

with ascites, chronic renal failure, etc.), 

euvolaemia (hypothyroidism, water 

intoxication, diabetes insipidus, etc.) 

[Reynolds] 

143.1384 – 
137 – 147 

[Payne] 
mEq∙l

–1 

012 CO Cardiac output 
Hypertension, exercise [Cléroux], 

positive-pressure ventilation [Kyhl] 
4.9503 – 

2.51 – 9.00 

(age 18+) 

[Cattermole] 

l∙min
–1 

013 LengthCycle  Cardiac cycle length 

(RR-interval) 
– 0.7578 

0.85 [Proshin 

MATLAB] 

M: 0.624 – 1.284 

F: 0.600 – 1.213 

[Mason] 

s 

014 TimeCycle  
Time of the current cardiac 

cycle 
– 0.5673 0.0 – s 

015 2DO  Oxygen debt – 10.8205 
0.0 [Proshin 

MATLAB] 
– ml 

016 LDTS  LV systolic mismatch – 0.0 – – – 

017 RDTS  RV systolic mismatch – 0.0 – – – 

018 EF Ejection fraction 

Cardiomyopathy, coronary artery 

disease [Pagani], chronic heart failure 

[Dushina] 

62.2167 – 
≥ 50 

[Pfisterer] 
% 

019 ALVLF  
Blood flow through 

systemic microvessels 
– 76.3198 – – ml∙s

–1 

020 ARVRF  
Blood flow through 

pulmonary microvessels 
– 58.4373 – – ml∙s

–1
 



021 HLALF  
Blood flow through the 

aortic valve 

Exercise in healthy individuals and 

patients with aortic valve substitutes 

[Blais] as well as aortic stenosis 

[Burwash], [Otto], severe aortic 

stenosis [Johnson] 

0.0 – 

Mean flow rate
24

: 

269 ± 53 

[Blais] 

ml∙s
–1

 

022 _HLAL pF  Peak flow rate 
HLALF  

Exercise in patients with aortic stenosis 

[Otto] 
405.5433 – 

512 ± 165 

[Kyhl] 
ml∙s

–1
 

023 HRARF  
Blood flow through the 

pulmonary valve 
Exercise [Wright, 2018] 0.0 – 

Mean flow rate: 

320 ± 117 

[Wright, 2018] 

ml∙s
–1

 

024 _HRAR pF  Peak flow rate HRARF  – 514.0842 – 
611 ± 182 

[Kyhl] 
ml∙s

–1
 

025 VLHRF  
Blood flow through the 

tricuspid valve
 25

 

Age, gender [Maceira, 2006b], positive-

pressure ventilation [Kyhl] 
50.1525 – – ml∙s

–1
 

026 _VLHR apF  Active peak VLHRF
25

 Similar to 
VLHRF  358.6257 – 

29 – 770
26

 

[Maceira, 2006b] 
ml∙s

–1
 

027 _VLHR epF  Early peak 
VLHRF

25
 Similar to VLHRF  494.3659 – 

105 – 753
26

 

[Maceira, 2006b] 
ml∙s

–1 

028 VRHLF  
Blood flow through the 

mitral valve
 27

 

Age, gender [Maceira, 2006a], 

hypobaric hypoxia [Holloway], 

positive-pressure ventilation [Kyhl] 

34.9546 – – ml∙s
–1

 

029 _VRHL apF  Active peak VRHLF
27

 Similar to VRHLF  286.8198 – 
77 – 497

26
 

[Maceira, 2006a] 
ml∙s

–1 

030 _VRHL epF  Early peak VRHLF
27

 Similar to VRHLF  673.2094 – 
178 – 1000

26
 

[Maceira, 2006a] 
ml∙s

–1
 

031 FF Filtration fraction 

Cardiac dysfunction, secondary to 

pulmonary hypertension [Damman], 

early postpartum period [Lafayette], age 

with hypertension [Bauer], hydropenia 

with hypertension [Willassen] 

0.1551 – 
0.19 ± 0.04 

[Škrtić] 
– 
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 Mean transvalvular flow rate is the quotient of stroke volume and systolic ejection time [Blais]. 
25

 The rate of the RV filling through the tricuspid valve is characterized by the early peak after the valve opening at early diastole and the active peak at the moment of the right atrial 

contraction. These peaks can be estimated from the time derivative of the RV volume by cardiovascular magnetic resonance [Maceira, 2006b]. 
26

 Men and women aged 20 to 59 years. 
27

 The rate of the LV filling through the mitral valve in diastole is characterized by two peaks [Caudron], [Boogers], [Zhang, 2019], which can be estimated from the time derivative 

of the LV volume by cardiovascular magnetic resonance [Maceira, 2006a]. In normal subjects, the LV inflow is greatest immediately after opening of the mitral valve (early peak), 

the left atrial contraction is responsible for smaller inflow (active peak) [Caudron]. 



032 ALG  Systemic arterial elastance 

Aortic valve stenosis [Laskey, 2009], 

congestive heart failure secondary to 

idiopathic dilated cardiomyopathy  

[Laskey, 1990], diabetes mellitus, 

hypertension [Haluska], idiopathic 

dilated cardiomyopathy, coronary artery 

disease, hypertrophic cardiomyopathy, 

RV disease [Chemla, 1998], age ≥ 65 

years [Fujimoto] 

0.9186 – 
0.33 – 1.00

28
 

[Laskey, 1990] 
mmHg∙ml

–1 

033 ARG  
Pulmonary arterial 

elastance 
Pulmonary hypertension [Thenappan] 0.1873 – 

0.08 – 0.26
29

 

[Thenappan] 
mmHg∙ml

–1
 

034 VLG  Systemic venous elastance – 0.0666 – – mmHg∙ml
–1

 

035 VRG  
Pulmonary venous 

elastance 
– 0.0662 – – mmHg∙ml

–1
 

036 GFR Glomerular filtration rate 

Values of right atrial pressure and renal 

blood flow [Damman], acute and 

chronic kidney disease [Levey], 

[Juretzko], early postpartum period 

[Lafayette], cirrhosis [Wong] 

0.1102 – 

0.060 – 0.135 

[Levin], 

[Cachat] 

l∙min
–1 

037 2gO  Oxygen consumption – 3.8816 – 
≈ 4.2 

[Treacher] 
ml∙s

–1
 

038 H Neurohumoral factor – 1.3114 
1.17 [Proshin 

MATLAB] 
– s

–1
 

039 RateHeart  Heart rate 

Age, gender, race [Ostchega], type 1 

diabetes [Škrtić], exercise [Wright, 

2018], [Lenz], positive-pressure 

ventilation [Kyhl] 

79.1721 – 
60 – 100 

[Ostchega] 
beats∙ min

–1 
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 Total arterial compliance (TAC) is the inverse of arterial stiffness [Papaioannou], which we used to estimate the values of ALG . We found the following ranges of TAC (in 

ml/mmHg) obtained by various methods of assessment in control subjects without cardiovascular disease: 

 [Haluska], 82 individuals: 1.59 ± 0.50 (pulse-pressure method), 2.26 ± 0.74 (area method), 2.47 ± 0.74 (stroke volume/pulse-pressure method). 

 [Fujimoto], stroke volume/pulse-pressure method: 1.8 ± 0.6 (14 individuals aged 21–34 years), 1.8 ± 0.5 (19 individuals aged 35–49 years), 2.0 ± 0.6 (23 individuals aged 

50–64 years), 1.2 ± 0.3 (14 individuals with age ≥65 years). 

 [Chemla, 1998], 7 individuals: 1.84 ± 0.76 (area method), 1.91 ± 0.76 (stroke volume/pulse-pressure method). 

 [Laskey, 1990], 11 individuals: 0.752–1.700∙10
–3

 cm
5
/dyn (monoexponential aortic diastolic pressure decay), 0.782–2.287∙10

–3
 cm

5
/dyn (Windkessel model) – taking into 

account the coefficient 1328 [Gómez] for converting units to ml/mmHg these are ranges 1.00–2.26 and 1.04–3.00 respectively. 

Based on these data, we considered the range of 1.00–3.00 ml/mmHg for the total arterial compliance and the range of 0.33 – 1.00 mmHg/мл for ALG . 
29

 The range of values of the pulmonary arterial compliance (the inverse of the pulmonary arterial stiffness, which we used to estimate the values of ARG ) is 3.8 – 12.0 ml/mmHg 

[Thenappan]. 



040 FGK  Filtration coefficient – 0.0052 – 
0.0039–0.0162 

[Hoang] 
l∙min

–1
∙mmHg

–1
 

041 LK  Inotropic factor of the LV – 0.6250 – – – 

042 RK  Inotropic factor of the RV – 0.6250 – – – 

043 PULSELA  Left atrial pulse-wave – 0.0 – 
– 

– 
mmHg 

044 sodM  Total exchangeable sodium 

Sodium Intake [Brown, 1970], edema 

due to heart disease [Farber], [Knud], 

hepatic disease with edema and/or 

ascites, renal disease with edema 

[Farber], open intracardiac operations 

[Pacifico], hypothyroidism [Surveyor] 

2831.3985 2850 

2040 – 3950 

2837±500
30

 

[Farber] 

mEq 

045 MAP Mean arterial pressure – 90.0275 – 
70 – 105 

[Doenyas-Barak] 
mmHg 

046 alN  
Normalized aldosterone 

concentration 
– 1.2730 

1.0 

[Karaaslan, 

2005] 

– – 

047 alsN  
Normalized aldosterone 

secretion rate 
– 1.2730 – – – 

048 nB Baroreceptor activity – 0.6607 – – – 

049 nD Weariness receptor activity – 0.1506 – – – 

050 nH 
Myocardial sympathetic 

inotropic sensitivity 
– 0.3316 – – – 

051 nS Stress receptor activity Stress mode [S-D] 0.1780 – 0.0 – 1.0 [Proshin] – 

052 nSum Cardiac center activity – 1.4041 – – – 

053 nV 
Respiratory receptor 

activity 
– 0.3413 – – – 

054 osmolality Blood osmolality – 285.2374 – 275 – 295 [Fogarty] mOsm∙kg
–1 

055 ALP  Systemic arterial pressure – 89.8166 – – mmHg 

056 ARP  Pulmonary arterial pressure – 13.2730 – – mmHg 

057 _AR DP  Diastolic pulmonary 

arterial pressure 

Cardiomyopathy, coronary artery disease 

[Pagani], exercise [Wright, 2018] 
12.0825 – 

4 – 12 

[Marini], [Pagani] 
mmHg 

058 _AR SP  Systolic pulmonary arterial 

pressure 

Cardiomyopathy, coronary artery disease 

[Pagani], exercise [Wright, 2018] 
18.5647 – 

15 – 30 

[Marini], [Pagani] 
mmHg 

059 DP  Diastolic blood pressure 
Exhaustive exercise-induced tissue 

hypoxia [Lenz] 
77.9518 80 

< 90 

[Oparil] 
mmHg 
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 The value sodM  is determined by the dilution of radioisotopic sodium 
22

N or 
24

N. In [Farber], the mean value ± SD is 2896 ± 479 mEq.  However, if these values are calculated 

directly from the data provided by the authors for 27 control individuals, the estimate is 2837 ± 500 mEq. 



060 ghP  Glomerular hydrostatic 

pressure 
Type 1 diabetes [Škrtić] 59.1569 – 

48.0 – 63.0 

[Guberina] 
mmHg 

061 goP  Glomerular capillary 

oncotic pressure 

Type 1 diabetes [Škrtić], early 

postpartum period [Lafayette] 
28.0322 27.3 

27.3 ± 2.6 

[Škrtić] 
mmHg 

062 HLP  LV pressure – 9.0599 – – mmHg 

063 _HL DP  LV diastolic pressure 

Cardiomyopathy, coronary artery 

disease [Pagani], diastolic heart 

dysfunction due to essential 

hypertension [Stefanadis] 

9.0599 – 
3 – 12 

[Pagani] 
mmHg 

064 _HL SP  LV systolic pressure 

Cardiomyopathy, coronary artery 

disease [Pagani], diastolic heart 

dysfunction due to essential 

hypertension [Stefanadis] 

134.9507 

130 

[Proshin 

MATLAB] 

100 – 140 

[Pagani] 
mmHg 

065 HRP  RV pressure – 4.8451 – – mmHg 

066 _HR DP  RV diastolic pressure 
Cardiomyopathy, coronary artery disease 

[Pagani], exercise [Wright, 2018] 
4.8451 – 

2 – 8 

[Pagani] 
mmHg 

067 _HR SP  RV systolic pressure 
Cardiomyopathy, coronary artery disease 

[Pagani], exercise [Wright, 2018] 
20.9558 20 

15 – 30 

[Pagani] 
mmHg 

068 raP  
Normalized right atrial 

pressure 
– 0.8620 – – mmHg 

069 SP  Systolic blood pressure 

Extracellular fluid volume [Faucon], 

type 1 diabetes and renal hyperfiltration 

[Škrtić], exhaustive exercise-induced 

tissue hypoxia [Lenz] 

114.1788 120 
< 140 

[Oparil] 
mmHg 

070 VLP  Systemic venous pressure – 5.3039 – 
2 – 8

31
 

[Klingensmith] 
mmHg 

071 VRP  Pulmonary venous pressure 
Cardiomyopathy, coronary artery 

disease [Pagani] 
9.4499 – 3 – 20

32
 mmHg 

072 PRA Plasma renin activity 

Type 1 diabetes [Bojestig], [Škrtić], 

[Valabhji], race [Tu], saline infusion 

[Ishimitsu], exhaustive exercise-induced 

tissue hypoxia [Lenz], primary and 

secondary aldosteronism, hypertension 

[Glinicki], aldosterone level [Wang] 

27.8513 – 
15.0 – 31.7 

[Valabhji] 

fmol∙ 

ml
–1

∙min
–1 
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 This is the reference range for the central venous pressure (right atrial pressure). 
32

 The value of VRP  cannot be measured directly. The pulmonary capillary wedge pressure (PCWP) can be used for the indirect estimation. The normal range of PCWP is 2–15 

mmHg [Klingensmith]. The mean value of VRP  is intermediate between the mean PCWP and the mean value of ARP , and is approximately 30% higher than the PCWP [Chaliki] 

(shown for dogs). Therefore, we assumed 3 – 20 mmHg as the range for VRP . 



073 PRC Plasma renin concentration 

Race [Tu], sodium intake [Wambach], 

primary and secondary aldosteronism, 

hypertension [Glinicki], chronic kidney 

disease [Juretzko] 

27.3948 nomPRC  
3.42 – 69.4 

[Perschel] 
pg∙ml

–1 

074 aR  
Resistance of afferent 

vessels (arteries and 

arterioles) 

– 26.0578 – – mmHg∙min∙ml
–1

 

075 _a dyneR  
aR  in dyn∙s∙sm

–5
 Type 1 diabetes [Škrtić] 2076.2867 – 1555 ± 635 [App. B] dyn∙s∙sm

–5
 

076 aaR  
Single-afferent arteriole 

resistance 
– 1.7746E7 – – mmHg∙min∙l

–1 

077 _ 0aaR  Nominal single-afferent 

arteriole resistance 
– 0.9317E7 – – mmHg∙min∙l

–1 

078 eR  
Resistance of all efferent 

arterioles 
– 32.9348 – – mmHg∙min∙ml

–1
 

079 _e dyneR  
eR  in dyn∙s∙sm

–5
 – 2624.2428 – 2270 ± 364 [App. B] dyn∙s∙sm

–5
 

080 eaR  
Single-efferent arteriole 

resistance 
– 9.0571E7 – – mmHg∙min∙l

–1
 

081 _ 0eaR  Nominal single-efferent 

arteriole resistance 
– 4.0073E7 – – mmHg∙min∙l

–1
 

082 preglomR  
Resistance of interlobar, 

arcuate, and interlobular 

arteries 

– 19.6049 – 
10.0 – 20.0 

[Hallow, 2017a] 
mmHg∙min∙l

–1
 

083 secR  Renin secretion rate – 1.5824 – – – 

084 PULSERA  Right atrial pulse-wave – 0.0 – – mmHg 

085 RBF Renal blood flow 

Type 1 diabetes and renal hyperfiltration 

[Cherney], [Škrtić], hydropenia with 

hypertension [Willassen], cardiac 

dysfunction, secondary to pulmonary 

hypertension [Damman] 

1.1847 – 
0.623 – 1.730 

[Bax] 
l∙min

–1
 

086 RPF Renal plasma flow 

Cardiac dysfunction, secondary to 

pulmonary hypertension [Damman], 

cirrhosis [Wong], type 1 diabetes and 

renal hyperfiltration [Cherney], [Škrtić] 

0.7108 – 
0.628 ± 0.162 

[Škrtić] 
l∙min

–1
 

087 RSNA 
Renal sympathetic nerve 

activity 
– 1.2179 – – – 

088 RVR Renal vascular resistance 

Type 1 diabetes and renal 

hyperfiltration [Cherney], [Škrtić], 

hypertension, age with hypertension 

[Bauer], cirrhosis [Wong] 

70.9276 – 
55.1 – 83.6 

[App. B] 
mmHg∙min∙l

–1
 



089 SV  LV stroke volume 

Age [Cain], hypertension, exercise in 

hypertensive [Cléroux] and healthy 

individuals [Wright, 2018], hypobaric 

hypoxia [Holloway], positive-pressure 

ventilation [Kyhl] 

62.5264 83.0 

39.1 – 115.3 

(age 18+) 

[Cattermole] 

ml 

090 Systole 
Total actual systole 

indicator 
– 0.0 – – – 

091 LSystole  Actual LV systole indicator – 0.0 
1.0 [Proshin 

MATLAB] 
– – 

092 _L ExpSystole  Nominal LV systole 

indicator 
– 0.0 – – – 

093 _Length LSystole  Actual LV systole duration – 0.2642 – – s 

094 _ _Length L ExpSystole  Nominal LV systole 

duration 
– 0.2642 – – s 

095 _Length RSystole  Actual RV systole duration – 0.2642 – – s 

096 _ _Length R ExpSystole  Nominal RV systole 

duration 
– 0.2642 – – s 

097 RSystole  Actual RV systole indicator – 0.0 
1.0 [Proshin 

MATLAB] 
– – 

098 _R ExpSystole  Nominal RV systole 

indicator 
– 0.0 – – – 

099 TBW Total body water
33

 

Weight, height, age, gender [Skrabal, 

1973], [Deurenberg], hypothyroid 

[Surveyor] 

37.7037 40.0 
24.45 – 56.63

34
 

[Hoffer] 
l 

100 TPR Total peripheral resistance Hypertension, exercise [Cléroux] 18.1861 – 12.5 – 22.5 [Daly] mmHg∙min∙l
–1

 

101 V Total blood volume
35

 Weight, height [Feldschuh] 4853.9658 – 
3061 – 6092 

[Wennesland] 
ml 

102 ALV  
Systemic arterial blood 

volume 
– 612.5806 

0.13∙V 

[Hall] 
– ml 

                                                           
33

 Tritium oxide (
3
H2O, T2O), deuterium oxide (

2
H2O, D2O) and antipyrine are markers for measuring the total body water [Hall]. D2O gives a fairly accurate estimate [Moore, 1946] 

(tested in rabbits). Measurement with antipyrine is associated with a larger error [Ljunggren]. 
3
H2O gives the same water volume as D2O [Prentice]. In addition to methods associated 

with the injection of these markers into the organism, noninvasive methods can also be used: Dual-energy X-ray absorptiometry, air displacement plethysmography, nuclear 

magnetic resonance spectroscopy, and bioelectrical impedance analysis [Roumelioti]. The result of the latter correlates well with the 
3
H2O space [Hoffer], but on average gives a 

slightly less value than the D2O space [Smith], [Raimann]. 
34

 The following TBW estimates obtained in healthy individuals were found in the literature: 37.09 – 56.63 (20 individuals, tritium) [Hoffer], 35.82 – 51.53 (18 men, deuterium), 

24.45 – 35.47 (14 women, deuterium) [Pichler]. The mean TBW values for different men and women age groups are given in [Chumlea]. 
35

 The indicator for measuring blood volume is Cr-labeled red blood cells, or this volume can be calculated as Plasma volume/(1 − Hematocrit) [Hall]. The latter formula is used, for 

example, in [Gibson], where plasma volume is determined using the dye T-1824 (Evans blue) administered intravenously. The corresponding estimate for the blood volume is 2990 – 

6980 ml. 



103 ARV  
Pulmonary arterial blood 

volume 
– 157.6286 

0.035∙V
36

 

[Gazioglu] 
– ml 

104 ecfV  Extracellular fluid 

volume
37

 

Weight, height, age, gender 

[Deurenberg], open intracardiac 

operations [Pacifico] 

16.6504 – – l 

105 HLV  LV blood volume – 88.7840 0.03∙V – ml 

106 _HL KDV  LV end-diastolic volume 

Age, gender [Maceira, 2006a], [Cain], 

[Hudsmith], positive-pressure 

ventilation [Kyhl] 

100.4978 

140.0 

[Proshin 

MATLAB] 

M: 67 – 155 

W: 56 – 104 

 [Lang] 

ml 

107 _HL KSV  LV end-systolic volume 

Age, gender [Maceira, 2006a], [Cain], 

[Hudsmith], positive-pressure 

ventilation [Kyhl] 

37.9714 – 

M: 22 – 58 

W: 19 – 49 

 [Lang] 

ml 

108 HRV  RV blood volume – 83.0649 0.03∙V – ml 

109 _HR KDV  RV end-diastolic volume 

Age, gender [Hudsmith], [Maceira, 

2006b], positive-pressure ventilation 

[Kyhl] 

100.4978 

140.0 

[Proshin 

MATLAB] 

M: 124 – 256 

W: 78 – 218 

[Hudsmith] 

ml 

110 _HR KSV  RV end-systolic volume 

Age, gender [Hudsmith], [Maceira, 

2006b], positive-pressure ventilation 

[Kyhl] 

37.9714 – 

M: 38 – 118 

W: 20 – 92 

[Hudsmith] 

ml 

111 VLV  
Systemic venous blood 

volume 
– 3493.4664 

0.71∙V
38

 

[Hall], [Magder] 

~ 2000 – 3500 

[Hall] 
ml 

112 VRV  
Pulmonary venous blood 

volume 
– 418.4412 

0.065∙V
39

 

[Gazioglu] 
– ml 

113 AR VRV V  Pulmonary blood volume – 576.0699 – 
~ 0.09∙V – 0.10∙V 

[Hall], [Gazioglu] 
ml 

114 AR VR HR HLV V V V    
Cardiopulmonary blood 

volume 
– 747.9188 – 

~ 0.153∙V 

[Levinson] 
ml 

115 2VO  Venous oxygen content – 0.1369 
0.15 [Proshin 

MATLAB] 

0.095 – 0.168 

[Hattori] 
– 
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 35% of the value AR VRV V . 
37

 There are substantial differences in estimates of the extracellular fluid volume ecfV  depending on the exogenous markers (usually radioactive compounds) used for the 

measurement [Roumelioti]. The use of radiosulfate in [Walser] gives the range of 7.6 – 15.9 liters. The use of radiobromine in [Tarazi] leads to the range of 13.9 – 21.4 liters. The 

estimation of ecfV  can be also performed by the modern methods [Roumelioti]: evaluation of body composition (e.g. bioimpedance analysis [Dou], [Raimann]); MRI; simultaneous 

measurement of TBW and potassium; estimation of GFR using exogenous markers with extracellular distribution, etc. 
38

 64% are from veins, 7% are from arterioles and capillaries. 
39 45% of the value AR VRV V  are from veins, 20% are from capillaries. 



116 ALVLY  
Conductivity of systemic 

microvessels (venules, 

capillaries and arterioles) 

– 1.5989 – – ml∙s
–1

∙mmHg
–1

 

117 ARVRY  
Conductivity of pulmonary 

microvessels (venules, 

capillaries and arterioles) 

– 15.2889 – – ml∙s
–1

∙mmHg
–1

 

118 VLHRY  
Conductivity of the 

tricuspid valve and 

systemic veins 

– 109.3040 – – ml∙s
–1

∙mmHg
–1

 

119 VRHLY  
Conductivity of the mitral 

valve and pulmonary veins 
– 89.6326 – – ml∙s

–1
∙mmHg

–1
 

120 
1 1 1

HLAL ALVL VLHRY Y Y
   

Systemic vascular 

resistance (can be estimated 

by total peripheral 

resistance TPR) 

Aortic valve stenosis [Laskey, 2009], 

congestive heart failure secondary to 

idiopathic dilated cardiomyopathy 

[Laskey, 1990], cardiomyopathy, 

coronary artery disease [Pagani], 

diastolic heart dysfunction due to 

essential hypertension [Stefanadis] 

0.7774 – 
0.5271 – 1.2048

40
 

[Klingensmith] 
s∙mmHg∙ml

–1 

121 
1 1 1

HRAR ARVR VRHLY Y Y
   Pulmonary vascular 

resistance 

Mitral or aortic valve disease [Gazioglu], 

cardiomyopathy, coronary artery disease 

[Pagani], diastolic heart dysfunction due 

to essential hypertension [Stefanadis], 

exercise [Wright, 2018], pulmonary 

hypertension [Gan] 

0.0941 – 
0.0151 – 0.0979

41
 

[Klingensmith] 
s∙mmHg∙ml

–1
 

122 map  
Effect of mean arterial 

pressure on renal 

sympathetic nerve activity 

– 1.2264 – – – 

123 rap  
Effect of right atrial 

pressure on renal 

sympathetic nerve activity 

– 0.9931 – – – 

124 rsna  

Effect of renal sympathetic 

nerve activity on afferent 

arteriole resistance and  

resistance of interlobar, 

arcuate, and interlobular 

arteries 

– 1.3269 – – – 

                                                           
40

 700–1600 dyn∙s∙cm
–5

 [Klingensmith] using the factor 1/1328 for the units conversion to s∙mmHg∙ml
–1

 [Gómez]. 
41

 20–130 dyn∙s∙cm
–5

 [Klingensmith] using the factor 1/1328 for the units conversion to s∙mmHg∙ml
–1

 [Gómez]. 



125 at  
Effect of AT1-bound 

angiotensin II on _pt sodreab  – 0.9973 – – – 

126 filsod  
Effect of filtered sodium 

load on _pt sodreab  – 1.0876 – – – 

127 rsna  
Effect of renal sympathetic 

nerve activity on _pt sodreab  – 1.0114 – – – 

128 _cd sodreab  Fractional collecting duct 

sodium reabsorption 
– 0.9404 – – – 

129 _dt sodreab  Fractional distal tubule 

sodium reabsorption 
– 0.5093 – – – 

130 _pt sodreab  
Fractional sodium 

reabsorption in the proximal 

tubule and the loop of Henle 

Cirrhosis [Simón], race [Bochud], type 

1 diabetes [Hannedouche], acute 

ischemic renal failure [Suzuki] 

0.8776 – 

M: 0.795 ± 0.083 

W: 0.793 ± 0.084 

[Seidlerová] 

– 

131 
_ _

_ _

  

 

dt sodreab cd sodreab

dt sodreab cd sodreab

 

Fractional sodium 

reabsorption in the distal 

tubule and subsequent parts 

of the nephron 

Race [Bochud], type 1 diabetes 

[Hannedouche], insulin infusion 

[Skøtt], acute ischemic renal failure 

[Suzuki] 

0.9707 – 

M: 0.946 ± 0.032 

W: 0.950 ± 0.031 

[Seidlerová] 

– 

132 anp  
Effect of atriopeptin on 

_cd sodreabn  – 0.9984 – – – 

133 dt  
Effect of distal tubule 

sodium outflow on _cd sodreabn  – 1.0465 – – – 

134 adh  
Effect of vasopressin 

concentration on tubular 

water reabsorption rate 

– 0.8903 – – – 

135 1_AT ANGII  
Effect of AT1-bound 

angiotensin II on renin 

secretion rate 

– 1.0424 – – – 

136 _MD sod  
Effect of macula densa 

sodium flow on renin 

secretion rate 

– 1.1425 – – – 

137 RSNA  
Effect of renal sympathetic 

nerve activity on renin 

secretion rate 

– 1.1501 – – – 

138 at  
Effect of angiotensin 

hormone on aldosterone 

secretion rate 

– 1.2730 – – – 

139 _k sod  
Effect of potassium 

concentration on 

aldosterone secretion rate 

– 1.0000 – – – 



140 myo  Myogenic autoregulation 

signal 
– 0.9883 1.0 – – 

141 tgf  Tubuloglomerular feedback 

signal 
– 0.6459 

1.0 

[Karaaslan 2005] 
– – 

142 _cd sodreab  Absolute collecting duct 

sodium reabsorption rate 
– 0.8911 – – mEq∙min

–1
 

143 _dt sod  Distal tubule sodium 

outflow 
– 0.9476 – – mEq∙min

–1
 

144 _dt sodreab  Absolute distal tubule 

sodium reabsorption rate 
– 0.9836 – – mEq∙min

–1
 

145 filsod  

Amount of sodium filtered 

from the glomerulus to the 

proximal tubule per unit 

time (filtered sodium load) 

Cirrhosis [Wong], acute ischemic renal 

failure [Suzuki] 
15.7808 – 

13.0 – 19.0
42

 

[Natarajan], 

[Hannedouche], 

[Boer] 

mEq∙min
–1

 

146 _md sod  Macula densa sodium flow – 1.9312 – – mEq∙min
–1

 

147 _pt sodreab  Absolute proximal tubular 

sodium reabsorption rate 
– 13.8496 – – mEq∙min

–1
 

148 _t wreab  Tubular water reabsorption 

rate 
– 0.1088 – – l∙min

–1
 

149 u  Urine flow rate 
Type 1 diabetes and renal 

hyperfiltration [Cherney] 
0.0015 – 

0.0011 ± 0.0005 

(1.65 ± 0.70 l/day) 

[Malisova] 

l∙min
–1

 

150 _u sod  Urine sodium flow 

Essential hypertension [Cowley], 

[Ferrario], salt intake [Ishimitsu], 

extracellular fluid volume [Faucon], 

type 1 diabetes and renal hyperfiltration 

[Cherney] 

0.0565 – 

0.097 ± 0.049 

(140 ± 70 mEq/day) 

[Letcher] 

mEq∙min
–1

 

151 win  Water intake – 0.0015 – 

0.0019 ± 0.0007 

(2.75 ± 1.01 l/day)
 

[Malisova] 

l∙min
–1

 

152 al  

Effect of aldosterone 

concentration on fractional 

distal tubule sodium 

reabsorption 

– 1.0186 – – – 
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 The ranges for healthy individuals (mmol/min): 15.4 ± 2.0 (low-salt diet), 17.1 ± 2.4 (high-salt diet) [Natarajan]; 18.11 ± 1.88 [Hannedouche], 15.7±2.1 [Boer]. 



153 1_AT aa  
Effect of AT1-bound 

angiotensin II on afferent 

arteriole resistance 

– 2.2484 – – – 

154 1_AT ALVL  

Effect of AT1-bound 

angiotensin II on blood 

flow through the systemic 

microvessels 

– 1.7702 – – – 

155 1_AT Baro  
Effect of AT1-bound 

angiotensin II on 

baroreceptor activity 

– 0.9882 – – – 

156 1_AT ea  
Effect of AT1-bound 

angiotensin II on efferent 

arteriole resistance 

– 2.2601 – – – 

157 1_AT preglom  

Effect of AT1-bound 

angiotensin II on resistance 

of interlobar, arcuate, and 

interlobular arteries 

– 1.4949 – – – 

158 1_AT Stress  
Effect of AT1-bound 

angiotensin II on stress 

receptor activity 

– 0.9954 – – – 

159 AL  
Unstressed volume of 

systemic arteries 
– 514.8097 – – ml 

160 AR  
Unstressed volume of 

pulmonary arteries 
– 86.7566 – – ml 



APPENDIX B. DERIVATION OF THE FORMULA FOR THE RENAL BLOOD FLOW 

CALCULATION 

The following vessels define the total renal vascular resistance RVR [Hall]: 

A. interlobar, arcuate, and interlobular arteries; 

B. afferent arterioles; 

C. glomerular capillaries; 

D. efferent arterioles; 

E. peritubular capillaries; 

F. interlobar, interlobular, and arcuate veins. 

 
Table B1. Determination of the renal vascular resistance as the sum of resistances of separate vessels. 

The column "Clinical measurements" indicates whether the corresponding study gives a clinical 

estimation of these resistances in healthy individuals or not. 

Reference 
Clinical 

measurements 

Vessels 

A B C D E F 

Karaaslan, 2005 – – + – + – – 

Karaaslan, 2014 – – + – + – – 

Hallow, 2014 – + + – + – – 

Hallow, 2017a – + + – + + – 

Gómez, 1951 + + + + 

Škrtić, 2015 + + + + 

 

According to [Gómez], the RVR value, defined as the ratio of the difference between mean arterial 

pressure (MAP) and renal venous pressure vP  to renal blood flow (RBF), can be represented as the 

sum of three components: 

v
a e v

MAP P RBF GFR
RVR R R R

RBF RBF

 
     , (1) 

where aR   is the resistance of afferent vessels (arteries and arterioles), eR  denotes the resistance of 

efferent arterioles, vR  corresponds to the resistance of renal veins, GFR is the glomerular filtration 

rate, and the factor  RBF GFR RBF  characterizes the contribution to RVR of the glomerular 

filtrate which is reabsorbed by the peritubular capillaries. To determine aR , eR  and vR , the mean 

pressure values in glomerular (
ghP ) and peritubular ( tP ) capillaries are used: 

gh

a

MAP P
R

RBF


 , 

gh t

e

P P
R

RBF GFR





, t v

v

P P
R

RBF


 . (2) 

Thus, the resistances of these capillaries are respectively subsumed in the calculated values of aR  

and eR , as well as eR  and vR . 

The GFR value is defined depending on the hydrostatic pressure in the Bowman’s space BP  and the 

oncotic pressure 
goP  with the constant 0.0867FGK   ml∙s

–1
∙mmHg

–1
 [Škrtić]: 

 FG gh B goGFR K P P P    . (3) 

The study [Gómez] makes the assumption that 
t B goP P P  , which in the combination with (2) and 

(3) gives the following equation for eR : 

 e

FG

GFR
R

K RBF GFR


 
. (4) 

Since later studies showed that this assumption is incorrect [Digne-Malcolm], we did not use the 

data obtained by the formula (4) in articles [Gómez] and [Škrtić] as reference values. Instead, we 



estimated aR , eR , and vR  using formulas (2) and (3) with constants 25goP   mmHg, 10BP   

mmHg [Gómez], 25tP   mmHg, and 6vP   mmHg [Digne-Malcolm] for renal hemodynamic 

parameters in 8 healthy volunteers [van der Bel]. We used the value 1328 [Gómez] as the 

conversion factor of RVR units from mmHg∙s∙ml
–1

 to dyn∙s∙cm
–5

. The estimation results are shown 

in Table B2. 

 

Table B2. Estimation of aR , eR  and vR  using parameters of renal hemodynamics in 8 healthy 

volunteers [van der Bel]. 

№ 

van der Bel et al., 2016 Design parameters 

MAP 

mmHg 

GFR 

ml/min 

RBF 

ml/min 
ghP  

mmHg 

aR  

dyn∙s/cm
5 

eR  

dyn∙s/cm
5
 

vR  

dyn∙s/cm
5
 

RVR 

mmHg∙min/l 

1 88 124 1257.1 58.84 1848 2379 1204 65.2 

2 85 104 944.4 54.99 2532 2843 1603 83.6 

3 80 138 1333.3 61.53 1104 2435 1135 55.5 

4 84 151 1680.0 64.03 947 2034 901 46.4 

5 74 101 1233.3 54.42 1265 2070 1228 55.1 

6 86 110 1075.0 56.15 2213 2572 1408 74.4 

7 83 89 1383.3 52.11 1779 1669 1094 55.7 

8 78 147 1560.0 63.26 753 2157 970 46.2 

mean 82 121 1308.3 58.16 1555 2270 1193 60.3 

SD 5 23 239.9 4.42 635 364 228 13.3 

From the formulas (1) and (2), we find the equations for RBF and 
ghP : 

v e

a e v

MAP P GFR R
RBF

R R R

  


 
, 

gh aP MAP RBF R   . 

Taking into account the formula (3), we obtain: 

 v FG e B go

a e v FG e a

MAP P K R MAP P P

R R R K
RB

R R
F

     

   



. 

When modeling a healthy person, we assume that vR  is the constant equal to the mean normal value 

of 1193 dyn∙s∙cm
–5

 ≈ 15 mmHg∙min∙l
–1

 (Table B2). 



APPENDIX C. MODELING THE PATIENTS WITH CARDIOVASCULAR DISEASES 

Table C1. List of the fitted parameters with normal and abnormal search intervals used to generate equilibrium states corresponding to patients 

with cardiovascular diseases. 

№ 
Parameter, 

notation in the model 

Ranges/values 
Units Justification of ranges 

Normal Abnormal 

01 
Total metabolic intensity, 

A1 

0.00032 – 

0.00128 
– ml

–1
 

The normal initial value A1 = 0.0008 ml
–1

 with deviation of 60%, which is the 

allowable fluctuation in basal metabolic rate (closely related to oxygen consumption) 

in people with the same weight [Henry]. 

02 

Sympathetic sensitivity 

of systemic microvessels, 

A3 

0.1 
Hypertension 

0.1 – 0.6 
ml∙mmHg

–1
 

Parameter A3 is used to calculate conductivity of systemic microvessels YALVL, which 

contributes most to systemic vascular resistance SVR = 1/YHLAL + 1/YALVL + 1/YVLHR. 

An increase of A3 to 0.6 ml∙mmHg
–1

 without changing the other parameters leads in 

the model to growing SVR to 1.5 s∙mmHg∙ml
–1

, the typical value in patients with 

hypertension [Stefanadis], [Prys-Roberts]. 

03 

Sympathetic sensitivity 

of pulmonary 

microvessels, A13 

0.65 
PH 

0.65 – 3.90 
ml∙mmHg

–1
 

Pulmonary hypertension (PH) is related to the chronic elevation of pulmonary 

vascular resistance (PVR) [Chemla, 2002]. One way to enlarge PVR in the model (as 

in the case of SVR) is the increase of the A13 value. By analogy with A3, we 

considered a possible change in A13 up to 6 times of the normal value. 

04 Systemic arterial tone, A9 0.07 
Hypertension 

0.07 – 0.09 

mmHg∙ 

s∙ml
–1

 

Sustained increases in arterial tone are an essential component in the development of 

hypertension [Amberg]. Thus, we assumed an increase in the normal value of A9 up 

to 25%. 

05 
Pulmonary arterial tone, 

A19 
0.02 

PH 

0.02 – 0.04 

mmHg∙ 

s∙ml
–1

 

By analogy with the parameter A9, we assumed a possible increase in the normal 

value of A19 in patients with PH. 

06 
Normal vasopressin 

level, Cadh_norm 
1.0 – 13.3 – pg∙ml

–1
 The normal range [Yarmohammadi]. 

07 
Normal aldosterone 

level, Cal_norm 
70 – 300 – pg∙ml

–1
 The normal range [Fischbach]. 

08 
Normal atriopeptin level, 

Canp_norm 
7.4 – 152.0 – ng∙l

–1
 The normal ranges: 27–152 ng∙l

–1
 [Nozuki], 7.4–15.7 ng∙l

–1
 [Cannone]. 

09 
Oxygen capacity of 

hemoglobin, CH 
1.32 – 1.39 – ml∙g

–1
 The normal range [Dijkhuizen]. 

10 Serum potassium, CK 3.5 – 5.5 – mEq∙l
–1

 The normal range [Rastegar]. 

11 
Afferent arteriole 

diameter, daa 
8.7 – 23.9 – μm 

Neal et al. estimated the value of daa for normal human glomeruli at physiological 

hydrostatic and oncotic pressures at 21.5 ± 2.4 μm [Neal]. Hill et al. give values of 

15.7 ± 4.9 μm for hypertensive patients with proteinuria and/or azotemia, with no 

evidence of other renal disease, and 13.4 ± 4.7 μm for normotensive nondiabetic 

patients, aged 37 – 85 years [Hill]. 



12 
Efferent arteriole 

diameter, dea 
12.2 – 20.1 – μm 

The value of dea was estimated at 15.9 ± 2.4 μm [Neal]. We assumed a possible 

deviation from this range by 10%. 

13 

Action threshold of the 

Frank-Starling law, 

FSthreshold0 

0.0 – 40.0 – ml 

Parameter FSthreshold0 is an auxiliary characteristic describing the pump function of the 

ventricle. The range was taken from the application "Physiological Avatar" (version 

2020.9.14.0) on the website 

https://physiological-avatar.azurewebsites.net/index.aspx. 

14 
Basic systemic arterial 

elastance, GAL0 
0.33 – 1.00 

Hypertension 

0.33 – 1.67 

CHF, LVH 

0.33 – 2.38 

PH 

0.71 – 1.43 

mmHg∙ml
–1

 

The normal range of systemic arterial compliance (SAC), the inverse of systemic 

arterial stiffness [Papaioannou], used for GAL0 evaluation, is 1.00 – 3.00 ml∙mmHg
–1

 

(Table A4). In hypertensive patients, SAC is reduced on average by 40% [Haluska]. 

SAC in patients with CHF: 1.2 – 1.7 ml∙mmHg
–1

 in low PVR (<200 dyn·s·cm
–5

), and 

0.7 – 1.4 ml∙mmHg
–1

 in high PVR [Melenovsky]. In healthy subjects and patients 

with miscellaneous cardiac diseases SAC is 0.42 – 2.63 ml∙mmHg
–1

 [Chemla, 2017]. 

15 
Basic pulmonary arterial 

elastance, GAR0 
0.08 – 0.26 

CHF 

0.08 – 0.50 

PH 

0.26 – 2.50 

mmHg∙ml
–1

 

The normal range of pulmonary arterial compliance (PAC), the inverse of pulmonary 

arterial stiffness, used for the GAR0 evaluation, is 3.8 – 12.0 ml∙mmHg
–1

 in normal 

subjects, and 0.4 – 3.8 ml∙mmHg
–1

 in patients with PH [Thenappan]. PAC in patients 

with heart failure: 2.0 – 3.3 ml∙mmHg
–1

 in low PVR (<200 dyn·s·cm
–5

), 0.8 – 1.5 

ml∙mmHg
–1

 in high PVR [Melenovsky]. 

16 LV wall elasticity, GHL 

0.01 – 0.43 
Hypertension 

0.02 – 0.72 
mmHg∙ml

–1
 

The normal range of GHL in the relaxation phase in subjects without cardiovascular 

disease is 0.01–0.43 (0.16 ± 0.11) mmHg∙ml
–1

 [Zhang, 2008]. In hypertensive 

patients, the LV wall compliance (the inverse of stiffness [Zhang, 2008]) is decreased 

by about 40% [Safar, 1985]. The range of GHR values is taken similarly to GHL. 
17 RV wall elasticity, GHR 

18 
Basic elasticity of 

systemic veins, GVL0 
0.01 – 0.05 – mmHg∙ml

–1
 

The normal value of GVL0 by the [Proshin] model is 0.0375 mmHg∙ml
–1

. According to 

our estimates for a healthy person, this value is 0.0108 mmHg∙ml
–1

. As the normal 

range of variations, we assumed the interval 0.01 – 0.05 mmHg∙ml
–1

. The normal 

range of GVR0 is done similarly to GVL0. 
19 

Basic elasticity of 

pulmonary veins, GVR0 

20 Plasma glucose, glucose 3.9 – 6.1 – mmol∙l
–1

 The normal range [Dedov]. 

21 Hematocrit, Hct 
M: 40 – 54 

W: 36 – 48 
– % The normal range [Billett] for mens (M) and womens (W). 

22 Hemoglobin, He 
M: 140 – 180 

W: 120 – 160 
– g∙l

–1
 The normal range [Billett] for mens (M) and womens (W). 

23 
Baroreceptor sensitivity, 

HeartBaro 
0.60 

Atherosclerosis 

0.45 – 0.60 
– 

The baroreflex decreases with carotid and coronary atherosclerosis [Ziegler]. 

Therefore, we assumed a possible decrease in the HeartBaro value by 25% for this 

group of patients. 

24 
Cardiac center basic 

activity, HeartBase 
0.01 – 1.00 – – 

The fitted normal value of HeartBase is given in Table A3. As a range of values we 

assumed the interval from 0.01 to 1.00. 

https://physiological-avatar.azurewebsites.net/index.aspx


25 The ωAL/VAL ratio, kAL 

0.7 – 1.0 – – 

A stressed component of blood volume, which determines flow, is about 30% 

[Magder]. Thus, as the range of kAL, kAR, kVL, and kVR we considered the interval from 

0.7 to 1.0. 

26 The ωAR/VAR ratio, kAR 

27 The ωVL/VVL ratio, kVL 

28 The ωVR/VVR ratio, kVR 

29 The ωHL/VHL ratio, kHL 
0.0 – 0.3 

CHF 

0.0 – 0.7 
– 

The normal range is explained in Table A3. As the range in patients with heart 

diseases we considered the interval 0.0 – 0.7. 30 The ωHR/VHR ratio, kHR 

31 
Normal filtration 

coefficient, KFG_0 

0.0039 – 

0.0162 
– 

l∙min
–1

∙ 

mmHg
–1

 
The normal range estimated in healthy volunteers [Hoang]. 

32 
Aortic regurgitation (AR) 

coefficient, KHLAL 

0.0 

AR: 0.0 – 0.3 

– 

The normal value of coefficients is 0.0. In patients with some valve regurgitation, the 

corresponding parameter takes values 0.0 – 0.3 [S-D]. We divided this range 

depending on the regurgitation stage: 0.0 – 0.1 (mild), 0.1 – 0.2 (moderate), 0.2 – 0.3 

(severe). 

33 
Pulmonary regurgitation 

(PR) coefficient, KHRAR 
PR: 0.0 – 0.3 

34 
Tricuspid regurgitation 

(TR) coefficient, KVLHR 
TR: 0.0 – 0.3 

35 
Mitral regurgitation 

(MR) coefficient, KVRHL 
MR: 0.0 – 0.3 

36 LV inotropic status, KL0 

0.5 – 0.8 

CHF, LVH 

0.4 – 0.8 

PH 

0.2 – 0.8 

– 

The normal range and the range in patients with chronic heart failure (CHF) are given 

in [Solodyannikov]. We used the same range as for CHF in patients with LV 

hypertrophy (LVH). Parameter fitting of the model to physiology values of patients 

with PH and the reduced value (about 25%) of ejection fraction [Wright, 2017] gives 

values of 0.2 – 0.3 for KL0 and KR0. 
37 RV inotropic status, KR0 

38 
Afferent arteriole length, 

Laa 
101 – 123 – μm 

The normal value 112 μm of Laa is taken from [Neal]. As a possible range of 

fluctuations, we assumed the deviation from this value by 10%. 

39 
Efferent arteriole length, 

Lea 
124 – 152 – μm 

The normal value 138 μm of Lea is taken from [Neal]. As a possible range of 

fluctuations, we assumed the deviation from this value by 10%. 

40 

Initial value of total 

exchangeable sodium, 

Msod(0) 

2040 – 3950 – mEq The initial value range of Msod in healthy humans is taken from the work [Farber]. 

41 
Number of nephrons in 

the kidneys, Nnephrons 

1.50E6 – 

3.00E6 

Hypertension 

0.80E6 – 

2.75E6 

– 

The average number of glomeruli in one human kidney is 895,711, with an overall 

12.8-fold range from 210,332 to 2,702,079 [Bertram]. Our estimate of the normal 

value of two kidneys in a healthy person is Nnephrons = 2.75E6 (Table A3). Patients 

with hypertension could have 30% fewer glomeruli than individuals without this 

disease, with an average of approximately 600,000 glomeruli per kidney [Hoy]. As 

the lower bound of Nnephrons, we took this value multiplied by two and reduced by the 

standard deviation given in the study [Hoy]. 



42 

Normal fractional distal 

tubule sodium 

reabsorption, nɛ_dt 

0.3 – 0.7 – – 

As the normal range of nɛ_dt we considered the interval from 0.3 to 0.7. This 

parameter is fitted so that the value nɛ_dt + nη_cd – nη_cd · nɛ_dt remains within the 

normal range 0.78 – 0.98 (Table C2). 

43 

Normal fractional 

collecting duct sodium 

reabsorption, nη_cd 

0.6 – 1.0 – – 

As the normal range of nη_cd, we considered the interval from 0.6 to 1.0. This 

parameter is fitted so that the value nɛ_dt + nη_cd – nη_cd · nɛ_dt remains within the 

normal range 0.78 – 0.98 (Table C2). 

44 

Normal fractional 

proximal sodium 

reabsorption, nη_pt 

0.67 – 0.97 – – 

The normal estimates: 0.795 ± 0.083 (mans), 0.793 ± 0.084 (womans) [Seidlerová], 

0.77 ± 0.09 (young), 0.87 ± 0.06 (elderly) [Fliser]. Randomly recruited 95 nuclear 

families of black South African ancestry: 0.908 – 0.958, and 103 nuclear families of 

white Belgian ancestry: 0.759 – 0.863 [Bochud]. Randomly recruited 317 untreated 

subjects from a white population: 0.892 ± 0.054 in low and 0.903 ± 0.051 in high 

sodium excretion [Jin]. 

45 
Hydrostatic pressure in 

the Bowman’s space, PB 
10 – 15 – mmHg The normal range [Digne-Malcolm]. 

46 
Glomerular hydrostatic 

pressure, Pgh_norm 
48.0 – 63.0 – mmHg 

The normal estimates: 59.6 ± 2.7 mmHg [Škrtić], 54.3 ± 4.5 [Tsuda], 48.0 – 63.0 

[Guberina]. 

47 

Initial value of 

glomerular capillary 

oncotic pressure, Pgo(0) 

23.6 – 34.0 – mmHg 
The value of Pgo in healthy individuals: 27.3 ± 2.6 mmHg [Škrtić], 26.0 ± 2.4 mmHg 

[Chagnac], 30.0 ± 4.0 mmHg [Guasch]. 

48 
Renal venous pressure, 

Pv 
6.0 

Hypertension 

2.0 – 6.0 
mmHg 

The normal value Pv = 6 mmHg is taken from [Digne-Malcolm]. In patients with 

essential hypertension, Pv is decreased by more than 50% [Willassen]. Therefore, as 

the lower bound of this parameter we used 2 mmHg. 

49 
Normal plasma renin 

concentration, PRCnom 
3.42 – 69.4 – pg∙ml

–1
 The normal range [Perschel]. 

50 

Nominal resistance of 

interlobar, arcuate and 

interlobular arteries, 

Rpreglom_0 

7.0 – 20.0 
Hypertension 

7.0 – 28.0 

mmHg∙ 

min∙l
–1

 

Hallow et al. give the normal range for Rpreglom_0 of 10.0 – 20.0 mmHg∙min∙l
–1

 

[Hallow, 2017a], and consider 40% increase in the nominal value (from 14.0 to 19.6 

mmHg∙min∙l
–1

) in salt-resistant hypertensive patients [Hallow, 2017b]. The parameter 

estimation of our model resulted in the normal nominal value of 10.0 mmHg∙min∙l
–1

, 

and, therefore, we assumed the normal range of 7.0 – 20.0 mmHg∙min∙l
–1

. As the 

range in hypertensive patients, we considered 7.0 – 28.0 mmHg∙min∙l
–1

 with 40% 

increase in the upper bound. 

51 
Renal venous resistance, 

Rv 
11.3 – 20.1 – 

mmHg∙ 

min∙l
–1

 
The estimate of Rv in healthy persons is given in Appendix B. 

52 
Body oxygen demand, 

RO20 
2.52 – 5.88 – ml∙s

–1
 

The average value of RO20 is approximately 4.2 ml∙s
–1

 [Treacher]. We considered the 

deviation of this value by 40%. 



53 
Arterial oxygen 

saturation, SpO2 
0.95 – 0.99 

Hypertension, 

CHF, PH 

0.92 – 0.99 

– 

SpO2 is normally 95 – 99% [Goldberg]. As the lower bound in patients with 

cardiovascular deseases, we took the practical lower threshold to rule out hypoxaemia 

[Beasley]. 

54 Total protein, TP 60.0 – 86.0 – g∙l
–1

 The normal ranges: 60.0 – 80.0 g∙l
–1

 [Busher], 66.0 – 86.0 g∙l
–1

 [Gardner]. 

55 
Plasma urea 

concentration, urea 
1.8 – 7.1 – mmol∙l

–1
 The normal range [Hosten]. 

56 
Initial value of total body 

water, TBW(0) 

f(0.9∙NBV) – 

f(1.1∙NBV) 

CHF, class 

III/IV: 

f(0.9∙NBV) – 

f(1.4∙NBV) 

l 

As the range of total blood volume (V) in normal humans, we considered NBV ± 10% 

with the value NBV defined by the Nadler equation [Nadler]. In patients with NYHA 

classes III-IV, we used an increased upper bound of V (up to 40%) [Miller]. We 

calculated the initial TBW by the formula f(x) = (x – 650)/111.5 [Moore, 1967]. 

57 
Initial value of venous 

oxygen content, VO2(0) 

0.0855 – 

0.1848 
– – 

VO2 is normally 9.5 – 16.8 mL/dL [Hattori]. We considered additional deviation from 

this range by 10%. 

58 
Equilibrium ratio of PRA 

to PRC, XPRC_PRA 
0.61 – 1.42 – 

fmol∙ 

min
–1

∙pg
–1

 

The normal value of XPRC_PRA = 1.016666 fmol∙ min
–1

∙pg
–1

 is given in [Hallow, 2014]. 

We assumed a deviation from this value of ± 40% as the fluctuation range. 

59 

Basic conductivity of 

systemic microvessels, 

YALVL0 

1.363 

Hypertension 

CHF 

PH 

0.5 – 2.0 

ml∙s
–1

∙ 

mmHg
–1

 

Hypertension is associated with the SVR elevation [Stefanadis], [Prys-Roberts], 

which can be caused by the decline in YALVL0. If we take YALVL0 = 0.5 ml∙s
–1

∙mmHg
–1

 

instead of the normal value 1.363 ml∙s
-1

∙mmHg
–1

 in the model, the SVR level 

increases to the value 1.1 s∙mmHg∙ml
–1

 closed to the upper bound of the norm 

[Klingensmith]. In patients with PH and NYHA class III the value of SVR can be also 

increased [Opitz]. Thus, as the reasonable range of values in patients with 

cardiovascular diseases we considered the interval 0.5 – 2.0 ml∙s
-1

∙mmHg
–1

. 

60 

Basic conductivity of 

pulmonary microvessels, 

YARVR0 

9.0 – 21.0 
LVH, PH 

1.0 – 21.0 

ml∙s
–1

∙ 

mmHg
–1

 

According to our estimates, the normal value of YARVR0 is 15.0 ml∙s
–1

∙mmHg
–1

. We 

accept a deviation by ± 40%. Without changing the other model parameters, such 

deviation gives the normal interval 0.074 – 0.138 s∙mmHg∙ml
–1

 for PVR (see 

acceptable  clinical evaluations of PVR in Table C2). LVH and PH associated with 

the increased PVR [Stefanadis], [Gan]. Thus, for these diseases, we considered the 

YARVR0 range of 1.0 – 21.0 ml∙s
–1

∙mmHg
–1

 resulting in the PVR interval of 0.074 – 

1.058 s∙mmHg∙ml
–1

. 

61 

Basic conductivity of the 

pulmonary valve and 

arteries, YHRAR 

57.0 
PH 

5.0 – 70.0 

ml∙s
–1

∙ 

mmHg
–1

 

We estimate YHRAR in patients with PH and increased value of PVR = 1/YHRAR + 

1/YARVR + 1/YVRHL. As the range of fluctuations, we used the interval of 5.0 – 70.0 

ml∙s
–1

∙mmHg
–1

. 

62 

Basic conductivity of the 

mitral valve and 

pulmonary veins, YVRHL0 

57.0 

LVDD 

PH 

5.0 – 70.0 

ml∙s
–1

∙ 

mmHg
–1

 

The value of YVRHL0 directly affects transmitral flow FVRHL. Therefore, we varied this 

parameter in the case of patients with the LV diastolic dysfunction (LVDD), when 

FVRHL is altered [Caudron], [Kawaji]. We also estimate YVRHL0 in patients with PH and 

increased value of PVR = 1/YHRAR + 1/YARVR + 1/YVRHL. As the range of fluctuations, 

we used the interval of 5.0 – 70.0 ml∙s
–1

∙mmHg
–1

.  



63 

Nominal value of macula 

densa sodium flow rate, 

Φmd_sod_0 

1.0 – 4.0 – mEq∙min
–1

 
According to our estimates for a healthy person, the value of Φmd_sod_0 is 3.32 

mEq∙min
–1

. As the fluctuation range, we considered the interval 1.0 – 4.0 mEq∙min
–1

. 

64 Sodium intake, Φsodin 
0.0280 – 

0.2088 
– mEq∙min

–1
 

The normal range 0.035 – 0.174 mEq∙min
–1

 is taken from the study [Luft]. We 

assumed a possible deviation from this range by 20%. 

65 
Normal value of water 

intake, Φwin_norm 

0.00096 – 

0.00312 
– l∙min

–1
 

The average statistical range estimate is 0.0019 ± 0.0007 l∙min
–1

 [Malisova]. We 

assumed a possible deviation from this range by 20%. 

 

Table C2. List of constraints imposed on the clinically measurable variables in patients with cardiovascular diseases and used in the model. 

№ 
Variables, 

notation in the model 

Constraints 
Units Justification of constraints 

Normal Abnormal 

01 
Arterial oxygen content, 

AO2  
0.145 – 0.244 – – The normal range [Hattori]. 

02 
Plasma angiotensin 

(1-7), ANG17 
14.1 – 31.7 

Hypertension 

12.7 – 34.9 
fmol∙ml

–1
 

The normal estimate is 22.9 ± 8.8 fmol∙ml
–1

 [Ferrario]. 

We extended the bounds by 10% in the case of hypertensive patients. 

03 
Plasma angiotensin I, 

ANGI 
2.8 – 13.6 

Hypertension 

2.5 – 15.0 
fmol∙ml

–1
 

The normal estimate is 8.2 ± 5.4 fmol∙ml
–1

 [Nussberger]. 

We extended the bounds by 10% in the case of hypertensive patients. 

04 
Plasma angiotensin II, 

ANGII 
3.3 – 7.1 

CHF 

3.3 – 14.0 
fmol∙ml

–1
 

The normal estimate is 5.2 ± 1.9 fmol∙ml
–1

 [Nussberger]. 

Patients with CHF: 4.2 – 14.0 pmol∙l
–1

 [Smilde]. 

05 Plasma vasopressin, Cadh 1.0 – 13.3 

CHF, class 

III/IV 

1.0 – 23.3 

pg∙ml
–1

 

The normal range is given in [Yarmohammadi]. The estimations in patients with 

severe congestive heart failure and primary cardiomyopathy (classes III to IV, 

NYHA): 3.9 ± 1.0 and 14.5 ± 8.8 pg∙ml
–1

 [Riegger]. 

06 Plasma aldosterone, Cal 70 – 300 – pg∙ml
–1

 The normal range [Fischbach]. 

07 Plasma atriopeptin, Canp 7.4 – 152.0 

CHF, class I 

37.1 – 152.0 

CHF, class II 

56.0 – 152.0 

CHF, class III 

161.0 – 253.0 

CHF, class IV 

257.0 – 838.0 

CRF 

133.0 – 305.0 

ng∙l
–1

 

Normal ranges: 27 – 152 ng∙l
–1

 [Nozuki], 7.4 – 15.7 ng∙l
–1

 [Cannone], 20 ± 7 ng∙l
–1

 

[Wei], 35.4 ± 4.6 ng∙l
–1

 [Kato]. There is no significant difference in plasma 

atriopeptin levels between man and woman [Nozuki]. Patients with congestive heart 

failure (CHF), NYHA I: 42.9 ± 5.8 ng∙l
–1

 [Kato], NYHA I-II: 68 ± 12 ng∙l
–1

 [Wei], 

NYHA III: 217 ± 36 ng∙l
–1

, NYHA III-IV: 209 ± 48 ng∙l
–1

 [Wei], NYHA IV: 571 ± 

267 ng∙l
–1

 [Nozuki]. Patients with chronic renal failure (CRF): 219 ± 86 ng∙l
–1

 

[Nozuki]. The following diseases do not result in a significant difference of 

atriopeptin levels from the norm [Nozuki]: atrial fibrillation, pacemaker implantation, 

lung disease, chronic glomerulonephritis, nephrotic syndrome, essential hypertension 

[Cannone], liver disease and cerebrovascular disease. 

08 Plasma sodium, Csod 137 – 147 – mEq∙l
–1

 The normal range [Payne]. 



09 Cardiac output, CO 2.51 – 9.00 – l∙min
–1

 
The normal range (age 18+) was taken from [Cattermole]. Patients with essential 

hypertension: 3.90 ± 1.08 l∙min
–1

 [Cléroux], 7.17 ± 1.58 l∙min
–1 

[Safar, 1976]. 

10 Ejection fraction, EF 50 – 80 

CHF 

30 – 80 

PH 

20 – 80 

% 

The normal value is EF ≥ 50 [Pfisterer]. In normal active subjects, EF is reached 70 – 

80% [Saghiv]. In patients with CHF, EF can be reduced to 30% [Dushina]. In 

patients with PH, EF can achieve 20% [Wright, 2017]. 

11 
Systemic microvessels 

blood flow, FALVL 
> 0.0 – ml∙s

–1
 

The constraint characterizes the movement of blood from the aorta to the right atrium 

strictly in one direction. 

12 
Pulmonary microvessels 

blood flow, FARVR 
> 0.0 – ml∙s

–1
 

The constraint characterizes the movement of blood from the pulmonary artery to the 

left atrium strictly in one direction. 

13 
Transaortic flow peak 

rate, FHLAL_p 
347.0 – 677.0 – ml∙s

–1
 The normal estimate is 512 ± 165 ml∙s

–1
 [Kyhl]. 

14 
Transpulmonary flow 

peak rate, FHRAR_p 
264.5 – 793.0 – ml∙s

–1
 

The range of values was chosen in accordance with estimates in healthy individuals: 

611 ± 182 ml∙s
–1

 [Kyhl], 463 ± 71 ml∙s
–1

 [Widya], 332.9 ± 68.4 ml∙s
–1

 [Macedo]. 

15 
Active peak RV filling 

rate, FVLHR_ap 

M: 23 – 947 

W: 54 – 680 
– ml∙s

–1
 

As bounds, we considered the minimum and maximum values received for mans and 

womans for all ages (20–79 years) in the population of 120 individuals [Maceira, 

2006b]. 

16 
Early peak RV filling 

rate, FVLHR_ep 

M: 8 – 814 

W: -17 – 701 
– ml∙s

–1
 

17 FVLHR_ep/FVLHR_ap 
M: -0.5 – 2.5 

W: -0.4 – 2.5 
– – 

18 
Active peak LV filling 

rate, FVRHL_ap 

M: 99 – 647 

W: 58 – 508 
– ml∙s

–1
 

As bounds, we considered the minimum and maximum values received for mans and 

womans for all ages (20–79 years) in the population of 120 individuals [Maceira, 

2006a]. 

19 
Early peak LV filling 

rate, FVRHL_ep 

M: 21 – 1034 

W: -13 – 967 
– ml∙s

–1
 

20 FVRHL_ep/FVRHL_ap 
M: 0.3 – 5.9 

W: 0.3 – 6.6 
– – 

21 
Systemic arterial 

elastance, GAL 
0.33 – 1.00 

Hypertension 

0.33 – 1.67 

CHF, LVH 

0.33 – 2.38 

PH: 0.71 – 1.43 

mmHg∙ml
–1

 See parameter GAL0 in Table C1 for details. 

22 
Pulmonary arterial 

elastance, GAR 
0.08 – 0.26 

CHF 

0.08 – 0.50 

PH: 0.26 – 2.50 

mmHg∙ml
–1

 See parameter GAR0 in Table C1 for details. 



23 
Glomerular filtration rate, 

GFR 
0.060 – 0.135 

CHF 

0.046 – 0.135 

CRF 

0.030 – 0.135 

l∙min
–1

 

GFR is normally (in the absence of evidence of kidney damage) 60 – 135 

ml/min/1.73 m
2
 [Levin], [Cachat]. Patients with CHF: 74 ± 28 ml/min/1.73 m

2
 

[Smilde]. As a lower bound in patients with chronic renal failure (CRF), we used 30 

ml/min/1.73 m
2
 [Levin]. 

24 Heart rate, HeartRate 60 – 100 – beats∙min
–1

 The normal range [Ostchega]. 

25 
Total exchangeable 

sodium, Msod 
2040 – 3950 – mEq The normal range [Farber]. 

26 

Normal fractional sodium 

reabsorption in the distal 

tubule and subsequent 

parts of the nephron, 

nɛ_dt + nη_cd – nη_cd · nɛ_dt 

0.78 – 0.98 – – 

The normal estimates: 0.946 ± 0.032 (mans), 0.950 ± 0.031 (womans) [Seidlerová], 

0.96 ± 0.02 (young), 0.92 ± 0.06 (elderly) [Fliser]. Randomly recruited 95 nuclear 

families of black South African ancestry: 0.850 – 0.948, and 103 nuclear families of 

white Belgian ancestry: 0.930 – 0.966 [Bochud]. Randomly recruited 317 untreated 

subjects from a white population: 0.931 ± 0.044 in low and 0.859 ± 0.074 in high 

sodium excretion [Jin]. 

27 
Plasma osmolality, 

osmolality 
275 – 295 – 

mOsmol∙ 

kg
–1

 
The normal range [Fogarty]. 

28 
Diastolic pulmonary 

arterial pressure, PAR_D 
4.0 – 12.0 

CHF, class I 

4.0 – 20.2 

CHF, class II-IV 

7.0 – 20.2 

PH 

12.3 – 50.0 

mmHg 

Normal: 4.0 – 12.0 mmHg [Marini], [Pagani]. Evaluation in 882 healthy volunteers: 

8.8 ± 3.0 mmHg [Kovacs]. Patients with isolated LVDD and NYHA class II/III: 

11.0 ± 4.0 mmHg [Kasner, 2012]. Patients with NYHA class II: 14.4 ± 5.8 mmHg; 

patients with PH and NYHA class II/III: 22.4 ± 10.1 mmHg [Murch]. Patients with 

PH: 37.0 ± 13.0 mmHg [Gan]. 

29 
Systolic pulmonary 

arterial pressure, PAR_S 
15.0 – 30.0 

CHF 

14.0 – 44.2 

PH 

37.4 – 107.0 

mmHg 

Normal: 15.0 – 30.0 mmHg [Marini], [Pagani]. Evaluation in 882 healthy humans: 

20.8 ± 4.4 mmHg [Kovacs]. Patients with isolated LV diastolic dysfunction and 

NYHA class II/III: 22.0 ± 8.0 mmHg [Kasner, 2012]. Patients with NYHA class II: 

35.4 ± 8.8 mmHg; patients with PH and NYHA class II/III: 60.2 ± 22.8 mmHg 

[Murch]. Patients with PH: 84.0 ± 23.0 mmHg [Gan]. 

30 
Diastolic blood pressure, 

PD 
< 90 

Hypertension 

> 90 
mmHg 

Definitions of hypertension based on the 2013 European Society of Hypertension and 

European Society of Cardiology guidelines [Oparil]. 

31 
Glomerular hydrostatic 

pressure, Pgh 
48.0 – 63.0 – mmHg 

The normal estimates: 59.6 ± 2.7 mmHg [Škrtić], 54.3 ± 4.5 [Tsuda], 48.0 – 63.0 

[Guberina]. 

32 
Glomerular capillary 

oncotic pressure, Pgo 
23.6 – 34.0 – mmHg The range is given in Table C1 for the initial value of the parameter. 



33 
LV diastolic pressure, 

PHL_D 
3.0 – 12.0 

Hypertension 

1.0 – 18.0 

CHF, class I/II 

1.0 – 18.9 

CHF, class 

III/IV 

4.3 – 18.9 

LVH 

1.0 – 20.0 

mmHg 

Normal: 3 – 12 mmHg [Pagani]. The minimal LV pressure in patients without heart 

failure symptoms and with normal ejection fraction: 0.9 – 3.2 mmHg; in patients with 

heart failure (NYHA class II/III) and normal ejection fraction: 4.3 – 9.4 mmHg 

[Kasner, 2007]. LV end-diastolic pressure in patients with heart failure (NYHA class 

II/III) and normal ejection fraction: 12.0 – 18.9 mmHg [Kasner, 2007]. The same 

pressure in 313 patients without coronary artery disease, but with the possible 

hypertension (37.1% of patients) or diabetes mellitus (8.3%): 9.58 ± 5.78 mmHg 

[Du]. Evaluation in untreated hypertensive patients with LVH – 15 ± 5 mmHg, and 

without it – 15 ± 3 mmHg [Antony]. 

34 
LV systolic pressure, 

PHL_S 
100 – 140 

CHF 

100 – 154 

Hypertension 

100 – 186 

LVH 

100 – 200 

mmHg 

Normal: 100 – 140 mmHg [Pagani]. Peak value in patients with diastolic heart 

dysfunction (concentric LVH) due to essential hypertension: 162.46 ± 8.21 mmHg 

[Stefanadis]. Evaluation in untreated hypertensive patients with LVH – 184 ± 16 

mmHg, and without it – 172 ± 14 mmHg [Antony]. LV end-systolic pressure in 

patients with heart failure (NYHA class II/III) and normal ejection fraction: 116 – 

154 mmHg [Kasner, 2007]. 

35 
RV diastolic pressure, 

PHR_D 
2.0 – 8.0 

Hypertension 

0.0 – 10.0 

CHF 

0.0 – 12.0 

PH 

8.0 – 22.0 

mmHg 

Normal: 2 – 8 mmHg [Pagani]. Evaluation of RV end-diastolic pressure in patients 

with uncomplicated, asymptomatic essential hypertension: 1.0 – 10.0 mmHg 

[Ferlinz]. Patients with isolated LVDD and NYHA class II/III: 6.0 ± 6.0 mmHg 

[Kasner, 2012]. Patients with PH: 15.0 ± 7.0 mmHg [Gan]. 

36 
RV systolic pressure, 

PHR_S 
15.0 – 30.0 

CHF, class I/II 

15.0 – 40.0 

CHF, class 

III/IV 

20.0 – 40.0 

PH 

62.0 – 110.0 

mmHg 

Normal: 15.0 – 30.0 mmHg [Pagani]. Patients with isolated LVDD and NYHA class 

II/III: 30.0 ± 10.0 mmHg [Kasner, 2012]. Patients with PH: 86.0 ± 24.0 mmHg 

[Gan]. 

37 
Systolic blood pressure, 

PS 
< 140 

Hypertension 

> 140 
mmHg 

Definitions of hypertension based on the 2013 European Society of Hypertension and 

European Society of Cardiology guidelines [Oparil]. 

38 

Systemic venous pressure 

(central venous pressure, 

approximation of right 

atrial pressure)., PVL 

2.0 – 8.0 

Hypertension 

1.0 – 10.0 

CHF 

1.0 – 12.0 

PH 

5.0 – 20.0 

mmHg 

Normal: 2 – 8 mmHg [Klingensmith]. Mean value in patients with uncomplicated, 

asymptomatic essential hypertension: 1.0 – 10.0 mmHg [Ferlinz]. Patients with PH: 

10.0 ± 5.0 mmHg [Gan]. Patients with acute decompensated heart failure: 6.0 – 18.0 

mmHg [Sperry]. Patients with heart failure: 6.4 ± 5.7 mmHg in low PVR (<200 

dyn·s·cm
–5

), 8.7 ± 3.7 mmHg in high PVR [Melenovsky]. Patients with primary PH 

and NYHA class III: 13.0 ± 7.0 mmHg [Opitz]. Patients with normal LV ejection 

fraction and exertional dyspnea: 3.0 – 16.0 [Nagueh]. 



39 
Pulmonary venous 

pressure, PVR 
3.0 – 20.0 – mmHg The normal range is given in Table A4. 

40 
Plasma renin activity, 

PRA 
15.0 – 31.7 

Hypertension 

12.0 – 38.0 

fmol∙ml
–1

∙ 

min
–1

 

The normal range is 0.9 – 1.9 pmol/ml/h [Valabhji]. In the case of hypertensive 

patients, we extended the bounds by 20%. 

41 
Plasma renin 

concentration, PRC 
3.42 – 69.4 – pg∙ml

–1
 The normal range [Perschel]. 

42 

Resistance of afferent 

vessels (arteries and 

arterioles), Ra_dyne 

753 – 6863 
Hypertension 

3000 – 25000 
dyn∙s∙cm

–5
 

The normal estimates: 753 – 2532 dyn∙s∙cm
–5 (Appendix B), 4629.3 ± 2233.2 

dyn∙s∙cm
–5 [Tsuda]. In patients with essential hypertension, Ra_dyne is, on average, five 

times higher than in normotensive subjects [Gómez]. 

43 
Resistance of efferent 

arterioles, Re_dyne 
1350 – 3400 – dyn∙s∙cm

–5
 

Evaluation in healthy individuals (1669 – 2843 dyn∙s∙cm
–5

) is given in Appendix B. 

In addition, we considered a deviation from this range by 20%. 

44 

Resistance of interlobar, 

arcuate and interlobular 

arteries, Rpreglom 

7.0 – 20.0 
Hypertension 

7.0 – 28.0 

mmHg∙ 

min∙l
–1

 
The range is given in Table C1 for the parameter Rpreglom_0. 

45 Renal blood flow, RBF 0.623 – 1.730 
CHF 

0.304 – 1.730 
l∙min

–1
 

The normal range is provided in the work [Bax]. Patients with CHF: 465 ± 161 

ml/min/1.73 m
2
 [Smilde]. 

46 
Renal vascular resistance, 

RVR 
55.0 – 84.0 

Hypertension 

55.0 – 190.0 

CHF 

55.0 – 230.0 

mmHg∙ 

min∙l
–1

 

Evaluation in healthy individuals is derived in Appendix B. In patients with essential 

hypertension, the RVR value can rise to 190 mmHg∙min∙l
–1

 [Bauer]. Patients with 

CHF: 150 – 230 mmHg∙ min∙l
–1

 [Smilde]. 

47 Total blood volume, V 
0.9∙NBV – 

1.1∙NBV 

CHF, class 

III/IV: 0.9∙NBV – 

1.4∙NBV 

ml 

As the normal range of V, we considered NBV ± 10%, where NBV is the estimation 

calculated by the Nadler equation [Nadler]. In patients with NYHA classes III-IV, the 

value of V can exceed the expected normal volume by an average 40% [Miller]. 

48 
LV end-diastolic volume, 

VHL_KD 

M: 67 – 155 

W: 56 – 104 

CHF, class I/II 

56 – 353 

CHF, class 

III/IV 

93 – 621 

ml 

The normal range is given in [Lang]. Patients with PH and NYHA class I-III: 86 ± 30 

ml [Finsberg]. Patients with congestive heart failure due to nonischemic dilated 

cardiomyopathy (NYHA II/III): 312 ± 41 ml [Tkacova]. Patients with advanced heart 

failure (NYHA class III/IV) caused by idiopathic dilated cardiomyopathy (IDC) or 

ischemic cardiomyopathy (IsC) and a prolonged QRS complex: 93 – 423 ml 

[Stellbrink]. Patients with congestive heart failure (NYHA I-IV, mainly III) and IDC: 

521 ± 100 ml, or IsC: 309 ± 34 ml [Mehta]. 

49 
LV end-systolic volume, 

VHL_KS 

M: 22 – 58 

W: 19 – 49 

CHF, class I-II 

16 – 281 

CHF, class 

III/IV 

70 – 526 

ml 

The normal range [Lang]. Patients with PH and NYHA class I-III: 37 ± 21 ml 

[Finsberg]. Patients with congestive heart failure due to nonischemic dilated 

cardiomyopathy (NYHA II/III): 246 ± 35 ml [Tkacova]. Patients with advanced heart 

failure (NYHA class III/IV) caused by IDC or IsC and a prolonged QRS complex: 

70 – 396 ml [Stellbrink]. Patients with congestive heart failure (NYHA I-IV, mainly 

III) and IDC: 430 ± 96 ml, or IsC: 236 ± 29 ml [Mehta]. 



50 
RV end-diastolic volume, 

VHR_KD 

M: 124 – 256 

W: 78 – 218 

CHF, class I-II 

62 – 256 

CHF, class 

III/IV 

93 – 604 

ml 

The normal range is given in [Hudsmith]. Patients with PH and NYHA class I-III: 

134 ± 72 ml [Finsberg]. Patients with congestive heart failure (NYHA I-IV, mainly 

III) and IDC: 527 ± 77 ml, or IsC: 490 ± 54 ml [Mehta]. 

51 
RV end-systolic volume, 

VHR_KS 

M: 38 – 118 

W: 20 – 92 

CHF, class I-II 

23 – 159 

CHF, class 

III/IV 

70 – 478 

ml 

The normal range is given in [Hudsmith]. Patients with PH and NYHA class I-III: 

91 ± 68 ml [Finsberg]. Patients with congestive heart failure (NYHA I-IV, mainly 

III) and IDC: 400 ± 78 ml, or IsC: 370 ± 44 ml [Mehta]. 

52 
Venous oxygen content, 

VO2 

0.0855 – 

0.1848 
– – 

The normal range can be found in [Hattori]. We considered additional deviation from 

this range by 10%. 

53 

Systemic vascular 

resistance, 

1/YHLAL+1/YALVL+1/YVLHR 

0.5271 – 

1.2048 

Hypertension 

0.5271 – 1.9608 

CHF 

0.5271 – 2.8366 

LVH 

0.5271 – 1.5493 

PH 

0.6416 – 2.3991 

s∙mmHg∙ 

ml
–1

 

Normal: 0.5271 – 1.2048 s∙mmHg∙ml
–1

 [Klingensmith] (using the conversion factor 

1/1328 from dyn∙s∙cm
–5

 to s∙mmHg∙ml
–1

 [Gómez]). Hypertensive elderly patients: 

1.6762 ± 0.2846 s∙mmHg∙ml
–1

 [Prys-Roberts]. Patients with diastolic heart 

dysfunction (concentric LVH) due to essential hypertension: 1.3946 ± 0.1547 

s∙mmHg∙ml
–1

 [Stefanadis]. Patients with congestive heart failure: 0.7108 – 1.6634 

s∙mmHg∙ml
–1

 [Laskey, 1990], 1.710 – 2.352 s∙mmHg∙ml
–1

 [Sobol]. Patients with 

primary PH and NYHA class III: 1.7515 ± 0.6476 s∙mmHg∙ml
–1

 [Opitz]. 

Hypertensive patients with congestive heart failure: 1.434 – 3.774 s∙mmHg∙ml
–1

 

[Sobol]. Patients with heart failure: 1.2116 ± 0.3780 s∙mmHg∙ml
–1

 in low PVR (<200 

dyn·s·cm
–5

), 1.3178 ± 0.4164 s∙mmHg∙ml
–1

 in high PVR [Melenovsky]. Patients with 

PH with below threshold PVR: 0.6416 – 0.9337 s∙mmHg∙ml
–1

 [Ratwatte]. Healthy 

subjects and patients with miscellaneous cardiac diseases: 0.7410 – 2.8366 

s∙mmHg∙ml
–1

 [Chemla, 2017]. 

54 

Pulmonary vascular 

resistance, 

1/YHRAR+1/YARVR+1/YVRHL 

0.0151 – 

0.1353 

LVH 

0.0151 – 0.3080 

PH 

0.1320 – 1.2071 

s∙mmHg∙ 

ml
–1

 

Normal: 0.0151 – 0.0979 s∙mmHg∙ml
–1

 [Klingensmith] (using the conversion factor 

1/1328 from dyn∙s∙cm
–5

 to s∙mmHg∙ml
–1

 [Gómez]). Evaluation in 10 healthy subjects 

[Stefanadis]: 0.0989 ± 0.0364 s∙mmHg∙ml
–1

. Patients with diastolic heart dysfunction 

(concentric LVH) due to essential hypertension: 0.2497 ± 0.0583 s∙mmHg∙ml
–1

 

[Stefanadis]. Patients with heart failure: 0.0828 – 0.1288 s∙mmHg∙ml
–1

 in low PVR 

(<200 dyn·s·cm
–5

), 0.2229 – 0.4571 s∙mmHg∙ml
–1

 in high PVR [Melenovsky]. 

Patients with PH: 0.7523 ± 0.4548 s∙mmHg∙ml
–1

 [Gan]. Patients with PH and left 

heart disease: 0.1320 – 0.6300 s∙mmHg∙ml
–1

 [Wright, 2017] (using the conversion 

1WU = min∙mmHg∙l
–1

 [Kwan]). 

55 

Fractional proximal 

sodium reabsorption, 

ηpt_sodreab 

0.67 – 0.97 – – 
The normal range is given in Table C1 for the parameter nη_pt. Estimations in elderly 

hypertensive: 0.86 ± 0.07, and elderly with heart failure: 0.87 ± 0.0 [Fliser]. 



56 

Fractional sodium 

reabsorption in the distal 

tubule and subsequent 

parts of the nephron, 

ηdt_sodreab + ηcd_sodreab – 

ηdt_sodreab · ηcd_sodreab 

0.78 – 0.98 – – 

The normal range is given for the expression nɛ_dt + nη_cd – nη_cd · nɛ_dt above. 

Estimations in elderly hypertensive: 0.93 ± 0.05, and elderly with heart failure: 

0.89 ± 0.07 [Fliser]. 

57 Water intake, Φwin 
0.00096 – 

0.00312 
– l∙min

–1
 

The average statistical range estimate is 0.0019 ± 0.0007 l∙min
–1

 [Malisova]. We 

assumed a possible deviation from this range by 20%. 
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