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The online data supplement for this paper contains additional material that could not be 

included in the main text due to space limitations, and is divided into three files. The first file 

(additional file 1) describes in detail the simulation model employed in the paper. Additional 

file 2 presents the optimization strategy used in matching the model to the ARDS patient 

data and the parameter values for the different models. Additional file 3 reports the effects on 

PaO2/FIO2 of changes in haemoglobin levels, cardiac output, and FIO2 for the MRS-10 RM 

applied to patient A and presents some further model validation results. 

Additional File 1: Simulation Model Description and Equations 

The model employed in this paper has been developed over the past several years and has 

been applied and validated on a number of different studies (1-8). The model is organized as 

a system of several components, each component representing different sections of 

pulmonary dynamics and blood gas transport, e.g. the transport of air in the mouth, the tidal 

flow in the airways, the gas exchange in the alveolar compartments and their corresponding 

capillary compartment, the flow of blood in the arteries, the veins, the cardiovascular 

compartment, and the gas exchange process in the peripheral tissue compartments. Each 

component is described as several mass conserving functions and solved as algebraic 

equations, obtained or approximated from the published literature, experimental data and 

clinical observations. These equations are solved in series in an iterative manner, so that 

solving one equation at current time instant      determines the values of the independent 

variables in the next equation. At the end of the iteration, the results of the solution of the 
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final equations determine the independent variables of the first equation for the next 

iteration. 

 
 

Figure A1: Diagrammatic representation of the model and its main features.  

The iterative process continues for a predetermined time, T, representing the total simulation 

time, with each iteration representing a ‘time slice’ t of real physiological time (set to 30 ms). 

At the first iteration         , an initial set of independent variables are chosen based on 

values selected by the user. The user can alter these initial variables to investigate the 

response of the model or to simulate different pathophysiological conditions.  Subsequent 

iterations (          ) update the model parameters based on the equations below.  

The pulmonary model consists of the mechanical ventilation equipment, anatomical and 

alveolar deadspace, anatomical and alveolar shunts, ventilated alveolar compartments and 

corresponding perfused capillary compartments. The pressure differential created by the 



3 

 

mechanical ventilator drives the flow of gas through the system. The series deadspace (SD) 

is located between the mouth and the alveolar compartments and consists of the trachea, 

bronchi and the bronchioles where no gas exchange occurs. Inhaled gases pass through the 

SD during inspiration and alveolar gases pass through the SD during expiration. In the 

model, an SD of volume 60ml is split into 50 stacked layers of equal volumes (    = 50).  

No mixing between the compartments of the SD is assumed.  

Any residual alveolar air in the SD at the end of expiration is re-inhaled as inspiration is 

initiated. This residual air is composed of gases exhaled from both perfused alveolar 

compartments (normal perfusion) and the parallel deadspace (PD) (alveolar compartments 

with limited perfusion). Therefore, the size of deadspace (SD and PD) can have a significant 

effect on the gas composition of the alveolar compartments.  

The inhaled air is initially assumed to consist of five gases: oxygen (O2), nitrogen (N2), 

carbon dioxide (CO2), water vapour (H2O) and a 5th gas (α) used to model additives such as 

helium or other anaesthetic gases. During an iteration of the model, the flow (f) of air to or 

from an alveolar compartment i at time    is determined by the following equation: 

       
                  

      ,   
                         [1]  

where          is the pressure supplied by the mechanical ventilator at     ,          is the 

pressure in the alveolar compartment   at     , Ru is the constant upper airway resistance and 

RA, i is the bronchial inlet resistances of the alveolar compartment  .    is the total number of 

alveolar compartments (for the results in this paper,    = 100). The total flow of air entering 

the SD at time    is calculated by 

                  
  
                 [2] 

During the inhaling phase,      , while in the exhaling phase      . 

During gas movement in the SD, the fractions of gases in the layer   of the SD,         

       ) is updated based on the composition of the total flow,    , and the current 
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composition of    .  If     ≥ 0, then air starts filling from the top layer (  = 1) to the bottom 

layer (      ); and vice versa for     < 0. 

The volume of gas  , in the     alveolar compartment (     ), is given by: 

            
                  

          

      
                       

                        
                           

                   [3] 

In [3], x is any of the five gases (O2, N2, CO2, H2O or α). The total volume of the     alveolar 

compartment,    is the sum of the volume of the five gases in the compartment.   

                                                                      [4] 

For the alveolar compartments, the tension at the centre of the alveolus and at the alveolar 

capillary border is assumed to be equal. The respiratory system has an intrinsic response to 

low oxygen levels in blood which is to restrict the blood flow in the pulmonary blood 

vessels, known as Hypoxic Pulmonary Vasoconstriction (HPV). This is modelled as a simple 

function, resembling the stimulus response curve suggested by Marshall (9), and is 

incorporated into the simulator to gradually constrict the blood vessels as a response to low 

alveolar oxygen tension. The atmospheric pressure is fixed at 101.3kPa and the body 

temperature is fixed at 37.2°C.  

At each   , equilibration between the alveolar compartment and the corresponding capillary 

compartment is achieved iteratively by moving small volumes of each gas between the 

compartments until the partial pressures of these gases differ by <1% across the alveolar-

capillary boundary. The process includes the nonlinear movement of O2 and CO2 across the 

alveolar capillary membrane during equilibration.  

In blood, the total O2 content (CO2) is carried in two forms, as a solution and as 

oxyhaemoglobin (saturated haemoglobin): 

 O       O                  O                     [5] 
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In this equation, SO2 is the hemoglobin saturation, Huf is the Hufner constant,    is the 

hemoglobin content and       is the O2 solubility constant. The following pressure-

saturation relation, as suggested by (10) to describe the O2 dissociation curve, is used in this 

model: 

 O           O 
             O        

  
          

  

    [6] 

 O  is the saturation of the hemoglobin in blood and  O  is the partial pressure of oxygen in 

the blood. As suggested by (11),  O  has been determined with appropriate correction factors 

in base excess BE, temperature T and pH (7.5005168 = pressure conversion factor from kPa 

to mmHg): 

 O                   O           
      p       - .          -                  [7] 

The CO2 content of the blood (CCO2) is deduced from the plasma CO2 content (CCO2plasma) 

(12) by the following equation: 

  O         O plasma            
         

               O              p        
       [8] 

where  O  is the O2 saturation,    is the hemoglobin concentration and pH is the blood pH 

level. The coefficients were determined as a standardized solution to the McHardy version of 

Visser’s eq ation (13), by iteratively finding the best fit values to a given set of clinical data. 

The value of   O plasma is deduced using the Henderson-Hasselbach logarithmic equation for 

plasma CCO2 (14): 

  O plasma                    O                p         – p        [9] 

where      is the plasma CO2 solubility coefficient and p   is the apparent pK (acid 

dissociation constant of the CO2 bicarbonate relationship).   O  is the partial pressure of CO2 

in plasma and ‘ .   ’ refers to the con ersion factor from  miliMoles per liter to ml/100ml. 

(14) gives the equations for      and p   as: 

       0.0 0    0.00              0.0000                 [10] 
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p      .0    0.0     ( .  - p        )                              

      p                 [11] 

  O       is determined by incorporating the standard  enry’s law and the      (the CO2 

solubility coefficient above). For pH calculation, the Henderson Hasselbach and the Van 

Slyke equation (15) are combined. Below is the derivation of the relevant equation. The 

Henderson-Hasselbach equation (governed by the mass action equation (acid dissociation)) 

states that: 

p    p    log  
                         

                           
        [12] 

Substituting pK=6.1 (under normal conditions) and the denominator            O   (acid 

concentration being a function of CO2 solubility constant 0.225 and PCO2 (in kPa)) gives:  

p         .        
  O       

          O     
            [13] 

For a given pH, base excess (BE), and hemoglobin content (Hb), HCO3 is calculated using 

the Van-Slyke equation, as given by (15): 

  O                        p             
  

             
       [14] 

The capillary blood is mixed with arterial blood using the equation below which considers 

the anatomical shunt (    with the venous blood content of gas x (      , the non-shunted 

blood content from the pulmonary capillaries (       ), arterial blood content        , the 

arterial volume ( 
 
  and the cardiac output (CO).  

 a,        
 O               ,                  cap,          a,                 O      

      
    [15] 

The peripheral tissue model consists of a single tissue compartment, acting between the 

peripheral capillary and the active tissue (undergoing respiration to produce energy).  The 

consumed O2 (VO2) is removed and the produced CO2 (VCO2) is added to this tissue 

compartment. Similarly to alveolar equilibration, peripheral capillary gas partial pressures 
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reach equilibrium with the tissue compartment partial pressures, with respect to the nonlinear 

movement of O2 and CO2.  Metabolic production of acids, other than carbonic acid via CO2 

production, is not modeled. After peripheral tissue equilibration of gases, the venous 

calculations of partial pressures, concentrations and pH calculations are done using 

comparable equations as above. 

A simple equation of renal compensation for acid base disturbance is incorporated. The base 

excess (BE) of blood under normal conditions is zero. BE increases by 0.1 per time slice if 

pH falls below 7.36 (to compensate for acidosis) and decreases by 0.1 per time slice if pH 

rises above 7.4 (under alkalosis).  

The shunt fraction (     ) in the model is calculated as: 

                                                         [16] 

where the end capillary oxygen content (    ), the arterial oxygen content (    ) and the 

mixed venous oxygen (    ) content can also be obtained from the model. The total 

compliance (    ) of the lung in the model is calculated using the standard equation: 

                                                            [17] 

where the End-Inspiratory Lung Volume (    ), End-Expiratory Lung Volume (    ), 

maximum pressure in lung (    ) and the minimum pressure in lung (    ) are obtained 

directly from the model at the end of every breath. 

The simulated patient is assumed to be under complete mechanical ventilation. 

Consequently, the effects of ventilatory autoregulation by the patient have not been 

incorporated into the models. 

Each alveolar compartment has a unique and configurable alveolar compliance, alveolar inlet 

resistance, vascular resistance, extrinsic (interstitial) pressure and threshold opening 

pressure. For the  th
 compartment of N alveolar compartments, the pressure    is determined 

by: 
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                 [18]  

 where  

       
           and                             

Equation [18] determines the alveolar pressure    (as the pressure above atmospheric in 

cmH2O) for the  th
 compartment of N number of alveolar compartments for the given volume 

of alveolar compartment,       in milliliters. The alveolar compartments are arranged in 

parallel and interact with the series deadspace with respect to the movement of gases. The 

flow of air into the alveolar compartments is achieved by a positive pressure provided by the 

ventilator and the air moves along the pressure gradient. The equation models the behavior 

of the intact lung / chest-wall complex. The use of the square of the difference between    

and Vc causes alveolar pressure to increase at volumes below Vc, leading to exhalation and a 

tendency to “snap sh t” (mathematical note: the press re with respect to  ol me is th s a U-

shaped curve).  

     (per alveolar unit, in cmH2O) represents the effective net pressure generated by the sum 

of the effects of factors outside each alveolus that act to distend that alveolus; positive 

components include the outward pull of the chest wall, and negative effects include the 

compressive effect of interstitial fluid in the alveolar wall. Incorporating      in the model 

allows us to replicate the situation of alveolar units that have less structural support or that 

have interstitial oedema, and thus have a greater tendency to collapse. A negative value of 

     indicates a scenario where there is compression from outside the alveolus causing 

collapse. The parameter     is a scalar that determines the intra-alveolar pressure for a given 

volume (with respect to a constant collapsing volume   ) and is dependent on the 

parameter  . The units of    are cmH2O ml
-2

. Finally,    is defined as a “constant collapsing 

 ol me” at which the al eol s tends to empty (thro gh Laplace effects) and represents a 

fundamental mechanical property of tissue and surfactant.      is the resting volume of the 

lung (assumed to be 3 litres).  

The effect of the three parameters on the volume–pressure relationship of the alveolar 

compartments can be observed in the following Figure A2. 
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Figure A2: The effect of varying the parameters of Equation [18] on the pressure volume 

relationship of the model.  

For a healthy lung at the end of the expiration, the ventilator pressure would return to zero 

above atmospheric (resulting in the tracheal pressure also being equal to zero). The nominal 

values for (       ,    ) have been determined such that at the end of expiration, the alveolar 

pressure within the compartment is also equal to zero, i.e. at 30 ml, the individual 

compartments are at rest and consequently the total resting volume of the lung is 3 liters.  

We consider each of the three parameters mentioned above (      ,   ) to be different yet 

essential components for representing a diseased lung that affect the volume pressure 

relationship of the alveolar compartments. For example, for a given volume   , increasing    

increases the corresponding alveolar pressure of the alveolar compartment. When compared 

to another compartment with a lower   , a larger pressure from the mechanical ventilator 

would be needed to drive air into the compartment; thus effectively the compartment will be 

behaving as a stiffer lung unit.   

Decreasing        increases the alveolar pressure such that the pressure gradient (especially 

during exhaling) forces the air out of the alveolar compartment until the volume of the 

compartment collapses (   = 0 ml). Note that, in effect, the parameters are influencing the 

resting volume of the compartments (when the alveolar pressure,   , is equal to zero).  If    < 

0 cmH2O, the pressure gradient will cause the flow into the alveolar compartment (as 

 entilator press re will always  e ≥ 0 cm 2O) until     reaches 0 cmH2O. 

In the model, the airway resistance    is determined by the following equation for N 

parallel compartments: 
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  for          [19] 

where      is the bronchial inlet resistance of the     compartment, which is defined by: 

                          

where     corresponds to the default bronchial inlet resistance of an alveolar compartment. 

    is set to          (the inlet resistance is higher for a model with more compartments 

as the volume of each compartment decreases) for a healthy lung, giving a resistance of 

0.001 kpa per ml per minute for 100 compartments.    is a coefficient of the airway 

resistance, representing a dynamic change in airway resistance and is determined by the 

equation: 

    
          

             
                         [20] 

where,  

      
                         
                              

                 
          [21] 

          is the pressure in the trachea and      is a value between 5 and 50 cmH2O for the 

    alveolar compartmen.  Additionally, a threshold opening pressure (TOP) at low lung 

volumes needs to be attained for a collapsed alveolar unit to open. Recruitment is a time 

dependent process, with different airways recruiting at different times, once the threshold 

pressure has been achieved (16-17). The equations within the model are solved iteratively as 

a discretised system. Each iteration represents a physiological time slice of t (10 ms). The 

time dependant recruitment phenomenon is achieved in the model by the introduction of a 

parameter   . For collapsed compartments,    is set to    which represents the time it could 

take for collapsed alveoli to open after a threshold pressure is reached. Once          

 O i is satisfied, the counter    decrements during every iteration, and triggers the opening 

of the airway (  = 1) as     . Otherwise    is set to a high value (10
10

) to represent a 

collapsed airway. We based the range of values for TOP used in these simulations on the 

work done by Crotti and collaborators (18). 
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   (the number of alveolar compartments) is fixed and set by the user (i.e. they do not 

change during a simulation). Therefore, during a simulation,   , chiefly represents the 

relatively small changes in inlet resistance during tidal ventilation. Furthermore,     are also 

preset and fixed, and do not change during the simulation. The only change in airway 

resistance which is dynamic is    which is dependent on the volume    at time    .  

Finally, the pulmonary vascular resistance PVR is determined by 

 

   
 

 

    
 

 

    
   

 

     

  for          [23] 

where the resistance for each compartment      is defined as  

            [24] 

    is the default vascular resistance for the compartment with a value of        dynes s 

cm
-5 

min
-1

, and     is the vascular resistance coefficient, used to implement the effect of 

Hypoxic Pulmonary Vasoconstriction. 

The net effect of these components of the simulation is that the defining, clinical features of 

ARDS may be observed in the model: alveolar gas-trapping (with intrinsic PEEP), collapse-

reopening of alveoli (with gradual reabsorption of trapped gas if re-opening does not occur), 

limitation of expiratory flow etc.  
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