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Appendix A. Computational Models 

A.1 Fluid Flow 

Fluid flow is solved using the modified Navier-Stokes equations derived from the conservation of mass 

and momentum. An additional momentum source term is included to account for the resistance of blood 

clot to fluid flow.  

∇ ∙ 𝒖 = 0         Equation (A.1) 

𝜌 (
𝜕𝒖

𝜕𝑡
+ 𝒖 ∙ ∇𝒖) = −∇𝑝 + 𝜇∇2𝒖 −

𝜇

𝑘
𝒖      Equation (A.2) 

where u is the velocity, p the pressure, ρ the density, μ the viscosity and k the clot permeability. Outlet 

boundary conditions are defined through the use of 3-element Windkessel model: 
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  Equation (A.3) 
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where Qout is the flowrate at the model outlet, R1 is the inertial resistance, R2 is the peripheral resistance, C 

is the capacitance and Pout is the pressure at the outlet. Values for the Windkessel parameters namely C, 

R1 and R2 are given in Table A.1. 

 

Table A.1 Windkessel parameters for each outlet of the ICA bifurcation 

Outlet Symbol Value Units Source 

MCA 

RT,MCA 3.2×10
9
 Pa·s/m

3
 Calculated as 𝑅𝑇 =

𝑃𝑚𝑒𝑎𝑛

𝑄𝑚𝑒𝑎𝑛
=

60𝑚𝑚𝐻𝑔

3𝑄𝐼𝐶𝐴/5
 using 

reported pressure
S1-S2

 and flow split
36

 

R1,MCA 1.79×10
8 

Pa·s/m
3 

Using the relationship
S3

 R1 = 0.056 RT 

R2,MCA 3.02×10
9 

Pa·s/m
3
 Using the relationship

S3
 R2 = 0.944 RT 

CMCA 4.66×10
-11 

m
3
/Pa S3 

ACA 

RT,ACA 4.8×10
9
 Pa·s/m

3
 Calculated according to a flow split

36,S4
 

R1,ACA 3.33×10
8
 Pa·s/m

3
 Calculated by assuming that the wave speed is 

the same in all branches. 

R2,ACA 4.47×10
9
 Pa·s/m

3
 Difference of 2 resistances (RT,ACA – R1,ACA). 

CACA 2.33×10
-11

 m
3
/Pa S3 

 

 

A.2 Estimation of initial concentration of binding sites 

A fibrin network is assumed to be composed entirely of fibrin fibres that have an initial length and fibrin 

fibre density. Fibrin fibres are made up of protofibril strands composed of fibrin monomers. Figure A.1 

(a) shows the microstructure of a fibrin fibre.  

 

A fibrin fibre can be discretised into a number of cross-sectional slices that contain binding sites, as 

shown in Figure A.1 (b). Each asterisk represents protofibrils and spacings between two protofibrils are 

Δr in the radial direction and Δt in the circumferential direction. By assuming that the cross-sections are 

circular and distances between each protofibril in both the radial and circumferential directions are 

constant, the number of protofibrils can be approximated. For the i-th layer, the number of protofibrils can 

be expressed as: 

𝑁𝑝𝑓,𝑖 =
2𝜋

𝜗𝑖
=

𝜋

sin−1(
∆𝑡

2𝑖∙∆𝑟
)
        Equation (A.5) 

The total number of protofibrils for a given cross-section can therefore be expressed as: 

𝑁𝑝𝑓,𝑡𝑜𝑡 = ∑
𝜋

sin−1(
∆𝑡

2𝑖∙∆𝑟
)

𝑁𝐿
𝑖=1        Equation (A.6) 
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When the density of fibrin in the clot ρ0 and the density of fibrin in a fibre ρf are known, the ratio between 

the volume of fibrin fibre to the clot volume can be calculated (ρ0 /ρf  = volume of fibre / volume of clot). 

The total length of fibre per clot volume is therefore expressed as: 

𝐿𝑓,𝑡𝑜𝑡 =
𝜌0

𝜌𝑓

1

𝜋𝑅𝑓0
2           Equation (A.7) 

and the total number of slices per clot volume is: 

𝑁𝑠𝑙𝑖𝑐𝑒 =
𝐿𝑓,𝑡𝑜𝑡

𝐿𝑀/2
         Equation (A.8) 

where LM/2 is the length of repeating unit in a fibrin fibre (LM = 45 nm). Yeromonahos et al.
31

 reported 

experimental measurements of average fibre range, interprotofibril distance and number of protofibrils 

depending on the ionic strength. Based on their experimental data, the values of average fibre radius Rf0 

and interprotofibril distance Δr and Δt are set to be 100 nm and 10 nm, respectively, and the calculated 

number of protofibrils using Equation (A.8) is 344, which is similar to the measurement (approximately 

300 in Yeromonahos et al.
31

). The fibre density ρf is chosen to be 0.245 g/mL, based on the values 

reported by Diamond
30

 (0.21 and 0.28 g/mL for fine and coarse clots). Although fine and coarse clots 

have different interprotofibril distance and fibre density, only the fibre radius Rf0 is varied in the current 

simulations to account for changes in permeability and resistance and their effects on clot lysis (Rf0 being 

100 nm and 30 nm for coarse and fine clots, respectively). The density of fibrin in the clot ρ0 was assumed 

3 mg/mL based on fibrinogen levels reported by Undas et al.
S5-S6

. 

 

   (a)               (b) 

Figure A.1 Illustration of (a) polymerised fibrins that form a fibrin fibre and (b) binding sites in each 

cross-section along a fibrin fibre that consists of NL layers. Δr and Δt are the distance between two 

protofibrils in the radial and circumferential direction, respectively. 
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Using the total number of slices and total number of protofibrils per slice, the total number of binding 

sites per unit volume of clot is: 

𝑛𝑡𝑜𝑡 = 𝑛𝑏𝑠
𝑁𝑠𝑙𝑖𝑐𝑒𝑁𝑝𝑓,𝑡𝑜𝑡

𝑁𝑎𝑣
        Equation (A.9) 

where nbs is the number of available binding sites per slice and Nav the Avogadro’s number and the unit of 

ntot is the number of moles per unit volume. nbs is assumed to be 2 in this work as Diamond and Anand
27 

used a total of 3.5 binding sites per monomer (equivalent to two slices). 

 

Appendix B. Validation of the Compartmental Model 

The compartmental model has been validated against three sets of experimental data in the literature
5,18,32

. 

Although the experiments were carried out on healthy individuals
5
 and patients with myocardial 

infarction
18,32

, it is assumed that the pharmacokinetics of tPA and other proteins would remain the same.  

 

Noe and Bell
18

 collected blood samples from patients suffering from myocardial infarction who were 

treated with a continuous alteplase infusion of 0.5 mg/kg over a 60 minute period. The plasma 

concentrations of PLG and fibrinogen for 13 patients were measured before drug infusion and at 1.5, 2, 4 

and 24 hours after treatment. The concentrations of lysis proteins over time for these patients can be 

found in Figures A.1 (a) and (b) where solid lines show the corresponding predictions by the 

computational model for an initial concentration of 1.21 µM, 8 µM and 1 µM for PLG, fibrinogen and AP 

respectively. The activation and generation of PLG show good agreement with the measurements using 

the model parameters defined in Table 1. Only one parameter, kcat,f, required fitting to the measurements. 

Tanswell et al.
5
 evaluated the plasma concentrations of tPA for 12 healthy patients after 30 minute 

infusion of either 0.25 mg/kg or 0.5 mg/kg alteplase over a 3 hour period. Figure B.2 shows a comparison 

between the measured and predicted tPA concentration. During infusion, a hepatic clearance coefficient 

of 0.183 min
-1

 (corresponding to a tPA half-life of just under 4 minutes) has been found to give a good 

agreement with the experimental data at both tPA concentrations.  
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   (a)      (b) 

Figure B.1 Comparison of simulation results of the compartmental model (solid line) and experimental 

data
18

 (symbol) for plasma concentrations of (a) PLG and (b) fibrinogen. 

 

 

Figure B.2 Comparison of simulation results of the compartmental model (solid line) and experimental 

data
5 
(symbol) for plasma concentrations of tPA. 

 

Collen et al.
32

 measured the concentrations of PLG, fibrinogen and AP of 101 patients with acute 

myocardial infarction who were given a 0.75 mg/kg alteplase infusion over a 90 minute period. Protein 

concentrations are evaluated with respect to changes in the baseline value at 0, 60 and 90 minutes after 

infusion as shown for PLG, fibrinogen and AP in Figures B.3 (a), (b) and (c) respectively. The plasma 

concentrations of PLG, Fbg and AP agree reasonably well with the experimental data using the same 

Michaelis-Menten coefficients given in Table 1. The plasma tPA concentration predicted by the model 

under the experimental conditions is shown in Figure A.3 (d) and is consistent with the observation of 

Collen et al.
32

 who found a steady tPA concentration of 1200 ng/ml following infusion.  
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(a)       (b) 

 

(c)      (d) 

Figure B.3 Comparison of simulation results (solid line) with experimental results
32

 (symbol) for plasma 

concentrations of (a) PLG, (b) fibrinogen, (c) AP and (d) tPA. The initial PLG and AP concentrations are 

2 µM and 1 µM in the experiments.  
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