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Abstract 26 

The lymphatic system returns fluid to the blood stream from the tissues to maintain tissue fluid 27 

homeostasis. Lymph nodes distributed throughout the system filter the lymphatic fluid. The 28 

afferent and efferent lymph flow conditions of lymph nodes can be measured in experiments, 29 

however it is difficult to measure the flow within the nodes. In this paper we present an image 30 

based modelling approach to investigate how the internal structure of the node affects the fluid 31 

flow pathways within the node. Selective plane illumination microscopy images of murine 32 

lymph nodes are used to identify the geometry and structure of the tissue within the node and 33 

to determine the permeability of the lymph node interstitium to lymphatic fluid. Experimental 34 

data are used to determine boundary conditions and optimise the parameters for the model. 35 

The numerical simulations conducted within the model are implemented in COMSOL 36 

Multiphysics, a commercial finite element analysis software. The parameter fitting resulted in 37 

the estimate that the average permeability for lymph node tissue is of the order of magnitude 38 

of 10-11 m2. Our modelling shows that the flow predominantly takes a direct path between the 39 

afferent and efferent lymphatics and that fluid is both filtered and absorbed across the blood 40 

vessel boundaries. The amount that is absorbed or extravasated in the model is dependent on 41 

the efferent lymphatic lumen fluid pressure. 42 
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1 Introduction 55 

Lymph nodes are an important part of the immune system. They filter lymphatic fluid, are a site 56 

for transfer of immune cells from the blood to the lymphatic fluid, and regulate the protein 57 

content of the fluid. The implied pathways for fluid flow through the lymph node have been 58 

inferred from its structure and by tracking particulate matter through the node (Ohtani et al., 59 

2003, Gretz et al., 2000). In this paper we present an image based model to characterise the 60 

fluid flow through a lymph node. 61 

 62 

The structure of lymph nodes is complex. Lymph nodes consist of spaces (lymphatic labyrinths) 63 

lined with lymphatic endothelial cells within a porous matrix that allows fluid circulation. The 64 

majority of the node parenchyma is made up of lymphocytes and reticular cells within a matrix 65 

of collagen fibers. The morphology of the reticular cell network is regulated by fluid flow and 66 

the flow also plays a role in directing the migration of cells such as mature dendritic cells and 67 

naive T cells (Tomei et al., 2009). The fluid flow through the node has been linked to reducing 68 

the preference of cells to migrate within the node, causing more of the immune cells to exit the 69 

node (Grigorova et al., 2010). As the lymph nodes are involved in antigen sensing and immune 70 

cell activation, understanding how fluid is transported through the node could be useful for 71 

developing knowledge of how fluid movement affects the immune response of the node. 72 

Adjacent to the lymphatic labyrinths are high endothelial venules (HEVs), through which 73 

circulating lymphocytes enter the node parenchyma. The whole node is surrounded by a fibrous 74 

capsule under which lies the subcapsular space.  75 

 76 

Fluid flow through the parenchyma determines the interstitial protein concentration and hence 77 

the transport of fluid across the blood vessel wall. Lymphatic fluid entering the node often has a 78 

lower protein concentration than the lymph leaving the node (Adair et al., 1982). Soluble 79 

molecules have been injected into rat and mouse lymph nodes (Gretz et al., 2000) and the 80 

particles tracked as they progressed through the node. In mice, Gretz et al. (2000) found that 81 

the size of the particles determined what path they took through the node; larger particles 82 

(2000 kD) were restricted to the subcapsular and medullary sinuses, whereas smaller particles 83 

(10 kD) were able to enter the reticular fibre network. Since a role of the lymph node is to filter 84 

the lymphatic fluid, tracing particles through the node does not necessary trace the fluid 85 

pathways. In this paper we use computational modelling to investigate how the structure of the 86 

node effects the direction of fluid transport within the lymph node. 87 

 88 

Previous lymph node computational models have focused on the organisation and transport of 89 

immune cells through the node. Beltman et al. (2007) created a time dependent model to 90 

investigate T cell motility to describe how they interact with dendritic cells, which present 91 

antigens to T cells. The simulation domain was assumed to be a tightly packed cuboid 92 

environment containing the reticular network, dendritic cells and T cells. Bogle and Dunbar 93 

(2008, 2010, 2012) have developed a model of T cell movement in a spherical lymph node 94 

domain over a 6 hour period.  95 

 96 
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In this paper we present a model of fluid transport though a whole lymph node based on images 97 

of two murine lymph nodes obtained using selective plane illumination microscopy (SPIM) 98 

(Mayer 2012). An advantage of this method is that the domain is not assumed to be an idealised 99 

shape but is based on experimental images. The parameters required for the model are lymph 100 

node tissue permeability, hydraulic conductivity of the blood vessel walls within the node, blood 101 

pressure and inlet and outlet lymphatic flow conditions. Where possible, these values have 102 

been obtained from the literature, and where these values cannot be found they have been 103 

approximated from similar materials or optimised to the experimental data available. 104 

1.1 Data used in this study 105 

 106 

In the 1980’s experiments were carried out on lymph nodes to find out how the composition of 107 

the lymph changed as it passed through the node. Adair et al., (1982), Adair and Guyton (1983, 108 

1985) isolated popliteal lymph nodes from dogs and cannulised an efferent and an afferent 109 

lymphatic to assess the flow; other afferent and efferent lymphatic vessels were ligated. The 110 

lymph nodes were then perfused at physiological flow rates through the afferent lymphatic. The 111 

efferent lymphatic pressure was maintained at a hydrostatic pressure 0 mmHg, considering 112 

atmospheric pressure as gauge pressure. A branch of the lateral saphenous vein was cannulised 113 

for the measurement and control of venous pressure. 114 

 115 

Adair and Guyton (1985) varied the efferent lymphatic pressure to see how this effected the 116 

protein concentration of the efferent lymph fluid. The authors also recorded the changes in the 117 

efferent fluid flow rate in response to changes in fluid pressure. These results were used as 118 

inputs for our lymph node model. 119 

 120 

For the first four nodes in the experiments presented in Adair and Guyton (1985), the efferent 121 

lymphatic pressure was increased in 6 steps from 0 to approximately 2170 Pa. We calculated 122 

the mean values for the afferent lymphatic pressure, efferent lymphatic pressure, afferent 123 

lymphatic flow rate, efferent lymphatic flow rate and venous pressure. The mean efferent 124 

lymphatic pressure, afferent lymphatic flow rate and venous pressure were used as inputs in 125 

our model. We used the afferent lymphatic pressure and efferent lymphatic flow rate to 126 

estimate the unknown parameter values that represented the permeability of the parenchyma, 127 

the hydraulic conductivity of the blood vessel walls and the colloid osmotic pressure difference 128 

across the blood vessel walls. 129 

2 Methodology 130 

2.1 Image Processing 131 

The images used in our study were obtained from Jürgen Mayer who imaged mouse popliteal 132 

lymph nodes using selective plane illumination microscopy (SPIM); for more information about 133 

the experimental protocol see Mayer et al. (2012). In this work, two nodes, one from a wild type 134 

mouse (WT) and one from a plt/plt mouse (PLT) (a mutant mouse that lacks certain proteins in 135 

the T-cell zone resulting in a decreased accumulation of dendritic cells in this zone) were imaged. 136 
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Alexa594-coupled MECA-79 mAB was injected into the mouse to visualise the high endothelial 137 

venules (HEVs) (Mayer et al., 2012). The images of the lymph nodes had a voxel size of 1.29 x 138 

1.29 x 5 μm and were received in 16 bit grayscale tiff format. 139 

 140 

To create a computational mesh for finite element modelling of fluid flow through a lymph node, 141 

the raw image data had to be segmented and smoothed. This was achieved in the following 142 

manner:  The images were processed to enable segmentation by Avizo Fire1 and analysed as 143 

follows. The first stage of image processing was carried out using Fiji2 (Schindelin et al, 2012) to 144 

convert the image stack to 8 bit greyscale. This significantly reduced the processing time and 145 

necessary computational resources. A mean filter with a 4 pixel radius was applied to remove 146 

noise from the images. The brightness and contrast adjustment tool in Fiji was used in 147 

automatic mode so that the features of the node were visually distinguishable; in particular the 148 

HEVs appeared as bright white. The results of these processes are compared to the original 149 

image, Figure 1a, in Figure 1b. The end slices were removed from the stack so that the final 150 

stack only contained images of the node without any surrounding material. Semi-manual 151 

segmentation of the geometry was carried out in Avizo Fire using the magnetic lasso tool. The 152 

outline of the node was segmented every 20 slices, except where there were features that 153 

required more frequent selections. The selections were then interpolated so that the entire 154 

node was selected. Views from other planes were checked to confirm the selection. This 155 

segmentation was then used to create a mask that formed the outline of the node, see Figure 156 

1c. The mask stack and the filtered image stack were imported into Fiji. Two new image stacks 157 

were created; one of the node on a black background, by subtracting the inverted mask from 158 

the image stack; and one of the node on a white background, by adding the inverted mask to 159 

the image stack. The node on the white background can be seen in Figure 1d. 160 

  161 

The image stack of the node with the black background was imported into Fiji. By selecting a 162 

line that crossed a single HEV, the grey scale profile along the line was plotted, see Figures 2f 163 

and 2g. From this, the approximate threshold was found to segment out the HEVs (140 in this 164 

case). The brightness and contrast of the image stack were adjusted so that everything above 165 

140 was white and everything below was black. This resulted in another stack of images, which 166 

only showed the HEVs. The fill holes tool was applied and then the “remove outliers” tool for 167 

radius of 4 pixels. The erosion tool was applied 4 times and after the dilate tool 4 times. This 168 

simplified the HEVs structure and removed small features that would make computational mesh 169 

generation difficult. This resulted in a mask of white HEVs on a black background. In order for 170 

the meshing software to create a boundary between the lymph node tissue and the HEVs, 171 

thresholding would be used. In order that the HEVs had a different value from the white node 172 

mask the HEV value was reduced by dividing it by an arbitrary number (in this case 4). The mask 173 

of the HEVs was subtracted from the mask of the node, see Figure 1e.  174 

 175 

                                                           
1
 a commercial 3D image analysis software http://www.fei.com/software/avizo3d/ 

2
 a free, open source image processing package: http://fiji.sc/Fiji 
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The node mask, node mask with HEVs and node with a white background stacks were all 176 

reduced in size by a quarter in the x and y directions. This resulted in the final voxel size being 177 

5.16 x 5.16 x 5 μm. The stack of the node with a white background was saved as an image 178 

sequence of jpeg images for use in COMSOL Multiphysics4. COMSOL is used to model the fluid 179 

flow. A small area of grey voxels of approximately 80 µm in diameter was created on opposite 180 

sides of the node, approximately at the position where the afferent and efferent lymphatics 181 

entered and exited the node. This was necessary so that boundaries existed for the application 182 

of the afferent and efferent lymphatic boundary conditions, described in Section 2.2. 183 

 184 

ScanIP5 was used to create a mesh from the edited white and grey image stack. Using the 185 

threshold tool, three masks were created. The first one selected only the pale grey voxels that 186 

represent the HEVs, the second only the white voxels, and the third only selected the grey 187 

voxels that represent the afferent and efferent lymphatic boundary. The afferent and efferent 188 

lymphatic mask was dilated by 1 voxel in all directions to create surfaces that represent the 189 

afferent and efferent lymph vessels. The three masks that resulted were then added to the 190 

model. The model was configured to create a COMSOL mesh file using +FE Free volume meshing. 191 

The advanced parameters, such as mesh size, target error and rate of change of element size, 192 

were modified. Three mesh sizes were used for the mesh refinement study. For all meshes the 193 

target minimum edge length was set to 8.8 μm (=√               μm, the longest length 194 

between voxels). The maximum length was 8.8, 17.6 or 35.2 μm for the three different meshes. 195 

The target maximum error was set to 4.4 μm, half the minimum edge length. The size of the 196 

mesh elements on the surface was allowed to change rapidly (set to 75 in ScanIP), because the 197 

manual segmentation of the node outline meant a high level of detail was not appropriate. The 198 

volume elements within the node changed more slowly (set to 30). All other settings were left 199 

as default. 200 

2.2  Model Implementation 201 

The fluid is modelled as incompressible flow with dynamic viscosity,  , 1.5 cP and density,  , 202 

1000 kg/m3 using Darcy’s law, i.e., using  203 

    
 

 
            (1) 

 204 

where u is the fluid velocity,   is the interstitial permeability6, and p is the fluid pressure. The 205 

permeability,  , was defined based on the images. A linear relation was used to relate the grey 206 

scale of the image to the permeability, e.g. the darker the image, the less dense the material 207 

and therefore the more permeable it is. This was implemented in COMSOL using the Matlab 208 

Livelink application. A script was written to import the jpeg images for the node on the white 209 

                                                           
4
 A commercial finite element software: http://www.comsol.com/ 

5
 a commerical software from Simpleware: https://simpleware.com/software/scanip/ 

6
 an extrinsic value that is a property of the porous media, independent of the fluid 

http://www.comsol.com/
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background into the COMSOL Model. The images were imported as functions, called     210 

where   was the number of the image in the stack. This linear relation has the general form,  211 

 

(      (   )    )  (     )  (      (   )    )  (     )
 (      )    (      (   )    )
 (   (   )  )              (2) 

 212 

where    and    are constants that define the linear relation between the grey scale of the 213 

image and the permeability,   and   are the coordinates of the point in the image which is to 214 

be evaluated,   is the distance along the vertical axis and   is the total number of images. 215 

Each image is defined on a 5 μm thickness using a logical expression, e.g. (     )  216 

(      ). Due to file type, the image stack required vertical flipping to correlate with the 217 

mesh stack. 218 

The afferent lymphatic flow rate,    , was given in units of μL/min in Adair and Guyton (1985). 219 

Thus for this modelling study it was divided by 6×107 (kg·min/μL·s) (i.e. 60 min/s multiplied by 220 

1x106 kg/μL, since the density of the fluid was assumed to be 1x103 kg/m3) to change units to 221 

kg/s. The efferent lymphatic pressure was set to 0 mmHg i.e. efferent lymphatic pressure is 222 

considered a gauge pressure. Starling’s principle was used for the boundary condition on the 223 

HEVs,  224 

 
      [(     )   (     )]  (3) 

 225 

where J
v
 (m3/s) is the volume filtered per unit time, L

p
 (m/sPa) is the hydraulic conductivity of 226 

the blood vessel wall, S (m2) is the surface area of the blood vessel, p
c
 (Pa) is the pressure in 227 

the blood vessel, p
i
 (Pa) is the pressure in the interstitium,   (no units) is the osmotic 228 

reflection coefficient,    (Pa) is the colloid osmotic pressure in the blood vessel and    (Pa) is 229 

the colloid osmotic pressure in the interstitium. Thus the boundary condition is given by, 230 

     ̂         
  
 
   [(    )   (  )]         (4) 

  231 

where     ̂ is the vector normal to the surface of the HEVs pointing into the node, J
vel

 (m/s) is 232 

the fluid flux per unit area across the boundary, p
v
 (Pa) is the venous pressure, p (Pa) is the 233 

interstitial fluid pressure in the node, and          (Pa) where    (Pa) is the plasma 234 

colloid osmotic pressure in the HEVs, and    (Pa) is the node colloid osmotic pressure;   is 235 

set to be equal to 0.9 based on Levick (2009).  236 

 237 

The condition on the afferent lymphatic boundary is given by  238 

    ̂    
   
   

        (5) 

 239 
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where    ̂        vector normal to the afferent lymphatic boundary pointing into the node, F
in

 240 

is the afferent lymphatic flow rate, set as the experimental value from Adair and Guyton (1985) 241 

and A
in

 is the area of the afferent lymphatic boundary. The pressure at the efferent lymphatic, 242 

    , was defined by the experimental values from Adair and Guyton (1985) and the condition 243 

on the efferent lymphatic boundary is given by,  244 

                (6) 

 245 

A no flux boundary condition was applied to all other boundaries,   . The boundary conditions 246 

are summarised in Figure 2. A summary of the parameters used in the model and their 247 

approximate values from the literature are shown in Table 1.  248 

  249 

2.3 Mesh Refinement Study 250 

A mesh refinement study was carried out to optimise the accuracy of the results as a function of 251 

the computational cost, such as time and computer memory usage. A coarser mesh, a mesh 252 

with fewer elements, produces less accurate results when compared to a fine mesh, which has 253 

more elements, however the coarser mesh requires less computational resources. 254 

 255 

For the mesh refinement study, the afferent lymphatic flow rate was defined as           256 

kg/s, the efferent lymphatic pressure was set to 0 Pa and the blood pressure was 1067 Pa, all 257 

these values were taken from the experimental data for one node from Adair and Guyton 258 

(1985). The hydraulic permeability of the HEVs was           m/(Pa·s) (Renkin and Michel, 259 

1984) and the colloid osmotic pressure difference was 267 Pa. The experimental data was 260 

measured to an accuracy of 0.1 μL/min, which is equivalent to           kg/s (Adair and 261 

Guyton, 1985).  262 

 263 

Figures 3a and 3c show that the efferent lymphatic flow rates between the coarse and fine 264 

meshes are smaller than one standard deviation from the mean of the experimental data. 265 

Figures 3b and 3d show a comparison between the pressures calculated at the afferent 266 

lymphatic boundary for each mesh size. The experimental data were accurate to 0.1 mmHg, 267 

equivalent to 13 Pa. The differences between the pressures for the three meshes is always 268 

below 10 Pa, which also suggests that the coarsest mesh was sufficient to capture the relevant 269 

information within the accuracy of the experimental measurements. Therefore, it was 270 

concluded that the results obtained from the coarse mesh were suitable for all further analyses. 271 

Adopting the coarse mesh enabled calculations over a wider range of parameters within a 272 

reasonable time frame, without compromising on accuracy within the context of the 273 

experimental data available. 274 

  275 

2.4 Parameter Optimisation 276 

In order to estimate the values that best fit the data of Adair and Guyton (1985) for the average 277 

permeability,   , hydraulic conductivity, L
p
, and colloid osmotic pressure difference,   , we 278 
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used a Kriging algorithm. Kriging is an iterative method that interpolates known function values 279 

to estimate an optimal parameter set (Krige, 1951). Kriging was implemented in Matlab 280 

(Forrester et al., 2008) and was run using the COMSOL with Matlab LiveLink application. Initially 281 

arbitrary values for the parameters were tested in order to approximate appropriate bounds 282 

used within the Kriging algorithm. Three values were chosen based on these initial tests for each 283 

of the parameters,   , L
p
 and   . From these, 27 sample points (27 sets of three parameter 284 

values) were estimated in COMSOL and they provided the initial known function values for the 285 

objective function in the Kriging algorithm. The error/objective function, E, used two least 286 

squares terms; one for the afferent lymphatic pressure and the other for the efferent lymphatic 287 

flow rate. Thus E was calculated as,  288 

 
  ∑

(   
 
    

 ̅̅ ̅̅ )
 

(  
 
)
  ∑

(    
 
     

 ̅̅ ̅̅ ̅)
 

  (  
 
)
 

 

   

 

   

 
(7) 

 289 

where p
j
in is the experimental mean afferent lymphatic pressure at the jth efferent lymphatic 290 

pressure, p
j
in is the afferent lymphatic pressure calculated by the model for the same efferent 291 

lymphatic pressure, s
j
p is the experimental standard deviation afferent lymphatic pressure at 292 

the jth efferent lymphatic pressure, F
j
in is the experimental mean efferent lymphatic flow rate 293 

for the jth efferent lymphatic pressure, F
j
in is the efferent lymphatic flow rate calculated by the 294 

model at the same efferent lymphatic pressure, and s
j
f is the experimental standard deviation 295 

for the efferent lymphatic flow rate at the jth efferent lymphatic pressure. The aim of the 296 

Kriging algorithm was to minimise the objective function over a range of values of L
p
,        297 

thus minimising the difference between the experimental data and the model results. Both the 298 

afferent lymphatic pressure and the efferent lymphatic flow rate were used because the three 299 

parameters being optimised affect the afferent lymphatic pressure and efferent lymphatic flow 300 

rate differently. The hydraulic permeability of the blood vessels, L
p
, and the colloid osmotic 301 

pressure difference,   , had only a small effect on the afferent lymphatic pressure, but a large 302 

effect on efferent lymphatic flow rate. However, the average permeability,   , had a large 303 

effect in the afferent lymphatic pressure and a small effect on the efferent lymphatic flow rate. 304 

Two optimisation methods within the Kriging algorithm were then used to estimate the 305 

minimum function value for E. Initially, a predicted function was interpolated from the known 306 

function values. The first method (local optimisation) found the minimum point of the predicted 307 

function. The second method (global optimisation) found the point at which the predicted 308 

function had the maximum estimated error. These two new points were estimated by the 309 

COMSOL model and then the new function values were interpolated with all of the existing 310 

points to update the predicted function (one iteration). The number of iterations for the Kriging 311 

algorithm was fixed due to the computational time required. Each iteration required 312 

approximately 30 minutes run time and the computational time for the entire process was 313 

approximately 40 hours. This allowed 81 total sample points to be estimated. The value of E was 314 

found to converged within the number of iterations. 315 

 316 
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Adair et al., (1982) hypothesised that the increase in protein concentration in the interstitium of 317 

the lymph node was 98% as a result of fluid transfer. If we assume that 100% of the increase in 318 

protein concentration in the interstitium is due to fluid transfer from the interstitium into the 319 

blood vessels, this implies that the blood vessels within the node must absorb fluid, in order to 320 

increase the concentration of protein in the lymph node interstitium. This hypothesis required 321 

J
vel

<0 for which, a further assumption that colloid osmotic pressure difference should be 322 

greater than the mean venous pressure is required. The venous pressure was assumed to be 323 

973 Pa, the mean venous pressure measured by Adair et al., (1985). In order for       , it can 324 

be seen from Starling’s equation that (    )   (  )   , and therefore (    )   (  ). 325 

Considering the limit where     and    ,      . Therefore,    973 Pa. In Adair et 326 

al (1982), the mean equilibrium colloid osmotic pressure difference (when there was no net 327 

flow across the blood vessel walls) from eight dog lymph nodes was calculated as 1187±279 Pa, 328 

which showed    973 Pa to be a reasonable assumption. 329 

2.5 Varying Lymph Node Tissue Permeability 330 

The grey scale variations in the images contained information about the density of the material 331 

within the lymph node. Therefore, these variations can be used as an indicator of permeability, 332 

i.e. the lighter the grey scale the denser the material, the lower the permeability. This was 333 

integrated into the model by relating the grey scale to permeability,  , with a linear relation, 334 

equation (2).  335 

The average grey scale of the lymph node images, G (no units), was found using Matlab. After 336 

finding the average permeability,    (m2), the grey scale was related to the permeability by a 337 

linear relation that passed through the points (G,   ) and (1, 10-14 m2). This was the maximum 338 

gradient. The medium gradient was a linear relation that passed though (G,   ) and (1, (  +10-14 339 

m2)/2). The parameters used are shown in Table 2 and the relations are shown in Figure 4. With 340 

this implementation, it was now possible to examine the flow through the lymph node for two 341 

different distributions of the permeability and yet ensure that the average permeability was 342 

consistent with the results obtained using the Kriging procedure (and therefore the 343 

experimental data).  344 

3 Results, Discussion and Conclusion 345 

For the parameter estimation using the Kriging algorithm, the error value, E, given by equation 346 

(7) was used to evaluate the goodness of fit between the experimental data and the model 347 

results. The parameter set which resulted in the lowest error value, E
min

, was selected as the 348 

optimal parameter set for the data. From the Kriging algorithm, with the assumption    973 349 

Pa, it was found that the best fit resulted when   =973 Pa with E
min

=15.8. The results for the 350 

WT node in Figure 5 show that although there is good agreement for the afferent lymphatic 351 

pressure, the efferent lymphatic flow has a much shallower gradient than is observed in the 352 

experiments.  353 

 354 
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Therefore we relaxed the assumption that    973 Pa to   >0, i.e. the osmotic pressure 355 

difference had to be positive. With this relaxed condition, the model produced results that are 356 

similar to the experiments, see Figure 6. This shows that the results from our model and the 357 

experimental data are not consistent with the hypothesis in Adair et al., (1982), because fluid 358 

extravasation across the HEVs occurs at lower outlet pressures, not absorption. The optimal 359 

value of    =341 Pa was found by the model, with an error value of E
min

=9. The gradient of 360 

the efferent lymphatic pressure to efferent lymphatic flow rate was more similar to the 361 

experimental data. The average permeability of the lymph node tissue,          
   , was 362 

5.2% higher than the    973 Pa limited case and the hydraulic conductivity of the HEVs was 363 

149% higher but the same order of magnitude,          m/Pa·s compared to        364 

m/Pa·s. For the PLT node, the Kriging algorithm was also used for   >0, with E
min

=9, the 365 

results can be seen in Figure 7. The values for    and L
p
 were similar to the WT node, the 366 

value of   , 553 Pa, for the PLT node is about 200 Pa higher than for the WT node. 367 

Fluid flow stream tubes are plotted in Figure 8 to show the fluid flux through the node for the 368 

different efferent lymphatic pressures. Stream tubes are curves that the velocity vectors are 369 

tangential to and have an area which was defined, in this case, as proportional to the fluid flux. 370 

For the highest efferent lymphatic pressure, 2170 Pa, there are fewer stream tubes at the 371 

efferent lymphatic than the node for the lowest efferent lymphatic pressure, 0 Pa.  372 

The value of J
vel

 changed for the different efferent lymphatic pressures. For the two lowest 373 

pressures, the flow direction was out of the HEVs. For the other four pressures, the flow was 374 

into the vessels. This implied that for some efferent lymphatic pressures 270 Pa<p
out

<697 Pa 375 

part of the fluid would be absorbed by the HEVs and part would be extravasated. It can be 376 

shown that this occurs for all the efferent lymphatic pressures used in this study, see Figure 9. 377 

The red HEVs surfaces are releasing fluid from the blood vessels and into the lymph node, 378 

whereas the blue surfaces are absorbing fluid. For efferent lymphatic low pressures, Figures 9a 379 

and 9b, the majority of HEVs are extravasating fluid into the node. For higher efferent lymphatic 380 

pressures, Figures 9c and 9d, the majority of HEVs are absorbing fluid. Two varying permeability 381 

cases were modelled and compared to the constant case. The results show that the inclusion of 382 

a gradient for the permeability caused more flow through the centre of the node and less 383 

around the outside, as seen in Figures 10 and 11. The varying permeability cases slightly 384 

lowered the flow rate for each efferent lymphatic pressure. This implied that there was increase 385 

fluid reabsorption across HEVs. This was a result of the higher permeability values for the node 386 

tissue, as shown in Figure 12.  387 

The average permeability of the interstitium was estimated as       m2 by optimising the 388 

image based model of a mouse lymph node to the experimental data from canine lymph nodes 389 

(Adair et al., 1985). This permeability was comparable to that of mouse tail skin, blood clot and 390 

mesentery (Swartz and Fleury, 2007). Relating the permeability linearly to the grey scale 391 

resulted in more flow through the centre of the node than the constant permeability case. The 392 

images used to create the model did not clearly show some of the structural detail that has 393 

been described in the literature. Within the lymph node, beneath the capsule is the subcapsular 394 



12 

sinus (Ohtani and Ohtani, 2008). This is thought to be an area of low resistance to the flow, 395 

however it was not clearly shown in the images used for this study. To resolve this issue a follow 396 

up study using high resolution micro computed tomography images, which show more 397 

structural detail, is required.  398 

The values of    found as part of the parameter optimisation were three orders of magnitude 399 

higher than values for capillaries found in Renkin and Michel (1984). Since only the HEVs were 400 

modelled, the value of    had to be higher, the vessels must allow more fluid to cross the wall, 401 

so that the same amount of flow across the blood vessel wall in the experiment, which will have 402 

many more blood vessels, could be achieved by the model 403 

Initially, it was assumed that        and therefore Δ      Pa due to the hypothesis by 404 

Adair et al., (1982) that the increase in protein concentration was caused by the fluid being 405 

absorbed into the HEVs. However, it was possible to obtain a much better fit,        406 

compared to        , for the model when      was compared to experimental data. 407 

Hence, the original assumption that        was inaccurate. However, the parameter fitting 408 

had been able to account for most of the behaviour of the efferent lymphatic flow rate as the 409 

efferent lymphatic pressure increases, implying that the fluid flow dominates this behaviour. It 410 

was not able to reproduce the curve of the efferent lymphatic pressure verses efferent 411 

lymphatic flow rate. In a follow-on study the model will be developed to include a 412 

convection/diffusion expression of the protein transport to allow investigation of the colloid 413 

osmotic pressure which it was not possible to capture in the current model. Introducing a 414 

convection/diffusion model for proteins will also introduce a time-dependent variable to the 415 

model, which will allow investigation of transient effects. However, the present model is the 416 

first necessary step for capturing the main profiles of the afferent to efferent lymphatic 417 

pressure relations and the efferent lymphatic flow rate to efferent lymphatic pressure. The 418 

model presented in this paper shows that the fluid flow is the dominant behaviour which agrees 419 

with the hypothesis in Adair et al., (1982). 420 

 421 

Considering the grouping       (m/s) and taking the largest value of          
    422 

m/(Pa·s) from Renkin and Michel (1984) and  =0.9, the value for the grouping is       423 

         m/s. For the WT node, using the values for the optimised model, this value is 424 

             
   m/s and the PLT node,              

   m/s. These values found 425 

for the optimised models are an order of magnitude larger than calculated using the values 426 

from Renkin and Michel (1984) and Levick (2009). In order to make the model values the same 427 

order of magnitude as in the literature, the value of   would need to be less than 0.57 for the 428 

WT node or 0.42 for the PLT node, implying that the HEVs are more leaky than capillaries. If a 429 

lower value of   were used, higher values of    would be required to achieve the same fit to 430 

experimental data as was achieved from the Kriging algorithm, meaning that the model values 431 

of    could be more similar to the value estimated from Adair and Guyton (1985), 2080 Pa. 432 

 433 

The HEVs hydrostatic pressure was fixed at 973 Pa, as calculated as the mean of the venous 434 

pressure from the experiments from Adair and Guyton (1985). The lymph node contains arteries, 435 

capillaries and veins, so it is expected that the hydrostatic pressure of the blood vessels should 436 

vary throughout the node. The pressure in the veins is lower than the pressure in the arteries, 437 
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therefore, if the average blood pressure was found within the node it is likely to be higher than 438 

the venous pressure measured. The optimised value of    found by Kriging is two orders of 439 

magnitude higher than the values recorded in literature. If the value of    from literature was 440 

used, the HEVs hydrostatic pressure,   , would need to be increased by two orders of 441 

magnitude is order to produce the same      currently implemented in the model. 442 

In conclusion, this paper presents a theoretical and computational framework to create an 443 

image based computational model of fluid flow through a lymph node. The model has related 444 

the grey scale values of the images to the permeability of the lymph node tissue with two 445 

different linear relations and these were compared to a case where the permeability in the 446 

node interstitium was constant, showing that the majority of the fluid flow is through the centre 447 

of the node.  448 

 449 

 450 
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Figure Captions: 506 

Fig. 1 Figures showing the process of image processing: A) Original 16 bit image. B) Filtered 8 bit 507 

image with auto adjusted brightness and contrast. The filtered image results in more 508 

distinguishable features. C) Node mask, D) node with white background, E) node mask with 509 

HEVs. The stacks were all reduced in size by a quarter in the x and y directions. This made the 510 

pixel size 5.16 μm, which is closer to the z spacing of 5 μm. B) The node mask with HEVs was 511 

used for meshing the geometry. C) The node on the white background was used as the image 512 

function in COMSOL.  F) Cropped section from lymph node image. The yellow line represents 513 

the line along which the grey scale was evaluated, resulting in G) the greyscale profile over a 514 

HEV. 515 

Fig. 2 Sketch summarising the lymph node model. Dashed black lines show where the afferent 516 

and efferent vessels would be, although these are not modelled. The arrows labelled with,  ̂, 517 

show the positive normal vectors to the boundary they are on. 518 

Fig. 3 Comparison of efferent flow rate and afferent pressure for three different meshes for 519 

each node. The finest mesh is 1, the coarsest mesh is 4. The dotted lines shows the 520 

experimental measurement accuracy and the dashed lines show ± 1 standard deviation, based 521 

on the experimental data from four nodes with efferent lymphatic pressure 0 from Adair and 522 

Guyton (1985). The solid black line shows the result from the finest mesh. A) Efferent lymphatic 523 

flow for WT node, B) Afferent pressure for WT node, C) Efferent lymphatic flow for PLT node, D) 524 

Afferent pressure for PLT node. 525 

Fig. 4 Graphs showing permeability to grey scale relations for A) WT and B) PLT node. Solid line 526 

shows constant permeability found by parameter fitting. 527 

Fig. 5 Comparison of WT model results for case where    973 Pa, circles, to experimental 528 

data of four nodes, lines. Error bars show one standard deviation. A) Compares afferent 529 

pressure to efferent pressure. There is a good agreement with the experimental data B) 530 

Compares efferent flow rate to efferent pressure. The gradient of the model results is too 531 

shallow. Parameters found from Kriging:            (no units),             
    m2, 532 

            
   m/Pa·s,    =973 Pa. 533 

Fig. 6 Comparison of WT model results for case where    0 Pa, circles, to experimental data 534 

of four nodes, lines. Error bars show one standard deviation. A) Compares afferent pressure to 535 

efferent pressure. B) Compares efferent flow rate to efferent pressure. Both graphs show good 536 

agreement to the experimental data. Green dots show model results. Parameters found from 537 

Kriging:            (no units),             
    m2,             

   m/Pa·s, 538 

   =341 Pa. 539 
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 540 

Fig. 7 Comparison of PLT model results for case where    0 Pa, circles, to experimental data 541 

of four nodes, lines. Error bars show one standard deviation. A) Compares afferent pressure to 542 

efferent pressure. B) Compares efferent flow rate to efferent pressure. Both graphs show good 543 

agreement to the experimental data. Green dots show model results. Parameters found from 544 

kriging:            (no units),             
    m2,             

   m/Pa·s, 545 

   =553 Pa.  546 

 547 

Fig. 8 Stream tubes for efferent lymphatic pressure = 0 Pa. Scale bar = 250 μm. The flow rate is 548 

higher at the near the afferent and efferent lymphatic boundaries, shown by the clustering of 549 

stream lines on either side of the node. The passage of flow through the node is much slower 550 

with the majority taking a direct route between the afferent and efferent boundaries. 551 

 552 

Fig. 9 Comparison of flow entering and leaving the HEVs for different efferent pressures for PLT 553 

node. Only the HEVs are shown. Light areas shows where fluid is leaving the HEVs and entering 554 

the node. Dark areas shows where is fluid leaving the node and entering the HEVs. A) Efferent 555 

pressure 0 Pa, the majority of HEVs are extravasating fluid. B) Efferent pressure 270 Pa, less of 556 

the HEVs are extravasating fluid. C) Efferent pressure 697 Pa, the majority of the HEVs are 557 

absorbing fluid. D) Efferent pressure 2170 Pa, almost all of the HEVs are absorbing fluid except a 558 

few near where the afferent lymphatic boundary is. 559 

 560 

Fig. 10 Flux percentage difference for WT node. Comparison of the flux percentage difference 561 

though different annuli (shown in images below graph) through central 2D plane of lymph node. 562 

Values are normalised to constant results for comparison, hence all constant values are 0. 563 

 564 

Fig. 11 Flux percentage difference for PLT node. Comparison of the flux percentage difference 565 

though different annuli (shown in images below graph) through central 2D plane of lymph node. 566 

Values are normalised to constant results for comparison, hence all constant values are 0. 567 

 568 

Fig. 12 Comparison of WT model results for case where    0 Pa and the permeability is 569 

related to the greyscale with the maximum gradient. The circles show the model results and the 570 

lines the experimental data. Error bars show one standard deviation. A) Compares afferent 571 

pressure to efferent pressure. B) Compares efferent flow rate to efferent pressure. Note that 572 

efferent flow rate is lower for the maximum gradient compared to the constant gradient. 573 

 574 

  575 
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Table Captions: 576 

 577 

Table 1 Parameters for lymph node model. 578 

Table 2 Parameters for varying permeability for nodes. 579 

 580 

Tables: 581 

Table 1: 582 

 583 

  584 

Parameter Symbol Unit Value Source 

 Afferent lymphatic 
flow rate 

F
in

 kg/s            Mean from experimental data 
(Adair and Guyton 1985) 

Efferent lymphatic  
pressure 

p
out

 Pa 0, 270, 697, 
1103, 1653, 

2170 

Mean from experimental data 
(Adair and Guyton 1985) 

Blood pressure p
v
 Pa 973 Mean from experimental data 

(Adair and Guyton 1985) 
Average Permeability    m2       to 

     
Range from Swartz and Fleury 
(2007) 

Varying Permeability k
0
,    m2       to 

      
No values in literature. Maximum 
value from parameter fitting (see 
section 2.4), minimum value from 
Range from Swartz and Fleury 
(2007) 

Fluid density   kg·m-3/s 1000  
Dynamic viscosity   Pa·s 0.0015 From Dixon et al. (2006) 

Hydraulic 
permeability of blood 

vessels 

L
p
 m/(Pa·s)            

to           
Range from Renkin and Michel 
(1984) for capillaries 

Osmotic reflection 
coefficient 

  no 
units 

0.8 to 0.95, 
fixed at 0.9 

From Levick (2009) 

Colloid osmotic 
pressure difference 

   Pa 2080 Mean from experimental data 
(Adair and Guyton, 1985), 
calculated using Navar equation 
and protein concentrations of 
plasma, afferent and efferent 
lymph 
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Table 2: 585 

 WT PLT 
 k

0
 k

1
 k

0
 k

1
 

 Maximum                                                      
Medium                                                     
Constant 0              0              

 586 
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