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ABSTRACT  32 

 33 

Blood biomarkers of neurological diseases are often employed to rule out or confirm the 34 

presence of significant intracranial or cerebrovascular pathology or for the differential 35 

diagnosis of conditions with similar presentations (e.g., hemorrhagic vs. embolic stroke). 36 

More widespread utilization of biomarkers related to brain health is hampered by our 37 

incomplete understanding of the kinetic properties, release patterns, and excretion of 38 

molecules derived from the brain. This is, in particular, true for S100B, an astrocyte-39 

derived protein released across the blood-brain barrier (BBB). We developed an open-40 

source pharmacokinetic computer model that allows investigations of biomarker’s 41 

movement across the body, the sources of biomarker’s release, and its elimination. This 42 

model was derived from a general in silico model of drug pharmacokinetics adapted for 43 

protein biomarkers. We improved the model's predictive value by adding realistic blood 44 

flow values, organ levels of S100B, lymphatic and glymphatic circulation, and 45 

glomerular filtration for excretion in urine. Three key variables control biomarker levels 46 

in blood or saliva: blood-brain barrier permeability, the S100B partition into peripheral 47 

organs, and the cellular levels of S100B in astrocytes. A small contribution to steady-48 

state levels of glymphatic drainage was also observed; this mechanism also contributed 49 

to the uptake of organs of circulating S100B. This open-source model can also mimic 50 

the kinetic behavior of other markers, such as GFAP or NF-L. Our results show that 51 

S100B, after uptake by various organs from the systemic circulation, can be released 52 

back into systemic fluids at levels that do not significantly affect the clinical significance 53 

of venous blood or salivary levels after an episode of BBB disruption.   54 
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BACKGROUND 55 

  56 

Pharmacokinetic in silico models are essential for pharmacological studies and 57 

drug development. During the drug discovery and development process, potential 58 

clinical candidates are screened for their absorption, distribution, metabolism, and 59 

excretion (ADME) properties to avoid clinic failures related to inappropriate ADME 60 

properties. Until recently, most pharmacokinetic models were aimed at predicting the 61 

properties of small (<1 kD) molecules after oral or intravenous (i.v.) administration. 62 

Recently, biologics have become a significant portion of therapeutic agents, and the old 63 

small molecule software strategies had to be reformulated to adapt to large (>10kD) 64 

molecular weight proteic therapeutics. While ad hoc software has been developed by 65 

Industry, academic efforts have used available platforms (e.g., MATLAB) to model how 66 

drugs distribute in the body.  67 

 68 

A perhaps unexpected utilization of pharmacokinetic modeling of large, proteic 69 

agents is the development of modified strategies to study the movement of diagnostic 70 

molecules in the human body. Several of these biomarkers are proteins with varying 71 

molecular properties and sizes. These are, most commonly, not administered 72 

conventionally but are instead released or synthesized ex novo by a specific organ, 73 

neoplasm, or cell type. For example, troponins are proteins found in skeletal and 74 

cardiac muscle fibers that regulate muscular contraction. Troponin tests measure the 75 

level of cardiac-specific troponin in the blood to help detect heart injury 1. When there is 76 

damage to heart muscle cells, troponin is released into the blood, thus becoming 77 

detectable by a simple blood test. The necessity of cellular death for biomarker release 78 

is not universal since many other biomarkers are released by healthy cells (see below 79 

for S100B). Our previous work has focused primarily on brain-derived diagnostic 80 

molecules used to diagnose CNS or neurological diseases. These include GFAP, 81 

S100B, UCHL-1, and other less-studied reporters of brain disease or health 2. An 82 

example of how pharmacokinetic models can be applied to brain diagnostic markers 83 

was published 3.  84 

 85 
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We adapted and refined MATLAB-based models (3-5) for the present study using the 86 

published data obtained by real-life experiments (direct measurements of S100B from 87 

human tissues; see 3-5). We specifically wished to explore the pharmacokinetics of 88 

S100B, a reporter of blood-brain barrier (BBB) dysfunction (BBBD) and brain health 6 7-89 

10. While several studies have promoted its use in neurology and psychiatry 3, 9-11, 90 

others expressed doubts about its reliability for human diagnostics. These concerns 91 

primarily derive from the pitfalls listed below.  92 

 93 

It was suggested that S100B not only derives from the brain but also has 94 

extracranial sources 12-17. Thus, when both brain and peripheral trauma are involved, it 95 

is impossible to dissect a central vs. peripheral origin of the biomarker. This is a pitfall in 96 

studies where S100B is elevated in individuals with multi-trauma of orthopedic nature 18. 97 

The same issues were reported for other brain-derived biomarkers 19. Several 98 

counterarguments have been made, showing, for example, that extracranial sources 99 

where S100B is synthesized from mRNA are few (e.g., testis, descending tubules in 100 

kidney 3) and that S100B content in other organs derives from uptake from circulation 4. 101 

It was recently shown that time-dependent internalization of circulating S100B by 102 

mesenchymal stem cells occurs via the pathways of clathrin- and lipid raft-mediated 103 

endocytosis 20. Others have demonstrated that S100B in fat tissue does not contribute 104 

to peripherally detected levels 21, but the opposite was also suggested 22. Therefore, 105 

controversy exists on the extent and relevance of extracranial sources of biomarkers 106 

used for CNS diagnostics.  107 

 108 

In the field of sports medicine, it was shown that blood S100B increases after 109 

sub-concussive head hits 23, 24: this was ascribed to increased BBB permeability as also 110 

documented by MRI 25. Other studies have shown that S100B is increased by exercise 111 

alone 13, 26, 27, while others found no effect of strenuous exercise on S100B levels 28-31. 112 

An explanation of these contrasting findings points to BBB damage induced by extreme 113 

exercise 2. According to this hypothesis, strenuous exercise or performance in extreme 114 

sports results in BBB “opening,” possibly due to a mechanism involving free radical 115 

formation, as suggested by ref. 32. In any case, it is not known how different sources of 116 
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S100B contribute to the peripheral signal in blood (or saliva) 2, 27, 33, 34. Lastly, a common 117 

motif in S100B diagnostics is that S100B is not specific for any neurological disease 3. 118 

This is due to the fact that BBB leakage allowing S100B appearance in peripheral body 119 

fluids is a common feature of many neurological conditions 3.  120 

 121 

Another point of contention relates to how the brain releases S100B during an 122 

insult. The leading hypothesis calls for a breach of the BBB as described above and in 123 

35, 36. An alternative hypothesis calls for the recently described glymphatic circulation as 124 

a means of brain release of biomarkers in blood 37. The contribution of glymphatics in 125 

human subjects is unknown.  126 

 127 

The scope of the present work is to answer, when possible, these questions by 128 

using two advanced full-body models of cerebrovascular and peripheral circulation after 129 

the release of S100B by the brain or other organs. A lymphatic compartment was also 130 

added to the model together with realistic urinary excretion pathways. The initial 131 

parameters of the model were derived from experimental observations and available 132 

human data 3.   133 

  134 
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METHODS 135 

 136 

We used MATLAB 2019-2021b (MathWorks, Natick, MA) to design, test and 137 

simulate the model. The toolbox used was MATLAB’s Simbiology app (versions 5.0 to 138 

6.2), aided by packages for partial differential equations, statistics, global sensitivity 139 

analysis and parallel computing. Data were plotted in MATLAB and exported to 140 

CorelDraw (Corel Co.) as extended metafiles.  141 

 142 

We developed two separate and independent models to mimic the behavior of 143 

circulating brain-derived small molecular weight proteic biomarkers. Model 1 was used 144 

primarily to assess the relevance of various peripheral organs to the signal measured in 145 

blood (Figure 1). Model 2 was developed after ruling out the contributions by heart, 146 

bone, and skin (Figures 4 & 5): these organs are not included in Model 2, which uses a 147 

different set of equations to focus on the contributions of adipose, muscle, and gut 148 

tissues to measured levels of the biomarker in blood. Model 2 also adopts a more 149 

complex brain modeling, as detailed below. The following sections highlight the shared 150 

and specific modeling strategies used.  151 

  152 

 Most of the simulations shown were run to steady-state with or without an 153 

accompanying BBB disruption event. This allows to follow up the kinetics of S100B in 154 

each organ or compartments. For Figure 11, the BBBD was triggered after steady-state 155 

was achieved.  156 

 157 

Model 1 158 

A human full-body physiologically-based pharmacokinetic (PBPK) model was 159 

adapted from 38. This model contains lung, brain, skin, bone, adipose tissue, heart, 160 

kidney, muscle, and gut (Figure 1). The volume of these organs is specified in Table 1. 161 

The organs are connected by arterial and venous vessels, whose contributions to the 162 

vascular network are expressed in ml/hr (also listed in Table 1). The portal circulation 163 

was excluded for the sake of simplicity, nor were the spleen, thymus, and pancreas 164 

included. No data are available on their role related to the release and uptake of S100B 165 
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or other markers of brain health. It was shown that the spleen contains S100B, but this 166 

expression was limited to CD4+/CD8+ immunocompetent cells 4.  167 

 168 

The initial levels of S100B (ng/ml) in each organ were derived from our previous 169 

work based on actual measurements 3, 4. Each organ in the model contains a vascular 170 

fraction, i.e., an interface between parenchyma and vascular space (Figure 2). The 171 

volume of the vascular fraction was obtained from 38. The circulatory arterial-venous 172 

loop did not involve the heart and pulmonary circulation but rather consisted of a path 173 

through the lung (Figure 1). A lymphatic circulatory system was added to all tissues; we 174 

modeled a central lymph collection where each lymphatic vessel out of tissue collects 175 

before drainage into venous blood.  176 

 177 

The primary source of S100B in the body is the brain 39. In our model, brain 178 

release of S100B into circulation is controlled by the variable BBB_Index. This 179 

dimensionless value varies from 0 to 1 (except in Figure 11), reflecting no permeability 180 

across an intact BBB or "BBB opening," respectively.  181 

 182 

Eq. 1 183 

 184 

 185 

where kf_brain and kr_brain are dimensionless constants obtained based on the two-186 

pore model as per references 38, 40. Due to their size and polarity, protein biomarkers 187 

have limited direct diffusion across endothelial cell membranes. The fluid and protein 188 

movement occurs mainly by diffusion and convection through pores in the endothelial 189 

wall, which is limited by protein size. Data sources were gathered from 38 to determine 190 

kr and kf values for model 1.  Small pore radii and large pore radii values for various 191 

tissue types were noted.  Additionally, the ratio of small pore count to large pore count 192 

for that tissue type was noted, also provided in 38. Using the data gathered, a ratio was 193 

taken to determine the magnitude of differences between the total amount of large pore 194 

radii within a tissue versus the total amount of small pore radii within a tissue. The 195 

equation used was: 196 
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 197 

Eq. 1A 198 

 199 

 200 

To create a more pronounced differential within each tissue but keep the ratio of k 201 

values between each tissue standardized, the kf value was the kr value multiplied by a 202 

factor of 10,000, thus kf_organ = kr_organ*10,000. This value was empirically chosen to 203 

match the rank order results for levels of S100B measured in various organs 3. The 204 

order of measured values was brain>adipose>kidney>heart>muscle>lung>gut. The 205 

multiplier was derived by running the model with appropriate values to match the rank 206 

order of measured values. These values were then used as initial conditions.   207 

 208 

The general equation for the organ's uptake or release of protein biomarkers 209 

was: 210 

 211 

Eq. 2 212 

 213 

 214 

where the value Interstitial flow represents the flow rate of the protein within the organ, 215 

Organ and Tissue Vascular Fraction volumes were derived from ref. 38.  Organ.S100B 216 

refers to the concentration of S100B within the specified organ. In previous and 217 

subsequent equations all these variables (Organ, Organ.S100B, Organ Tissue Vascular 218 

Fraction, etc.) are labeled with tags to the specific organ that they are referring to.   219 

 220 

Excretion of the biomarker protein was modeled by kidney filtration:  221 

 222 

Eq. 3 223 

 224 

 225 
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where GFR is the glomerular filtration rate, and the Renal elimination factor is an 226 

additional dimensionless tuning parameter ranging from 0 to 1.  227 

 228 

 Sensitivity analysis is the study of how the uncertainty in the output of 229 

a mathematical model can be divided and allocated to different sources of uncertainty in 230 

its inputs. In Simbiology, the routine of sensitivity analysis allows determining which rate 231 

constants and concentrations in a model significantly influence the overall behavior of 232 

the model (https://www.mathworks.com/help/simbio/ug/global-local-sensitivity-analysis-233 

gsa-lsa-simbiology.html). SimBiology supports two types of sensitivity analyses: local 234 

and global sensitivity analysis (GSA). GSA uses Monte Carlo simulations, where a 235 

representative (global) set of parameter sample values are used to explore the effects 236 

of variations in model parameters of interest on the model response. In this approach, 237 

SimBiology performs a decomposition of the model output (response) variance by 238 

calculating the first- and total-order Sobol indices. The first-order Sobol indices give the 239 

fractions of the overall response variance that can be attributed to variations in an input 240 

parameter alone. The total-order Sobol index gives the fraction of the overall response 241 

variance that can be attributed to joint parameter variations (see 41). We used global 242 

sensitivity analysis to interpret the impact of S100B in various organs on venous 243 

biomarker levels (Figures 3 and 7; See also Supplemental Figures 1-3). In Model 1, 244 

sensitivity analyses were run with BBB_Index set to either 0 or 1 (Figures 3C and 3D, 245 

respectively). For Model 2, we explored the effect of changing S100B in the brain 246 

interstitium (1 and 10 ng/ml). The data in Supplemental figures were obtained by a 247 

Sobol sampling interpolation method, with 1000 samples; the simulation was run to 248 

steady state. The data are shown as time course (Supplemental Figures 1 and 2) or bar 249 

graphs (Supplemental Figure 3).  250 

 251 

Model 2 252 

 253 

Model 2 follows the general structural backbone of Model 1 (Figure 4). However, 254 

organs (except for the kidney, see below) are subdivided into vascular and interstitial 255 

compartments (Table 2). To describe the passage of protein from the interstitial 256 

https://en.wikipedia.org/wiki/Uncertainty
https://en.wikipedia.org/wiki/Mathematical_model
https://www.mathworks.com/help/simbio/ug/global-local-sensitivity-analysis-gsa-lsa-simbiology.html
https://www.mathworks.com/help/simbio/ug/global-local-sensitivity-analysis-gsa-lsa-simbiology.html
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(parenchymal) space into vascular space, we used the coefficient of vascular reflection 257 

(Sigma, or σ) as per reference 42. The size-dependent restriction of large pores 258 

and small pores can, in fact, be represented as the vascular reflection coefficient, an 259 

indirect measure of the density of exchange pores. The model used to mimic the brain 260 

(Figure 5) used BBB_Index and Trauma_Index to describe the passage of S100B 261 

across the interstitial, vascular, and cellular compartments. Note that unlike the 262 

dimensionless rate constants in Model 1, kinetic variables have dimensions of 263 

quantity/time in this model. The equation governing changes of biomarker’s levels in the 264 

vascular compartment was:    265 

 266 

Eq. 4 267 

 268 

 269 

 270 

where BBB_Index can change between 0 and 1 to mimic increased permeability of the 271 

cerebral vasculature. In addition to having a three compartment structure, brain 272 

modeling also included glymphatic drainage into central lymph and venous blood. The 273 

equation for brain interstitium S100B was thus: 274 

 275 

Eq. 5 276 

 277 

 278 

 279 

where the term Trauma_Index refers to the passage of S100B from astrocytes in the 280 

cellular compartment (Glia) released directly into the brain interstitium. Glymphatics is 281 

the rate of interstitial flow to Central lymph. Changes of S100B in the cellular 282 

compartment were described by:  283 

 284 

Eq. 6 285 
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 286 

 287 

Glia.S100B was set constant at 50 ng/ml as per in vitro measurements by others 43.    288 

 289 

The kidney was modeled by a single compartment with input from arterial blood 290 

and an output to urine. The process was described by: 291 

 292 

Eq. 7 293 

 294 

 295 

 296 

and by: 297 

 298 

Eq. 8 299 

 300 

 301 

Tissue partition kidney was set at 0.1/minute. GFR was set at 10 milliliter/hour; this non-302 

constant value was explored during simulations (e.g., Figure 8).  303 

 304 

Note that in all figures, except Figure 11, the simulation started before steady-305 

state conditions were reached, thus allowing the variables to express the kinetic 306 

significance of the underlying code. See, for example, Figure 3AB, where the time-307 

dependent changes in S100B are shown. 308 

 309 

 310 

 311 

RESULTS 312 

 313 

The structure of Model 1 is shown in Figure 1, together with the graphic rendition 314 

of the process of BBB disruption. Figure 2 shows the formalism used to describe each 315 
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organ in Model 1. The simulation of Model 1 led to the results shown in Figure 3, which 316 

represents the changes in organs’ S100B levels under normal conditions (A, BBBD=0) 317 

or after BBB disruption (B; BBB_Index=1). Without BBB disruption, individual organs 318 

displayed a change in parenchymal S100B content to eventually reach steady state. 319 

Also, note that venous levels, at steady state, were <0.1 ng/ml, which is consistent with 320 

clinical studies in normal adults when using the Roche Diagnostics test 44, 45. Panels C 321 

and D show the results of the simulation in A and B processed for sensitivity analysis 322 

(see Methods). The main contributors to venous blood levels were muscle and gut 323 

tissues, with minor contributions by adipose, lung, and skin. After BBB disruption, 324 

sensitivity analysis pointed to brain sources as primary contributors to venous levels.  325 

 326 

Since only a few organs contributed to the overall venous signal, we developed 327 

Model 2 based on three organs (muscle, adipose, and gut) plus the kidney and a 328 

“virtual” urine container mimicking the bladder (Figure 4). Salivary release of S100B was 329 

also added to the model. The main difference between the two models is the description 330 

of brain S100B movements within and outside the brain parenchyma. For the brain, 331 

three compartments were used: vascular (i.e., the cerebrovascular circulation), 332 

interstitial (the brain extracellular space), and glia, referring to astrocytes, the primary 333 

cell type expressing S100B in the body (Figure 5). The correspondence of the model 334 

with brain physiology is shown in Figure 5B. In addition to the arterial influx and venous 335 

efflux, a glymphatic distribution process draining into Central lymph was added to the 336 

model. Another difference in Model 2 is that the structure of the organs and S100B 337 

movements within was based on the reflection coefficient (Sigma) rather than two-pore 338 

theory calculations (see Methods).  339 

 340 

We ran a sensitivity analysis for steady-state values of Central lymph, Arterial 341 

blood S100B, and Venous blood S100B. Under normal conditions (BBB_Index = 0), the 342 

main contributor to the peripheral fluid signals was gut S100B (Figure 6). When 343 

glymphatics were added to the simulation, the brain contribution to the S100B signal 344 

surpassed the gut. When BBB disruption was simulated (BBB_Index=1), the main 345 

contributor to the signal in blood remained the brain, but the contribution of gut levels 346 
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affected Central lymph readouts. In addition to BBB disruption, we simulated brain 347 

trauma (opening the communication between the glial content of S100B with the brain 348 

interstitium): brain interstitial S100B remained the chief contributor to the vascular levels 349 

of S100B. The profiles of venous changes under these conditions are shown in Figure 350 

8A. Note the small but measurable contribution of glymphatic drainage to the venous 351 

signal.     352 

 353 

 For the sensitivity analysis shown in Figure 6, we used an interstitial 354 

concentration of S100B of 10 ng/ml. This value is of course central to the model since it 355 

governs the levels of S100B in peripheral organs and blood under normal conditions or 356 

after BBBD or trauma. We rerun the simulation and sensitivity analysis with a low (1 357 

ng/ml) value of interstitial S100B and compared the results with what obtained with 10 358 

ng/ml. The results are shown in Figure 7. Note that no significant differences were seen 359 

in overall sensitivity analysis. Similarly, we run a simulation of venous values under 360 

various conditions using these two values of interstitial S100B (compare Figure 8A to 361 

C1) to demonstrate an overall reduction of signal in venous blood at low concentrations 362 

of S100B, as expected. Additional results for sensitivity analysis using these two 363 

concentrations are shown in Supplemental Figures 1-3.  364 

 365 

We previously measured S100B in several peripheral organs (see 3, 4) and 366 

assigned these values as initial conditions for the simulations presented herein (see 367 

Tables 1 and 2). We tested the hypothesis that the levels measured in peripheral 368 

organs lacking mRNA for S100B were due to organ uptake of S100B from the blood. 369 

Figure 8B1 shows these changes with 10 ng/ml interstitial S100B, while Figure 8C2 370 

refers to 1 ng/ml. We started the initial conditions with all organ levels set arbitrarily at 0 371 

to test the extent of organs’ uptake of circulating S100B. Note (Figure 8B1) the increase 372 

in S100B due to the vascular uptake over a long period of control conditions 373 

(BBB_Index = 0 with glymphatic communication between brain interstitial S100Band 374 

blood  allowed). Figure 8B2 shows the contribution to the venous levels of glymphatics 375 

and when the BBB_Index is set to 0 or 1. We then studied the changes in several 376 

compartments (Figure 8D) under the same conditions. Note the effects of BBB 377 
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disruption (D2) and trauma (D3) on S100B in organs and venous blood. Thus, 378 

peripheral organs take up S100B from the circulation to, in turn, contribute to blood 379 

levels. The amount of organs’ uptake of S100B depends on the assumed interstitial 380 

concentration of S100B. 381 

 382 

The impact of glomerular filtration rate (GFR) and urine formation on blood 383 

S100B levels was evaluated (Figure 9). Under intact or BBBD conditions, GFR greatly 384 

influenced the levels of S100B measured in blood, lymphatics, urine, and organs. When 385 

setting GFR to zero or 1 (Figure 9A), we found a profound effect of kidney excretion on 386 

both organ (left panel) and biological fluids S100B (right panel). In Figure 9B, GFR was 387 

set at 10 or 100 while also varying BBB_Index from 0 to 1.  388 

 389 

Recent reports used salivary S100B and compared its values to venous blood 390 

levels 34. We simulated the passive extravasation of arterial blood to form crevicular fluid 391 

46, see Figure 10. The levels of S100B in saliva, at steady state, were larger than those 392 

in blood when blood flow to saliva was adjusted to 4 ml (upper end of physiologic levels 393 

47). 394 

 395 

We formulated the hypothesis that after BBB disruption the half-life of S100B in 396 

blood is determined in part by the availability of S100B in the brain interstitium. This was 397 

tested as follows (Figure 11). We simulated a BBBD after reaching steady state at two 398 

time points (arrows in Figure). Note that a broad range of BBB_Index was explored 399 

(indicated in Figure). Also, note that when the Trauma_Index was 0, the second BBBD 400 

episode had little effect on S100B, unless the first BBBD was minimal (0.1). We then 401 

repeated the simulation with Trauma_Index set to 1. The secondary BBBD response 402 

was restored parallel to a decreased depletion of interstitial S100B in the brain (not 403 

shown). This suggests that levels of S100B in the interstitium of the brain are in part 404 

responsible for the time-dependent changes in S100B in blood.         405 

 406 

 407 

 408 
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 409 

DISCUSSION 410 

 411 

The simulation efforts presented herein revealed several surprising findings 412 

requiring human trials or animal experiments to be confirmed or refuted. These 413 

unexpected results are listed in separate paragraphs below.  414 

 415 

Extracranial sources 416 

It is well known that the distribution of S100B protein is not restricted to the brain. 417 

Several extracranial sources have been hypothesized to contribute to the blood levels 418 

used clinically 4, 5, 14, 16, 19. Our simulation revealed that the contribution of “usual 419 

suspects” skin, and adipose tissue is relatively minor compared to the impact of gut and 420 

muscle release of S100B (Figures 3 and 6). The possible explanation of these levels of 421 

S100B may depend on either local synthesis or uptake from blood. Since mRNA for 422 

S100B is lacking in gut and muscle tissue 4, the second explanation was tested (Figure 423 

7B1) by running a simulation where the initial values for organs’ S100B were arbitrarily 424 

set to zero while allowing for glymphatic-mediated contribution from brain interstitial 425 

S100B  to blood (see also below). At steady state, peripheral tissues were loaded with 426 

levels of S100B comparable to those measured in vivo (Figure 8A, B1) 3. While the 427 

effects of glymphatics on venous levels was small (Figure 8A), a prolonged stimulation 428 

(100 hours) allowed to unveil a powerful effect on organs’ levels of S100B (Figure 8B1), 429 

suggesting that glymphatic connection between brain and periphery was sufficient to 430 

load previously depleted organs with the biomarker. Note (B2) that when organs’ levels, 431 

BBBD, and glymphatics were set to 0, no venous signal was seen, suggesting that 432 

these three parameters are the exclusive contributors to steady-state organs’ levels of 433 

S100B. Thus, the most parsimonious explanation for the peripheral presence of S100B 434 

is the uptake of circulating protein, as also shown in an animal model  4. Conversely, 435 

these levels remain relatively stable once achieved until an event, such as BBB 436 

disruption occurs (Figure 8D1-3). We also run simulations with low levels of interstitial 437 

S100B in brain (1 in lieu of 10 ng/ml). No major qualitative differences were seen at 438 

lower levels, albeit the responses to BBBD and trauma were reduced.  439 
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 440 

The question of whether peripheral levels of S100B contribute to the venous 441 

signal was answered by simulating control conditions or by adding BBB disruption 442 

events (Figure 8A). At pre-BBBD time points, the brain influenced the blood signal via a 443 

mechanism involving glymphatic circulation (see above). BBBD (Figure D2) and the 444 

trauma index in D3 dwarfed the control changes in S100B caused by other sources 445 

(organs and glymphatics). Sensitivity analysis showed that gut and muscle, but not 446 

kidney or adipose tissue, influence venous levels pre-BBBD, but brain contribution 447 

dominates after BBB disruption (Figures 7 and Supplemental Figures). Our results have 448 

thus shown that circulating S100B released by glymphatics in lymph and venous fluids 449 

is a likely scenario explaining tissue levels in the absence of transcription in peripheral 450 

organs. Additional BBB disruptions did not increase S100B in organs (Figure 8D1-3). 451 

We have also shown that serum levels of S100B are only marginally affected by the 452 

release of S100B from organs, since the increased venous S100B never approached 453 

the cut-off value of 0.1 or 0.15 nanogram/milliliter, which are the clinical ceiling for 454 

control subjects 44, 48. 455 

 456 

Do glymphatics contribute to biomarker blood levels?   457 

Please note that as a semantic and scientific explanation of how brain effluxes 458 

solutes is still in progress 49-52, the term glymphatics is used here simply as a conveyor 459 

of the concept of brain clearance and not as an endorsement of a particular hypothesis. 460 

The “glymphatic flow” (in ml/hour) may be paravascular or not; the only assumption in 461 

the model is that a flux from brain to lymphatic system exists. It was suggested that the 462 

primary source of S100B after traumatic brain injury is the brain's communication with 463 

blood via glymphatic drainage 37. We found no significant contribution of glymphatics to 464 

the overall signal in blood after BBBD (Figure 6, and Figure 8D1-3). However, a small 465 

steady-state contribution of glymphatics to the pre-BBBD signal was observed (Figure 466 

8A). This contribution was however sharply decreased by lowering the interstitial brain 467 

S100B levels to 1 ng/ml (Figure 8C1). At 10 ng/ml interstitial brain values of S100B, this 468 

finding suggests a continuous “trickle” of brain protein from the brain extracellular space 469 

into the blood via lymphatic drainage under physiological conditions. If this were the 470 
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case, one expects that levels in blood will continuously increase, which is not what has 471 

been shown in human subjects. A fraction of what is being released from the brain is 472 

taken up by peripheral tissues as discussed above, but the factor that fully counteracts 473 

this constant source of S100B is kidney excretion of S100B (Figure 10). In fact, when 474 

GFR was set to zero (in A), a constant increase was observed in peripheral fluids and 475 

organs. Thus, an equilibrium exists between glomerular filtration of small molecular 476 

weight protein 3 and S100B release from the brain interstitium via the glymphatic 477 

system. This finding predicts that patients with reduced glomerular filtration rate may 478 

have elevated levels of S100B (and other biomarkers) in the absence of a BBB 479 

contribution. A recent study 32 has shown that a constant source of S100B from brain to 480 

blood exists. Previous data (see Figure 20 in 53) have shown the dependence of serum 481 

S100B on glomerular filtration. These are indirect validations of our modeling effort. 482 

 483 

Effects of parenchymal trauma on biomarker’s levels  484 

Brain damage and BBB disruption contribute to the overall levels of S100B in 485 

blood 35, 36. However, in clinical practice is impossible to dissect out the contributions of 486 

these two factors independently. We have developed a subroutine in our software 487 

model that allows us to quantify and describe these two sources of blood S100B (Figure 488 

11). We ran a simulation where levels of blood S100B in response to two BBB 489 

disruption events were monitored. When the Trauma_index was set to zero (no 490 

contribution of cellular release of S100B on peripheral or brain interstitial levels), we 491 

noted that the second BBB disruption episode did not cause an increase of S100B in 492 

venous blood unless a minimal level of disruption (BBB_Index = 0.1) was used for the 493 

first event. We monitored the reserve of S100B sources in the interstitium to show that 494 

depletion of interstitial S100B occurred after the first, more significant, episodes. 495 

Therefore, the subsequent BBB “opening” was consequential only if a minimal depletion 496 

of S100B occurred during the first episode. When the Trauma_Index was set to 1, 497 

replenishment of S100B in the extracellular space of the brain was repristinated, 498 

allowing for S100B release after the second BBB disruption event. This is a potentially 499 

important finding since it suggests that astrocytic sources of S100B are crucial in 500 

controlling the extent and duration of S100B during BBB disruptions. This further 501 
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validates our model, since secondary peaks of S100B have been shown to correlate to 502 

parenchymal trauma seen radiologically 54.  503 

 504 

Comparison with existing models of blood biomarkers 505 

 In addition to our own prototype model 3, 33, 55, an effort to mimic biomarkers’ fate 506 

after TBI has been published 56. The Authors used a much simplified, one-compartment 507 

model derived from oral absorption of therapeutic drugs. The limitations we found to be 508 

most relevant compared to the present study are: 1) Lack of distribution variables. 509 

Because only one compartment is used, the marker undergoes only blood distribution 510 

and thus disallows understanding of the impact of extracranial sources or the uptake of 511 

the marker by organs. 2) The model has only one path for the biomarker to leave the 512 

brain, ignoring glymphatic drainage. 3) Being a single-compartment model, there is no 513 

effort to reproduce organ size (including the brain) or cerebral and organ blood flow. 4) 514 

The excretion data are presented only as a means to balance brain release.  515 

 516 

Brain levels of S100B 517 

 We initially used a middle-of-the-road concentration of S100B in brain (10 ng/ml). 518 

This value is supported by a recent paper where interstitial S100B levels were 519 

measured in brain slices 57. Much higher levels have been measured after stroke and 520 

TBI 58, 59. The pathological levels of S100B in brain tissue were modeled by the 521 

Trauma_Index, which provides a replenishment of brain S100B by release from a 522 

reservoir with 50 ng/ml S100B. We already presented and discussed the outcome of 523 

trauma on S100B levels after BBBD. We, however, also explored the possibility that 524 

under normal conditions, S100B levels in brain interstitium are equal to those typically 525 

reported for cerebrospinal fluid 60, 61. When results with 10 vs 1 ng/ml were analyzed, no 526 

qualitative differences were found in terms of sensitivity or overall S100B dynamics 527 

(Figure 7, Supplemental Figures 1-3). However, the responses to BBBD and trauma 528 

were greatly reduced (compare 8A to 8C1). Thus, the overall results from our simulation 529 

were independent from the levels of S100B in brain used as initial conditions. 530 

 531 

Limitations 532 
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 The main limitation of our study is that we did not attempt to adapt the model to 533 

existing data on S100B, except when using realistic quantities of S100B in peripheral 534 

organs and a comparison of data with a previously established control value ceiling. All 535 

the data sets available to us report S100B values in venous blood in individuals affected 536 

by a certain pathology or control subjects. In a previous work 3, 33 we focused on these 537 

pathophysiologic conditions. In the current study, the independent variable is time. To 538 

our knowledge, only a few studies reported the time course of S100B in blood; usually, 539 

only 2-3 time points were published. This makes it impossible to directly validate our 540 

model with existing data. We also used blood flow and volumetric data from the 541 

literature and accepted equilibrium values derived from the simulation of protein 542 

distribution after local injection 38. Therefore, our modeling effort was not geared toward 543 

reproducing existing data but rather to allow for a discovery process of mechanisms that 544 

human subject-derived data make impossible to study.  545 

 546 

 Our model, regardless of the limitations listed above, reproduces several aspects 547 

of S100B as a diagnostic tool previously published by us and others. For example, 1) 548 

The levels in control subjects are below 0.1-0.15 ng/ml (e.g., 44, 62). The levels we report 549 

are similarly very low and increase only after BBBD. 2) A secondary peak of S100B is 550 

paralleled by radiological indices of parenchymal damage 54. In our model, long-lasting 551 

levels of S100B are seen only after BBBD and brain trauma (e.g., see Figure 8A); 3) 552 

The glomerular filtration rate is shown in our model to control levels of venous S100B; 553 

this was shown in human subjects currently only published in a patent application (see 554 

Figure 20 in https://uspto.report/patent/app/20190053744#diagrams); 4) We show that a 555 

continuous “trickle” of S100B occurs thanks to brain contribution to lymphatic circulation. 556 

This has also been shown to occur in human subjects where continuous production of 557 

S100B by the brain was shown 32; 5) Salivary levels of S100B comparable to what seen 558 

in our model have been published by us and others 34, 63. We thus believe that validation 559 

of this model is already available. For other findings (e.g., role of glymphatics) animal 560 

experiments will clarify the relevance of brain interstitial S100B movement into venous 561 

blood.  562 

 563 

https://uspto.report/patent/app/20190053744%23diagrams
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Future directions 564 

 The open-source format of the software developed herein (available at 565 

https://www.mathworks.com/matlabcentral/fileexchange/106145-diagnostic-pbpk-model-566 

for-s100b?s_tid=srchtitle_Damir_2) will enable other researchers to adapt the core 567 

model to other situations and answer questions perhaps related to other biomarkers. 568 

Future developments will add the effect of molecular size (molecular weight and radius; 569 

see) on the movement across different compartments. This was already done in an 570 

older version of this model 3. The main changes due to molecular size are likely to affect 571 

kidney filtration, passage across the BBB, and the overall kinetic properties of the 572 

marker. As new markers of CNS function are unveiled, we will focus on the physical and 573 

chemical properties of these proteins related to the voyage across organs and biofluids.   574 

In addition, we will develop a model that considers other biological variables, such as 575 

sex and age 3. Finally, the model based on human subjects can be allometrically 576 

manipulated to include laboratory animals which are often used as surrogate 577 

experimental targets.  578 

 579 

 580 

FIGURE LEGENDS 581 

 582 

Figure 1: Schematic representation of the structure of Model 1. The continuous red lines 583 

depict flow through arteries (except for the lung), while the continuous blue lines refer to 584 

venous flow. The dotted blue lines show the lymphatic vessels connecting the organs 585 

directly to the venous compartment. The right panel inset shows a graphical 586 

representation of the mechanism of BBBD presented herein, underscoring that venous 587 

levels are greatly influenced by leakage of biomarkers from the brain into the circulation.  588 

 589 

Figure 2: Structure of a single organ in Model 1. Note that two equilibria reactions (Kr 590 

and Kf) describe the passage of biomarkers from the organ’s parenchyma (interstitial 591 

space) to blood and vice versa. A lymphatic vessel is also depicted. Qorg and Lorg refer 592 

to the blood flow into and out of the organ, and lymphatic flow, respectively. The values 593 

of Q for each organ are listed in Table 1.  594 

https://www.mathworks.com/matlabcentral/fileexchange/106145-diagnostic-pbpk-model-for-s100b?s_tid=srchtitle_Damir_2
https://www.mathworks.com/matlabcentral/fileexchange/106145-diagnostic-pbpk-model-for-s100b?s_tid=srchtitle_Damir_2
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 595 

Figure 3: Results from simulations and sensitivity analysis (Model 1). The left panel 596 

shows the actual levels of S100B in organs before (A, BBBD=0) and after BBB 597 

disruption (B) obtained by setting the BBB_Index value to 1. Note the pronounced 598 

increase of S100B in venous blood with comparably smaller changes in other 599 

compartments. Figures C and D show the results of sensitivity analysis queries under 600 

the same conditions. Note that before BBBD (A) venous levels at steady state never 601 

reached the 0.1 ng/ml thresholds, the upper ceiling for control values of S100B. The x 602 

axis in the bar plots specifies the sensitivity inputs and y axes the sensitivity outputs 603 

integrated over time. 604 

 605 

Figure 4: Schematic representation of Model 2. Note the addition of a salivary and 606 

glymphatic component. Peripheral organs are subdivided into interstitial and vascular 607 

compartments, while the brain is represented by three compartments, see Figure 5. At 608 

the beginning of our simulations, S100B values in venous and lymphatic compartments 609 

were set to 0.   610 

 611 

Figure 5: A) Modeling of the CNS and its communications with the periphery. Note the 612 

equation numbers referring to the Methods. B) Representation of the physiological 613 

reality to be modeled and schematics of the CNS components of the model.  The dotted 614 

lines refer to the permeability of the BBB which is controlled by the BBB_Index. The Glia 615 

compartment is at equilibrium with the interstitial levels of S100B via the Trauma_Index.  616 

 617 

Figure 6: Sensitivity analysis for model 2. Steady-state conditions refer to the sensitivity 618 

measured at 10 hours of simulation. The x axis in the heatmap plots specifies the 619 

sensitivity inputs. Y axes show the normalized sensitivity of venous, arterial, and 620 

lymphatic fluid obtained by varying the values of S100B in the compartments indicated 621 

by the numbers. The values of the outputs were integrated over time. We used global 622 

sensitivity analysis to interpret the impact of S100B levels in various organs on venous, 623 

lymphatic, and arterial biomarker levels.  The key for the numbers at the bottom of each 624 

panel is 1: Venous blood; 2: Vascular compartment brain; 3: Vascular compartment 625 
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adipose; 4: Vascular compartment gut; 5: Vascular compartment muscle; 6: Interstitium 626 

adipose; 7: Interstitium brain; 8: Interstitium gut; 9: Interstitium muscle; 10: Arterial 627 

blood; 11: Central lymph. When the brain is isolated from the periphery, and the only 628 

source of S100B available is the content of peripheral organs (top panel), the gut is the 629 

chief controller of body fluids S100B. However, when a communication brain to 630 

periphery is established via glymphatic drainage, the brain becomes the most influential 631 

organ for circulating S100B. This remains true after BBBD and the opening of the 632 

communication between the astrocyte content of S100B and the interstitium in the brain. 633 

For the brain interstitium S100B, in this simulation we used 10 ng/ml a concentration 634 

between CSF values (~3 ng/ml) and the measured interstitial value reported in 57.  See 635 

also Supplemental Figures.  636 

 637 

Figure 7: Sensitivity analysis at two initial concentrations of brain interstitial S100B. The 638 

only difference obtained by this comparison relates to the increased contribution of gut 639 

S100B at lower concentrations. The simulation was run for 25 hours. See also 640 

Supplemental Figures. 641 

  642 

Figure 8: A) Effects of glymphatics, BBB disruption, and the trauma index on venous 643 

blood S100B. Note that activating release from astrocytes (Trauma_Index) prevents 644 

return of S100B to pre-BBBD values, suggesting that parenchymal S100B is involved in 645 

the half-life of S100B. B1 and B2). “Filling” of empty organs (S100B set at 0 in adipose, 646 

muscle, and gut tissues) after a 100-hour simulation with glymphatic communication 647 

between brain interstitial S100B and periphery. B2) Changes in venous S100B in empty 648 

or full organs in the presence or absence of glymphatic contribution. When no S100B is 649 

available (blue line) venous levels are clamped at 0. When S100B in peripheral organs 650 

and glymphatic communication are present, a slight transient increase in venous S100B 651 

is seen. This is amplified by “opening” the BBB and establishment of a communication 652 

between glial cells reservoir and brain interstitial S100B. The data show that peripheral 653 

levels in organs can derive from brain reservoirs. C1) Simulation identical to A) but at a 654 

lower concentration of brain interstitial S100B. C2, simulation as in B1 but with low 655 
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levels of brain interstitial S100B. D) Time course of S100B changes in various 656 

compartments under normal (D1), BBB disruption (D2), and trauma (D3).   657 

 658 

Figure 9: A) Effects of removing kidney filtration from the model. Note the increase in 659 

muscle S100B and venous levels, showing that glomerular filtration rate controls 660 

peripheral levels and kinetic behavior of S100B. B) Effect of varying glomerular filtration 661 

on S100B. Note the drop of venous S100B with increased glomerular filtration rate and 662 

the lack of effect of GFR on brain interstitial levels and gut S100B. Also note organ-663 

dependent changes in S100B with low or high GFR.  664 

 665 

Figure 10: Salivary levels in control or after BBB disruption. Note the delayed 666 

progression of salivary S100B towards steady state. Swallowing of saliva was not 667 

modeled for clarity and because nothing is known about the half-life of S100B in saliva. 668 

See references 2, 33, 34. Saliva production was modeled at 4 and 2 ml/min.  669 

 670 

Figure 11: Effect of the previous extent of BBB disruption on secondary BBB insults. 671 

Note that a delayed opening of the BBB after an earlier disruption translates into venous 672 

S100B levels that are inversely proportional to the extent of the earlier episode. In other 673 

words, a supramaximal increase in BBB release of S1000B appears to deplete the brain 674 

sources, allowing only a minimal release of S100B by a subsequent episode. See 675 

Results and Discussion. 676 

 677 

Supplemental Figures:1 and 2) Comparison of sensitivity analysis at two levels of brain 678 

interstitial S100B. The plot refers to time-dependent sensitivity. Note that unexplained 679 

variance was 0 in both simulations, demonstrating that the changes shown explain the 680 

variance of the model simulation. First and total order Sobol indices for model 681 

responses are shown. 3) Bar graph of the results shown in 1 and 2. See 41. 682 

 683 

 684 

Table 1: Parameter values used for Model 1 (Figure 2).   685 

 686 
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Table 2: Parameter values used for Model 2 (Figure 4).  687 

 688 

 689 

 690 

 691 

 692 

 693 
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Figures

Figure 1

Schematic representation of the structure of Model 1. The continuous red lines depict �ow through
arteries (except for the lung), while the continuous blue lines refer to venous �ow. The dotted blue lines
show the lymphatic vessels connecting the organs directly to the venous compartment. The right panel
inset shows a graphical representation of the mechanism of BBBD presented herein, underscoring that
venous levels are greatly in�uenced by leakage of biomarkers from the brain into the circulation. 

Figure 2

Structure of a single organ in Model 1. Note that two equilibria reactions (Kr and Kf) describe the passage
of biomarkers from the organ’s parenchyma (interstitial space) to blood and vice versa. A lymphatic



vessel is also depicted. Qorg and Lorg refer to the blood �ow into and out of the organ, and lymphatic
�ow, respectively. The values of Q for each organ are listed in Table 1. 

Figure 3

Results from simulations and sensitivity analysis (Model 1). The left panel shows the actual levels of
S100B in organs before (A, BBBD=0) and after BBB disruption (B) obtained by setting the BBB_Index
value to 1. Note the pronounced increase of S100B in venous blood with comparably smaller changes in
other compartments. Figures C and D show the results of sensitivity analysis queries under the same
conditions. Note that before BBBD (A) venous levels at steady state never reached the 0.1 ng/ml
thresholds, the upper ceiling for control values of S100B. The x axis in the bar plots speci�es the
sensitivity inputs and y axes the sensitivity outputs integrated over time.

Figure 4

Schematic representation of Model 2. Note the addition of a salivary and glymphatic component.
Peripheral organs are subdivided into interstitial and vascular compartments, while the brain is
represented by three compartments, see Figure 5. At the beginning of our simulations, S100B values in
venous and lymphatic compartments were set to 0. 



Figure 5

A) Modeling of the CNS and its communications with the periphery. Note the equation numbers referring
to the Methods. B) Representation of the physiological reality to be modeled and schematics of the CNS
components of the model. The dotted lines refer to the permeability of the BBB which is controlled by the
BBB_Index. The Glia compartment is at equilibrium with the interstitial levels of S100B via the
Trauma_Index.



Figure 6

Sensitivity analysis for model 2. Steady-state conditions refer to the sensitivity measured at 10 hours of
simulation. The x axis in the heatmap plots speci�es the sensitivity inputs. Y axes show the normalized
sensitivity of venous, arterial, and lymphatic �uid obtained by varying the values of S100B in the
compartments indicated by the numbers. The values of the outputs were integrated over time. We used
global sensitivity analysis to interpret the impact of S100B levels in various organs on venous, lymphatic,
and arterial biomarker levels.  The key for the numbers at the bottom of each panel is 1: Venous blood; 2:
Vascular compartment brain; 3: Vascular compartment adipose; 4: Vascular compartment gut; 5:
Vascular compartment muscle; 6: Interstitium adipose; 7: Interstitium brain; 8: Interstitium gut; 9:
Interstitium muscle; 10: Arterial blood; 11: Central lymph. When the brain is isolated from the periphery,
and the only source of S100B available is the content of peripheral organs (top panel), the gut is the chief
controller of body �uids S100B. However, when a communication brain to periphery is established via
glymphatic drainage, the brain becomes the most in�uential organ for circulating S100B. This remains
true after BBBD and the opening of the communication between the astrocyte content of S100B and the
interstitium in the brain. For the brain interstitium S100B, in this simulation we used 10 ng/ml a
concentration between CSF values (~3 ng/ml) and the measured interstitial value reported in 57.  See also
Supplemental Figures. 

Figure 7

Sensitivity analysis at two initial concentrations of brain interstitial S100B. The only difference obtained
by this comparison relates to the increased contribution of gut S100B at lower concentrations. The
simulation was run for 25 hours. See also Supplemental Figures.

Figure 8

A) Effects of glymphatics, BBB disruption, and the trauma index on venous blood S100B. Note that
activating release from astrocytes (Trauma_Index) prevents return of S100B to pre-BBBD values,
suggesting that parenchymal S100B is involved in the half-life of S100B. B1 and B2). “Filling” of empty
organs (S100B set at 0 in adipose, muscle, and gut tissues) after a 100-hour simulation with glymphatic
communication between brain interstitial S100B and periphery. B2) Changes in venous S100B in empty
or full organs in the presence or absence of glymphatic contribution. When no S100B is available (blue
line) venous levels are clamped at 0. When S100B in peripheral organs and glymphatic communication
are present, a slight transient increase in venous S100B is seen. This is ampli�ed by “opening” the BBB
and establishment of a communication between glial cells reservoir and brain interstitial S100B. The data



show that peripheral levels in organs can derive from brain reservoirs. C1) Simulation identical to A) but
at a lower concentration of brain interstitial S100B. C2, simulation as in B1 but with low levels of brain
interstitial S100B. D) Time course of S100B changes in various compartments under normal (D1), BBB
disruption (D2), and trauma (D3).  

Figure 9



A) Effects of removing kidney �ltration from the model. Note the increase in muscle S100B and venous
levels, showing that glomerular �ltration rate controls peripheral levels and kinetic behavior of S100B. B)
Effect of varying glomerular �ltration on S100B. Note the drop of venous S100B with increased
glomerular �ltration rate and the lack of effect of GFR on brain interstitial levels and gut S100B. Also note
organ-dependent changes in S100B with low or high GFR. 

Figure 10

Salivary levels in control or after BBB disruption. Note the delayed progression of salivary S100B towards
steady state. Swallowing of saliva was not modeled for clarity and because nothing is known about the
half-life of S100B in saliva. See references 2, 33, 34. Saliva production was modeled at 4 and 2 ml/min. 

Figure 11

Effect of the previous extent of BBB disruption on secondary BBB insults. Note that a delayed opening of
the BBB after an earlier disruption translates into venous S100B levels that are inversely proportional to
the extent of the earlier episode. In other words, a supramaximal increase in BBB release of S1000B
appears to deplete the brain sources, allowing only a minimal release of S100B by a subsequent episode.
See Results and Discussion.
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