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Modelling molecular transport in the human brain

Molecular transport in perivascular
spaces (PVSs) plays a pivotal role in
clearance and delivery in the human
brain. Previous studies indicate rapid
movement of molecules in the sub-
arachnoid space (SAS) and PVSs sur-
rounding pial arteries, but the exact
mechanisms and influencing factors
remain incompletely understood. Us-
ing a one-dimensional network to rep-
resent the PVS, embedded within a
three-dimensional model of the brain
parenchyma and its surrounding cere-
brospinal fluid (CSF)-filled space, we
construct a comprehensive molecular
transport model in the human brain
environment (Fig. 1).

Figure 1: Top: Arterial (red) and venous (blue) net-
works (left) and the brain tissue (salmon) and CSF
space (blue) (right). Bottom: Coronal and sagittal view
of the complete model, including the parenchymal tis-
sue, the CSF space, and arterial and venous networks
(based on imaging data from [1]).

Multi-dimensional intracranial transport equations

We model diffusion, convection and exchange of a solute in PVSs, the
surrounding CSF, and the brain parenchyma via a comprehensive multi-
dimensional transport model [4]. More specifically, we solve for a solute
concentration c in the CSF space ΩCSF and the parenchymal tissue ΩPAR, and
an averaged solute concentration ĉ in a 1D network of centerlines Λ repre-
senting the PVS, such that the following equations hold

∂t(ϕc)−∇ · (D∇(ϕc)) +∇ · (uc) + ξ(c− ĉ)δΓ = 0 in ΩCSF ∪ ΩPAR

∂t(Aϕĉ)− ∂s(D̂A∂s(ϕĉ)) + ∂s(Aûĉ) + ξP (ĉ− c) = 0 in Λ

Here ϕ is the fluid volume fraction (or porosity) of the brain (where ϕ ≪ 1),
of the SAS (where ϕ = 1) and of the PVS (where 0 ≪ ϕ ≤ 1); D =

Deff(1 + R) is the diffusion coefficient accounting for the enhancement of
the effective diffusion coefficient Deff by a dispersion factor R; u and û are
convective velocity fields in Ω and Λ, respectively; ξ is the permeability
across the PVS interface; P and A are the perimeter and area of the PVS,
respectively; and c denotes the lateral average of the concentration over the
outer perivascular boundary. Allowing solute transport across the pial sur-
face ΓPia with a permeability β and enforcing an influx of solute cin via the
spinal canal ΓSC over the first two hours, we further impose

−D∇cPAR · n = −D∇cCSF · n = β(cPAR − cCSF) on ΓPia

D∇cCSF · n− cCSFu· = cinmax(1− |t− 1h|, 0) on ΓSC.

Cerebrospinal fluid flow in the subarachnoid space

We consider a steady velocity field resulting from CSF production on the lat-
eral ventricle wall ΓLV and outflow resistance R0 on the outer boundary Γskull

[2]. We solve the Stokes equations for the velocity uCSF and the pressure p

−µ∆uCSF +∇p = 0 in ΩCSF,

∇ · uCSF = 0 in ΩCSF,

µ∇uCSF · n− pn = −R0(u · n)n on Γskull

uCSF = 0 on ΓPia and uCSF = uprod · n on ΓLV.

Similarly, we compute a cardiac-driven flow field at peak vascular expan-
sion and derive the diffusion enhancement factor R following the theory of
pulsatile mixing [3] (Fig. 2).

Figure 2: left: CSF flow field driven by CSF production (630ml/day across the lateral ventricle (LV) walls);
middle: cardiac-driven CSF flow at peak arterial expansion (2ml/s and 10ml/s across the LV walls and the pia,
respectively); right: diffusion enhancement factor R due to dispersive mixing driven by cardiac pulsatility.

Advective CSF flow drives tracer transport

Investigating the contribution of the advective velocity field resulting from
CSF production, we compare the advective model with a purely diffusive
transport model and find a substantial increase in tracer spreading over the
first 24 hours. Specifically, the velocity field advects the tracer towards the
upper convexity of the skull, whereas purely diffusive transport confines the
tracer to ventral brain regions and the ventricular system (Fig. 3).

Advective and diffusive transport in the human cranium

Figure 3: Tracer concentration 1, 6, 12 and 24 hours after injection with advective and diffusive transport
(top row) and only diffusive transport (bottom row).

For both models, a major share of injected tracers remains in the CSF space
over the first 24 hours. However, we observe a larger crossover into the
parenchymal tissue and PVS spaces for the advective model (Fig. 4).

Figure 4: Total
tracer content and
concentration in CSF,
parenchyma, arterial
PVS and venous
PVS with advective
and diffusive (left)
and only diffusive
transport (right).

Compartmentalization of the subarachnoid space

We investigate the effect of perivascular ensheathment of arteries in the
SAS by varying the PVS-CSF permeability from a substantial barrier (ξ =

3.7 · 10−7 m2/s) to a more continuous representation (ξcont = 10ξ) (Fig. 5).
The relative difference in tracer concentration in the arterial PVS ĉ and its
surrounding space c defined as ∆crel := (c− ĉ)/c substantially decreases with
the increase of permeability, especially during the first hours after injection.

Figure 5: Distribu-
tion of the relative
difference in tracer
concentration in
the arterial PVS
and the surrounding
space (left) com-
pared with a tenfold
increased PVS-CSF
permeability (right).

Future work

We will extend the baseline model to account for various convective flow
mechanisms in the PVS spaces and the parenchyma, and investigate physio-
logical alterations associated with sleep and pathological states.

References

[1] E. Hodneland, E. Hanson, O. Sævareid, G. Nævdal, A. Lundervold, V. Šoltészová, A. Z. Munthe-Kaas,
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