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in brain solute transport suggests a flow 
of interstitial fluid
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Abstract 

Clearance of protein waste products from the brain is accomplished by a combination of advection and diffusion 
in cerebrospinal fluid (CSF) and interstitial fluid (ISF). In the glymphatic model, there is a flow of ISF in the interstitial 
space, and both advection and diffusion occur there. Such a flow of ISF would be slow and difficult to detect directly, 
and its existence has proved controversial. Waste clearance has been shown to occur mainly during sleep, during 
which the volume of the interstitial space increases substantially due to ISF emitted from astrocytes. Here I show that 
this volume increase of the interstitial space, by itself, should lead to a slight reduction of diffusive transport, due to 
dilution of the waste solute, but to a significant increase in flow rate and advective transport, due to lowered hydraulic 
resistance. Thus, a flow of ISF together with the observed volume increase of the interstitial space might provide an 
important mechanism contributing to the enhanced clearance during sleep.
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Introduction
Nearly all neurodegenerative diseases are linked to 
abnormal accumulations of metabolic waste products. 
For example, proteins such as amyloid-beta and tau form 
toxic aggregates that have been linked to Alzheimer’s dis-
ease. Removal of metabolic waste from the brain takes 
place within the interstitial fluid (ISF) and cerebrospinal 
fluid (CSF) by a combination of advection and diffusion. 
According to the glymphatic model [1, 2], the clearance 
is accomplished by an inflow of CSF along perivascular 
spaces (PVSs) surrounding pial and penetrating arter-
ies which then enters into the interstitial space through 
gaps in the outer walls of the PVSs, mixes with ISF, and 
exits along PVSs surrounding venules and veins and the 
sheaths around nerves. While the inflow along the PVSs 
surrounding arteries and arterioles is well established, the 

possible existence of a flow within the interstitial space 
has proved to be controversial. A possible alternative to 
ISF flow is that the flow is limited to CSF along a continu-
ous network of PVSs, while solutes are carried into these 
channels from the interstitial space by diffusion alone [3]. 
The existence of such a continuous flow path along PVSs 
from arterioles to veins has been suggested on the basis 
of tracer studies [4, 5].

Detecting a flow of ISF within the interstitial space pre-
sents a significant experimental challenge. The experi-
ments must be done in vivo. A flow can only be detected 
after the introduction of tracers, but invasive procedures 
significantly suppress glymphatic function [6]. The details 
of the interstitial space are hidden deep in the brain and 
their size is below the current limit of resolution of non-
invasive experimental techniques (e.g magnetic reso-
nance imaging). There is, however, indirect evidence in 
favor of advective transport within the interstitial space. 
A recent application of optimal mass transport (OMT) 
analysis to experimental data indicates that advective 
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transport dominates in the CSF while diffusion and 
advection both contribute to transport in the interstitial 
space [7]. Also, Ray et al. [8] show that the experimental 
data used to determine effective diffusion coefficients in 
the parenchyma are better represented if one allows for a 
flow of ISF in the interstitial space.

Here I present a theoretical argument in favor of the 
existence of a flow of ISF and advective transport in the 
interstitial space, based on the experimental evidence 
that the waste clearance occurs primarily during sleep, 
during which the volume of the interstitial space is 
increased substantially by fluid expelled from astrocytes 
[9].

Wake‑sleep changes in brain clearance 
and the extracellular space
Xie et  al. [9] found that the clearance of metabolic waste 
products occurs primarily during sleep: there is a nearly 
ten-fold increase in CSF tracer influx and a doubling of 
amyloid-beta clearance from wake to sleep, and the vol-
ume of the interstitial space VISS increases by about 60% 
while the tortuosity � remains unchanged. Sherpa et  al. 
[10] found that when a beta-adrenergic receptor agonist 
was applied to rat brain slices, VISS decreased significantly, 
due mostly to an increase in the volume of astrocytes. They 
suggest that norepinephrine released during the awake 
state decreases VISS by increasing the volume of the astro-
cytes following beta-adrenergic receptor activation. This 
suggestion is supported by several earlier studies that show 
that astrocytes can change their volume rapidly, while 
changes in neuronal cell volume are small, e.g. [11–13]. The 
results of these studies indicate that there is an exchange of 
fluid from the astrocytes to the interstitial space when tran-
sitioning from wake to sleep. A metabolic waste product, 
such as amyloid-beta, is produced mainly in the neurons, 
not in the astrocytes. Kang et al. [14] found that the inter-
stitial concentration of amyloid-beta declines rapidly when 
mice transition from wake to sleep. Thus, for the analysis 
here we may assume that the ISF expelled from the astro-
cytes into the interstitial space does not contain the solute, 
and hence the concentration of that solute is reduced in 
the interstitial space in going from wake to sleep. This dilu-
tion also reduces the concentration gradient ∇C because 
the length scale for the gradient, which is the typical dis-
tance between penetrating arterioles, remains unchanged. 
Thus, diffusive transport of the solute is reduced in going 
from wake to sleep. On the other hand, assuming there is 
a flow of ISF, the increased volume of the interstitial space 
reduces the hydraulic resistance and thus increases the flow 
rate and the advective transport. These two processes are 
illustrated schematically in Fig.  1. The magnitude of the 
changes in flux rates can be estimated by means of a scale 
analysis, presented in the following section.

Scale analysis of wake‑sleep changes 
in the diffusive and advective fluxes
Consider a control volume VTOT of the interstitium. The 
volume VISS of the interstitial space within this control vol-
ume can be expressed in dimensionless form as the porosity 
α = VISS/VTOT . In going from wake to sleep, α increases. 
Assume that this increase in α is due to ISF expelled mainly 
from astrocytes (not neurons) and hence does not add 
more solute (amyloid-beta). Then the total mass of solute 
in the interstitial space remains unchanged, and the con-
centration C in the interstitial space scales as C ∼ C0/α , 
where C0 is a constant reference concentration (the value 
for α = 1 ), and hence C decreases from wake to sleep due 
to dilution.

The diffusive flux rate (transport per unit area per unit 
time) is given by Fick’s first law, FD = −D∗

∇C , where 
D∗ = D/�2 is the effective diffusivity and D is the free 
diffusivity. The concentration gradient ∇C scales as C/L, 
where L is the typical distance between arterioles and ven-
ules. This distance L does not change from wake to sleep, 
so the concentration gradient scales as C0/αL and there-
fore is decreased by the dilution of C in going from wake to 
sleep. The diffusive flux then scales as

If we assume that the tortuosity � is unchanged, then all 
the terms in parentheses in the last expression are con-
stant and hence the diffusive flux rate scales as 1/α . The 

(1)|FD| ∼ D∗C

L
∼

(

DC0

�2L

)

1

α
.

Fig. 1 Sketch of the effect of the wake-to-sleep increase in the 
volume of the interstitial space (blue shading) and the porosity on 
the diffusive and advective fluxes of a solute. Dilution of the solute 
with increasing porosity decreases the diffusive flux (left panels), but 
reduced hydraulic resistance with increasing porosity increases the 
flow velocity (right panels) and the advective flux
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net transport of solute per unit time across a surface S 
with unit normal vector n is

and here we must account for the increase in the por-
tion of the surface S over which the flux actually occurs, 
which increases as the porosity increases. (Here S may be 
considered as the outer surface of the PVS into which the 
solute is diffusing.) This portion of S scales as the cross-
sectional area of the interstitial space, and hence as α2/3 . 
Hence, according to equations (1) and (2), FD scales as

Thus, in going from wake to sleep, as α increases the 
diffusive flux of solute out of the interstitial space is 
decreased. If diffusion is the dominant mechanism for 
solute removal from the interstitial space, then this result 
is difficult to reconcile with the observed increase in 
clearance during sleep.

Now let us consider the effect of increased porosity on 
the advective flux rate of the solute due to a presumed 
flow of ISF in the interstitial space. The advective flux 
rate is FA = −Cu , where u is the fluid velocity. For flow 
in the interstitial space we adopt the Darcy law for flow in 
a porous medium, driven by a pressure gradient ∇p:

where p is the pressure, κ is the permeability, µ is the 
dynamic viscosity, and q is the superficial (Darcy) veloc-
ity, related to the actual velocity by u = q/α . The perme-
ability κ is given in terms of the porosity α and tortuosity 
� by the Kozeny-Carman equation,

where A is the specific surface area. This gives the scaling:

The net transport of solute by advection per unit time 
across a surface S is

(2)FD =

∫

S

FD · ndS,

(3)FD ∼

(

DC0

�2L

)

1

α1/3
.

(4)q = −
κ

µ
∇p,

(5)κ =
α3

�A2(1− α2)
,

(6)

|FA| ∼
C0

α

κ|∇p|

αµ
∼

C0|∇p|

α2µ

α3

�(1− α2)A2

∼

(

C0|∇p|

�µA2

)

α

(1− α2)
.

(7)FA =

∫

S

FA · ndS,

Again, we must account for the increase in the portion of 
the surface S over which the flux actually occurs, which 
increases as α2/3 as the porosity increases. The scaling for 
FA is thus

If we assume that the tortuosity � , specific surface area A , 
and pressure gradient ∇p are unchanged, then the terms 
in large parentheses in expressions (6) and (8) are con-
stant, so FA ∼ α5/3/(1− α2) , and hence the advective 
transport increases from wake to sleep.

Fig.  2 shows plots of the scaling relations for the dif-
fusive flux rate FD (eq. 3) and the advective flux rate FA 
(eq. 8) as functions of the porosity α . In each case, the flux 
is normalized by its unknown value in the awake state, 
so the relative change is depicted. The indicated values 
of the porosity in the wake and sleep states, α = 0.141 
and 0.234, are those found by Xie et al. [9] for the mouse 
brain. We see that the diffusive flux rate decreases slightly 
in going from wake to sleep, while the advective flux rate 
is increased substantially, by a factor of 2.4. Interestingly, 
an increase by a factor of about 2.4, from wake to sleep, 
in the clearance rates of injected amyloid-beta and an 
inert tracer was reported by Xie at al. [9]. Also, Jin et al. 
[15] developed a model of combined advection and dif-
fusion in a geometric model of the interstitium, in which 
they solved the Navier-Stokes equation rather than using 
the Darcy equation for a porous medium. They found 
that the flux rate of tracers entering the interstitial space 

(8)FA ∼

(

C0|∇p|

�µA2

)

α5/3

(1− α2)
.

Fig. 2 Scaling of the diffusive and advective flux rates in the 
interstitial space, FD and FA , with changes in porosity α . In each case, 
the flux is normalized by its (unknown) value in the awake state. The 
values of the porosity for wake ( α = 0.141 ) and sleep ( α = 0.234 ) are 
those determined by Xie at al. for the mouse brain. In going from 
wake to sleep, the diffusive flux decreases slightly while the advective 
flux increases by a factor of nearly 2.5
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increased by a factor of very nearly 2 when they increased 
the volume fraction from α = 0.1 to α = 0.24 . This is 
in good agreement with the finding here that the flux 
rate increases by a factor of 2.4 in going from α = 0.14 
to α = 0.234 , especially when we consider that they 
included diffusion in their calculation which, according 
to the scaling arguments above, would act to slightly off-
set the increase in flux rate caused by increased advec-
tion. This agreement also helps to justify the use of the 
Darcy equation to represent the flow in the interstitium.

Xie et al. [9] found that there was no significant change 
in tortuosity between wake and sleep, and accordingly 
the scale analysis presented above assumes constant 
tortuosity. Theoretical models support this assumption 
[16]. Tortuosity is in general a complex parameter involv-
ing several geometric effects, but for simple models the 
tortuosity can be expressed as a function of the poros-
ity alone: for example, we have the expression derived by 
Maxwell for a dilute suspension of solid spheres,

Based on this formula, the increase in α from 0.141 to 
0.234 observed by Xie et  al. corresponds to only a very 
slight decrease in � , from 1.196 to 1.176. Even if we were 
to allow changes in tortuosity and use the Maxwell for-
mula (9) for � in the scale analysis above, all of the princi-
pal conclusions still hold.

Discussion
Here I have examined the effect of just one of several 
possible wake-sleep changes on waste clearance from the 
brain: the increase in porosity of the interstitium. Other 
changes might also affect the clearance rate. For exam-
ple, an increase in the size of PVSs during sleep would 
lower their hydraulic resistance and thus promote a 
greater overall flow rate along them. Perhaps the driv-
ing mechanism for PVS flow is stronger during sleep. 
However, increasing the flow of CSF along PVSs will not, 
by itself, enhance overall clearance significantly if diffu-
sion is the only transport process within the interstitial 
space. A faster flow along the PVSs might establish a 
slightly lower concentration within them, thereby slightly 
increasing the concentration gradients driving diffusion 
in the interstitial space, but this slow diffusive process 
will still govern the overall clearance rate, and the ability 
to speed up clearance in this way is quite limited. On the 
other hand, a large wake-sleep increase in clearance rate 
would be much more easily generated by the significant 
increase in flow rate in the interstitial space that would 
occur because of increased porosity and lowered hydrau-
lic resistance there.

(9)� =

√

3− α

2
.

The hydraulic resistance of the interstitial space is 
inversely proportional to its permeabilty, which is a 
poorly known quantity: estimates of its value in the 
mouse brain span more than two orders of magnitude 
[17, 18], and the low value of permeability (high resist-
ance) has been the basis for arguments against any sig-
nificant flow of ISF [15, 18]. However, Ray et al. [8] find 
a better fit to the experimental data used to determine 
effective diffusion coefficients in the parenchyma if one 
includes a flow of ISF in the interstitial space, with a 
typical flow speed of 50 µm/min. At such a flow speed, 
advection is the dominant transport mechanism for large 
molecules in the interstitial space (Péclet number greater 
than unity). Also, Koundal et al. [7] applied optimal mass 
transport analysis to DCE-MRI images of tracer distribu-
tion in live rat brains and found that both advection and 
diffusion were required to match the observed tracer 
patterns in the interstitium. A computational model of 
flow in the interstitium shows that the hydraulic resist-
ance depends on the relative numbers of arterioles and 
venules and their spatial arrangement, both of which vary 
among species [19]. In future work, the dependence of 
glymphatic flow on the hydraulic resistance of the inter-
stitium can be examined with the aid of a recently devel-
oped global hydraulic network model [20]. Although the 
significance of a flow of ISF in the brain parenchyma is 
still an open question, I have shown here that such a flow 
would go a long way toward explaining the established 
wake-sleep variation in waste clearance from the brain.

Acknowledgements
I thank my colleagues Doug Kelley, Maiken Nedergaard, Jeff Tithof, and Kim-
berly Boster for helpful discussions, and Doug Kelley and Dan Xue for help in 
producing the figures.

Author contribution
The author read and approved the final manuscript.

Funding
This research was supported by grant RF1AG057575 from the NIH/National 
Institute of Aging and grant MURI W911NF1910280 from the U.S. Army 
Research Office.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The author declares that he has no competing interests.

Received: 18 January 2022   Accepted: 24 March 2022



Page 5 of 5Thomas  Fluids and Barriers of the CNS           (2022) 19:30  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

References
 1. Iliff J, Wang M, Liao Y, Plogg B, Peng W, Gundersen G, Benveniste H, 

Vates G, Deane R, Goldman S, Nagelhus E, Nedergaard M. A paravas-
cular pathway facilitates CSF flow through the brain parenchyma and 
the clearance of interstitial solutes, including amyloid β . Sci Transl Med. 
2012;4(147):147–51.

 2. Mestre H, Mori Y, Nedergaard M. The brain’s glymphatic system: current 
controversies. Trends Neurosci. 2020. https:// doi. org/ 10. 1016/j. tins. 2020. 
04. 003.

 3. Thomas JH. Fluid dynamics of cerebrospinal fluid flow in perivascular 
spaces. J R Soc Interface. 2019;16(1):52–7.

 4. Rennels ML, Blaumanis OR, Grady PA. Rapid solute transport throughout 
the brain via paravascular fluid pathways. Adv Neurol. 1990;52:431.

 5. Hannocks M-J, Pizzo ME, Huppert J, Deshpande T, Abbott NJ, Thorne RG, 
Sorokin L. Molecular characterization of perivascular drainage pathways 
in the murine brain. J Cereb Blood Flow Metab. 2018;38(4):669–86. 
https:// doi. org/ 10. 1177/ 02716 78X17 749689 (PMID: 29283289).

 6. Mestre H, Hablitz LM, Xavier ALR, Feng W, Zou W, Pu T, Monai H, Murlid-
haran G, Castellanos Rivera RM, Simon MJ, Pike MM, Plà V, Du T, Kress BT, 
Wang X, Plog BA, Thrane AS, Lundgaard I, Abe Y, Yasui M, Thomas JH, Xiao 
M, Hirase H, Asokan A, Iliff JJ, Nedergaard M. Aquaporin-4-dependent 
glymphatic solute transport in the rodent brain. ELife. 2018;7:40070.

 7. Koundal S, Elkin R, Nadeem S, Xue Y, Constantinou S, Sanggaard S, et al. 
Optimal mass transport with Lagrangian workflow reveals advective 
and diffusion driven solute transport in the glymphatic system. Sci Rep. 
2020;10(1):1–18.

 8. Ray LA, Iliff JJ, Heys JJ. Analysis of convective and diffusive transport in 
the brain interstitium. Fluids Barriers CNS. 2019;16:6.

 9. Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, O’Donnell J, 
Christensen DJ, Nicholson C, Iliff JJ, Takano T, Deane R, Nedergaard 
M. Sleep drives metabolite clearance from the adult brain. Science. 
2013;342(6156):373–7.

 10. Sherpa AD, Xiao F, Joseph N, Aoki C, Hrabetova S. Activation of β-adr-
energic receptors in rat visual cortex expands astrocytic processes and 
reduces extracellular space volume. Synapse. 2016;70(8):307–16.

 11. Florence CM, Baillie LD, Mulligan SJ. Dynamic volume changes in astro-
cytes are an intrinsic phenomenon mediated by bicarbonate ion flux. 
PLoS ONE. 2016;7(11):51124.

 12. Steffensen AB, Sword J, Croom D, Kirov SA, MacAulay N. Chloride cotrans-
porters as a molecular mechanism underlying spreading depolarization-
induced dendritic beading. J Neurosci. 2015;35(35):12172–87.

 13. Hübel N, Ullah G. Anions govern cell volume: a case study of relative 
astrocytic and neuronal swelling in spreading depolarization. PLoS ONE. 
2016;11(3):0147060.

 14. Kang J-E, Lim MM, Bateman RJ, Lee JJ, Smyth LP, Cirrito JR, Fujiki N, 
Nishino S, Holtzman DM. Amyloid-beta dynamics are regulated by orexin 
and the sleep-wake cycle. Science. 2009;326(5955):1005–7.

 15. Jin B-J, Smith AJ, Verkman AS. Spatial model of convective solute trans-
port in extracellular space does not support a “glymphatic” mechanism. J 
Gen Physiol. 2016;148(6):489–501.

 16. Nicholson C. Diffusion and related transport mechanisms in brain tissue. 
Rep Prog Phys. 2001;64:815–84.

 17. Basser PJ. Interstitial pressure, volume, and flow during infusion into brain 
tissue. Microvasc Res. 1992;44(2):143–65.

 18. Holter KE, Kehlet B, Devor A, Sejnowski TJ, Dale AM, Omholt SW, Otterson 
OP, Nagelhus EA, Mardal K-A, Pettersen KH. Interstitial solute transport 
in 3d reconstructed neuropil occurs by diffusion rather than bulk flow. 
PNAS. 2017;114(37):9894–9.

 19. Schreder HE, Liu J, Kelley DH, Thomas JH, Boster KAS. Hydraulic 
resistance model for interstitial flow in the brain. J R Soc Interface. 
2022;19:20210812.

 20. Tithof J, Boster KAS, Bork PAR, Nedergaard M, Thomas JH, Kelley DH. A 
network model of glymphatic flow under different experimentally-moti-
vated parametric scenarios. BioRxiv. 2021. https:// doi. org/ 10. 1101/ 2021. 
09. 23. 461519.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.tins.2020.04.003
https://doi.org/10.1016/j.tins.2020.04.003
https://doi.org/10.1177/0271678X17749689
https://doi.org/10.1101/2021.09.23.461519
https://doi.org/10.1101/2021.09.23.461519

	Theoretical analysis of wakesleep changes in brain solute transport suggests a flow of interstitial fluid
	Abstract 
	Introduction
	Wake-sleep changes in brain clearance and the extracellular space
	Scale analysis of wake-sleep changes in the diffusive and advective fluxes
	Discussion
	Acknowledgements
	References




