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Brain motion is driven by mechanical 
coupling with the abdomen
 

C. Spencer Garborg    1,2,3, Beatrice Ghitti    4,5, Qingguang Zhang    1,4,6, 
Joseph M. Ricotta1,2,4, Noah Frank7, Sara J. Mueller8, Denver I. Greenawalt1,2,4, 
Kevin L. Turner    1,2,3, Ravi T. Kedarasetti2,4, Marceline Mostafa9, Hyunseok Lee1,2, 
Francesco Costanzo    2,3,4,7,10 & Patrick J. Drew    1,2,3,4,9,11 

The brain moves within the skull, but the drivers and consequences of this 
motion are not well understood. Here we visualized motion of the dorsal 
cortex relative to the skull in awake head-fixed mice using high-speed, 
multiplane two-photon microscopy. Brain motion was directed primarily 
rostrally and laterally, and was correlated tightly with locomotion, but not 
with respiration or the cardiac cycle. Specifically, brain motion was driven 
by abdominal muscle contractions that activate a hydraulic-like vascular 
connection between the nervous system and the abdominal cavity, and 
could similarly be induced by pressure applied to the abdomen. Model 
simulations suggest that brain motion may drive interstitial fluid through 
and out of the brain into the subarachnoid space, in the opposite direction 
of fluid flow seen during sleep. These results suggest that the brain is linked 
mechanically to the abdominal compartment, and that fluid flow in the brain 
could be coupled to body movements.

Brain motion is a ubiquitous but poorly investigated phenomenon1,2. In 
anesthetized animals and supine humans, brain motion is tied closely 
to cardiac pulsations and respiration3,4 but in unanesthetized animals, 
brain motion is usually associated with locomotion and other body 
movements2,5. In mice, brain motion observed with two-photon micros-
copy is on the order of a few microns2,6,7 and is primarily within the 
imaging plane (medial-lateral/rostral-caudal).

Despite the ubiquity of brain motion in the awake animal, its ori-
gins are not well understood. A force must be exerted on the brain 
for it to move, but the central nervous system has been considered 
to be largely mechanically insulated from the rest of the body by the 
skull and vertebrae. Despite this partitioning, during locomotion the 
intracranial pressure of mice rises from a baseline of ~5 mm Hg to more 

than 20 mm Hg (refs. 8,9), indicating that substantial mechanical forces 
are applied rapidly to the brain during body movements. The increase 
in intracranial pressure during locomotion is not due to dilation of 
blood vessels within the brain, as the hemodynamic response lags both 
the pressure increase and the onset of locomotion by ~1 s (refs. 10,11). 
Furthermore, maximally dilating the vessels of the brain does not 
increase intracranial pressure to the levels seen during locomotion8. 
These pressure changes are unlikely to be simply an epiphenomenon 
because brain motion during locomotion excites sensory neurons in 
the dura12, indicating that the motion of the brain is monitored actively 
and may serve a physiological role.

One potential physiological purpose for brain motion is to circu-
late interstitial fluid (ISF) and cerebrospinal fluid (CSF) in the brain. 
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indicating that heartrate pulsations are minimal in awake mice, consist-
ent with previous reports2. However, respiration-linked brain movement 
was detected under deep isoflurane anesthesia (Extended Data Fig. 5 
and Supplementary Video 5).

As the brain lacks an internal lymphatic system to remove waste, it 
depends on mechanical forces exerted on it by pulsation13 and dila-
tion and constrictions14–16 of arteries to help circulate fluid though the 
glymphatic system, along the periarterial space into the parenchyma. 
During sleep, CSF is driven into the brain along the periarterial spaces 
of penetrating arteries by slow, alternating dilation and constriction 
of the vessel17–20. The patterns of fluid flow in the brain differ markedly 
from those in the awake animal, where tracers do not enter the cortex21, 
although the reasons for this difference between sleep and wake CSF 
flow are not completely understood. The large forces that drive brain 
motion are also likely to drive movement of CSF, potentially in very dif-
ferent patterns to those seen during sleep. Understanding these fluid 
flows requires a detailed characterization of the mechanical dynamics 
of the brain.

Results
We used two-photon (2P) microscopy to quantify brain motion relative 
to the skull in 24 Swiss Webster mice (12 male) that were head-fixed on 
a spherical treadmill. We simultaneously imaged brain cells expressing 
green fluorescent protein22 and fluorescent microspheres attached 
to a polished and reinforced thinned-skull (PoRTS) window23. This 
was accomplished by integrating an electrically tunable lens behind 
the microscope objective to rapidly (39.55 frames per second, 19.78 
frames per second per plane) alternate between two focal planes 
on the skull surface and in the brain (Fig. 1, Extended Data Fig. 1 and 
Supplementary Fig. 1), separated by ~90 µm. We used the point spread 
function in z (Extended Data Fig. 1c) to estimate axial motion of the 
microspheres on the skull and of the brain from the slight changes in 
fluorescence intensity. We estimate that both brain and skull move ~1 µm 
from baseline during locomotion (Extended Data Fig. 2a–c), suggesting 
there is no relative z motion between the skull and brain. Furthermore, 
tracking of microspheres showed that skull movement was usually less 
than 1 µm (Extended Data Fig. 3), demonstrating the stability of the head 
fixation apparatus. The tracking software was tested for stability and 
accuracy on static paper coated in fluorescein isothiocyanate (FITC) 
(Extended Data Fig. 2d,e) and microspheres (Extended Data Fig. 2f,g), 
to simulate the brain and skull environments respectively. The motion 
of the brain relative to the skull was primarily in the rostral and lateral 
directions (Fig. 1e) and was correlated strongly with locomotion (Fig. 2d 
and Supplementary Fig. 2a,b). We found uniform displacements across 
the field of view (Extended Data Fig. 4 and Supplementary Video 1), 
indicating that there is minimal strain over the imaged area and that 
displacement over our field of view can be described as rigid translation.

The brain motion is primarily in the rostral direction and is 
linked to locomotion
To quantify patterns in the direction of motion, we imaged brain motion 
during locomotion from 134 sites in frontal, somatosensory and visual 
cortex and performed principal component analysis on the brain dis-
placement (Fig. 2). The magnitude of each displacement vector was 
determined by averaging the largest 20% of the displacements from 
the baseline origin (Fig. 2a). We observed that the motion of the brain 
during locomotion was primarily in the rostral and lateral directions 
relative to the resting baseline position (Fig. 2b and Supplementary  
Videos 2–4). Brain motion amplitude was larger in male than in female 
mice (Supplementary Fig. 3). When we looked at the power spectrum 
of the motion, we observed the motion was primarily at low (<0.1 Hz) 
frequencies (Fig. 2c), and it was correlated strongly to locomotion in 
both directions (Fig. 2d and Supplementary Fig. 2a,b). Previous work 
has shown that heartrate-related pulsations are on the submicrometer 
scale3—much smaller than those evoked during locomotion. We did not 
observe any appreciable brain movement at respiration or heartrate 
frequencies (Fig. 2c) in awake mice, or aliasing in lower frequencies. We 
did not see any evidence of cardiac-related pulsations when imaging 
at higher frame rates (>100 frames per second; Extended Data Fig. 4), 
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Fig. 1 | Two-photon imaging of brain motion relative to the skull. a, Rapid 
changes in the curvature of the fluid-filled lens move the focal point between the 
brain and the fluorescent microspheres adhered to the surface of the thinned 
skull. b, Head-fixed mouse on a treadmill. c, Representative x–z image through a 
typical thinned-skull window. This describes the general environment of the 134 
locations used for brain and skull tracking. The GFP-expressing brain (green) and 
fluorescent microspheres (magenta) on the thinned skull are separated by the 
subarachnoid space. d, Images of the brain (green) and microspheres (magenta) 
during a stationary period (left) and locomotion (right). The outer bounding 
boxes enclose the search area for the template-matching algorithm; the inner 
bounding boxes represent the target used to track movement. This was done 
for each of the 316 recorded trials at 134 unique locations in 24 mice. There is a 
rostro-lateral shift of the brain during locomotion when compared to rest (visible 
in the displacement of the inner box) while the skull remains in the same position. 
e, Example of measured brain motion and treadmill velocity. Locomotion 
events (gray) drive rostro-lateral motion of the brain (green), whereas the skull 
(magenta) remains stationary.
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The skull and brain are separated by the dura—a vascularized mem-
brane surrounding the subarachnoid space24,25. In one instance, we were 
able to simultaneously record movement of dural vessels labeled with 
green fluorescent proteins, microspheres on the skull and the brain. 
This allowed us to determine whether the dura motion more closely 
resembled brain or skull movement during locomotion. We performed 

tracking on the three focal planes separately (Supplementary Video 4)  
and observed that the dura had similar dynamics to the skull. We gene
rated locomotion-triggered averages of brain motion and found a 
close relationship between locomotion and movement of the brain 
(Fig. 2e), although in many cases the motion of the brain started before 
locomotion onset.
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Fig. 2 | The brain moves rostrally and laterally within the skull in locomoting 
mice. a, Net displacement of the brain in each frame (from data in Fig. 3d) plotted 
as an x–y scatterplot. The displacement vector is taken to be the first principal 
component of the data, and the magnitude is calculated as the mean of the 80th 
to 100th percentile of the displacement magnitudes. b, Plot of displacement 
vectors for different imaging locations on the brain (N = 134 sites in 24 mice). 
There is a noticeable rostro-lateral brain movement trend in both hemispheres.  
c, Power spectrums of rostral-caudal brain motion (top) and respiration (middle), 
showing there is no appreciable brain motion at the respiration frequency. 
Plotted at the bottom is the coherence between rostral-caudal brain motion 
and respiration. A lack of overlap in the frequency components of the signals 
and a low coherence between them (confidence level = 0.319) suggest that the 

observed motion is not driven by respiration or heartbeat. d, Cross-correlations 
between the brain motion and locomotion signals from (Fig. 3d). e, Locomotion-
triggered rostral-caudal and medial-lateral brain motion. Each colored line 
represents the locomotion-triggered average for a single trial (N = 153) and the 
black line is the mean with the shading showing the 90% confidence interval.  
The brain begins to move rostrally (R) and laterally (L) slightly before locomotion. 
f, Triggered averages of the cessation of locomotion. Each colored line represents 
the locomotion-triggered average for a single trial (N = 153) and the black line  
is the mean with the shading showing the 90% confidence interval. The brain 
moves caudally (C) and medially (M) to return to baseline following the transition 
from locomotion to rest.
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These results demonstrate that, in awake mice, locomotion is 
linked to brain motion, whereas respiration and heartrate are not 
substantial contributors to brain motion. However, brain motion fre-
quently preceded the onset of locomotion, suggesting that locomotion 
in and of itself does not cause brain motion within the skull.

Brain motion follows abdominal muscle contractions
The brain motion we observed often slightly preceded locomotion, 
which indicated that a force was being applied to the brain before loco-
motion onset. Intracranial pressure in mice increases sharply during 
locomotion (from 5–10 mm Hg to >25 mm Hg)8, indicating that there are 
large forces at work on the brain. The increase in intracranial pressure 

also precedes the onset of locomotion, and this cannot be attributed 
to vasodilation as it lags locomotion26. Furthermore, brain motion 
is unlikely to be due to postural changes as these also lag locomo-
tion onset27. We hypothesized that abdominal muscle contractions 
might contribute to brain motion because movements are preceded 
by abdominal muscle activation to stiffen the core in anticipation of 
body motion. We implanted electromyography (EMG) electrodes in 
the abdominal muscles of 24 mice while simultaneously monitoring 
brain movement (Fig. 3a). EMG power increased before the onset of 
locomotion (Fig. 3b,c), and there was a strong correlation between EMG 
power, which tracks muscle tension, and the motion of the brain (Fig. 3f 
and Supplementary Fig. 2c,d), with peaks in the cross-correlation at 

Br
ai

n 
sh

ift
 (µ

m
)

10

100

1,000

EM
G

 P
ow

er
(a

.u
.)

100 200 300

Time (s)
400 500 600

1

–1

0

EM
G

 (m
V)

6

–2

6
–2

Lateral

Medial
Rostral

Caudal

10 s

1 mV

Muscle

Skin

TrAIOEO

Recording site

a

d

f

e

g h

0
0–15 –10 –5 15105

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 c
ro

ss
-c

or
re

la
tio

n

Lags (s)

Rostral-Caudal
Medial-Lateral

0

0.6

0.8

0.7

0.5
5 10–10 –5

–2

0

2

4

–2

0

2

4

6

6

Br
ai

n 
sh

ift
 (µ

m
)

1,000

EMG power

10 100

1,00010 100

Lateral

Rostral

Caudal

Medial

Time (s)

∆
 B

ra
in

 s
hi

ft
 (µ

m
)

L

M
–1 0 1 2–2 3

1 µm
R

C

Time (s)

∆
 B

ra
in

 s
hi

ft
 (µ

m
)

–1 0 1 2–2 3

1 µm

b c

Time (s)

∆
 E

M
G

 p
ow

er
 (a

.u
.)

–1 0 1 2–2 3
Time (s)

∆ 
EM

G
 P

ow
er

 (a
u)

–1 0 1 2–2 3

1 a.u.1 a.u.

∆
 B

ra
in

 s
hi

ft
 (µ

m
)

L

M

Time (s)
–1 0 1 2–2 3

1 µm

R

C

Time (s)

∆
 B

ra
in

 s
hi

ft
 (µ

m
)

–1 0 1 2–2 3

1 µm

Time (s)
–0.5 0–1

1 a.u.

Locomotion

EMG EMG EMG EMG

100 µm
Locomotion

Fig. 3 | Abdominal muscle activation predicts brain motion. a, EMG electrodes 
were implanted in the abdominal musculature (left), which consist of three 
muscle layers (right): external oblique (EO), internal oblique and transverse 
abdominal (TrA). This was performed on all 24 mice used in these experiments, 
resulting in 316 recorded trials at 134 unique locations. b, Locomotion-triggered 
abdominal EMG power (orange) from a single representative trial (data in d). 
Black line: mean; shading: 90% confidence interval; N = 12 EMG events.  
c, The locomotion-triggered abdominal EMG averages for all trials (orange). 
Black line: mean; shading: 90% confidence interval; N = 108 EMG trials. The 
expanded view around the trigger (right) shows that the abdominal EMG 
increases before the onset of locomotion. d, Representative brain displacement 
and abdominal EMG. Note the degree of correlation between abdominal  
muscle contraction and motion of the brain within the skull. e, Two-dimensional 

histograms of abdominal EMG power and brain displacement in a single trial 
(data in d). f, Cross-correlation between abdominal muscle EMG power and 
brain position for data in d. Negative lags indicate EMG leads motion. g, EMG-
triggered averages for rostral-caudal and medial-lateral brain motion. Each 
colored line represents the EMG-triggered average for a single trial and the black 
line represents the mean with a shaded 90% confidence interval; N = 108 EMG 
trials. The brain begins to move rostrally and laterally simultaneously with the 
onset of abdominal muscle activation. h, Triggered averages of the cessation 
of abdominal muscle activity. Each colored line represents the EMG-triggered 
average for a single trial and the black line represents the mean with a shaded  
90% confidence interval; N = 108 EMG trials. The brain moves caudally and 
medially to return to baseline around the time that the abdominal muscles relax.
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negative lags, indicating the EMG leads. When we aligned brain 
motion to the onset of locomotion and to the onset of EMG activity, 
we observed that the motion invariably lagged EMG activity (Fig. 3g,h 
and Supplementary Fig. 4), but often preceded locomotion, which sug-
gested that abdominal muscle contraction before locomotion drove 
the displacement of the brain.

We then tested the relationship between brain motion and 
recruitment of abdominal musculature in nonlocomotor regimes. 
Respiration conditionally recruits abdominal musculature: although 
exhalation does not recruit abdominal musculature at rest, respiratory 
distress conditionally elicits active expiration through abdominal 
muscle contraction28. Under deep anesthesia, we observed active 
expiration as revealed by the onset of abdominal EMG power bursts 
locked to respiratory rhythm. These EMG bursts were also locked to  
brain motion (Extended Data Fig. 5b,d and Supplementary Video 5). 
During periods of shallow, rapid breathing, both EMG power and brain 
motion were reduced (Extended Data Fig. 5d). Finally, we observed 
instances of abdominal muscle activation and brain motion in the 
absence of locomotion (Extended Data Fig. 5e and Supplementary 
Video 3). These results are consistent with the hypothesis that abdomi-
nal muscle activation is responsible for driving brain motion across a 
wide variety of physiological regimes.

Vertebral venous plexus provides a hydraulic link between 
abdomen and CNS
How could forces generated by abdominal muscle contraction reach 
the brain? In humans, abdominal muscle activation drives an increase 
in intra-abdominal pressure (IAP)29. These increases in IAP are commu-
nicated to the brain and spine30 through the vertebral venous plexus 
(VVP)31—a network of valveless veins that connect the abdomen and 
spinal canal32,33. The VVP is thought to function like a hydraulic sys-
tem that provides circulatory regulation during postural changes, 
in which pressure in one compartment (the abdomen) exerts pres-
sure on another (the spinal column) through the movement of fluid 
(blood) from higher-pressure regions to lower-pressure regions. How-
ever, whether mice possess a VVP was unknown. We filled the vascular  
system of two mice (one Swiss Webster and one C57bl/6) with a radio
paque tracer, imaged them using micro computed tomography 
(microCT), and reconstructed the vasculature around each vertebral 
column (Fig. 4, Extended Data Fig. 6 and Supplementary Video 6).

We found the lumbar and sacral vertebrae, but not the thoracic 
vertebrae, had small ventral foramina that communicate with the  
spinal canal (Fig. 4e). These foramina were typically in pairs and located 
on both sides of the vertebral body, although some vertebrae possess 
only one. Blood vessels were observed clearly to communicate through 
these holes into a vascular network that lined the walls of the spinal 
cavity, providing a physical link between the abdominal compartment 
and the CNS. The diaphragm partitions the thoracic and abdominal 
cavities while also separating the VVP-connected lumbar and sacral 
vertebrae from the thoracic vertebrae that lack VVP communication 
pathways. This separation allows the VVP to transmit abdominal (but 
not thoracic) pressure changes to the CNS. In humans, intra-abdominal 
pressures rise drastically (~90 mm Hg) when the abdominal muscles 
are contracted27. A pressure increase of this magnitude will drive some 
of the blood in the abdomen into the spinal canal, narrowing the dural 
sac. This results in cranial CSF flow that raises intracranial pressure and 
drives brain motion (Fig. 4k).

Brain motion induced by externally applied  
abdominal pressure
If the mechanical coupling between the abdomen and central nervous 
system through the VVP drives brain motion, then we reasoned that 
passively applied pressures to the abdomen should drive similar brain 
movements. To test this idea, we constructed a pneumatic pressure cuff 
(Supplementary Fig. 5) to apply controlled pressure to the abdomen of 

lightly anesthetized (~1% isoflurane in oxygen) mice (Fig. 5). We were 
careful to apply the pressure only to the abdomen, not the thorax, and 
used video monitoring to ensure the spine was not being stretched 
or elevated. We observed that the brain began moving rostrally and 
sometimes laterally within the skull shortly following the onset of 
the abdominal compression (Fig. 5e and Supplementary Video 7).  
Furthermore, the brain began moving back to its baseline position 
immediately upon relief of the abdominal pressure. This suggests  
that abdominal pressure can alter the position of the brain within the 
skull rapidly and substantially.

Motion generates fluid flow out of the brain in simulation 
models with simplified brain geometry
The movement of CSF/ISF into, through and out of the brain through 
the glymphatic system is important for the clearance of waste13, and 
recent work has pointed to the mechanical forces generated by the 
dilation or constrictions of blood vessels in generating this fluid 
motion14–16,34. We hypothesized that the large movements that we see 
of the entire brain could drive fluid motion of a different sort. However, 
although fluid flow in the subarachnoid space and ventricles can be 
visualized in certain instances18,35, the rapid dynamics of any 
motion-driven fluid flow through the parenchyma and around the brain 
in the awake animal is not accessible to current imaging techniques in 
behaving mice. Therefore, we simulated the fluid flow produced by a 
squeezing action on the spinal cord using a poroelastic model of the 
brain and spinal cord16,36–39 (Fig. 6). We used a simplified model geom-
etry as a ‘proof-of-principle’ that brain motion can induce the move-
ment of fluid. This geometry is meant to represent the relevant length 
scales of the CNS overall and of the subarachnoid space (SAS) in par-
ticular. Our axisymmetric model of a brain with simplified geometry 
incorporated a rostral outflow point corresponding to the cribriform 
plate and a compliant vascular portion in the brain corresponding to 
the bridging veins40 to buffer pressure changes (Fig. 6a). As the CNS 
aqueducts (for example, Luschka’s) cannot be represented in an axisym-
metric geometry, our model connects a single internal ventricle with 
the SAS through the central canal. Although Fig. 6a is not to scale, the 
geometry used in the simulations is based on the mouse anatomy (cf. 
Supplementary Table 1). Our mathematical model is provided in the 
Supplementary Information and is detailed in ref. 39. The model is 
based on mixture theory whereby several phases can coexist at a point 
in space. Our mixture consists of only two phases: a solid and a fluid. 
By ‘poroelastic domain’ we mean a deformable solid skeleton saturated 
by the fluid. The amount of a phase at a point is described by its volume 
fraction. The body’s porosity is the fluid’s volume fraction. As the defor-
mation affects local volume changes, the porosity changes accordingly. 
The deformation of the solid phase and fluid flow are fully coupled: 
just like in a wet sponge, a change of shape in the body will cause the 
fluid to be redistributed within the body; vice versa, the fluid flow can 
affect the shape of the body. We consider a poroelastic domain labeled 
ΩBR  (Fig. 6a) occupied by brain parenchyma saturated with ISF. The 
initial porosity of ΩBR  was set to a uniform value of 20%. ΩBR  is sur-
rounded by a poroelastic domain with a uniform initial porosity of 80% 
representing the SAS, the central canal and a central ventricle. These 
fluid-rich compartments form a single domain we denoted by ΩSAS  
(Fig. 6a). The interface between ΩSAS and ΩBR, denoted by Γ, is assumed 
to be both permeable and coherent. The permeability of Γ allows the 
deformation to cause fluid movement from one domain to the other. 
The coherence of Γ constraints the displacement of the solid phase 
over ΩBR ∪ΩSAS  to be continuous across Γ. Not only do the domains 
ΩSAS  and ΩBR  differ in their initial porosity, they also differ in their 
physical properties (for example, permeability and elastic shear mod-
ulus; cf. Supplementary Table 1). To study the fluid exchange between 
ΩSAS and ΩBR, the interface Γ has been partitioned as indicated at the 
bottom of Fig. 6e. Given that the fluid phase can be convected by the 
solid motion and that the porosity evolves, we describe the fluid’s 
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redistribution induced by deformation through filtration velocity, 
namely, the velocity of the fluid relative to the solid scaled by the (point-
wise) value of the fluid’s porosity. We simulated pressure application 
to the distal spinal cord to mimic abdominal muscle contraction such 

that the model gave intracranial pressure changes and brain motion 
consistent with our experimental observations (Fig. 6b,c). We then 
used the model to see what the corresponding fluid flows (Fig. 6d,e) 
were in and around the brain. Deformation immediately following the 
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squeeze redistributed the fluid initially present in ΩSAS and ΩBR, with 
a net flow of fluid out of the brain (Fig. 6e) into the subarachnoid space. 
This flow is quantified by integrating the component of the filtration 
velocity normal to the interface Γ over its various parts. A positive value 

of the filtration volumetric flow corresponds to motion out of the brain 
domain into the other domain. To help localize the quantification of 
the filtration volumetric flow, we partitioned the interface into four 
parts (Fig. 6e): ΓBR, ΓV, ΓCC and ΓSC with areas (measured in the revolved 
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shading: 90% confidence interval; N = 109 abdominal compression trials. The brain 
begins moving immediately upon abdominal pressure application and continues 
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mean; shading, 90% confidence interval; N = 109 abdominal compression trials.
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geometry of the initial configuration and expressed in mm2) of 312.7, 
3.215, 13.80 and 390.1 and 390.1, respectively.

The direction of the fluid flow relative to the solid motion over the 
top portion of ΩBR can be deduced from the streamlines of the filtration 
velocity (Fig. 6d; for an animated GIF of the streamlines for the entire 
simulation interval, see Supplementary Video 10). The visualization 
of the same field over ΩSAS is challenging due to the very small thickness 
of this domain. Hence, we reported details about the fluid flows across 
specific cross-sections within both the brain and SAS domains in 
Extended Data Fig. 7. This brain motion induced flux across the brain 
surface was large, corresponding to several times the normal CSF 
production rate (~1 nl s−1)41 (Fig. 6e), meaning that brain-motion-induced 
fluxes could be the dominant driver of fluid flow in the awake brain. 
These flows are in the opposite direction of the glymphatic flow seen 
during sleep20 and consistent with experimental observations that 
tracers infused into the cisterna magna in awake mice do not enter into 

the cortex21. Our simulations showed that flows across the cranial and 
spinal SAS are orders of magnitude larger than those across the ventri-
cle and central canal surfaces (Fig. 6e).

We saw similar patterns of fluid flow out of the brain when we var-
ied the outflow resistance/bridging vein compliance within ranges that 
produced physiologically realistic intracranial pressure changes and 
brain motions, suggesting that these results hold generally (Extended 
Data Figs. 8 and 9). The simulations predicted rostral/medial motion 
at the rostral tip of the brain (Fig. 6f and Extended Data Fig. 7d). We 
performed imaging of brain motion dynamics in the corresponding 
position in the brain, the olfactory bulb and also saw rostral/medial 
motion (Supplementary Fig. 6 and Supplementary Video 8), indicating 
that our simple model geometry is capturing the fundamental aspects 
of brain motion. Because the solid phase in our model has an elastic 
response, and because the boundary conditions we adopted allow it, 
it is expected that the system will eventually recover its initial state 
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Fig. 6 | Computational results from a finite element simulation of the flow 
induced by a squeeze of intensity p0 = 20 mm Hg applied over the squeeze 
zone. The duration of the squeeze pulse is 2 s. The duration of the simulation is 
10 s. The simulation is based on equations (1)—(9). The boundary conditions are 
described in the Supplementary Information. The parameters used in the 
simulation are found in Supplementary Table 1. As mentioned in the main text, 
the geometry we consider includes a rostral outflow point corresponding to the 
cribriform plate and a compliant vascular portion in the brain corresponding to 
the bridging veins to buffer pressure changes. These two elements are accounted 
for in the simulation by resistance boundary conditions (see ‘Boundary 
conditions’ section in the Supplementary Information). These resistances have 
similar mathematical expressions (Supplementary Table 1) and differ in the value 
of two resistance scaling parameters, denoted by αCS (for the central sinus) and 
αout (for the rostral outflow). Here their values are αCS = 106 and αout = 6× 108. 
a, Initial geometry (not to scale) detailing model domains and boundaries. ΩBR: 
brain and spinal cord domain (tan); ΩSAS: CSF-filled domain (cyan); Γ: ΩBR −ΩSAS 
interface (red); Γext: external boundary of meningeal layer (blue); ΓSZ: squeeze 
zone (orange); Γout: outlet boundary representing the cribriform plate CSF 
outflow pathway (green); ΓCS: central sinus boundary (purple). b, Average of pore 
pressure (in mm Hg) over ΩBR excluding the spinal cord over time. c, Spatial 

distribution of pore pressure (in mm Hg) over ΩBR ∪ΩSAS at t = 1 s during the 
squeeze pulse. d, Streamlines of filtration velocity vflt (that is, curves tangent to 
filtration velocity field; red lines with direction indicated by arrow tips) within 
ΩBR excluding the spinal cord, at t = 1 s (left, middle of the squeeze pulse) and 
t = 3 s (right, a squeeze pulse time interval from t = 1 s). The streamlines overlay 
the color plot of the filtration velocity magnitude (in nm/s), computed as 
|vflt| = √v2flt,r + v

2
flt,z . The colorbar range is limited to 10 nm s−1 to emphasize the 

spatial variation of the field. The maximum and minimum values of the field are 
indicated next to the triangles at the top and bottom of the colorbar, respectively. 
Because the SAS is extremely thin, the streamlines in this region are not shown.  
e, Volumetric fluid exchange rate Qflt (in nL s−1) over time across: the brain shell 
surface ΓBR (blue), spinal cord surface ΓSC (green), ventricle surface ΓV (red) and 
central canal surface ΓCC (light blue). Qflt > 0: fluid flow from ΩBR into ΩSAS. Qflt is 
computed as the integral of the normal component of filtration velocity over the 
surfaces indicated. The plot displays four lines, two that are seen easily (blue and 
green lines), and two that overlap and appear as horizontal lines near zero (red 
and light blue lines). This is due to the different orders of magnitude of Qflt across 
the different portions of Γ. f, Rostro-caudal (ros-cau) (blue) and medio-lateral 
(med-lat) (green) motion of point Pbr on the brain surface (inset) over time 
caused by the squeeze pulse.
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once the VVP mechanical stimulus is removed. This recovery can be 
observed in the displacement curves in Fig. 6f. It can also be observed 
in the trajectories in Extended Data Figs. 7d, 8f and 9f, which also show 
that the recovery does not happen uniformly over the system. An addi-
tional quantity that indicates the recovery is the volume of the central 
sinus (Supplementary Fig. 7). The relevance of these observations is 
that the system’s recovery is a physiological feature evident in our 
empirical data. From a modeling perspective, it is therefore important 
for our model to allow for a recovery. At this stage of development, our 
model is too simple to accurately match the dynamics of the observed 
recovery, also because our model does not include any element of 
physiological active control. This said, the challenge of matching the 
observable dynamics offers an opportunity for model improvement 
and verification.

In toto, our simulations indicate that brain motion could cause fluid 
flows out of the brain, in the opposite direction of glymphatic flow dur-
ing sleep, potentially explaining why the quiescence during sleep seems 
to be required to drive fluid flow through the glymphatic system21.

The parameter values used in the simulations were chosen to pro-
vide some agreement with the empirical measurements (brain surface 
displacement and intracranial pressure). It is important to acknowledge 
that there is uncertainty in the permeability of brain tissue. For example, 
Holter and colleagues42 report various values of brain neuropil perme-
ability between 10.3 nm2 and 16.6 nm2. These values are two orders of 
magnitude smaller than some other measurements (see ref. 16) and, 
although they are not intended to account for the possibility of bulk 
flow in brain parenchyma, they do represent an important reference  
to consider. In previous works from our group (see ref. 16), we had used 
a value of nominal permeability of 2 × 10−15 m2. In this paper, we used 
a nominal value for the brain parenchyma permeability of 2 × 10−17 m2, 
which is in line with the values used by Holter et al.42. For the sake of 
comparison, we also included some results with higher permeability 
values, namely, 2 × 10−15 m2 and 2 × 10−16 m2. These results are com-
bined with those in Fig. 6e and presented in Extended Data Fig. 10.

Discussion
Our work suggests that the brain is not isolated mechanically from 
the body, but rather is coupled very closely to the abdominal cavity, 
probably through the VVP. In humans, the VVP is thought to help buffer 
intracranial pressure31, but its role in rodents is puzzling as the hydro-
static pressure gradients in a mouse will be much smaller than those in 
a human, both overall and relative to their respective arterial pressures. 
This hydraulic system could generate brain motion within the skull and 
drive CSF flow out of the brain into the subarachnoid space. Simula-
tions suggest that brain motion driven by this mechanical coupling 
pushes fluid out of the brain, potentially explaining why injected tracers  
do not enter into the cortex in awake animals, but do so readily  
during sleep21. Tension by spinal nerves43 during the motor act of 
locomoting are unlikely to have generated brain motion in this experi-
ment because we observed brain motion in the absence of changes in 
body configuration, and we see respiration-linked brain motion when 
abdominal muscles are engaged during deep breathing under deep 
anesthesia. Our simulations with a simplified brain geometry show 
that brain motion of the observed magnitude and could be induced by 
the force exerted by the VVP on the spinal cord (Extended Data Fig. 7f).

There are several caveats to our study. One is that the mice were 
head-fixed, preventing the normal forces generated by head motion 
from acting on the brain. However, the forces created by head move-
ment in mice are much smaller than those generated by IAP and 
intracranial pressure changes. Measurements in freely behaving mice 
show self-generated accelerations of the order of 1 g44, resulting in 
a force of ~4 mN (9.8 m s−2 × 0.4 g brain mass). The forces generated 
by a 10 mm Hg anterior-posterior pressure change8 on the ~30 mm2 
coronal cross-sectional area of the mouse brain will be substantially 
larger than those generated by head motion, on the order of ~40 mN 

(1,333 N m−2 × 30 × 10−6 m2). In contrast, head motion-generated forces 
will be greater in humans where the brain mass is several orders of mag-
nitude larger, though intracranial pressure changes are also greater in 
humans than in mice45. We only imaged the dorsal portion of the brain, 
and there is almost certainly movement and/or strain in subcortical 
areas and potentially in the region around the sagittal sinus. Because 
we only image a small field of view, we would not be able to detect any 
small strains that integrated over the entire brain could contribute to 
the observed motion. We estimated ~1 µm of z motion in both the brain 
and skull (Extended Data Fig. 2) whose most parsimonious explanation 
is that brain and skull are both moving together in the same direction, 
but there could be a z motion of up to ~2 µm of the brain relative to 
the skull. Finally, our model has a simplified, cylindrically symmetric 
anatomy in which the brain and spinal tissue is homogenous. Although 
the model has fluid communication between the ventricles and sub
arachnoid space down the central canal, it lacks the connection of the 
ventricles through the Foramens of Magendie and Luschka. Future work 
with more anatomically detailed models could potentially reveal more 
complicated patterns of fluid movement. Another limitation of our 
current model is the lack of any active physiological regulation of the 
CNS. As discussed earlier, our model does allow the system to recover 
its initial state after the VVP squeeze. However, we cannot claim that the 
temporal dynamics of the recovery is physiologically accurate because 
the dynamics of the current model is governed by physical properties 
such as the fluid viscosity and the elastic shear modulus of the solid 
phase that are fundamentally passive. We believe that this limitation is 
acceptable in this study because the focus of our mathematical model 
was an estimation of the fluid flow resulting from the fast mechanical 
stimulus promoted by the VVP.

Our results indicate a potential link between the brain and viscera 
state, mediated by abdominal pressure. This work builds on previous 
work on brain motion driven in humans46. In addition to brain motion 
driven by cardiac pulsations4, respiration47 (which causes changes 
in IAP due to the diaphragm pushing on the viscera), and the Vals-
alva maneuver48,49 (which engages the abdominal muscles), can both 
drive brain motion. The amplitude and nature of brain motion can be 
changed by pathologies such as intracranial hypertension, meningioma 
and Chiari malformations46,50–52, suggesting that brain motion could 
be used as a biomarker46. Obesity53 elevates IAP, which could disrupt 
the normal flow of blood between the abdominal cavity and spinal 
canal and/or lead to remodeling of the VVP. Alteration of blood flow 
and pressure gradients between the abdomen and spinal canal could 
reduce the movement of the brain and CSF circulation, contributing 
to the adverse effects of obesity on cognitive function54. Reduction of 
abdominal pressure though voiding or defecation55 may partly con-
tribute to their impacts on cognition56,57. Mechanical coupling between 
the abdomen and the brain is especially interesting considering the 
functional mechanosensitive channels in CNS neurons58 and glia59, as 
the forces that cause brain motion could also activate mechanosensi-
tive channels in the brain. In addition to interoceptive pathways in the 
viscera, the direct signaling through mechanical forces to the brain may 
play a role in communicating internal states to the brain.

The simulations also indicate the importance of accounting for the 
deformation of vascular compartments, such as the central sinus. This 
observation adds to considerations coming from existing literature 
on the glymphatic system, emphasizing the importance of capturing 
the interaction between vascular dynamics and brain motion in the 
understanding of brain waste clearance.
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Methods
All experiments were done in accordance with National Institutes of 
Health (NIH) guidelines and approved by the Penn State Institutional 
Animal Care and Use Committee (protocol no. 201042827). We imaged 
30 (15 male) Swiss Webster (Charles River, cat. no. 024CFW) mice. We 
chose Swiss Webster mice as the dorsal skull is substantially flatter 
than other mouse strains, their skull bones are fused and their larger 
size made it easier to implant abdominal muscle EMG electrodes. 
Qualitatively, the brain motion we observe is similar in magnitude to 
previous reports in C57Bl/6 mice2. For microCT studies we used one 
C57BL/6 mouse (male, 27 weeks) and one Swiss Webster mouse (female, 
8 weeks). Confocal imaging of histological sections was done in the 
Huck Institutes’ Microscopy Core Facility (RRID: SCR_024457) with a 
Leica SP8 DIVE Multiphoton Microscope. No animals were excluded. 
No statistical methods were used to predetermine sample sizes but our 
sample sizes are similar to those reported in previous publications17,61. 
Data distribution was assumed to be normal but this was not tested 
formally. Data collection and analysis were not performed blind to the 
conditions of the experiments. Animals were not randomized.

One month before window implantation, expression of GFP 
across brain cells22 was induced using retroorbital injection of 10 μl 
AAV (Addgene, cat. no. 37825-PHPeB, 1 × 1013 vector genomes (vg) ml−1) 
in 90 μl H2O (Supplementary Fig. 1b). We implanted a PoRTS window, 
with the additional step that fluorescent microspheres were applied to 
the surface of the skull (Fig. 1c and Supplementary Fig. 1a). In all mice, 
EMG electrodes were implanted in the abdominal muscles. Mice were 
then habituated to head fixation over several days before imaging.

Window and abdominal EMG surgery
Mice were anesthetized with isoflurane (5% induction, 2% maintenance) 
in oxygen throughout the surgical procedure. The scalp was shaved, 
and an incision was made from just rostral of the olfactory bulbs to the 
neck muscles, which was opened to expose the skull. A custom 1.65-mm 
thick titanium head bar was adhered to the skull using cyanoacrylate 
glue (Vibra-Tite, cat. no. 32402) and dental cement. To assist with head 
bar stabilization, two small self-tapping screws ( J.I. Morris, cat. no. 
F000CE094) were inserted in the frontal bone without penetrating the 
subarachnoid space and were connected to the head bar with dental 
cement. A PoRTS window was then created over both hemispheres23. 
Windows typically spanned an area from lambda to rostral of bregma 
and were up to 0.5-cm wide, spanning across somatosensory and visual 
cortex. This allowed for maximum viewable brain surface. The skull was 
thinned and polished, and 1-μm diameter fluorescent microspheres 
(Invitrogen, cat. no. T7282) were spread across the surface of the 
thinned-skull areas (2 µl, 910,000 particles µl−1) and allowed to dry. 
The beads tended to form rings, similar to the patterns produced by 
drying coffee62. They were then covered with cyanoacrylate glue and a 
0.1-mm-thick borosilicate glass piece (Electrode Microscopy Sciences, 
cat. no. 72198) cut to the size of the window. The position of bregma 
was marked with a fluorescent marker for positional reference, allow-
ing for anatomical mapping across mice and a method of returning to 
imaging locations across several recording sessions.

To implant abdominal EMG electrodes, an incision 1 cm long was 
made in the skin below the rib cage to expose the oblique abdominal 
muscle. A small guide tube was then inserted into this incision and tun-
neled subcutaneously it reached the open scalp. Two coated stainless 
steel electrode wires (A-M Systems, cat. no. 790500) were inserted 
through the tube until the ends were exposed though both incisions, 
allowing the tube to be removed while the wires remained embedded 
under the skin. Two gold header pins (Mill-Max Manufacturing Corpo-
ration, cat. no. 0145-0-15-15-30-27-04-0) were adhered to the head bar 
with cyanoacrylate glue and the exposed wires between the header and 
neck incision were covered with silicone to prevent damage. Each wire 
exiting the abdominal incision was stripped of a section of coating and 
threaded through the muscle ~2 mm parallel from each other to allow 

for a bipolar abdominal EMG recording63. A biocompatible silicone 
adhesive (World Precision Instruments, KWIK-SIL) was used to cover 
the entry and exit of the muscle by the wires for implantation stability. 
The incision was then closed with a series of silk sutures (Fine Science 
Tools, cat. no. 18020-50) and Vetbond (3M, cat. no. 1469).

Multiplane imaging
To switch the focal plane rapidly between the brain and the skull, we 
integrated an electrically tunable lens (ETL) (Optotune, cat. no. EL-
16-40-TC-VIS-5D-C) into the laser path (Extended Data Fig. 1a). The 
ETL was placed adjacent to and parallel with the back aperture of the 
microscope objective (Nikon, cat no. CFI75 LWD 16X W) to maximize 
axial range, avoid vignetting64 and remove gravitational effects on 
the fluid-filled lens that could alter focal plane depth or cause image 
distortion65. An ETL controller (Gardasoft, cat. no. TR-CL180) was used 
to control the liquid lens curvature. Preprogrammed steps in the cur-
vature created rapid focal plane changes that were synchronized with 
image acquisition using transistor-to-transistor logic (TTL) pulses from 
the microscope. A microcontroller board (Arduino, Arduino Uno Rev3) 
was programmed to pass the first TTL pulse of every rapid stack to the 
ETL controller, which triggered a program that changed the lens cur-
vature at predefined intervals (Extended Data Fig. 1b). The parameters 
of these steps were based on the frame rate, axial depth and number of 
images within the stack and were chosen to ensure the transitions of 
the lens’ curvature were done between the last raster scans of a frame 
and the beginning scans of the subsequent frame. The ability to trigger 
each rapid image stack independently using the microscope ensured 
consistent synchronization of the ETL and two-photon microscope 
even over long periods of data collection.

ETL calibration
We calibrated the ETL-induced changes in focal plane against 
those induced by translating the objective along the z axis 
(Extended Data Fig. 1). To generate a three-dimensional structure 
for calibration, strands of cotton were saturated with a solution of 
fluorescein isothiocyanate and placed in a 1.75-mm slide cavity (Caro-
lina Biological Supply Company, cat. no. 632255). These cotton fibers 
were then suspended in optical adhesive (Norland Products, cat. no. 
NOA 133), covered with a glass cover slip, and cured with ultravio-
let light (Extended Data Fig. 1d,e). At baseline, an ETL diopter input 
value of 0.23 was used as baseline as this generated a working distance 
closest to what would occur without an ETL. The objective was then 
stepped physically in the axial direction for 400 μm up and down in 
5-μm steps, spanning 800 μm axially. The objective was then moved 
to the center of the stack and the diopter values were changed from 
−1.27 to 1.73 in 0.1 diopter steps while the objective was stationary, 
averaging 100 frames at each diopter value to obtain an image stack. 
The spatial cross-correlation between a single frame of the diopter 
stack and each frame of the objective movement stack were calcu-
lated to determine the change in focus location for each diopter value. 
This procedure was performed at three separate locations on the sus-
pended fluorescein isothiocyanate cotton (Extended Data Fig. 1f). We 
performed calibrations of the magnitude across the usable range of 
ETL diopter values. Although the difference in micrometers per pixel 
scaling relative to the baseline focal values was large across extremes 
in ETL-induced axial focal plane shift, the typical range used for imag-
ing the brains of mice (<100 μm) had a negligible effect (~0.01 µm per 
pixel) (Extended Data Fig. 1g).

To account for distortions of the image within the focal plane, 
we imaged a fine mesh copper grid (SPI Supplies, cat. no. 2145C-XA) 
(Supplementary Fig. 8). This square grid had 1,000 lines per inch (19-µm 
hole width, 6-µm bar width). These values were used to determine the 
micrometers per pixel in the center of each hole in both the x and y 
direction. This allowed us to generate two three-dimensional plots of x, 
y and micrometers per pixel points that were then fitted with a surface 
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plot for distance calculations. The residuals of this fit were very small 
(nearly all <0.025 µm per pixel, Supplementary Fig. 8), showing that 
we can account for nearly all the distortion.

EMG, locomotion and respiration signals
EMG signals from oblique abdominal muscles were amplified and band 
pass-filtered between 300 Hz and 3 kHz (World Precision Instruments, 
cat. no. SYS-DAM80). Thermocouple (Omega Engineering, cat. no. 
5SRTC-TT-K-20-36) signals were amplified and filtered between 2 Hz 
and 40 Hz (Dagan Corporation, cat. no. EX4-400 Quad Differential 
Amplifier)11. The treadmill velocity was obtained from a rotary encoder 
(US Digital, cat. no. E5-720-118-NE-S-H-D-B). Analog signals were cap-
tured at 10 kHz (Sutter Instrument, MScan).

The analog signal collected from the rotary encoder on the ball 
treadmill was smoothed with a Gaussian window (MATLAB function: 
gausswin, σ = 0.98 ms). Locomotion event onset was determined using 
a threshold between 0.05 and 0.1 m s−1 depending on mouse activity lev-
els. EMG signal recorded from the oblique abdominal muscles from the 
mouse were filtered between 300 Hz and 3,000 Hz using a fifth-order 
Butterworth filter (MATLAB functions: butter, zp2sos, filtfilt) before 
squaring and smoothing (MATLAB function: gausswin, σ = 0.98 ms) 
the signal to convert voltage to power. Abdominal EMG contraction 
onset was determined using a threshold of ~100, or one order of mag-
nitude increase from baseline power levels. The thermocouple signal 
was filtered between 2 Hz and 40 Hz using a fifth-order Butterworth  
filter (MATLAB functions: butter, zp2sos, filtfilt) and smoothed with a 
Gaussian kernel (MATLAB function: gausswin, σ = 0.98 ms).

Abdominal pressure application
A custom-made pneumatically inflatable belt (Supplementary Fig. 5a) 
was fabricated to directly apply pressure to the abdomen of mice. It 
consisted of three plastic bladders that were fully wrapped around the 
mouse abdomen. The belt was positioned between the rib cage and 
the hip bones of the mouse to ensure that pressure was applied only to 
the abdominal compartment between the diaphragm and pelvic floor. 
The belt was inflated with 7 psi of pressure to apply a steady squeeze 
for 2 s with 30 s of rest between squeezes to allow for a return to base-
line (Supplementary Fig. 5b). The abdominal compression belt was 
oriented so that inflating portion was underneath the mouse so that 
no compression or tension was imparted to the spine longitudinally, 
as this could affect the results by pushing or pulling on the spine itself. 
Mice were observed with a behavioral video camera during imaging to 
check for potential compression-induced body positional changes and 
to monitor respiration.

Motion tracking
Brain and fluorescent skull bead frames were deinterleaved. Each frame 
was then processed with a two-dimensional spatial median filter (3 × 3, 
MATLAB function: medfilt2). Occasionally, a spatial Gaussian filter 
(ImageJ function: Gaussian Blur) and contrast alterations (ImageJ  
function: Brightness/Contrast) were also applied before the median 
filter if the signal to noise ratio of the images resulted in poor 
tracking analysis.

At least three locations within the image sequence were cho-
sen as targets for tracking. These template targets were regions of 
high spatial contrast (for example cell bodies) selected manually and 
then averaged by pixel intensity across 100 frames during a period 
without brain motion to reduce noise for a robust matching tem-
plate. Following the target template selection, a larger rectangular 
region of interest enclosing the template area was selected manually 
(MATLAB function: getpts) to restrict the search spatially (Fig. 1d and 
Extended Data Fig. 2d,f).

For tracking, a MATLAB object was created (MATLAB object: vision.
TemplateMatcher). A three-step search method was typically deployed 
at this step to increase computational speed for long image sequences. 

The sum of absolute differences between overlapping pixel intensi-
ties was calculated between the target and search windows, and the 
minimum value was chosen as the target position within the image. To 
monitor motion tracking, a displacement vector was then calculated 
that showed the motion in pixels between the current and previous 
image frames which was used to translate each image into a stabilized 
video sequence (MATLAB function: imtranslate). For visualization, a 
stabilized image was displayed alongside the target box displacement 
in the original image (MATLAB object: vision.VideoPlayer) to aid in 
checking manually for tracking failure.

Once the displacement in pixels was calculated for each target 
in a frame, the matrix of these values was searched for unique rows 
(MATLAB function: unique) to determine the number of unique target 
locations within the image. We then calculated the corresponding real 
distance between each unique location and the midlines of the image. 
A line was drawn between the image midline and the pixel location of 
the target. Then the calibration surface plot that depicts the calibration 
value in micrometers per pixel at each pixel for both x and y directions 
was integrated across this line (Supplementary Fig. 8c, MATLAB func-
tion: trapz) to determine the distance in micrometers from the vertical 
and horizontal midline of the image. The real distance traveled between 
sequential frames was then calculated using these references by finding 
the difference of the target distances from the center of each frame. 
Performing the unique integrations first greatly increased the speed of 
processing the data. Motion was averaged across targets filtered with a 
Savitzky–Golay filter (MATLAB function: sgolayfilt) with an order of 3 
and a frame length of 13 (at a nominal frame rate of 19.78 frames s−1)66. 
This filter was not applied to the position data in Fig. 2c before analyz-
ing the frequency spectrum of the brain motion and its coherence 
with the thermocouple signal. The s.e.m. was calculated among the 
targets for each frame as well as the 90% probability intervals of the 
t-distribution (MATLAB function: tinv). The 90% confidence interval 
of the average object position in x and y was then calculated using the 
s.e.m. and the probability intervals for the three signals at each frame 
(Extended Data Fig. 4b). The displacement of the fluorescent micro-
spheres on the skull was then subtracted from the displacement of 
the brain to obtain a measurement of the motion of the brain relative 
to the skull.

Motion direction quantification
We used principal component analysis to find the primary direction 
of brain motion. Displacement data was first centered around the 
mean, then the covariance matrix of the positional data was calcu-
lated (MATLAB function: cov). The eigenvectors of this covariance 
matrix were then calculated (MATLAB function: eig) to determine the 
direction of the calculated principal components. To determine the 
magnitude of the vector, we took the mean of the largest 20% of the 
displacements from the origin (MATLAB function: maxk) (Fig. 2a). We 
took the top 20% rather than the amplitude of the leading eigenvalue 
of the principal component because the eigenvalue is sensitive to 
locomotion amount. The amplitude of the leading principal com-
ponent increases not just with the displacement amplitude, but also 
with the amount of time spent locomoting, so, for the same amount of 
locomotion-related displacement, the leading eigenvalue will be larger 
if there is more locomotion. To avoid this interpretation issue with the 
leading eigenvalue, we averaged the top 20% of the displacements, 
which proved robust to locomotion amount. This was done for each of 
the 316 recorded trials at 134 unique locations in 24 mice, where each 
trial is a continuous 10-min recording. For locations with several trials, 
motion vectors were averaged to produce a single vector (Figs. 2b and 
5d and Extended Data Fig. 3b).

MicroCT and vascular segmentation
A C57BL/6 mouse (male, 27 weeks) and Swiss Webster mouse (female, 
8 weeks) were anesthetized with 5% isoflurane in oxygen and perfused 
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a radiopaque compound (MICROFIL, MV-120) to label the vasculature. 
The mice were then scanned with a microCT scanner (GE v|tome|x L300) 
at the PSU Center for Quantitative Imaging core (RRID: SCR_026734). 
The C57BL/6 mouse was imaged from the nose to the base of the tail, 
covering 99.36 mm separated into 8,280 slices with an isotropic pixel 
resolution of 12 μm. The Swiss Webster mouse was imaged from the 
diaphragm to the caudal edge of the hip bones, covering 49.73 mm 
separated into 4,144 slices with an isotropic pixel resolution of 12 μm 
(Supplementary Video 9). Images were collected using 75 kV and 180 μΑ 
with aluminum filters for best contrast of tissue densities. Segmenta-
tion was done with Slicer 3D52,67. Thresholding (3D Slicer function: 
thresholding) was first used to isolate the bone, and all voxels above a 
manually chosen intensity threshold were retained. Voxels that were 
preserved by the threshold tool but not required for the segmenta-
tion were removed within user-defined projected volumes (3D Slicer 
function: scissors). The result was a high-resolution reconstruction of 
the skull, ribs, vertebrae, hips and other small bones along the length 
of the mouse that retained their inner cavities. Segmentation of the 
vasculature surrounding the spine and skull was more difficult than 
isolating the bone because of the overlap in voxel intensity between the 
small vessels and the surrounding bone and tissues. The contrast agent 
also filled other organs (for example, liver) with a similar intensity, so a 
simple threshold could not be used for the vasculature. We separated 
the vessels by using a freeform drawing tool (3D Slicer function: draw) 
to encapsulate the desired segmentation area for a single slice in two 
dimensions while ignoring unwanted similar contrast tissues. This pro-
cess was repeated along the spine with a spacing of ~100 to 200 slices 
between labeled transverse areas. Once enough transverse freeform 
slices were created, they were used to create a volume by connecting 
the outer edges of consecutive drawn areas (3D Slicer function: fill 
between slices). This served as a mask that required all segmentation 
tools used to focus only on the voxels within the defined volume and 
ignore all others. The initial segmentation of the vasculature was cre-
ated using a flood filling tool (3D Slicer function: flood filling). This 
tool labels vessels that are clearly connected within and across slices to 
quickly segment large branches of the network. The masking volume 
was used here to ignore connections to vessels or organs outside of 
the wanted space. The flood fill tool did not detect some connecting 
vessels, particularly ones located near the inner and outer surfaces of 
the vertebrae. In these instances, we utilized a segmentation tool that 
finds areas within a slice that shares the same pixel intensity around 
the entire edge (3D Slicer function: level tracing) to fill these gaps. 
In comparison to the bone, the three-dimensional reconstruction of 
the vessels was not smooth as they were smaller and had much more 
voxel intensity overlap with surrounding tissues and spaces. Thus, the 
segmentation was processed with a series of slight dilation operations 
that were followed by a matched erosion (3D Slicer function: mar-
gin). This technique of growing and shrinking the object repeatedly 
smoothed the surface and linked gaps between vessels. A smoothing 
tool was then used for final polishing of the vasculature (3D Slicer 
function: smoothing).

Brain motion simulations
We aimed for our calculations to serve as a proof-of-concept of the 
ability of induced brain motion to drive fluid flow. Thus, we selected an 
extremely simple geometric representation of the mouse CNS (Fig. 6). 
The brain and spinal cord (in tan) are surrounded by communicating 
fluid-filled spaces (in cyan). These consist of a central spherical ven-
tricle internal to the brain and the SAS on the outside of both brain 
and spinal cord. The SAS is connected to the ventricle by a straight 
central canal. In the center of the brain, above the ventricle, we placed 
a cavity meant to model the presence of the central sinus. In addition, 
we placed an outlet at the top of the skull to account for the fluid leak-
age out of the system through structures such as the cribriform plate. 
The dimensions for system’s geometry in the reference (initial) state 

are reported in Supplementary Table 1. As in Kedarasetti et al.16, both 
brain and fluid-filled spaces are modeled as poroelastic domains: 
each consists of a deformable solid elastic skeleton through which 
fluid can flow. The two domains, which can exchange fluid, differ in 
the values of their constitutive parameters, the latter being discon-
tinuous across the interface that separates said domains. All consti-
tutive and model parameters adopted in our simulations are listed in 
Supplementary Table 1.

The governing equations have been obtained using mixture- 
theory16,36,68 along with Hamilton’s principle37, following the variational 
approach demonstrated in ref. 38. Our formulation, detailed in ref. 39, 
differs from that in ref. 38 in that (1) each constituent herein is assumed 
to be incompressible in its pure form, and (2) the test functions for the 
fluid velocity across the brain/SAS interface are those consistent with 
choosing independent pore pressure and fluid velocity fields over the 
brain and SAS, respectively. Hence, the overall pore pressure and fluid 
velocity fields can be discontinuous across the brain/SAS interface. The 
Hamilton’s principle approach allowed us to obtain consistent rela-
tions both in the brain and SAS interiors as well as across the brain–SAS 
interface. In addition, this approach yielded a corresponding weak 
formulation for the purpose of numerical solutions using the finite 
element method (FEM)69.

By ΩBR(t) we denote the domain occupied by the cerebrum and 
spinal cord at time t . Similarly, by ΩSAS(t)  we denote all fluid-filled 
domain, that is, the SAS in a strict sense along with the central canal 
and the ventricle, again at time t. These domains are time dependent. 
We denote the interface between ΩBR(t) and ΩSAS(t) by Γ(t). The unit 
vector m is taken to be normal to Γ(t) pointing from ΩBR(t) into ΩSAS(t). 
To avoid a proliferation of symbols, we omit the notation ‘(t)’ to indicate 
a domain at the initial time, that is, for t = 0, so that, for example, 
ΩBR = ΩBR (t) |t = 0. We denote the domain occupied by the system (that 
is, the mixture of the fluid and solid phases) by Ω (t). This domain is the 
union of ΩBR(t) and ΩSAS(t). As we have adopted a mixture theory frame-
work, we posit the coexistence of a fluid phase and a solid phase at every 
point in Ω(t). Although it is possible to conceive these phases to have 
different reference configurations, for convenience but without loss 
of generality, here we assume that the reference configurations of each 
phase coincide with Ω. Subscripts s and f denote quantities for the solid 
and fluid phases, respectively. In their pure forms, each phase is 
assumed incompressible with constant mass densities ρ∗s  and ρ∗f . Then, 
denoting the volume fractions by ϕs and ϕf, for which we enforce the 
saturation condition ϕs + ϕf = 1, the mass densities of the phases in the 
mixture are ρs = ϕsρ∗s  and ρf = ϕfρ

∗
f . The symbols u, v and T (each with 

the appropriate subscript), denote the displacement, velocity and 
Cauchy stress fields, respectively. The quantity vflt = ϕf(vf − vs) is the 
filtration velocity. The pore pressure, denoted by p, serves as a multi-
plier enforcing the balance of mass under the constraint that each pure 
phase is incompressible. To enforce the jump condition of the balance 
of mass across Γ(t), we introduce a second multiplier, denoted ℘. The 
notation [[a]] indicates the jump of a across Γ(t). We choose the solid’s 
displacement field so that [[us]] = 0 (that is, us is globally continuous). 
Formally, vf  and p need not be continuous across Γ(t). Possible discon-
tinuities in these fields have been the subject of extensive study in the 
literature (cf., for example, refs. 38,70,71) and there are various models 
to control their behavior (for example, often vflt and pf  are constrained 
to be continuous71). We select discontinuous functional spaces for p 
and vf and we control their behavior by building an interface dissipation 
term in the Rayleigh pseudopotential in our application of Hamilton’s 
principle (similarly to ref. 38). This dissipation can be interpreted as a 
penalty term for the discontinuity of the filtration velocity. Before 
presenting the governing equations, we introduce the following  
two quantities: kf = (1/2)ρfvf ⋅ vf  (kinetic energy of the fluid per unit 
volume of the current configuration) and d = ρf (vf − vs) ⋅m, which the 
jump condition of the balance of mass requires to be continuous 
across Γ(t).
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The strong form of the governing equations, expressed in the sys-
tem’s current configuration (Eulerian or spatial form; ref. 72) are as follows:

∇ ⋅ (vs + vflt) = 0 inΩBR(t) ∪ΩSAS(t) (1)

[[vflt]] ⋅m = 0onΓ(t) (2)

ρsas + ρfaf − ∇ ⋅ (Ts + Tf) = 0 inΩBR(t) ∪ΩSAS(t) (3)

ρfaf − ∇ ⋅ Tf − psf = 0 inΩBR(t) ∪ΩSAS(t) (4)

[[ρf(vf − vs) ⊗ (vf − vs) − Ts − Tf]]m = 0onΓ(t) (5)

(kfm − d vf + ϕf℘m + Tfm − 1
2ϕfμS[[vflt]])

±
= 0onΓ(t) (6)

where as and af  are material accelerations, the superscript ± refers to 
limits approaching each side of the interface, μs is a viscosity like param-
eter (with dimensions of velocity per unit volume) characterizing the 
dissipative nature of the interface and where the terms Ts, Tf  and psf  
are governed by the following constitutive relations

Ts = −ϕspI + 2ϕsFs
∂Ψs
∂Cs

FTs + 2μB(Ds −Df) (7)

Tf = −ϕfpI + 2μfDf + 2μB (Df −Ds) (8)

pfs = p∇ϕf −
μDϕ

2
f

κs
(vf − vs) (9)

where Ψs is the strain energy of the solid phase per unit volume of its 
reference configuration, Fs = I + ∇sus is the deformation gradient with 
∇s denoting the gradient relative to position in the solid’s reference 
configuration, Cs = FTs Fs , μB  is the Brinkmann dynamic viscosity, 
Ds = (∇vs)sym, Df = (∇vf)sym, (∇v)sym denoting the symmetric part of ∇v, 
μf  is the traditional dynamic viscosity of the fluid phase, μD is the Darcy 
viscosity and κs is the solid’s permeability. For Ψs we choose a simple  
isochoric neo-Hookean model: Ψ = (μes/2)(J−2/3I ∶ Cs − 3), where J = detFs  
and μes  is the elastic shear modulus of the pure solid phase. It is under-
stood that the constitutive parameters in ΩBR(t)  are different from  
those in ΩSAS(t).

The details of the boundary conditions and of the finite element 
formulation are provided in the Supplementary Information. Here we 
limit ourselves to state that the problem is solved by using the motion  
of the solid as the underlying map of an otherwise Lagrangian– 
Eulerian formulation for which the reference configuration of the solid 
phase serves as the computational domain. The loading imposed on 
the system consists of a displacement over a portion of the dural sac 
of the spinal cord we denote as the squeeze zone, meant to simulate a 
squeezing pulse provided by the VVP. This displacement is controlled 
so that a prescribed nominal uniform squeezing pressure is applied 
to said zone. Flow resistance boundary conditions are enforced at the 
outlet at the top of the skull, and a resistance to deformation is also 
imposed on the walls of the central sinus.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All the data presented in the paper are available at https://github.com/
DrewLab/Garborg_2025_Figures.

Code availability
The simulation code is available at https://github.com/DrewLab/ 
Garborg_2025_Figures. Code used for experimental data analysis is 
available at https://github.com/DrewLab/Garborg_2025_Code.
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Extended Data Fig. 1 | Axial calibration of electrically-tunable lens.  
a. A change in the current input to the lens generates a curvature change in 
the lens, which alters the focus. b. Synchronization of ETL focus change with 
microscope scanning. A TTL pulse is generated at the beginning of each frame 
from the PCIe board in the computer controlling the microscope (top left). 
An Arduino Uno was programmed to filter all pulses besides the first of the 
stack (middle left). This pulse was then sent to the ETL controller to prompt a 
predetermined set of current steps that were sent to the ETL (bottom left). These 
current changes created a rapid stack with each depth captured as a single frame 
(right). c. The point spread function in the X (left) and Z (right) directions of the 
two-photon microscope created with a 0.17 µm fluorescent microsphere and 
a 0.8 NA N16XLWD-PF 16x Nikon objective. The ETL obscures part of the back 
aperture, resulting in a lower effective NA. d. Calibration of the ETL focal range. 

To provide a fluorescent three-dimensional structure, cotton stands were dipped 
in a solution of fluorescein isothiocyanate and suspended in optical adhesive 
within a concave slide. e. Three-dimensional segmentations created using 
fluorescent cotton strands from three locations (left to right). f. Calibration of 
the ETL diopter shifts to focal plane shifts. Three locations in the cotton (shown 
in e) were imaged by shifting the ETL focus and by translating the object in Z and 
aligned by correlational matching of images (top). These averages are plotted 
for each location in colored lines with the shaded standard deviation. The linear 
regression is also plotted as a solid blue line, with zero µm being the focus 
neutral diopter value (bottom). g. From top to bottom, change in X and Y scaling 
and laser power as a function of diopter value. Changing the diopter of the ETL 
had negligible changes in magnification and laser power output in the typical 
imaging range.
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Extended Data Fig. 2 | Motion tracking is robust with minimal z-axis 
displacement of the brain and skull during locomotion. a. Typical tracking 
locations were selected for fluorescent microspheres (magenta) and 
GFP-expressing brain tissue (green) as well as a baseline location with no visible 
fluorescence (brown). b. The mean fluorescence in both locations was ~9% lower 
during locomotion than the mean fluorescence when the animal was still in n = 1 
mouse. c. Using the axial point spread function of the two-photon microscope, a 
displacement in z of ~1 µm will drive a fluorescence decrease of ~9%. It is likely that 

the brain and skull are shifting in the same direction in z as the calculated values 
are so similar, possibly due to slight movements of the whole head and/or head 
fixation apparatus. d. Static microspheres on a slide were imaged to demonstrate 
error in the tracking software. e. The tracking software detected no motion from 
the static fluorescent microspheres. f. Static FITC-stained filter paper on a slide 
was imaged to demonstrate to simulate brain tissue. g. The tracking software 
detected no motion from the static FITC paper.
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Extended Data Fig. 3 | Negligible skull motion during locomotion.  
a. ‘Worst-case’ skull motion in a 55 g mouse. A fluorescent marker on the skull 
at bregma was imaged due to its large distance from the implanted head bar 
(implanted caudally of lambda) to maximize the ability for the skull to displace 
during locomotion. b. A plot of skull displacement, calculated from the same 
trials as the brain motion (N = 316 trials across 134 sites in 24 mice). Note the small 
size and lack of clear direction. c. Locomotion-triggered average skull motion 
for each trial. The black line shows the mean, and the shaded portion denotes 

90 percent confidence interval. N = 153 locomotion events. d. Locomotion 
cessation-triggered average skull motion. The black line shows the mean, and 
the shaded portion denotes 90 percent confidence interval. N = 153 locomotion 
events. e. EMG-triggered average skull motion. The black line shows the mean, 
and the shaded portion denotes 90 percent confidence interval. N = 108 EMG 
events. f. EMG cessation-triggered average skull motion. The black line shows the 
mean, and the shaded portion denotes 90 percent confidence interval. N = 108 
EMG events.
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Extended Data Fig. 4 | Template-matching algorithm used to track the 
brain is robust across the field of view. a. An image of the GFP-expressing 
parenchyma. Each of the eight bounding boxes (white) represents a tracking 
template area for the matching algorithm to follow. b. The targets were tracked 
at each of the eight locations and the mean and 90 percent confidence interval 
(shading) were calculated and plotted. N = 1 recording location in one mouse. 
The tight confidence interval bounds highlight the confidence in tracking 

different structures at various locations within the image as well as a lack of 
brain distortion within the field of view, indicating rigid translation. Frame rate 
was 106.89 frames/sec. Note the lack of appreciable motion at the cardiac or 
respiratory frequencies. c. Images of the brain (from a) when the mouse is at rest 
(top) and during a locomotion event (bottom). The neuron seen in the bounding 
box (gray) displaces rostrally and laterally during locomotion when compared to 
its resting position.
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Extended Data Fig. 5 | Respiration-driven brain motion is only observed  
under deep anesthesia in mice when abdominal muscles are engaged.  
a. The respiration of the mouse anesthetized with isoflurane and instrumented 
with abdominal EMG electrode was monitored using a behavioral camera by 
measuring the mean pixel intensity of a box drawn across the edge of the body 
(box in bottom left image). Inset shows brain visualized under the two-photon 
microscope (bottom right). b. EMG-triggered motion during period of deep 
anesthesia respiration trial in the medial/lateral (top) and rostral-caudal 
(bottom) directions. N = 1 recording at one location in one mouse, shown in d. 
The black line shows the mean with a shaded 90 percent confidence interval. 
c. EMG-triggered skull motion. N = 1 recording at one location in one mouse, 
shown in d. The black line shows the mean with a shaded 90 percent confidence 
interval. d. Brain (green) and skull (magenta), abdominal EMG power (orange) 
and behavioral camera respiration (brown) during varying levels of anesthesia. 

Isoflurane concentration began at 0.5% at 5 seconds, then was increased to 5% 
for 120 seconds, after which it was reduced to 0.5% once again. Light anesthesia 
is characterized by shallow breaths with minimal abdominal muscle contraction 
and produced no detectable pattern of brain motion within the skull (lower 
left). Deep anesthesia, characterized by slower and deeper breaths, resulted in 
increased abdominal muscle activation and brain motion within the skull (lower 
right). e. The same location was imaged again in the same mouse on a subsequent 
day. Locomotion drove larger brain (green) and skull (magenta) displacements 
compared to respiration-induced brain motion under anesthesia (shown in d). 
The abdominal muscle power (orange) also shows much stronger abdominal 
muscle contractions during locomotion events (gold). Abdominal muscle 
activation without a locomotion event (lower left) still resulted in a rostro-lateral 
brain displacement within the skull.
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Extended Data Fig. 6 | MicroCT imaging of spine and associated vasculature. 
a. The skeleton and spinal vasculature. b. A view of the vessels within the rib cage. 
The gap observed between the caudal vena cava and both cranial vena cava is 
occupied by the heart, which was not included. Note the lack of connections 
between the caudal vena cava and the vertebrae within the rib cage. c. A view of 
the L3, L4, and L5 vertebrae showing connections between the caudal vena cava 
and VVP within the vertebrae. d. The internal VVP is shown both with bone (left) 
and without bone (right). e. Two holes are present on the internal ventral surface 
of the vertebrae. These may act as pathways for veins in the abdomen to connect 
to the VVP within the lumbar section of the vertebral column. f. Visualization 

of the veins and vertebrae with a focus on the internal ventral holes in the bone. 
Veins occupy the holes in the vertebrae, which can be seen both when the bone 
is opaque (left) and semi-transparent (right). g. A view of the lumbar vertebral 
bones of a Swiss Webster mouse. Holes can be seen along the interior ventral 
surface of the vertebral bones, which are also present in the C57BL/6 mouse. 
h. A transverse view of the lumbar vessels both with bone (left) and without 
bone (right). A complex network of veins are present along the outer and inner 
surfaces of the vertebrae with projections through the ventral section of bone 
that connect the inner and outer networks.
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Extended Data Fig. 7 | Ancillary results to those presented in Fig. 6 from the 
same finite element simulation of the flow induced by a squeeze of intensity 
p0 = 20 mmHg applied over the SZ. The duration of the squeeze pulse is 2 s. The 
duration of the simulation is 10 s. The simulation is based on Equations (1)—(9). 
The boundary conditions are described in the Supplementary Material. The 
parameters used in the simulation are found in Supplementary Table 1. As 
mentioned in the main text, the geometry we consider includes a rostral outflow 
point corresponding to the cribriform plate and a compliant vascular portion  
in the brain corresponding to the bridging veins to buffer pressure changes. 
These two elements are accounted for in the simulation by resistance boundary 
conditions (cf. the Boundary conditions section in the Supplementary 
Information). These resistances have similar mathematical expressions  
(cf. Supplementary Table 1) and differ in the value of two resistance scaling 
parameters, denoted by αCS(for the central sinus) and αout (for the rostral 
outflow). Here their values are αCS = 106 and αout = 6× 108. a. Average of normal 
filtration velocity (in μm/s) over each of the cranial and spinal SAS sections 
(shown in the inset) over time. The plot displays 4 lines, with the blue one 
appearing as horizontal line near zero –due to the different orders of magnitude 

of the filtration velocity across the different SAS sections. The unit normal vector 
to the sections points in the rostral direction. b. Average of normal filtration 
velocity (in nm/s) over each of the brain and spinal cord sections (shown in the 
inset) over time. The plot displays 3 lines, with the orange one appearing as 
horizontal line near zero –due to the different orders of magnitude of the 
filtration velocity across ΩBR. The unit normal vector to the sections points in the 
rostral direction. c. Average of normal filtration velocity (in μm/s) over each of 
the central canal sections (shown in the inset) over time. The unit normal vector 
to the sections points in the rostral direction. d. Trajectories of points P1–P6 
(shown in the inset) on the surface of the brain: traces of the points indicated in 
the inset over the time interval 0 < t < 10 s. e. Volumetric fluid outflow Qout (in 
nL/s) through the outlet boundary Γout over time. Qout > 0: fluid flow out of ΩSAS. 
Qout is computed as the integral of the normal component of filtration velocity 
over the surface indicated. f. Average force F  (in N) exerted by CSF over time onto 
brain and spinal cord during the squeeze. F(t) is computed as the integral average 
of (m ⋅ Tm) over the surface ΓBR ∪ ΓSC, where T is the total Cauchy stress acting 
on the mixture in the SAS and m is the outward unit normal to the surface 
indicated.
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Extended Data Fig. 8 | Simulation of the flow induced by a squeeze of intensity 
p0 = 20 mmHg applied over the SZ identical to that reported in Fig. 6 except for 
the resistance parameters on the central sinus and the outflow boundary. The 
duration of the squeeze pulse is 2 s. The duration of the simulation is 10 s. The 
simulation is based on Equations (1)—(9). The boundary conditions are described 
in the Supplementary Information. The parameters used in the simulation are 
found in Supplementary Table 1. As mentioned in the main text, the geometry we 
consider includes a rostral outflow point corresponding to the cribriform plate 
and a compliant vascular portion in the brain corresponding to the bridging  
veins to buffer pressure changes. These two elements are accounted for in the 
simulation by resistance boundary conditions (cf. the Boundary conditions 
section in the Supplementary Information). These resistances have similar 
mathematical expressions (cf. Supplementary Table 1) and differ in the value of 
two resistance scaling parameters, denoted by αCS(for the central sinus) and αout 
(for the rostral outflow). Here their values are αCS = 108 and αout = 6× 106.  
a. Initial geometry (not to scale) detailing model domains and boundaries. ΩBR: 
brain and spinal cord domain (tan); ΩSAS: CSF-filled domain (cyan); Γ: ΩBR −ΩSAS 
interface (red); Γext: external boundary of meningeal layer (blue); ΓSZ: squeeze 
zone (orange); Γout: outlet boundary representing the cribriform plate CSF 
outflow pathway (green); ΓCS: central sinus boundary (purple). b. Average of  
pore pressure (in mmHg) over ΩBR excluding the spinal cord over time.  

c. Spatial distribution of pore pressure (in mmHg) over ΩBR ∪ΩSAS at t = 1 s during 
the squeeze pulse. d. Streamlines of filtration velocity vflt (that is, curves tangent 
to filtration velocity field; red lines with direction indicated by arrow tips) within 
ΩBR excluding the spinal cord, at t = 1 s (left, middle of the squeeze pulse) and 
t = 3 s (right, a squeeze pulse time interval from t = 1 s). The streamlines overlay 
the color plot of the filtration velocity magnitude (in nm/s), computed as 
|vflt| = √v2flt,r + v

2
flt,z . The colorbar range is limited to 10nm/s to emphasize the 

spatial variation of the field. The maximum and minimum values of the field are 
indicated next to the triangles at the top and bottom of the colorbar, respectively. 
Because the SAS is extremely thin, the streamlines in this region are not shown.  
e. Volumetric fluid exchange rate Qflt (in nL/s) over time across: the brain shell 
surface ΓBR (blue), spinal cord surface ΓSC (green), ventricle surface ΓV (red), and 
central canal surface ΓCC (light blue). Qflt > 0: fluid flow from ΩBR into ΩSAS. Qflt is 
computed as the integral of the normal component of filtration velocity over the 
surface indicated. The plot displays 4 lines, two that are easily seen (blue and 
green lines), and two that overlap and appear as horizontal lines near zero  
(red and light blue lines). This is due to the different orders of magnitude of Qflt 
across the different portions of Γ. f. Trajectories of points P1–P6 (shown in the 
inset) on the surface of the brain: traces of the points indicated in the inset over 
the time interval 0 < t < 10 s.
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Extended Data Fig. 9 | Repeat of the simulation presented in Extended  
Data Fig. 8 of a finite element simulation of the flow induced by a squeeze of 
intensity p0 = 20 mmHg applied over the SZ, but with a different set of 
resistance parameters on the central sinus and the outflow boundary. The 
duration of the squeeze pulse is 2s. The duration of the simulation is 10s. The 
simulation is based on Equations (1)—(9). The boundary conditions are described 
in the Supplementary Information. The parameters used in the simulation are 
found in Supplementary Table 1. As mentioned in the main text, the geometry we 
consider includes a rostral outflow point corresponding to the cribriform plate 
and a compliant vascular portion in the brain corresponding to the bridging veins 
to buffer pressure changes. These two elements are accounted for in the 
simulation by resistance boundary conditions (cf. the Boundary conditions 
section in the Supplementary Information). These resistances have similar 
mathematical expressions (cf. Supplementary Table 1) and differ in the value of 
two resistance scaling parameters, denoted by αCS(for the central sinus) and αout  

(for the rostral outflow). Here their values are αCS = 108 and αout = 6× 108.  

a. Initial geometry (not to scale) detailing model domains and boundaries. ΩBR: 
brain and spinal cord domain (tan); ΩSAS: CSF-filled domain (cyan); Γ: ΩBR −ΩSAS 
interface (red); Γext: external boundary of meningeal layer (blue); ΓSZ: squeeze 
zone (orange); Γout: outlet boundary representing the cribriform plate CSF 
outflow pathway (green); ΓCS: central sinus boundary (purple). b. Average of pore 

pressure (in mmHg) over ΩBR excluding the spinal cord over time. c. Spatial 
distribution of pore pressure (in mmHg) over ΩBR ∪ΩSAS at t = 1 s during the 
squeeze pulse. d. Streamlines of filtration velocity vflt (that is, curves tangent to 
filtration velocity field; red lines with direction indicated by arrow tips) within 
ΩBR excluding the spinal cord, at t = 1 s (left, middle of the squeeze pulse) and 
t = 3 s (right, a squeeze pulse time interval from t = 1 s). The streamlines overlay 
the color plot of the filtration velocity magnitude (in nm/s), computed as 
|vflt| = √v2flt,r + v

2
flt,z . The colorbar range is limited to 10nm/s to emphasize the 

spatial variation of the field. The maximum and minimum values of the field are 
indicated next to the triangles at the top and bottom of the colorbar, respectively. 
Because the SAS is extremely thin, the streamlines in this region are not shown.  
e. Volumetric fluid exchange rate Qflt (in nL/s) over time across: the brain shell 
surface ΓBR (blue), spinal cord surface ΓSC (green), ventricle surface ΓV (red), and 
central canal surface ΓCC (light blue). Qflt > 0: fluid flow from ΩBR into ΩSAS. Qflt is 
computed as the integral of the normal component of filtration velocity over the 
surface indicated. The plot displays 4 lines, two that are easily seen (blue and 
green lines), and two that overlap and appear as horizontal lines near zero (red 
and light blue lines). This is due to the different orders of magnitude of Qflt across 
the different portions of Γ. f. Trajectories of points P1–P6 (shown in the inset) on 
the surface of the brain: traces of the points indicated in the inset over the time 
interval 0 < t < 10 s.
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Extended Data Fig. 10 | Exchange flow rates vary with brain permeability.  
a. Exchange flow rates across the spinal cord ΓSC for different values of brain 
permeability. b. Exchange flow rates across the brain interface ΓBR for different 
values of brain permeability. Except for the values of the brain permeability,  
all other conditions used in this simulation are identical to those used in the 
simulation reported in Fig. 6. In fact, the values reported here include the results 

presented in Fig. 6e to facilitate comparison. As a reminder, these results pertain 
to a simulation of the flow induced by a 2 s pressure pulse p0 = 20mmHg applied 
over ΓSZ. The nonlinear character of the model and the dependence of the volume 
fractions of the system’s constituents on the deformation contribute to the fact 
that the exchange flow rates are not directly proportional to the value of the 
permeability.
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Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, 
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in 
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, 
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.
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Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the 
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or 
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for 
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable, 
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Mouse, Swiss Webster and C57Bl6, ages between 18 and 70 weeks.
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Wild animals The study did not involve wild animals.

Reporting on sex Sex was identified as a potential covariate. Thus, each experiment was divided equally between male and female mice. The behaving 
mouse experiment includes data from 12 male and 12 female mice. The anesthetized mouse experiment includes data from 3 male 
and 3 female mice. The relationship between sex and brain motion magnitude was investigated in Supplementary Figure 6c.

Field-collected samples This study did not involve samples collected from the field.

Ethics oversight The study protocol was examined and approved by the Pennsylvania State University Institutional Animal Care and Use Committee 
(IACUC), as stated in the manuscript.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes

Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area

Experiments of concern

Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents
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Novel plant genotypes  

Seed stocks  

Authentication  

Plants

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and 
lot number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 
used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 
repository, provide accession details.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.
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Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the 
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

Acquisition
Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference

(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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