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 31 
Abstract: The brain moves within the skull, but the drivers and function of this motion are not 32 
understood. We visualized brain motion relative to the skull in awake head-fixed mice using 33 
high-speed, multi-plane two-photon microscopy. Brain motion was primarily rostrally and 34 
laterally directed, and was tightly correlated with locomotion, but not with respiration or the 35 
cardiac cycle. Electromyography recordings in abdominal muscles and microCT reconstructions 36 
of the trunk and spinal vasculature showed that brain motion was driven by abdominal muscle 37 
contractions that activate a hydraulic-like vascular connection between the nervous system and 38 
the abdominal cavity. Externally-applied abdominal pressure generated brain motion similar to 39 
those seen during abdominal muscle contractions. Simulations showed that brain motion drives 40 
substantial volumes of interstitial fluid through and out of the brain (at volumetric rates several 41 
times higher than production) into the subarachnoid space, in the opposite direction of fluid flow 42 
seen during sleep. The brain is hydraulically linked to the abdominal compartment, and fluid flow 43 
in the brain is coupled to body movements, providing a mechanism by which the mechanics of 44 
the viscera directly impact brain health.  45 
  46 
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Introduction 47 

Brain motion is a ubiquitous, but poorly investigated phenomenon 1,2. In anesthetized 48 

animals, brain motion is closely tied to cardiac pulsations and respiration 3, but in 49 

unanesthetized animals, brain motion is usually typically associated with locomotion and other 50 

body movements 2,4. In mice, brain motion observed with two-photon microscopy is on the order 51 

of a few microns 2,5,6 and is primarily within the imaging plane (medial-lateral/rostral-caudal).  52 

Despite the ubiquity of brain motion in the awake animal, its origins are not well 53 

understood. A force must be exerted on the brain for it to move, but the central nervous system 54 

has been considered to be largely mechanically insulated from the rest of the body by the skull 55 

and vertebrae. Despite this partitioning, during locomotion the intracranial pressure (ICP) of 56 

mice rises from a baseline of approximately 5 mmHg to more than 20 mmHg 7,8, indicating that 57 

substantial mechanical forces are rapidly applied to the brain during body movements. The 58 

increase in ICP during locomotion is not due to dilation of blood vessels within the brain, as the 59 

hemodynamic response lags both the pressure increase and the onset of locomotion by 60 

approximately one second9,10. Furthermore, maximally dilating the vessels of the brain does not 61 

increase ICP nearly as much as locomotion 7. These pressure changes are unlikely to be simply 62 

an epiphenomenon because brain motion during locomotion excites sensory neurons in the 63 

dura 11, indicating that the motion of the brain is actively monitored and may serve a 64 

physiological role.  65 

One potential physiological purpose for brain motion is to circulate interstitial fluid (ISF) 66 

and cerebrospinal fluid (CSF) in the brain. As the brain lacks a lymphatic system to remove 67 

waste, it depends on mechanical forces exerted on it by pulsation 12 and dilation and 68 

constrictions 13-15 of arteries to help circulate fluid though the glymphatic system. During sleep, 69 

CSF is driven into the brain along the periarterial spaces of penetrating arteries by slow, 70 

alternating dilation and constriction of the vessel 16-19. The patterns of fluid flow in the brain are 71 

markedly different in the awake animal, where tracers do not enter the cortex 20, though the 72 

reasons for this difference between sleep and wake CSF flow is not completely understood. The 73 

large forces that drive brain motion are also likely to drive movement of CSF, potentially in very 74 

different patterns than those that are seen during sleep. However, understanding these fluid 75 

flows requires a detailed characterization of the mechanical dynamics of the brain.  76 

We used high-speed, multiplane two-photon microscopy to measure motion of the dorsal 77 

cortex in awake head-fixed mice. Brain motion relative to the skull was highly correlated with 78 

locomotion, and primarily in the rostral and lateral directions. Using microcomputed tomography 79 

(microCT), we visualized the vertebral venous plexus (VVP), a network of valveless veins that 80 

connect the abdominal cavity to the spinal cavity. This vascular network is a hydraulic system 81 

that transmits pressure from the abdomen to the spinal cavity, where it impacts the central 82 
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nervous system 21. We found that brain movements closely followed the contraction of 83 

abdominal muscles, and that passive pressure to the abdomen in anesthetized mice could 84 

recapitulate the rostral brain shift within the skull that was seen in the awake mouse. To reveal 85 

motion-induced fluid flow inside and around the brain, we performed poroelastic brain tissue 86 

simulations constrained by our measurements of brain motion and known intracranial pressure 87 

changes. In these simulations, brain motion drove movement of substantial amounts of fluid 88 

(several times the amount of CSF is produced in a comparable time) within the brain out into the 89 

subarachnoid space, the opposite direction of fluid flow seen during sleep. Our work 90 

demonstrates that the brain is mechanically linked to the abdomen and that this connection is a 91 

novel and important driver of fluid flow in the awake brain. 92 

 93 

Results 94 

 We used two-photon microscopy to quantify brain motion relative to the skull in 24 Swiss 95 

Webster mice (12 male) that were head-fixed upon a spherical treadmill. We simultaneously 96 

imaged brain cells expressing green fluorescent protein 22 and fluorescent microspheres 97 

attached to a polished and reinforced thinned-skull (PoRTS) window 23. This was accomplished 98 

by integrating an electrically tunable lens behind the microscope objective to rapidly (39.55 99 

frames/sec, 19.78 frames/sec per plane) alternate between two focal planes on the skull surface 100 

and in the brain (Fig 1, SFig 1,2), separated by ~90µm. Tracking of microspheres showed that 101 

skull movement was usually less than 1µm (SFig 3), demonstrating the stability of the head 102 

fixation apparatus and that the displacement perpendicular to the imaging plane was minimal 103 

relative to the size of point spread function in z (SFig 2c). The motion of the brain relative to the 104 

skull was primarily in the rostral and lateral directions (Fig 1e) and was strongly correlated with 105 

locomotion (Fig 2d, SFig 4a,b). We found uniform displacements across the field of view (SFig 106 

5, Mov 1), indicating that there is minimal strain over the imaged area and that displacement 107 

can be captured with rigid translation.   108 

 109 

The brain motion is primarily in the rostral direction and is linked to locomotion  110 

 To quantify patterns in the direction of motion, we imaged brain motion during 111 

locomotion from 134 sites in frontal, somatosensory and visual cortex and performed principal 112 

component analysis on the brain displacement (Fig 2). The magnitude of each displacement 113 

vector was determined by averaging the largest 20% of the displacements from the baseline 114 

origin (Fig 2a). We observed that the motion of the brain during locomotion was primarily in the 115 

rostral and lateral directions relative to the resting baseline position (Fig 2b, Mov 2,3,4). Brain 116 

motion amplitude was larger in males than in females (SFig 6). When we looked at the power 117 

spectrum of the motion, we observed the motion was primarily at low (<0.1 Hz) frequencies (Fig 118 
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2c), and it was strongly correlated to locomotion in both directions (Fig 2d, SFig 4a,b). We did 119 

not observe any appreciable brain movement at respiration or heart rate frequencies (Fig 2c) in 120 

awake mice. However, respiration-induced movement was detected under deep isoflurane 121 

anesthesia (SFig 7, Mov 5).  122 

The skull and brain are separated by the dura, a vascularized membrane surrounding 123 

the subarachnoid space 24,25. In one instance, we were able to simultaneously record movement 124 

of dural vessels labeled with green fluorescent proteins, microspheres on the skull, and the 125 

brain. This allowed us to determine if the dura motion more closely resembled brain or skull 126 

movement during locomotion. We performed tracking on the three focal planes separately (Mov 127 

4) and observed that the dura had similar dynamics to the skull. We generated locomotion 128 

triggered averages of brain motion and found a close relationship between locomotion and 129 

movement of the brain (Fig 2e), though the motion of the brain in many cases started prior to 130 

locomotion onset.  131 

 These results demonstrate that in awake mice, locomotion is linked to brain motion while 132 

respiration and heart rate are not substantial contributors to brain motion. However, brain 133 

motion frequently preceded the onset of locomotion, suggesting that locomotion in and of itself 134 

does not cause brain motion within the skull. 135 

 136 

Brain motion follows abdominal muscle contractions 137 

 The brain motion we observed often slightly preceded locomotion, which indicated that a 138 

force was being applied to the brain prior to locomotion onset. Intracranial pressure (ICP) in 139 

mice increases sharply during locomotion (from 5-10mmHg to >20 mmHg) 7, indicating that 140 

there are large forces at work on the brain. The increase in ICP also precedes the onset of 141 

locomotion, and this cannot be attributed to vasodilation as it lags locomotion 26. Furthermore, 142 

brain motion is unlikely to be due to postural changes as these also lag locomotion onset. 27We 143 

hypothesized that abdominal muscle contractions might contribute to brain motion because 144 

movements are preceded by abdominal muscle activation to stiffen the core in anticipation of 145 

body motion. We implanted electromyography (EMG) electrodes in the abdominal muscles of 24 146 

mice while simultaneously monitoring brain movement (Fig 3a). EMG power increased prior to 147 

the onset of locomotion (Fig 3b,c), and there was a strong correlation between EMG power, 148 

which tracks muscle tension, and the motion of the brain (Fig 3f, SFig 6c,d).  When we aligned 149 

brain motion to the onset of locomotion and to the onset of EMG activity, we observed that the 150 

motion invariably lagged EMG activity (Fig 3g,h, SFig 8), but often preceded locomotion, which 151 

suggested that abdominal muscle contraction prior to locomotion drove the displacement of the 152 

brain.  153 
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We then tested the relationship between brain motion and recruitment of abdominal 154 

musculature in non-locomotor regimes. Respiration conditionally recruits abdominal 155 

musculature: While exhalation does not recruit abdominal musculature at rest, respiratory 156 

distress conditionally elicits active expiration through abdominal muscle contraction28. Under 157 

deep anesthesia, we observed active expiration as revealed by the onset of abdominal EMG 158 

power bursts locked to respiratory rhythm. These EMG bursts were also locked to brain motion 159 

(SFig 7b,d, Mov 5). During periods of shallow, rapid breathing, both EMG power and brain 160 

motion were reduced (SFig 7d). Finally, we observed instances of abdominal muscle activation 161 

and brain motion in the absence of locomotion (SFig 7e, Mov 3). These results show that across 162 

a wide variety of physiological regimes, abdominal muscle activation is responsible for driving 163 

brain motion.  164 

 165 

Vertebral venous plexus provides a hydraulic link between abdomen and CNS 166 

How could forces generated by abdominal muscle contraction reach the brain? In 167 

humans, abdominal muscle activation drives an increase in intra-abdominal pressure (IAP) 29. 168 

These increases in IAP are communicated to the brain and spine 30 via the vertebral venous 169 

plexus (VVP)31, a network of valveless veins that connect the abdomen and spinal canal 32. The 170 

VVP is thought to function like a hydraulic system that provides circulatory regulation during 171 

postural changes, in which pressure in one compartment (the abdomen) exerts pressure on 172 

another (the spinal column) via the movement of fluid (blood) from higher-pressure regions to 173 

lower-pressure regions. However, whether mice possess a functional VVP was unknown. We 174 

filled the vascular system of a mouse with a radiopaque tracer, imaged it using microCT, and 175 

reconstructed the vasculature around the vertebral column (Fig 4, SFig 9, Mov 6).   176 

We found the lumbar and sacral vertebra, but not the thoracic vertebrae, had small 177 

ventral foramina that communicate with the spinal canal (Fig 4e). These foramina were typically 178 

in pairs and located on both sides of the vertebral body, though some vertebrae possess only 179 

one. Blood vessels were observed to clearly communicate through these holes into a vascular 180 

network that lined the walls of the spinal cavity, providing a physical link between the abdominal 181 

compartment and the CNS. The diaphragm partitions the thoracic and abdominal cavities while 182 

also separating the VVP-connected lumbar and sacral vertebrae from the thoracic vertebrae 183 

that lack VVP communication pathways. This separation allows the VVP to transmit abdominal 184 

(but not thoracic) pressure changes to the CNS. In humans, intrabdominal pressures rise 185 

drastically (~90mmHg) when the abdominal muscles are contracted 27. A pressure increase of 186 

this magnitude will drive some of the blood in the abdomen into the spinal canal, narrowing the 187 

dural sac. This results in cranial CSF flow that raises ICP and drives brain motion (Fig 4f, Ani 1). 188 
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 189 

Brain motion induced by externally-applied abdominal pressure 190 

If the mechanical coupling between the abdomen and central nervous system via the 191 

VVP drives brain motion, then we reasoned that passively applied pressures to the abdomen 192 

should drive similar brain movements. To test this idea, we constructed a pneumatic pressure 193 

cuff (SFig 10) to apply controlled pressure to the abdomen of lightly anesthetized (~1% 194 

isoflurane in oxygen) mice (Fig 5). We observed that the brain began moving rostrally and 195 

sometimes laterally within the skull shortly following the onset of the abdominal compression 196 

(Fig 5e, Mov 7). Furthermore, the brain began moving back to its baseline position immediately 197 

upon relief of the abdominal pressure. This suggests that abdominal pressure can rapidly and 198 

significantly alter the position of the brain within the skull. 199 

 200 

Simulations show motion generates fluid flow out of the brain 201 

 The movement of CSF/ISF into, through, and out of the brain through the glymphatic 202 

system is important for the clearance of waste 12, and recent work has pointed to the mechanical 203 

forces generated by the dilation or constrictions of blood vessels in generating this fluid motion 204 
13-15,33. We hypothesized that the large movements that we see of the entire brain could drive 205 

fluid motion of a different sort. However, while fluid flow in the subarachnoid space and 206 

ventricles can be visualized in certain instances 17,34, the rapid dynamics of any motion-driven 207 

fluid flow through the parenchyma and around the brain in the awake animal is not accessible to 208 

current imaging techniques in behaving mice. Therefore, we simulated the fluid flow produced 209 

by a squeezing action of the spinal cord using a poroelastic model of the brain and spinal cord 210 

(Fig 6). Our axisymmetric model of a brain with simplified geometry incorporated a rostral 211 

outflow point corresponding to the cribriform plate, and a compliant vascular portion in the brain 212 

corresponding to the bridging veins 35 to buffer pressure changes (Fig 6a). We simulated 213 

pressure application to the distal spinal cord to mimic abdominal muscle contraction such that 214 

the model gave ICP changes and brain motion consistent with our experimental observations 215 

(Fig 6b,c). We then used the model to see what the corresponding fluid flows (Fig 6d,e) were in 216 

and around the brain. Surprisingly, there was a net flow of fluid out of the brain (Fig 6e), into the 217 

subarachnoid space. The direction of the fluid flow relative to the solid motion can be deduced 218 

from the streamlines of the filtration velocity (Fig 6d). This brain motion induced flux was large, 219 

corresponding to approximately five times the normal CSF production rate 36 (Fig 6d), meaning 220 

that brain-motion-induced fluxes should be the dominant driver of fluid flow in the awake brain. 221 

Intriguingly, these flows are in the opposite direction of the glymphatic flow seen during sleep 19 222 

and consistent with experimental observations that tracers infused into the cisterna magna in 223 

awake mice do not enter in to the cortex 20. Our simulations showed that flows across the 224 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 3, 2025. ; https://doi.org/10.1101/2025.01.30.635779doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.30.635779


 

 7 

cranial and spinal SAS are orders of magnitude larger than those across the ventricle and 225 

central canal surfaces (Fig 6e). Additionally, quantitative details about fluid flows within the brain 226 

and SAS domains can be found in SFig 11a-c. 227 

   We saw similar patterns of fluid flow out of the brain when we varied the outflow 228 

resistance/bridging vein compliance within ranges that produced physiologically realistic ICP 229 

changes and brain motions, suggesting that these results hold generally (SFig 12,13). Finally, 230 

the simulations predicted rostral/medial motion at the rostral tip of the brain (Fig 6f, SFig 11d). 231 

We performed imaging of brain motion dynamics in the corresponding position in the brain, the 232 

olfactory bulb, and also saw rostral/medial motion (SFig 14, Mov 8), indicating that our simple 233 

model geometry is capturing the fundamental aspects of brain motion. In toto, these simulations 234 

show that brain motion causes large fluid flows out of the brain, in the opposite direction of 235 

glymphatic flow during sleep, potentially explaining why the quiescence during sleep is required 236 

to drive fluid flow through the glymphatic system. 237 

 The parameter values used in the simulation discussed herein were the ones that 238 

allowed us to obtain some agreement with two essential empirical measurements carried out in 239 

the study, namely brain surface displacement and intracranial pressure. In the Supplementary 240 

Material, we performed simulations adopting different values of the resistance at the outlet and 241 

offered by the central sinus (SFig 12,13). In both cases, these resistances play an important role 242 

in achieving the observed values of intracranial pressure. 243 

 244 

Discussion 245 

Our work shows that the brain is not mechanically isolated from the body, but rather is 246 

very closely coupled to the abdominal cavity via the VVP. The effect on fluid flow by motion of 247 

the brain could help explain why injected tracers do not enter into the cortex in awake animals 248 

but do so readily during sleep 20. In humans, the VVP is thought to help buffer ICP 31, but its role 249 

in rodents is puzzling since the hydrostatic pressure gradients in a mouse will be much smaller 250 

than those in a human, both overall and relative to their respective arterial pressures. This 251 

hydraulic system can generate brain motion within the skull and drive CSF flow out of the brain 252 

into the subarachnoid space.  Tension by spinal nerves37 during the motor act of locomoting are 253 

unlikely to have generated brain motion in this experiment because we observed brain motion in 254 

the absence of changes in body configuration (SFig 7e, Mov 3). In fact, our simulations 255 

predicted that brain motion is induced by the force exerted by the VVP on the spinal cord (SFig 256 

11f). 257 

One caveat is that the mice were head fixed, preventing the normal forces generated by 258 

head motion from acting on the brain. However, the forces created by head movement in mice 259 

are much smaller than those generated by IAP and ICP changes. Measurements in freely 260 
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behaving mice show self-generated accelerations of order 1g 38, resulting in a force of ~4 261 

millinewtons (9.8m/s2*0.4g brain mass). The forces generated by a 10 mmHg anterior-posterior 262 

pressure change7 on the ~30 mm2 coronal cross-sectional area of the mouse brain will be 263 

substantially larger than those generated by head motion, on the order of ~40 millinewtons 264 

(1333N/m2 * 30x10-6m2). In contrast, head motion-generated forces will be greater in humans 265 

where the brain mass is several orders of magnitude larger, though ICP changes are also 266 

greater in humans than in mice 39.  267 

Our results also demonstrate a novel and immediate link between the brain and viscera 268 

state, mediated by abdominal pressure. Obesity 40 elevates IAP, which could disrupt the normal 269 

flow of blood between the abdominal cavity and spinal canal and/or lead to remodeling of the 270 

VVP. Alteration of blood flow and pressure gradients between the abdomen and spinal canal 271 

could reduce the movement of the brain and CSF circulation, contributing to the adverse effects 272 

of obesity on cognitive function 41.  Reduction of abdominal pressure though voiding or 273 

defecation 42 may partly contribute to their impacts on cognition 43.  Mechanical coupling 274 

between the abdomen and the brain is especially interesting considering the functional 275 

mechanosensitive channels in CNS neurons 44 and glia 45, as the forces that cause brain motion 276 

could also activate mechanosensitive channels in the brain. In addition to interoceptive 277 

pathways in the viscera, the direct signaling through mechanical forces to the brain may play a 278 

role in communicating internal states to the brain.  279 

The simulations also indicate the importance of accounting for the deformation of 280 

vascular compartments, such as the central sinus. This observation adds to considerations 281 

coming from existing literature on the glymphatic system, emphasizing the importance of 282 

capturing the interaction between vascular dynamics and brain motion in the understanding of 283 

brain waste clearance. 284 

 285 

Methods 286 

All experiments were done with the approval of the PSU Institutional Animal Care and 287 

Use Committee. We imaged 30 (15 male) Swiss Webster (Charles River, #024CFW) mice. We 288 

chose Swiss Webster mice as the dorsal skull is substantially flatter than other mouse strains, 289 

their skull bones are fused, and their larger size made it easier to implant abdominal muscle 290 

EMG electrodes.  291 

  One month prior to window implantation, expression of GFP across brain cells22 was 292 

induced using retroorbital injection of 10 µL AAV (Addgene #37825-PHPeB, 1x1013 vg/mL) in 90 293 

µL H2O (SFig 1b). We implanted a PoRTS window, with the additional step that fluorescent 294 

microspheres were applied to the surface of the skull (Fig 1c, SFig 1a). In all mice, EMG 295 
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electrodes were implanted in the abdominal muscles. Mice were then habituated to head 296 

fixation over several days before imaging. 297 

 298 

Window and abdominal EMG surgery 299 

Mice were anesthetized with isoflurane (5% induction, 2% maintenance) in oxygen 300 

throughout the surgical procedure. The scalp was shaved, and an incision was made from just 301 

rostral of the olfactory bulbs to the neck muscles, which was opened to expose the skull. A 302 

custom 1.65mm thick titanium head bar was adhered to the skull using cyanoacrylate glue 303 

(Vibra-Tite, 32402) and dental cement. To assist with head bar stabilization, two small self-304 

tapping screws (J.I. Morris, F000CE094) were inserted in the frontal bone without penetrating 305 

the subarachnoid space and were connected to the head bar with dental cement. A PoRTS 306 

window was then created over both hemispheres 23. Windows typically spanned an area from 307 

lambda to rostral of bregma and were up to 0.5 cm wide, spanning across somatosensory and 308 

visual cortex. This allowed for maximum viewable brain surface. The skull was thinned and 309 

polished, and 1-µm diameter fluorescent microspheres (Invitrogen, T7282) were spread across 310 

the surface of the thinned-skull areas and allowed to dry. They were then covered with 311 

cyanoacrylate glue and a 0.1-mm thick borosilicate glass piece (Electrode Microscopy Sciences, 312 

72198) cut to the size of the window. The position of bregma was marked with a fluorescent 313 

marker for positional reference. 314 

To implant abdominal EMG electrodes, an incision 1 cm long was made in the skin 315 

below the ribcage to expose the oblique abdominal muscle. A small guide tube was then 316 

inserted into this incision and tunneled subcutaneously it reached the open scalp. Two coated 317 

stainless steel electrode wires (A-M Systems, #790500) were inserted through the tube until the 318 

ends were exposed though both incisions, allowing the tube to be removed while the wires 319 

remained embedded under the skin. Two gold header pins (Mill-Max Manufacturing 320 

Corporation, #0145-0-15-15-30-27-04-0) were adhered to the head bar with cyanoacrylate glue 321 

and the exposed wires between the header and neck incision were covered with silicone to 322 

prevent damage. Each wire exiting the abdominal incision was stripped of a section of coating 323 

and threaded through the muscle approximately 2 mm parallel from each other to allow for a 324 

bipolar abdominal EMG recording46. A biocompatible silicone adhesive (World Precision 325 

Instruments, KWIK-SIL) was used to cover the entry and exit of the muscle by the wires for 326 

implantation stability. The incision was then closed with a series of silk sutures (Fine Science 327 

Tools, #18020-50) and Vetbond (3M, #1469).  328 

 329 

 330 

 331 
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Multiplane Imaging 332 

To rapidly switch the focal plane between the brain and the skull, we integrated a ETL 333 

(Optotune, EL-16-40-TC-VIS-5D-C) into the laser path (SFig 2a). The ETL was placed adjacent 334 

to and parallel with the back aperture of the microscope objective (Nikon, CFI75 LWD 16X W) to 335 

maximize axial range, avoid vignetting47 and remove gravitational effects on the fluid-filled lens 336 

that could alter focal plane depth or cause image distortion48. An ETL controller (Gardasoft, TR-337 

CL180) was used to control the liquid lens curvature. Pre-programmed steps in the curvature 338 

created rapid focal plane changes that were synchronized with image acquisition using 339 

transistor-to-transistor logic (TTL) pulses from the microscope. A microcontroller board (Arduino, 340 

Arduino Uno Rev3) was programmed to pass the first TTL pulse of every rapid stack to the ETL 341 

controller, which triggered a program that changed the lens curvature at predefined intervals 342 

(SFig 2b). The parameters of these steps were based on the framerate, axial depth, and 343 

number of images within the stack and were chosen to ensure the transitions of the lens’ 344 

curvature were done between the last raster scans of a frame and the beginning scans of the 345 

subsequent frame. The ability to trigger each rapid image stack independently using the 346 

microscope ensured consistent synchronization of the ETL and two-photon microscope even 347 

over long periods of data collection. 348 

 349 

Electrically tunable lens calibration 350 

 We calibrated the ETL-induced changes in focal plane against those induced by 351 

translation the objective along the Z axis (SFig 2). To generate a three-dimensional structure for 352 

calibration, strands of cotton were saturated with a solution of fluorescein isothiocyanate and 353 

placed in a 1.75 mm slide cavity (Carolina Biological Supply Company, #632255). These cotton 354 

fibers were then suspended in optical adhesive (Norland Products, NOA 133), covered with a 355 

glass cover slip, and cured with ultraviolet light (SFig 2d,e). At baseline, an ETL diopter input 356 

value of 0.23 was used as baseline as this generated a working distance closest to what would 357 

occur without an ETL. The objective was then physically stepped in the axial direction for 400 358 

µm up and down in 5 µm steps, spanning 800 µm axially. The objective was then moved to the 359 

center of the stack and the diopter values were changed from -1.27 to 1.73 in 0.1 diopter steps 360 

while the objective was stationary, averaging 100 frames at each diopter value to obtain an 361 

image stack. The spatial cross-correlation between a single frame of the diopter stack and each 362 

frame of the objective movement stack were calculated to determine the change in focus 363 

location for each diopter value. This procedure was performed at three independent locations on 364 

the suspended fluorescein isothiocyanate cotton (SFig 2f). We performed calibrations of the 365 

magnitude across the usable range of ETL diopter values. While the difference in micrometers 366 

per pixel scaling relative to the baseline focal values was large across extremes in ETL-induced 367 
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axial focal plane shift, the typical range used for imaging the brains of mice (<100 µm) had a 368 

negligible effect (approximately 0.01 µm/pixel) (SFig 2g). 369 

 To account for distortions within the focal plane, we imaged a fine mesh copper grid (SPI 370 

Supplies, 2145C-XA) (SFig 15). This square grid had 1000 lines per inch (19µm hole width, 6µm 371 

bar width). These values were used to determine the µm/pixel in the center of each hole in both 372 

the x and y direction. This allowed us to generate two three-dimensional plots of x, y, and 373 

µm/pixel points that were then fitted with a surface plot for distance calculations. 374 

 375 

EMG, locomotion, and respiration signals 376 

EMG signals from oblique abdominal muscles were amplified and band pass-filtered 377 

between 300 Hz and 3 kHz (World Precision Instruments, SYS-DAM80). Thermocouple (Omega 378 

Engineering, #5SRTC-TT-K-20-36) signals were amplified and filtered between 2 and 40 Hz 379 

(Dagan Corporation, EX4-400 Quad Differential Amplifier) 10. The treadmill velocity was 380 

obtained from a rotary encoder (US Digital, #E5-720-118-NE-S-H-D-B). Analog signals were 381 

captured at 10 kHz (Sutter Instrument, MScan).  382 

The analog signal collected from the rotary encoder on the ball treadmill was smoothed 383 

with a Gaussian window (MATLAB function: gausswin, s = 0.98ms). EMG signal recorded from 384 

the oblique abdominal muscles from the mouse were filtered between 300 and 3000 Hz using a 385 

5th-order Butterworth filter (MATLAB functions: butter, zp2sos, filtfilt) before squaring and 386 

smoothing (MATLAB function: gausswin, s = 0.98ms) the signal to convert voltage to power. 387 

The thermocouple signal was filtered between 2 and 40 Hz using a 5th-order Butterworth filter 388 

(MATLAB functions: butter, zp2sos, filtfilt) and smoothed with a Gaussian kernel (MATLAB 389 

function: gausswin, s = 0.98ms).  390 

 391 

Abdominal pressure application 392 

 A custom-made pneumatically-inflatable belt (SFig 10a) was fabricated to directly apply 393 

pressure to the abdomen of mice. It consisted of three plastic bladders that were fully wrapped 394 

around the abdomen of mice. The belt was inflated with 7 psi of pressure to apply a steady 395 

squeeze for 2 seconds with 30 seconds of rest between squeezes to allow for a return to 396 

baseline (SFig 10b). The abdominal compression was oriented in such a way that no 397 

compression or tension was imparted to the spine longitudinally, as this could affect the results 398 

by pushing or pulling on the spine itself. Mice were observed with a behavioral video camera 399 

during imaging to check for potential compression-induced body positional changes and to 400 

monitor respiration.  401 
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Motion tracking 402 

Brain and fluorescent skull bead frames were deinterleaved. Each frame was then 403 

processed with a two-dimensional spatial median filter (3x3, MATLAB function: medfilt2). 404 

Occasionally, a spatial Gaussian filter (ImageJ function: Gaussian Blur) and contrast alterations 405 

(ImageJ function: Brightness/Contrast) were also applied prior to the median filter if the signal to 406 

noise ratio of the images resulted in poor tracking analysis. 407 

 At least three locations within the image sequence were chosen as targets for tracking. 408 

These template targets were manually selected regions of high spatial contrast (e.g. cell bodies) 409 

and were then averaged by pixel intensity across 100 frames during a period without brain 410 

motion to reduce noise for a robust matching template. Following the target template selection, 411 

a larger rectangular region of interest enclosing the template area was manually selected 412 

(MATLAB function: getpts) to spatially restrict the search (Fig 1d, SFig 4a). 413 

 For tracking, a MATLAB object was created (MATLAB object: vision.TemplateMatcher). 414 

A three-step search method was typically deployed at this step to increase computational speed 415 

for long image sequences. The sum of absolute differences between overlapping pixel 416 

intensities was calculated between the target and search windows, and the minimum value was 417 

chosen as the target position within the image. To monitor motion tracking, a displacement 418 

vector was then calculated that showed the motion in pixels between the current and prior 419 

image frames which was used to translate each image into a stabilized video sequence 420 

(MATLAB function: imtranslate). For visualization, a stabilized image was displayed alongside 421 

the target box displacement in the original image (MATLAB object: vision.VideoPlayer) to aid in 422 

manually checking for tracking failure. 423 

 Once the displacement in pixels was calculated for each target in a frame, the matrix of 424 

these values was searched for unique rows (MATLAB function: unique) to determine the 425 

number of unique target locations within the image. We then calculated the corresponding real 426 

distance between each unique location and the midlines of the image. A line was drawn 427 

between the image midline and the pixel location of the target. Then the calibration surface plot 428 

that depicts the calibration value in micrometers per pixel at each pixel for both x and y 429 

directions was integrated across this line (SFig11c, MATLAB function: trapz) to determine the 430 

distance in micrometers from the midline of the image. The real distance traveled between 431 

sequential frames was then calculated using these references by finding the difference of the 432 

target distances from the center of each frame. Performing the unique integrations first greatly 433 

increased the speed of processing the data. Motion was averaged across targets filtered with a 434 

Savitzky-Golay filter (MATLAB function: sgolayfilt) with an order of 3 and a frame length of 13 435 

(Savitzky and Golay 1964). The standard error of the mean was calculated among the targets 436 

for each frame as well as the 90% probability intervals of the t-distribution (MATLAB function: 437 
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tinv). The 90% confidence interval of the average object position in x and y was then calculated 438 

using the standard error of the mean and the probability intervals for the three signals at each 439 

frame (SFig 4b). The displacement of the fluorescent microspheres on the skull was then 440 

subtracted from the displacement of the brain to obtain a measurement of the motion of the 441 

brain relative to the skull.  442 

Motion direction quantification 443 

 We used principal component analysis (PCA) to find the primary direction of brain 444 

motion. Displacement data was first centered around the mean, then the covariance matrix of 445 

the positional data was calculated (MATLAB function: cov). The eigenvectors of this covariance 446 

matrix were then calculated (MATLAB function: eig) to determine the direction of the calculated 447 

principal components. To determine the magnitude of the vector, we took the mean of the 448 

largest 20% of the displacements from the origin (MATLAB function: maxk) (Fig 2a). This was 449 

done for each of the 316 recorded trials at 134 unique locations in 24 mice, where each trial is a 450 

continuous 10 minute recording. For locations with multiple trials, motion vectors were averaged 451 

to produce a single vector (Fig 2b, 5d, SFig 3b).  452 

 453 

MicroCT and vascular segmentation 454 

 A C57b/l6 mouse (male) was anesthetized with 5% isoflurane in oxygen and perfused a 455 

radiopaque compound (MICROFIL, MV-120) to label the vasculature. The mouse was then 456 

scanned with a microCT scanner (GE v|tome|x L300) at the PSU Center for Quantitative 457 

Imaging core from the nose to the base of the tail, covering 99.36 mm separated into 8280 458 

slices with an isotropic pixel resolution of 12 µm. Images were collected using 75kV and 180 µA 459 

with aluminum filters for best contrast of tissue densities. Segmentation was done with 3D Slicer 460 
49. Thresholding (3D Slicer function: thresholding) was first used to isolate the bone, and all 461 

voxels above a manually chosen intensity threshold were retained. Voxels that were preserved 462 

by the threshold tool but not required for the segmentation were removed within user-defined 463 

projected volumes (3D slicer function: scissors). The result was a high-resolution reconstruction 464 

of the skull, ribs, vertebrae, hips, and other small bones along the length of the mouse that 465 

retained their inner cavities. Segmentation of the vasculature surrounding the spine and skull 466 

was more difficult than isolating the bone because of the overlap in voxel intensity between the 467 

small vessels and the surrounding bone and tissues. The contrast agent also filled other organs 468 

(e.g. liver) with a similar intensity, so a simple threshold could not be used for the vasculature. 469 

We separated the vessels by using a freeform drawing tool (3D Slicer function: draw) to 470 

encapsulate the desired segmentation area for a single slice in two dimensions while ignoring 471 

unwanted similar contrast tissues. This process was repeated along the spine with a spacing of 472 

approximately 100 to 200 slices between labeled transverse areas. Once enough transverse 473 
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freeform slices were created, they were used to create a volume by connecting the outer edges 474 

of consecutive drawn areas (3D Slicer function: fill between slices). This served as a mask that 475 

required all segmentation tools used to focus only on the voxels within the defined volume and 476 

ignore all others. The initial segmentation of the vasculature was created using a flood filling tool 477 

(3D Slicer function: flood filling). This tool labels vessels that are clearly connected within and 478 

across slices to quickly segment large branches of the network. The masking volume was 479 

utilized here to ignore connections to vessels or organs outside of the wanted space. The flood 480 

fill tool did not detect some connecting vessels, particularly ones located near the inner and 481 

outer surfaces of the vertebrae. In these instances, we utilized a segmentation tool that finds 482 

areas within a slice that shares the same pixel intensity around the entire edge (3D Slicer 483 

function: level tracing) to fill these gaps. In comparison to the bone, the three-dimensional 484 

reconstruction of the vessels was not smooth as they were smaller and had much more voxel 485 

intensity overlap with surrounding tissues and spaces. Thus, the segmentation was processed 486 

with a series of slight dilation operations that were followed by a matched erosion (3D Slicer 487 

function: margin). This technique of growing and shrinking the object repeatedly smoothed the 488 

surface and linked gaps between vessels. A specialized smoothing tool was then used for final 489 

polishing of the vasculature (3D Slicer function: smoothing).  490 

 491 

Brain motion simulations 492 

Our calculations serve as a proof-of-concept. Thus, we selected an extremely simple geometric 493 

representation of the mouse CNS (Fig. 6). The brain and spinal cord (in pale pink) are 494 

surrounded by communicating fluid-filled spaces (in cyan). These consist of a central spherical 495 

ventricle internal to the brain and the subarachnoid space (SAS) on the outside of both brain 496 

and spinal cord. The SAS is connected to the ventricle by a straight central canal. In the center 497 

of the brain, above the ventricle, we placed a cavity meant to model the presence of the central 498 

sinus. In addition, we placed an outlet at the top of the skull to account for the fluid leakage out 499 

of the system through structures like the cribriform plate. The dimensions for system’s geometry 500 

in the reference (initial) state are reported in Supplementary Table 1. Like in Kedarasetti et al. 501 

(2022) 15, both brain and fluid-filled spaces are modeled as poroelastic domains: each consists 502 

of a deformable solid elastic skeleton through which fluid can flow. The two domains, which can 503 

exchange fluid, differ in the values of their constitutive parameters, the latter being 504 

discontinuous across the interface that separates said domains. All constitutive and model 505 

parameters adopted in our simulations are listed in Supplementary Table 1. 506 

 507 

The governing equations have been obtained using mixture-theory 15,50,51 along with Hamilton’s 508 

principle 52, following the variational approach demonstrated in 53. Our formulation differs from 509 
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that in 53 in that (i) each constituent herein is assumed to be incompressible in its pure form, and 510 

(ii) the test functions for the fluid velocity across the brain/SAS interface are those consistent 511 

with choosing independent pore pressure and fluid velocity fields over the brain and SAS, 512 

respectively. Hence, the overall pore pressure and fluid velocity fields can be discontinuous 513 

across the brain/SAS interface. The Hamilton’s principle approach allowed us to obtain 514 

consistent relations both in the brain and SAS interiors as well as across the brain-SAS 515 

interface. In addition, this approach yielded a corresponding weak formulation for the purpose of 516 

numerical solutions via the finite element method (FEM) (cf. 54). 517 

 518 

By Ω!" we denote the domain occupied by the cerebrum and spinal cord. By Ω#$# we denote all 519 

fluid-filled domain, i.e., the SAS in a strict sense along with the central canal and the ventricle. 520 

These domains are time dependent. We denote the interface between Ω!" and Ω#$# by Γ. The 521 

unit vector # is taken to be normal to Γ pointing from Ω!" into Ω#$#. Subscripts s and f denote 522 

quantities for the solid and fluid phases, respectively. In their pure forms, each phase is 523 

assumed incompressible with constant mass densities &%∗ and &'∗. Then, denoting the volume 524 

fractions by '% and '', for which we enforce the saturation condition '% + '' = 1, the mass 525 

densities of the phases in the mixture are &% = '(&(∗ and &' = ''&'
∗. The symbols +, ,, and - 526 

(each with the appropriate subscript), denote the displacement, velocity, and Cauchy stress 527 

fields, respectively. The quantity ,')* = ''(,' − ,%) is the filtration velocity. The pore pressure, 528 

denoted by 1, serves as a multiplier enforcing the balance of mass under the constraint that 529 

each pure phase is incompressible. To enforce the jump condition of the balance of mass 530 

across Γ, we introduce a second multiplier, denoted ℘. The notation ⟦4⟧ indicates the jump of 4 531 

across Γ. We choose the solid’s displacement field so that ⟦+%⟧ = 6 (i.e., +% is globally 532 

continuous). Formally, ,' and 1 need not be continuous across Γ. Possible discontinuities in 533 

these fields have been the subject of extensive study in the literature (cf., e.g., 53,55,56) and there 534 

are various models to control their behavior (e.g., often ,')* and 1' are constrained to be 535 

continuous 56). We select discontinuous functional spaces for 1 and ,' and we control their 536 

behavior by building an interface dissipation term in the Rayleigh pseudo-potential in our 537 

application of Hamilton’s principle (similarly to 53). This dissipation can be interpreted as a 538 

penalty term for the discontinuity of the filtration velocity. Before presenting the governing 539 

equations, we introduce the following two quantities: 7' = (1 2⁄ )&',' ⋅ ,' (kinetic energy of the 540 

fluid per unit volume of the current configuration) and ; = &'(,' − ,%) ⋅ #, which the jump 541 

condition of the balance of mass requires to be continuous across Γ. 542 

The strong form of the governing equations, expressed in the system’s current configuration 543 

(Eulerian or spatial form; cf. 57) are as follows: 544 

 545 
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 ∇ ⋅ (,% + ,')*) = 0	 in	Ω!" ∪ Ω#$#, (1) 

 ⟦,')*⟧ ⋅ # = 0	 on	Γ, (2) 

 &%D% + &'D' − ∇ ⋅ (-% + -') = 6	 in	Ω!" ∪ Ω#$#, (3) 

 &'D' − ∇ ⋅ -' − E%' = 6	 in	Ω!" ∪ Ω#$#, (4) 

 ⟦&'	(,' − ,%) ⊗ (,' − ,%) − -% − -'⟧ ⋅ #	 on	Γ, (5) 

 
G7'#− ;	,' + ''℘#+ -'#−

1

2
''H+⟦,')*⟧I

±
= 0	 on	Γ, 

(6) 

where D% and D' are material accelerations, the superscript ± refers to limits approaching each 546 

side of the interface, H( is a viscosity like parameter (with dimensions of velocity per unit 547 

volume) characterizing the dissipative nature of the interface, and where the terms -%, -', and 548 

E%' are governed by the following constitutive relations 549 

 -% = −'%1K + 2'%L%
-.!
-/!

L%0 + 2H1(M% −M'), (7) 

 -' = −''1K + 2H'M' + 2H1(M' −M%), (8) 

 
E'% = 1∇'' −

H2	''
3

N%
(,' − ,%), 

(9) 

where Ψ% is the strain energy of the solid phase per unit volume of its reference configuration, 550 

L% = K + ∇%+% is the deformation gradient with ∇% denoting the gradient relative to position in the 551 

solid’s reference configuration, P% = L%0L%, H1 is the Brinkmann dynamic viscosity, M% =552 

(∇,%)%45, M' = (∇,')%45, (∇,)%45 denoting the symmetric part of ∇,, H' is the traditional 553 

dynamic viscosity of the fluid phase, H2 is the Darcy viscosity, and N% is the solid’s permeability. 554 

For Ψ% we choose a simple isochoric neo-Hookean model: Ψ = (H%6 2⁄ )(Q73 8⁄ K: P% − 3), where 555 

Q = det L% and H%6 is the elastic shear modulus of the pure solid’s phase. It is understood that the 556 

constitutive parameters in Ω!" are different from those in Ω#$#. 557 

The details of the boundary conditions and of the finite element formulation are provided in the 558 

supplementary materials. Here we limit ourselves to state that the problem is solved by using 559 

the motion of the solid as the underlying map of an otherwise Lagrangian-Eulerian formulation 560 

for which the reference configuration of the solid phase serves as the computational domain. 561 

The loading imposed on the system consists of a displacement over a portion of the dural sac of 562 

the spinal cord we denote as SZ (for the squeeze zone), meant to simulate a squeezing pulse 563 

provided by the VVP. This displacement is controlled so that a prescribed nominal uniform 564 

squeezing pressure is applied to the said zone. Flow resistance boundary conditions are 565 

enforced at the outlet at the top of the skull, and a resistance to deformation is also imposed on 566 

the walls of the central sinus. 567 

 568 

 569 
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 570 
Figure 1. Two-photon imaging of brain motion relative to the skull. a. Rapid changes in the curvature of the fluid-filled lens 571 
move the focal point between the brain and the fluorescent microspheres adhered to the surface of the thinned skull. b. Head-fixed 572 
mouse on a treadmill. c. A representative X-Z image through a typical thinned-skull window. The GFP-expressing brain (green) and 573 
fluorescent microspheres (magenta) on the thinned skull are separated by the subarachnoid space. d. Images of the brain (green) 574 
and microspheres (magenta) during a stationary period (left) and locomotion (right). The outer bounding boxes enclose the search 575 
area for the template-matching algorithm, while the inner bounding boxes represent the target used to track movement. There is a 576 
rostro-lateral shift of the brain during locomotion when compared to the rest image (visible in the displacement of the inner box) 577 
while the skull remains in its resting position. e. An example of measured brain motion. Locomotion events, shown in gray, drive 578 
rostro-lateral motion of the brain (green) while the skull (magenta) remains stationary.  579 
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 580 
Figure 2. The brain moves rostrally and laterally within the skull in locomoting mice. a. The net displacement of the brain in 581 
each frame (from data in Fig 3d) plotted as a x-y scatterplot. The displacement vector is taken to be the first principal component of 582 
the data, and the magnitude is calculated as the mean of the 80th to 100th percentile of the displacement magnitudes. b. A plot of 583 
displacement vectors for different imaging locations on the brain (N=134 sites in 24 mice). There is a noticeable rostro-lateral brain 584 
movement trend in both hemispheres. c. Power spectrums of rostral-caudal brain motion (top) and respiration (middle), showing 585 
there is no appreciable brain motion at the respiration frequency. Plotted at the bottom is the coherence between rostral-caudal 586 
brain motion and respiration. A lack of overlap in the frequency components of the signals and a low coherence between them 587 
(confidence = 0.319) suggest that the observed motion is not driven by respiration or heartbeat. d. Cross-correlations between the 588 
brain motion and locomotion signals from (Fig 3d). e. Locomotion-triggered rostral-caudal and medial-lateral brain motion. Each 589 
colored line represents the locomotion-triggered average for a single trial and the black line is the mean with the shading showing 590 
the 90 percent confidence interval. The brain begins to move rostrally and laterally slightly prior to locomotion. f. Triggered averages 591 
of the cessation of locomotion. The brain moves caudally and medially to return to baseline following the transition from locomotion 592 
to rest. 593 
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 594 
Figure 3. Abdominal muscle activation predicts brain motion a. EMG electrodes were implanted in the abdominal muscles 595 
(left), which consist of three layers (right). b. The locomotion-triggered abdominal EMG power (orange) from a single trial 596 
representative trial (data in d). Black line denotes mean, shading the 90 percent confidence interval. c. The locomotion-triggered 597 
abdominal EMG averages for all trials (orange). The expanded view around the trigger (right) shows that the abdominal EMG 598 
increases prior to the onset of locomotion. d. Representative brain displacement and abdominal EMG. Note the degree of 599 
correlation between abdominal muscle contraction and motion of the brain within the skull. e. Two-dimensional histograms of 600 
abdominal EMG power and brain displacement in a single trial (data in d). f. Cross-correlation between abdominal muscle EMG 601 
power and brain position for data in d. g. EMG-triggered averages for rostral-caudal and medial-lateral brain motion. Each colored 602 
line represents the EMG-triggered average for a single trial and the black line represents the mean with a 90 percent confidence 603 
interval. The brain begins to move rostrally and laterally simultaneously with the onset of abdominal muscle activation. H. Triggered 604 
averages of the cessation of abdominal muscle activity. The brain moves caudally and medially to return to baseline around the time 605 
that the abdominal muscles relax. 606 
 607 

 608 

 609 

 610 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 3, 2025. ; https://doi.org/10.1101/2025.01.30.635779doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.30.635779


 

 20 

 611 
Figure 4. The vertebral venous plexus (VVP) provides a mechanism for abdominal pressure changes to influence brain 612 
motion. a. Segmented microCT scan of a mouse skeleton (gold) and vasculature (red). b. Venous connections from the caudal 613 
vena cava are shown to bifurcate prior to entering the lumbar vertebrae. c. Connections from the caudal vena cava inferior to the L3, 614 
L4, and L5 vertebrae penetrate the vertebrae and connect to vasculature surrounding the spinal cord. d. Veins run longitudinally 615 
along the interior of the vertebrae (left). The venous bifurcations connect the caudal vena cava and vasculature within the spine. e. 616 
Small holes in the ventral surfaces of the lumbar vertebrae provide an entrance for the venous projections to connect to vasculature 617 
surrounding the dural sac within the column. f. A semi-transparent view of the vertebrae provides a complete look at the caudal 618 
vena cava, the vessels that run the length of the vertebral interior, and the connections between them. g. Increased intrabdominal 619 
pressure forces blood from the caudal vena cava to the VVP within the vertebral column. The increased blood volume in an 620 
enclosed space applies pressure to the dural sac, forcing the cranial CSF flow that generates brain motion.  621 
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 622 
Figure 5. Pressure applied to the abdomen of anesthetized mice resulted in rostro-lateral brain motion. a. The mouse was 623 
lightly anesthetized with isoflurane and wrapped with an inflatable belt. b. Displacement of the brain relative to the skull (green) for a 624 
single abdominal compression trial (data in c). The brain was displaced rostrally and slightly laterally. c. Displacements of the brain 625 
(green) and skull (magenta) during abdominal compressions delivered to the anesthetized mouse (blue). d. Brain displacement 626 
during abdominal compression trials across the brain (36 locations in 6 mice). The motion trend is in the rostro-lateral direction, as 627 
seen with brain motion during locomotion. Generated using brainrender58. e. Abdominal compression-triggered average of brain 628 
motion for each trial in the medial-lateral (green) and rostral-caudal (blue) direction. The black line shows the mean, shading the 90 629 
percent confidence interval. The brain begins moving immediately upon abdominal pressure application and continues to displace 630 
as the compression continues. Upon pressure release, the brain quickly returns to baseline. f. Abdominal compression-triggered 631 
skull motion averages for each trial in the medial-lateral (green) and rostral-caudal (blue) direction. 632 
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 633 
Figure 6. Computational results from a finite element simulation of the flow induced by a squeeze of intensity :! = 20 mmHg applied 634 
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 635 
(1)—(9). The boundary conditions are described in the Supplementary Material. The parameters used in the simulation are found in 636 
Supplementary Table 1. Note: the resistance scaling factors adopted here are D"# = 10$ and D%&' = 6 × 10(. a. Initial geometry 637 
(not to scale) detailing model domains and boundaries. Ω)*: brain and spinal cord domain (pale pink); Ω+,+: CSF-filled domain (cyan); 638 
Γ: Ω)* − Ω+,+ interface (red); Γ-.': external boundary of meningeal layer (blue); Γ#/: squeeze zone (orange); Γ%&': outlet boundary 639 
representing the cribriform plate CSF outflow pathway (green); Γ"#: central sinus boundary (purple). b. Average of pore pressure (in 640 
mmHg) over Ω)* excluding the spinal cord over time. c. Spatial distribution of pore pressure (in mmHg) over Ω)* ∪ Ω+,+ at K = 1	s 641 
during the squeeze pulse. d. Streamlines of filtration velocity M01' (i.e., curves tangent to filtration velocity field; red arrows) within Ω)* 642 
excluding the spinal cord, at K = 0.5	s (left) and K = 1.5	s (right) during the squeeze pulse, overlaying the color plot of the filtration 643 

velocity magnitude (in µm/s), computed as |T01'| = UT01',34 + T01',54 . Because the SAS is extremely thin, it is not meaningful to show a full 644 

plot of the streamlines in the SAS. This said, the blue line with arrows placed on the right side of each streamline plot is meant to 645 
indicate the direction of flow in the SAS at the corresponding time. e. Volumetric fluid exchange rate W01' (in nL/s)	over time across: 646 
the brain shell surface Γ67 (blue), spinal cord surface Γ#" (green), ventricle surface Γ8 (red), and central canal surface Γ"" (light blue). 647 
W01' > 0: fluid flow from Ω)* into Ω+,+. W01' is computed as the integral of the normal component of filtration velocity over the surfaces 648 
indicated. The plot displays 4 lines, two that are easily seen (blue and green lines), and two that overlap and appear as horizontal 649 
lines near zero (red and light blue lines). This is due to the different orders of magnitude of W01' across the different portions of Γ. f. 650 
Rostro-caudal (blue) and medio-lateral (green) motion of point [67 on the brain surface (shown in the inset) over time caused by the 651 
squeeze pulse. 652 

 653 

 654 

 655 

 656 

 657 

 658 

 659 
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Supplementary Table 1. Simulation geometry data and constitutive parameters. Dimensions of 660 

the central sinus compartment adopted in this geometry (i.e., W\% and X\%) were chosen to match 661 

the reference volume of a cylindrical central sinus with radius and length of 150	µm and 15	mm, 662 

respectively. 663 

Geometric parameter Symbol Value [units] 

Radius of cerebrum (brain) W] 5	mm 

Radius of spherical ventricle W^ 0.5	mm 

Radius of central canal W\\ 40	µm 

Radius of spinal cord W%\ 1.25	mm 

Thickness of meningeal layer ^5 20	µm 

Radius of central sinus W\% 0.35	mm 

Length of spinal cord X%\ 50	mm 

Length of central sinus X\% 2.7551	mm 

Length of squeeze zone X%_ 20	mm	(= 40%X%\) 

a-coord. of b%_,a ab!",$ −55%(W] + X%\) 

a-coord. of b%_,3 ab!",% −95%(W] + X%\) 

Constitutive/material parameter Symbol Value [units] 

Fluid true density &'
∗ 1000	kg/m8 

Solid true density &%∗ 1000	kg/m8 

Fluid volume fraction in Ω!" '",'
!" 0.2 

Fluid volume fraction in Ω#$# '",'
#$# 0.8 

Fluid dynamic viscosity H' 0.001	Pa ∙ s 

Solid elastic shear modulus in Ω!" H%
c,!" 2	kPa 

Solid elastic shear modulus in Ω#$# H%
c,#$# 100	Pa 

Fluid permeability in Ω!" N%!" 2 × 107ad	m3 

Fluid permeability in Ω#$# N%#$# 2 × 107ae	m3 

Resistance coefficient over Γf# res\% l\% m
g&
h'!
n Pa ∙ s/m  

Resistance coefficient over Γij* resij* lij* G
H'
^5
IPa ∙ s/m 

Scaling factor for res\% l\% {10k, 10al, 10m} 
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Scaling factor for resij* lij* 6 × {10m, 10e, 10m} 

 664 

 665 

Supplementary Material — Finite Element Formulation and Boundary Conditions 666 

Notation 667 

Here we report the weak form of the governing equations. To avoid proliferation of symbols, 668 

given a field r, the test function for that field will be denoted by rs. We denote the reference 669 

configuration of the solid phase by Ω%.We formulate the weak form of our problem over Ω%. Let 670 

Ω(^) = Ω!" ∪ Ω#$# denote the current configuration of the (entire) system. We denote by t% 671 

points in Ω%. Denoting the motion of the solid by u%(t%, ^), under common assumptions from 672 

mixture theory, u% is a smooth map with smooth inverse from Ω( to Ω(^). The gradients over 673 

Ω(^) and Ω%will be denoted by ∇ and ∇%, respectively. Given a quantity r(v, ^) over Ω(^), rn is 674 

defined as rn(t%, ^) = r(u%(t%, ^), ^). The fields +%, L%, and Q%are understood to have Ω% as their 675 

domain. Given any two fields r and w over some domain Θ such that their (pointwise) inner-676 

product is meaningful, we denote by (r, w)o the integral over Θ of said inner product. We denote 677 

by Γ%, the inverse image of the brain-SAS interface under the solid phase motion. The notation 678 

(⟦r, w⟧)p!will indicate the integral over Γ% of the jump of the inner-product of r and w across Γ%. 679 

 Weak Form 680 

For ease of writing, the weak form shown here is written assuming that +% and ,'n are 681 

prescribed on the external boundary of the system. The boundary conditions are indicated in the 682 

following subsection. The weak form is as follows: 683 
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 (+y%, Q((&(D% + &'D' − z% − z')n)q!

+ {∇+y%, Q%(-%6 + -%r + -'
r)n 	L%70|q!

+ m(,y')n , Q( mρ'D' − z' + ''∇1

+ (H2	''
3/N%)(,' − ,%)n

n
n
q!

+ {+y%, ⟦&'(,' − ,%)⊗ (,' − ,%) + 1K⟧nQ%L%70#%|p!

− {~(,y')n , {7'K − &','⊗(,' − ,%)|
n
Q%L%70#%�|p!

− mÄ(,y')n , m''(℘ − 1)K − a
3''H+⟦,')*⟧

⊗#n
n
Å Q%L%70Ç%n

p!

− {L%70(∇1É)n , Q%(,% + ,')*)n|q!

− {~(1É)nQ%L%70#%, (,% + ,')*)n�|p!

+ {(℘y)n , ⟦,')*⟧n ⋅ Q%L%70#%|p!

+ {(1É)nQ%L%70Ñ%, (,% + ,')*)n|-q!()*
= 0, 

(10) 

where ÖΩ%cs* denotes the outer-most boundary of Ω% and Ñ% is the associated outward unit 684 

normal. The above weak form, modified to enforce the boundary conditions listed later, is 685 

required to hold for all test functions +y%, ,y', 1É, and ℘y  in functional spaces chosen in a 686 

coordinated manner to the functional spaces selected for the unknown fields +%, ,', 1, and ℘. 687 

As a formal analysis concerning the well-posedness of the problem considered in this paper has 688 

yet to be developed, we avoid characterizing the spaces in question using the formal language 689 

of Sobolev spaces. Rather, we limit ourselves to describing the details of our practical 690 

implementation. With the few exceptions that we will describe next, our implementation follows 691 

standard practices in the FEM literature on solid and fluid mechanics (cf. 54). 692 

 693 

As mentioned in the main body of the paper, +% is globally continuous over Ω%. Its numerical 694 

representation was done using a second-order Lagrange polynomial FE field. The fields ,' and 695 

1 were taken to be continuous over the subsets of Ω% corresponding to the brain and the SAS. 696 

However, these fields are not continuous across Γ%. The FE fields taken to interpolate ,' and 1 697 

were second-order and first-order Lagrange polynomials, respectively. The field ℘ was taken to 698 

be continuous over Γ% (this field does not exist away from Γ%) and interpolated using first-order 699 

Lagrange polynomials. 700 

 Note on Integration by Parts 701 
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The weak enforcement of Eq. (1), namely the continuity equation for this problem, was done by 702 

testing said equation by 1É, integrating the resulting form over the problem’s domain, and 703 

applying integration by parts. This treatment of the continuity equation is not standard. The 704 

rationale for this approach is the desire to avoid approximating the gradient of the volume 705 

fraction 't. This choice has additional consequences in the treatment of the momentum 706 

equations and any boundary condition involving boundary tractions. In the momentum 707 

equations, we do not apply integration by parts to terms involving the gradient of the pore 708 

pressure. When it comes to boundary tractions, as it would be physically incorrect to prescribe 709 

pore pressure boundary values, we retain the associated pore pressure in the boundary 710 

contributions. 711 

 712 

 Note on Implementation of Boundary Conditions Involving Traction 713 

Here we indicate boundary conditions involving tractions in the current configuration of the 714 

system. This is done to facilitate the readability. As indicated earlier, the motion of the solid 715 

phase provides the ALE map needed for the pullback of said conditions to the actual 716 

computational domain. This said, we note that our computations were carried out using 717 

COMSOL Multiphysics® (v. 6.1. www.comsol.com. COMSOL AB, Stockholm, Sweden). The 718 

latter provides automatic support for these operations. That is, a user can specify whether a 719 

contribution to a weak form is to be evaluated in the “Spatial” frame (here Ω(^)) or the “Material” 720 

frame (here Ω%). We have taken advantage of this feature in our calculations. 721 

Boundary Conditions 722 

With reference to Fig. 6, the overall geometry of the system is axially symmetric and a 723 

cylindrical coordinate system is defined such that the a axis is the dashed line in the figure with 724 

the positive direction from the tail towards the head. The radial coordinate Ü is in the direction 725 

perpendicular to the a axis. The boundary of the brain-SAS over which boundary conditions are 726 

applied consists of the surface Γf# surrounding the central sinus, and of the union of the subsets 727 

Γij*, Γcs*, and Γ#u. Γij* is an outlet /inlet meant to represent a structure like the cribriform plate 728 

through which CSF can exit/enter the system. Γ#u is the region on which the squeezing action of 729 

the VVP onto the dural sack is applied. Γcs* denotes the remaining portion of the SAS external 730 

boundary. Axial symmetry was enforced in a standard fashion, namely requiring the radial 731 

component of vector fields a-axis. The rest of the boundary conditions are as follows: 732 

• +% = 6 on Γcs* ∪ Γij*. 733 

• +% = −ál,vwx(^)à#u,%yw\c(a) äz on Γ#u, where 734 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 3, 2025. ; https://doi.org/10.1101/2025.01.30.635779doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.30.635779


 

 27 

o à#u,%yw\c(a) is a (unit) step function over the spatial interval ab+,,% < a <735 

ab+,,$smoothed so to be continuous up to 2nd order derivatives over transition 736 

zones 10% in size of the function’s support. 737 

o á{,vwx is a positive scalar function of time subject to the following constraint: 738 
a

|p+,|
∫ Ñ ⋅ -Ñ ;Γp+,

= −1l  à#u,*|5c(^), where - is the total Cauchy stress acting on 739 

the mixture (i.e., solid and fluid phases combined), Ñ is the outward unit normal in 740 

the current configuration on Γ#u, 1l a prescribed pressure value, and à#u,*|5c(^) a 741 

unit step function over the time interval 0 < ^ < ^%}jcc_c, smoothed so to be 742 

continuous up to 2nd order derivatives over a transition zones 10% in size of the 743 

function’s support. That is, á{,vwx(^) was controlled so that the spatial average of 744 

the normal traction over the SZ was equivalent to a uniform pressure distribution 745 

of value 1l. 746 

• ,' = ,% on Γcs* ∪ Γ#u ∪ Γf# — This is a “no slip” boundary condition for the fluid relative to 747 

solid phase. This boundary condition has been enforced weakly (cf., e.g., 59). 748 

• Robin boundary condition on Γf# — This boundary condition is meant to allow the central 749 

sinus (CS) to deform in response to intracranial pressure changes as well as brain 750 

movement. Physiologically, this response is mediated by blood flow in the CS. We have 751 

modeled this response through a traction distribution on Γf# proportional to the velocity 752 

of Γf#: -Ñ = −res\%  ,%, where, again, - is the total Cauchy stress on the mixture, Ñ is the 753 

outward unit normal, and where res\% is a resistance constant indicated in Table 1. We 754 

have investigated the effects of a range of values of this constant. 755 

• Robin boundary condition on Γij*: This is a boundary condition meant to model the 756 

outflow of CSF from the skull through pathways like the cribriform plate and the olfactory 757 

nerves. In our simulations we have not included sources of production of CSF. Hence, 758 

the condition on Γij* is bidirectional, i.e., it allows for both outflow and inflow of CSF. 759 

This condition amounts to a hydraulic resistance, which we have implemented as a 760 

Robin boundary condition. Specifically, we have enforced the following condition on Γij*: 761 

-'Ñ = −resij*  ,')*, where -' is the total Cauchy stress on the fluid phase, Ñ is outward 762 

unit normal, and resij* is a constant hydraulic resistance indicated in Table 1. As for 763 

res\%, we have investigated the effects of different values of this constant. 764 

Note on Computer Implementation 765 

The mesh and solver were developed using the standard facilities available in 766 

COMSOLMultiphysics®. We have employed a mesh consisting of 63180 triangles and 53792 767 

quadrilaterals for a total of 116972 elements. Eight boundary layers with a stretching factor of 768 
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1.2 have been placed along the brain-SAS interface. The total number of degrees of freedom is 769 

1,487,327: 690014 for +%, 446450 and 257014 for ,' in the brain and SAS, respectively, 56669 770 

and 33816 for 1 in the brain and SAS, respectively, 3363 for ℘. Finally there is one degree of 771 

freedom for á{,vwx. Time integration was carried out using a variable step/variable order BDF 60  772 

method, with order raging from 2 to 5 and with a maximum time step set to 0.001 s. The 773 

maximum time used for the computations was 10 s, to simulate the 2s −squeeze pulse along 774 

with the recovery phase of the system after the squeeze ends. The solver was fully coupled and 775 

monolithic. MUMPS was selected as the algebraic solver. 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 
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 790 
Supplementary Figure 1. Microspheres and brain. a. Reconstruction of GFP-expressing parenchyma (green), blood vessels 791 
(red), and fluorescent microspheres (magenta). The axes are labeled dorsal (D), rostral (R), and lateral (L). Penetrating vessels can 792 
be seen through the semi-transparent brain in the bottom left and bottom right images. b. Coronal section of a GFP-expressing 793 
mouse brain, showing ubiquitous labeling of cells.  794 
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 795 
Supplementary Figure 2. Axial calibration of electrically-tunable lens. a. A change in the current input to the lens generates a 796 
curvature change in the lens, which alters the focus. b. Synchronization of ETL focus change with microscope scanning. A TTL 797 
pulse is generated at the beginning of each frame from the PCIe board in the computer controlling the microscope (top left). An 798 
Arduino Uno was programmed to filter all pulses besides the first of the stack (middle left). This pulse was then sent to the ETL 799 
controller to prompt a predetermined set of current steps that were sent to the ETL (bottom left). These currents changes created a 800 
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 801 
the two-photon microscope created with a 0.17µm fluorescent microsphere and a 0.8 NA N16XLWD-PF 16x Nikon objective. The 802 
ETL obscures part of the back aperture, resulting in a lower effective NA. d. Calibration of the ETL focal range. To provide a 803 
fluorescent three-dimensional structure, cotton stands were dipped in a solution of fluorescein isothiocyanate and suspended in 804 
optical adhesive within a concave slide. e. Three-dimensional segmentations created using fluorescent cotton strands from three 805 
locations (left to right). f. Calibration of the ETL diopter shifts to focal plane shifts. Three locations in the cotton (shown in e) were 806 
imaged by shifting the ETL focus and by translating the object in Z and aligned by correlational matching of images (top). These 807 
averages are potted for each location in colored lines with the shaded standard deviation. The linear regression is also plotted as a 808 
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 809 
laser power as a function of diopter value. Changing the diopter of the ETL had negligible changes in magnification and laser power 810 
output in the typical imaging range. 811 
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 812 
Supplementary Figure 3. Negligible skull motion during locomotion. a. ‘Worst-case’ skull motion in a 55 gram mouse. A 813 
fluorescent marker on the skull at bregma was imaged due to its large distance from the implanted head bar (implanted caudally of 814 
lambda) to maximize the ability for the skull to displace during locomotion. b. A plot of skull displacement, calculated from the same 815 
trials as the brain motion (N=134 sites in 24 mice). Note the small size and lack of clear direction. c. Locomotion-triggered average 816 
skull motion for each trial. The black line shows the mean, and the shaded portion denotes 90 percent confidence interval. d. 817 
Locomotion cessation-triggered average skull motion. e. EMG-triggered average skull motion f. EMG cessation-triggered average 818 
skull motion. 819 
 820 

 821 

 822 

 823 

 824 
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 830 

 831 
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 833 
Supplementary Figure 4. Cross-correlations between cortical brain motion, locomotion and abdominal EMG. a. Cross-834 
correlation between locomotion and lateral cortical motion.  Black line shows mean, with shading showing 90 percent confidence 835 
interval. b. Cross-correlation between locomotion and rostral cortical motion. c. Cross-correlation between EMG and lateral cortical 836 
motion. d. Cross-correlation between EMG and rostral cortical motion. 837 
 838 

 839 

 840 

 841 

 842 
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 843 
Supplementary Figure 5. Template-matching algorithm used to track the brain is robust across the field of view. a. An 844 
image of the GFP-expressing parenchyma. Each of the eight bounding boxes (white) represents a tracking template area for the 845 
matching algorithm to follow. b. The targets were tracked at each of the eight locations and the mean and 90 percent confidence 846 
interval (shading) were calculated and plotted. The tight confidence interval bounds highlight the confidence in tracking different 847 
structures at various locations within the image as well as a lack of brain distortion within the field of view, indicating ridged 848 
translation. c. Images of the brain (from a) when the mouse is at rest (top) and during a locomotion event (bottom). The neuron seen 849 
in the bounding box (gray) displaces rostrally and laterally during locomotion when compared to its resting position. 850 
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 851 
Supplementary Figure 6. The impacts of sex, age, and weight on measured brain motion. a. Magnitude of brain displacement 852 
within the skull plotted as a function of mouse weight. The solid blue line represents the linear fit for males (p = 0.0064, R2 = 0.0478) 853 
and the solid red line represents the linear fit for females (p = 0.0145, R2 = 0.0368). Dashed lines show the 95 percent confidence 854 
intervals. b. Magnitude of brain displacement within the skull as a function of mouse age. The solid blue line represents the linear fit 855 
for males (p = 0.0502, R2 = 0.0250) and the solid red line represents the linear fit for females (p = 0.0015, R2 = 0.0609). Dashed 856 
lines show the 95 percent confidence intervals. c. Brain displacement for males and females. Bars show the mean and the standard 857 
deviation. A two-sample Kolmogorov-Smirnov test on these data sets rejects the null hypothesis that these sets are from the same 858 
continuous distribution at a 5 percent significance level (p = 0.00002). 859 
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 882 
Supplementary Figure 7. Respiration-driven brain motion is only observed under deep anesthesia in mice when abdominal 883 
muscles are engaged. a. The respiration of the mouse anesthetized with isoflurane and instrumented with abdominal EMG 884 
electrode was monitored using a behavioral camera by measuring the mean pixel intensity of a box drawn across the edge of the 885 
body (box in bottom left image). Inset shows brain visualized under the two-photon microscope (bottom right). b. EMG-triggered 886 
motion during period of deep anesthesia respiration trial in the medial/lateral (top) and rostral-caudal (bottom) directions. The black 887 
line shows the mean with a shaded 90 percent confidence interval. c. EMG-triggered skull motion d. Brain (green) and skull 888 
(magenta), abdominal EMG power (orange) and behavioral camera respiration (brown) during varying levels of anesthesia. 889 
Isoflurane concentration began at 0.5% at 5 seconds, then was increased to 5% in oxygen for 120 seconds, after which it was 890 
reduced to 0.5% in oxygen once again. Light anesthesia is characterized by shallow breaths with minimal abdominal muscle 891 
contraction and produced no detectable pattern of brain motion within the skull (lower left). Deep anesthesia, characterized by 892 
slower and deeper breaths, resulted in increased abdominal muscle activation and brain motion within the skull (lower right). e. The 893 
same location was imaged again in the same mouse on a subsequent day. Locomotion drove larger brain (green) and skull 894 
(magenta) displacements compared to respiration-induced brain motion under anesthesia (shown in d). The abdominal muscle 895 
power (orange) also shows much stronger abdominal muscle contractions during locomotion events (gold). Abdominal muscle 896 
activation without a locomotion event (lower left) still resulted in a rostro-lateral brain displacement within the skull. 897 
 898 
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 902 
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 905 
Supplementary Figure 8. The brain displaces more quickly following an electromyography event than a locomotion event. 906 
a. The time that the brain takes to displace laterally 0.75µm following a locomotion and EMG event onset as histograms (left) and as 907 
probability density functions with corresponding means and standard deviations (right). b. The time that the brain takes to displace 908 
rostrally 0.75µm following a locomotion and EMG event onset as histograms (left) and as probability density functions with 909 
corresponding means and standard deviations (right). c. The distance the brain has displaced laterally 1.5 seconds after a 910 
locomotion and EMG event onset as histograms (left) and as probability density functions with corresponding means and standard 911 
deviations (right). d. The distance the brain has displaced rostrally 1.5 seconds after a locomotion (black) and EMG (orange) event 912 
onset as histograms (left) and as probability density functions with corresponding means and standard deviations (right).  913 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 3, 2025. ; https://doi.org/10.1101/2025.01.30.635779doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.30.635779


 

 37 

 914 
Supplementary Figure 9. MicroCT imaging of spine and associated vasculature. a. The skeleton and spinal vasculature. b. A 915 
view of the vessels within the rib cage. The gap observed between the caudal vena cava and both cranial vena cava is occupied by 916 
the heart, which was not included. Note the lack of connections between the caudal vena cava and the vertebrae within the rib cage. 917 
c. A view of the L3, L4, and L5 vertebrae showing connections between the caudal vena cava and VVP within the vertebrae. d. The 918 
internal VVP is shown both with bone (left) and without bone (right). e. Two holes are present on the internal ventral surface of the 919 
vertebrae. These may act as pathways for veins in the abdomen to connect to the VVP within the lumbar section of the vertebral 920 
column. f. Visualization of the veins and vertebrae with a focus on the internal ventral holes in the bone. Veins occupy the holes in 921 
the vertebrae, which can be seen both when the bone is opaque (left) and semi-transparent (right). 922 
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 923 
Supplementary Figure 10. Repeatable pressures applied by the inflatable belt. a. An Arduino Uno collected data from a strain 924 
gauge wrapped with paper towels and inserted into the inflatable belt used for abdominal compressions. b. The belt was inflated 925 
with 7 psi of compressed air for two seconds at 30 second intervals. The resulting pressure applied to the strain gauge was 926 
consistent in intensity and duration (left). A closer look at a single compression demonstrates the rapid onset and offset transients of 927 
the pressure applied (right). 928 
 929 

 930 
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 952 
Supplementary Figure 11. Computational results from a finite element simulation of the flow induced by a squeeze of intensity :! =953 
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 954 
on Equations (1)—(9). The boundary conditions are described in the Supplementary Material. The parameters used in the simulation 955 
are found in Supplementary Table 1. Note: the resistance scaling factors adopted here are D"# = 10$ and D%&' = 6 × 10(. a. 956 
Average of normal filtration velocity (in µm/s) over each of the cranial and spinal SAS sections (shown in the inset) over time. The 957 
plot displays 4 lines, with the blue one appearing as horizontal line near zero –due to the different orders of magnitude of the filtration 958 
velocity across the different SAS sections. The unit normal vector to the sections points in the rostral direction. b. Average of normal 959 
filtration velocity (in µm/s) over each of the brain and spinal cord sections (shown in the inset) over time. The plot displays 3 lines, 960 
with the orange one appearing as horizontal line near zero –due to the different orders of magnitude of the filtration velocity across 961 
Ω)*. The unit normal vector to the sections points in the rostral direction. c. Average of normal filtration velocity (in µm/s) over each 962 
of the central canal sections (shown in the inset) over time. The unit normal vector to the sections points in the rostral direction. d. 963 
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 964 
interval 0 < K < 10	s. e. Volumetric fluid outflow W%&' (in nL/s)	through the outlet boundary Γ%&' over time. W%&' > 0: fluid flow out of 965 
Ω+,+. W%&' is computed as the integral of the normal component of filtration velocity over the surface indicated. f. Average force � (in 966 
N) exerted by CSF over time onto brain and spinal cord during the squeeze. �(K) is computed as the integral average of (Ç ⋅ ÑÇ) 967 
over the surface Γ67 ∪ Γ#", where Ñ is the total Cauchy stress acting on the mixture in the SAS and Ç is the outward unit normal to the 968 
surface indicated. 969 

 970 
 971 
 972 
 973 
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 974 
Supplementary Figure 12. Computational results from a finite element simulation of the flow induced by a squeeze of intensity :! =975 
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 976 
on Equations (1)—(9). The boundary conditions are described in the Supplementary Material. The parameters used in the simulation 977 
are found in Supplementary Table 1. Note: the resistance scaling factors adopted here are D"# = 109! and D%&' = 6 × 10:. a. Initial 978 
geometry (not to scale) detailing model domains and boundaries. Ω)*: brain and spinal cord domain (pale pink); Ω+,+: CSF-filled 979 
domain (cyan); Γ: Ω)* − Ω+,+ interface (red); Γ-.': external boundary of meningeal layer (blue); Γ#/: squeeze zone (orange); Γ%&': outlet 980 
boundary representing the cribriform plate CSF outflow pathway (green); Γ"#: central sinus boundary (purple). b. Average of pore 981 
pressure (in mmHg) over Ω)* excluding the spinal cord over time. c. Spatial distribution of pore pressure (in mmHg) over Ω)* ∪ Ω+,+ 982 
at K = 1	s during the squeeze pulse. d. Streamlines of filtration velocity M01' (i.e., curves tangent to filtration velocity field; red arrows) 983 
within Ω)* excluding the spinal cord, at K = 0.5	s (left) and K = 1.5	s (right) during the squeeze pulse, overlaying the color plot of the 984 

filtration velocity magnitude (in µm/s), computed as |T01'| = UT01',34 + T01',54 . Because the SAS is extremely thin, it is not meaningful to 985 

show a full plot of the streamlines in the SAS. This said, the blue line with arrows placed on the right side of each streamline plot is 986 
meant to indicate the direction of flow in the SAS at the corresponding time. e. Volumetric fluid exchange rate W01' (in nL/s)	over time 987 
across: the brain shell surface Γ67 (blue), spinal cord surface Γ#" (green), ventricle surface Γ8 (red), and central canal surface Γ"" (light 988 
blue). W01' > 0: fluid flow from Ω)* into Ω+,+. W01' is computed as the integral of the normal component of filtration velocity over the 989 
surface indicated. The plot displays 4 lines, two that are easily seen (blue and green lines), and two that overlap and appear as 990 
horizontal lines near zero (red and light blue lines). This is due to the different orders of magnitude of W01' across the different portions 991 
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 992 
time interval 0 < K < 10	s. 993 
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 994 
Supplementary Figure 13. Computational results from a finite element simulation of the flow induced by a squeeze of intensity :! =995 
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 996 
on Equations (1)—(9). The boundary conditions are described in the Supplementary Material. The parameters used in the simulation 997 
are found in Supplementary Table 1. Note: the resistance scaling factors adopted here are D"# = 10( and D%&' = 6 × 10(. a. Initial 998 
geometry (not to scale) detailing model domains and boundaries. Ω)*: brain and spinal cord domain (pale pink); Ω+,+: CSF-filled 999 
domain (cyan); Γ: Ω)* − Ω+,+ interface (red); Γ-.': external boundary of meningeal layer (blue); Γ#/: squeeze zone (orange); Γ%&': outlet 1000 
boundary representing the cribriform plate CSF outflow pathway (green); Γ"#: central sinus boundary (purple). b. Average of pore 1001 
pressure (in mmHg) over Ω)* excluding the spinal cord over time. c. Spatial distribution of pore pressure (in mmHg) over Ω)* ∪ Ω+,+ 1002 
at K = 1	s during the squeeze pulse. d. Streamlines of filtration velocity M01' (i.e., curves tangent to filtration velocity field; red arrows) 1003 
within Ω)* excluding the spinal cord, at K = 0.5	s (left) and K = 1.5	s (right) during the squeeze pulse, overlaying the color plot of the 1004 

filtration velocity magnitude (in µm/s), computed as |T01'| = UT01',34 + T01',54 . Because the SAS is extremely thin, it is not meaningful to 1005 

show a full plot of the streamlines in the SAS. This said, the blue line with arrows placed on the right side of each streamline plot is 1006 
meant to indicate the direction of flow in the SAS at the corresponding time. e. Volumetric fluid exchange rate W01' (in nL/s)	over time 1007 
across: the brain shell surface Γ67 (blue), spinal cord surface Γ#" (green), ventricle surface Γ8 (red), and central canal surface Γ"" (light 1008 
blue). W01' > 0: fluid flow from Ω)* into Ω+,+. W01' is computed as the integral of the normal component of filtration velocity over the 1009 
surface indicated. The plot displays 4 lines, two that are easily seen (blue and green lines), and two that overlap and appear as 1010 
horizontal lines near zero (red and light blue lines). This is due to the different orders of magnitude of W01' across the different portions 1011 
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 1012 
time interval 0 < K < 10	s. 1013 

 1014 
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 1015 
Supplementary Figure 14. Motion of the olfactory bulb was rostral and medial. a. A single trial from an olfactory bulb showing 1016 
brain (green) and skull (magenta) motion as well as locomotion (black). Like the cortex, locomotion events resulted in rostral motion 1017 
of the olfactory bulb. However, the olfactory bulbs exhibited medial displacement instead of lateral. b. Locomotion-triggered average 1018 
olfactory bulb motion for each trial with the average of these plotted in black with the 90 percent confidence interval. c. Locomotion 1019 
cessation-triggered average olfactory bulb motion for each trial with the average of these plotted in black with the 90 percent 1020 
confidence interval. 1021 

 1022 
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 1023 
Supplementary Figure 15. Imaging calibration. a. Image of the copper mesh used for calibration. Each 19µm x 19µm hole had its 1024 
height and width measured in pixels using a full width at half maximum algorithm (yellow bars). b. Pixels per micron in the X (left) 1025 
and Y (right) dimensions. Box shows imaged area.  c. Fitted surfaces for X (left) and Y (right). 1026 
 1027 
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 1028 
Supplementary Figure 16. Brain displacement speed during anesthesia and externally applied abdominal pressure. a. 1029 
Histogram of the amount of time it takes the brain to displace laterally 0.75 µm following the onset of an abdominal compression with 1030 
the probability density function, mean and standard deviation (left). Histogram of lateral displacement of the brain 1.5 seconds 1031 
following the onset of an abdominal compression with the probability density function, mean and standard deviation (right). b. 1032 
Histogram of the amount of time it takes the brain to rostrally displace 0.75 µm following the onset of an abdominal compression 1033 
with the probability density function, mean and standard deviation (left). Histogram of rostral displacement of the brain 1.5 seconds 1034 
following the onset of an abdominal compression with the probability density function, mean and standard deviation (right). c. 1035 
Histogram of the amount of time it takes the brain to displace laterally 0.75 µm following the onset of an anesthetized respiration 1036 
event with the probability density function, mean and standard deviation (left). Histogram of the lateral displacement of the brain 1.5 1037 
seconds following the onset of an anesthetized respiration event with the probability density function, mean and standard deviation 1038 
(right). d. Histogram of the amount of time it takes the brain to rostrally displace 0.75µm following the onset of an anesthetized 1039 
respiration event with the probability density function, mean and standard deviation (left). Histogram of the rostral displacement of 1040 
the brain 1.5 seconds following the onset of an anesthetized respiration event with the probability density function, mean and 1041 
standard deviation (right). 1042 
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 1043 
Supplementary Figure 17. Initial geometry (not to scale) of an axially symmetric poroelastic domain (pale pink) representing brain 1044 
and spinal cord immersed in CSF-filled poroelastic compartment (cyan), including the cranial and spinal SAS, central canal and a 1045 
spherical ventricle representing the ventricular system. All geometric parameters defining the model, together with the chosen 1046 
values are summarized in Table 1. In the geometry implemented in COMSOL Multiphysics for all finite element simulations, corners 1047 
are rounded using a “fillet” tool. 1048 
 1049 

 1050 

 1051 

 1052 
Movie 1. Brain motion is rigid. A single-plane video of a mouse brain through a cranial window was tracked in eight locations. The 1053 
high degree of similarity between the calculated movement at each location demonstrates the robustness of the template-matching 1054 
tracking program, the accuracy of the two-dimensional distortion calibration, and a rigid shift of the parenchyma within the imaging 1055 
plane. 1056 

 1057 

Movie 2. Relationship of brain motion to abdominal muscle EMG activity, locomotion, and respiration. The brain moves rostro-1058 
laterally in response to abdominal muscle contractions prior to and during locomotion events. Respiration does not drive brain motion 1059 
during the resting phase in the awake state. Two and three-dimensional figures are included to demonstrate the cranial window 1060 
environment used to capture the brain and skull motion in vivo. 1061 

 1062 

Movie 3. Brain motion without locomotion (hunching). Prior to locomotion, the mouse exhibits a hunching behavior that changes 1063 
its posture and invokes abdominal muscle contraction. This results in rostro-lateral motion of the brain without the presence of 1064 
locomotion activity. Shortly after, the mouse begins a locomotion event that shows a higher degree of abdominal muscle contraction 1065 
and increased rostro-lateral brain motion. These data show that while locomotion events can predict motion of the brain within the 1066 
skull, it is not required for brain motion. 1067 

 1068 

Movie 4. Simultaneous skull, dura, and brain tracking. The electrically-tunable lens was programmed for simultaneous capture of 1069 
three layers to track skull, dura, and brain motion. As seen in the three-dimensional reconstruction of the cranial window, the dural 1070 
vessel (white) is much closer to the parenchyma surface (green) than the fluorescent microspheres on the window (magenta) as it 1071 
resides on the internal surface of the skull. The data demonstrate that when the brain moves, the dura remains stationary with the 1072 
skull despite the small size of the subarachnoid space. 1073 

 1074 
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Movie 5. Respiration-linked brain motion during anesthesia. Respiration-driven brain motion was not observed during the awake 1075 
and behaving state in mice. However, brain motion was occasionally detected during periods of deep anesthesia. In this example, the 1076 
mouse exhibits very little brain motion when anesthetized with 1 percent isoflurane in oxygen in the first 20 seconds of data collection. 1077 
The isoflurane was then increased to 5 percent in oxygen to generate deeper and slower respiration. In this state, the abdominal 1078 
muscles are more strongly recruited in each breath and the brain exhibits a rostro-lateral shift within the skull. Reducing the isoflurane 1079 
to 1 percent in oxygen at the end of the data set resulted in reduced abdominal muscle contraction force and less brain motion. These 1080 
results suggest that brain motion can only be driven by respiration in mice when the abdominal muscle contractions associated with 1081 
each breath generate sufficient pressure changes within the abdomen. 1082 

 1083 

Movie 6. MicroCT of vertebrae and vertebral venous plexus. This three-dimensional segmentation of a mouse microCT shows 1084 
how vasculature inside and outside of the vertebral bones are oriented. Furthermore, it demonstrates how the vessels connect through 1085 
the ventral surface of the individual vertebrae. The bone transitions between opaque and transparent to display the entirety of the 1086 
vertebral venous plexus. 1087 

 1088 

Movie 7. Brain motion induced by abdominal compression. A pressure cuff wrapped around the abdomen of a lightly anesthetized 1089 
mouse was used to induce an increase in intra-abdominal pressure for two seconds. These pressure increases resulted in rostro-1090 
lateral motion of the brain in the skull for the duration of the compression and a return to baseline position following pressure release. 1091 
These results suggest that externally applied intra-abdominal pressure changes can drive brain motion when controlling for behavior 1092 
in a mouse model. 1093 

 1094 

Movie 8. Olfactory bulb motion. The olfactory bulb moves rostrally within its skull compartment during locomotion, similar to the 1095 
cortex. However, the olfactory bulbs shift medially as well, in contrast to the lateral motion seen in the cortex. Following locomotion, 1096 
the olfactory bulb begins to move laterally to return to its baseline position but also overshoots its resting position caudally before 1097 
slowly returning rostrally. This movement behavior is unique to the olfactory bulbs and suggests a difference in brain motion mechanics 1098 
between the olfactory bulbs and the cortical hemispheres. 1099 

 1100 

Animation 1. Gut-brain hydraulic axis. Reducing the volume of the abdominal cavity increases intra-abdominal pressure, forcing 1101 
blood into the vertebral venous plexus. This narrows the dural sac and forces cranial cerebrospinal fluid flow, resulting in increased 1102 
intracranial pressure and brain motion within the skull. 1103 

 1104 

 1105 

1106 
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