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SUMMARY

Waste solutes are cleared from the brain via outflow of interstitial fluid (ISF). Blood-brain barrier (BBB) water
secretion and inflow of cerebrospinal fluid (CSF) via perivascular channels have been suggested as potential
fluid sources to replace outflowing ISF. To assess the role of CSF inflow in brain clearance, we measured both
CSF inflow and ISF outflow in ketamine/dexmedetomidine anesthetized rats. We used magnetic resonance
imaging (MRI) and single-photon emission computed tomography (SPECT) to track tracer flows after infusion
in CSF or ISF. CSF inflow was estimated at 0.5-0.7 uL g~' min~" using either direct observation of perivas-
cular flow or compartment modeling. ISF outflow was estimated at 0.47 + 0.05 uL g~ ' min~" after intraparen-
chymal infusion. Our observations indicate that, under the anesthetic condition examined, inflowing CSF is
sufficient to replace outflowing ISF, perivascular flow and CSF inflow to interstitium are dominated by con-
vection, and diffusion and convection both contribute to tracer transport within the brain parenchyma.

INTRODUCTION

Maintaining a healthy microenvironment in the brain is essential
for its function. Despite being metabolically highly active, the
brain lacks a classical lymphatic system to remove metabolic
waste. Instead, current evidence shows that waste solutes that
cannot be metabolized in brain tissue or transported via the
blood-brain barrier (BBB) are cleared along with interstitial fluid
(ISF) via an extravascular route’™ before being collected by
meningeal and extracranial lymphatic vessels.*® Extravascular
clearance of ISF has been estimated in anesthetized rodents to
be on the order of 0.1-0.6 pL g~' min~" calculated from the
rate of elimination of injected inert tracers from brain tissue®’
and is highly depending on the anesthetic regimen.®°

Several models have been proposed to explain the driving
mechanism of ISF clearance (see study by Agarwal et al.® for a
recent overview). The glymphatic model of brain clearance'® pro-
poses that ISF is cleared by bulk flow via venous perivascular
spaces (PVSs) and along nerve roots and that this outflow is driven
by a concomitant inflow to the interstitial space of cerebrospinal
fluid (CSF) via arterial PVSs.'"'? CSF is mainly produced by the
choroid plexus in the ventricles and flows through cisterns, sub-

arachnoid spaces, and PVSs that constitute a single continuous
compartment. CSF moves along pial periarterial spaces in the di-
rection of blood flow with speeds around 20 pm s~ in ketamine-
xylazine or ketamine-medetomidine-anesthetized mice.'"'*'°
This pial perivascular flow follows the branching arteries and
penetrating arterioles, supported by aquaporin-4 channels on
the endfeet of astrocytes lining the PVS.

Several studies have demonstrated concomitant increases or
decreases of CSF inflow and ISF clearance under different
experimental conditions'®° in support of a model in which
ISF outflow is supported by CSF inflow. The glymphatic model
suggests a mass balance of inflowing CSF and cleared ISF,
but we have found no studies comparing these in terms of quan-
titative volumetric flows.

Here, we quantitatively assessed the relationship between
CSF inflow and ISF outflow in rats anesthetized with ketamine/
dexmedetomidine. We used both compartment modeling tech-
niques and direct observation of flow in large pial PVSs to esti-
mate CSF inflow to the brain tissue and estimate the bulk outflow
of ISF by measuring the elimination of a tracer from the interstitial
space using single-photon-emission computed tomography
(SPECT). The results demonstrate that under the anesthetic
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conditions examined, inflow of CSF to the brain interstitium is
sufficient to replace outflowing ISF, indicating that inflowing
CSF constitutes a significant source of ISF and driver of its clear-
ance in the anesthetized rat brain.

RESULTS

CSF tracer influx after intracisternal injection

To investigate the flow of CSF to brain parenchyma, we used T2-
weighted (T2w) and quantitative dynamic contrast-enhanced
MRI (DCE-MRI)*' to measure the flow of a small paramagnetic
tracer, gadopentetic acid (Gd-DTPA, 0.5 kDa; BioPAL, MA,
USA) after infusion in the CSF in cisterna magna (12.5 mM,
40 uL, 2 uL min~") in healthy rats (n = 8, 200-300 g) anesthetized
with ketamine-dexmedetomidine” (Figure 1A).

The tracer distribution pattern was similar to previous obser-
vations?*?%; distribution through the subarachnoid space and
PVSs of large surface arteries followed by distribution to the
brain parenchyma (Figure 1B), preferentially along the pial periar-
terial spaces as has been recently demonstrated in humans.”* In
T2w images we observed parallel CSF-filled subarachnoid chan-
nels along the trunks of the pial arteries (Figure 1C). To avoid
confusion with the gross subarachnoid space and with the
PVSs of arteries and arterioles within the parenchyma, we here
denote these parallel CSF-filled subarachnoid channels as pial
PVSs. The pial PVSs served as the conduit for fast flow of tracer
that followed the branching of the arteries before finally reaching
the brain parenchyma where the tracer distributed. Within the
brain parenchyma, tracer generally appeared to distribute to
the tissue from a single source, i.e., a single pial PVS. Due to
the convenient location of the middle cerebral artery (MCA)
and the observation that its pial PVS was the single source of
tracer for a well-defined region of the brain parenchyma, we
decided to measure parenchymal CSF inflow of tracer arriving
from the pial PVS of the trunk of MCA (Figure 1D). We measured
CSF inflow (Qin) as follows:

—
V'pvs | Apvs

Qi = (Equation 1)

m territory

where | V'pys| is the mean CSF flow velocity in the pial PVS, Apys

is the cross-sectional area of the pial PVS, and mienitory is the
mass of the perfused territory.

To estimate the flow velocity, we measured the time-of-arrival
of Gd-DTPA in the same segment of the MCA and estimated PVS
flow velocity as the slope of the linear fit between distance and
arrival-time of Gd-DTPA (Figure 1E). MCA pial PVS flow velocity,

| V'evs|, was measured to be 0.95 + 0.42 mm min~" (Figure 1F).

To rule out that these results were biased by infusion of addi-
tional fluid or by diffusion of the flow tracer, we repeated the
flow velocity measurement using a smaller volume infusion
(10 pL, 2 pL min~") and a larger tracer molecule, Gadospin-P
(200 kDa; BioPAL, MA, USA). These experiments resulted in a
similar average PVS flow velocity in pial PVS of MCA of 1.01 =
0.32 mm min~" (n = 5).
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To measure the pial PVS cross-sectional area, Apys, we used
T2w images acquired with relatively long repetition and echo
times (Figure 2A), which produced a high contrast between
CSF and brain tissue. We applied bias-field correction to remove
spatial signal inhomogeneity and converted the images to CSF
volume fraction maps by assigning the signal intensity in cortex
as 0 and signal intensity in the basal cistern as 1 (Figure 2B). We
then measured the total pial PVS CSF volume in an 8 mm
segment of the MCA trunk and calculated the average cross-
sectional area as the volume divided by the length (Figure 2C).
Apvs, Or average cross-sectional area of pial PVS was 0.082 +
0.010 mm? (Figure 2D). To test the sensitivity of the cross-
sectional area measurement to the choice of MRI imaging pa-
rameters, we repeated the measurement in a separate cohort
using T2w-images acquired at a higher imaging resolution. The
result was similar, albeit 15% lower: 0.069 + 0.012 mm? (n = 12).

To determine the CSF perfusion territory of the MCA, we
tracked the source of tracer for each voxel inside the brain pa-
renchyma. We calculated a voxel-wise time-of-arrival map (Fig-
ure 3A), which allowed us to use a gradient-step algorithm to
step toward voxels of earlier arrival time until reaching the sub-
arachnoid space (see STAR Methods for details). We manually
delineated the subarachnoid space territory of the MCA in
each hemisphere (Figure 3B) using an average T2w MRI tem-
plate.? If the gradient-step algorithm reached the delineated ter-
ritory, the CSF source in the starting voxel was determined to be
the MCA (Figure 3C). For some starting voxels the gradient-step
algorithm did not terminate. Here, the CSF source was deter-
mined to be the same as the nearest starting voxel from which
the gradient-step algorithm was successful. The Mieritory, OF
average mass of the MCA PVS perfusion territory, was 0.157 +
0.011 g (Figure 3D) assuming tissue density of 1.045 g m|~'.2°

Having acquired measurements of | V'pys|, Apvs, and Menitory
for the pial PVS of MCA, we applied Equation 1 and found an
average Q;, of 0.51 = 0.25 L. g~ min~" (Figure 3E).

ISF clearance rate after intrastriatal injection

To estimate the rate of ISF clearance, we quantified the efflux
rate of a tracer after intraparenchymal injection. To minimize
tracer removal by diffusive transport to the brain surface, tracer
was injected in deep tissue, i.e., striatum. In eight female rats
(175-250 g), *°*™Tc-DTPA was infused through a chronically im-
planted cannula in striatum, and the distribution of the tracer
was imaged using SPECT/CT for 220 min (Figure 4A). The intra-
cranial compartment was manually segmented (Figure 4B), and
the intracranial time-activity curve was corrected for infused
activity and decay (Figure 4C). We calculated the efflux rate
constant by fitting an exponential decay function to the
data,®?’ i.e.,

—kt

ny(t) = ne (Equation 2)

where ny (t) is the amount of tracer in the intracranial compart-
ment at time ¢, n; is the injected amount of tracer and k is the
efflux rate constant (Figure 4D). Such decay is predicted by a
compartment model in the absence of influx and is applicable
once injection is complete. Assuming that the removal of tracer
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Figure 1. Dynamic contrast-enhanced MRI allows quantification of CSF flow velocity in pial perivascular spaces (\vas\)

(A) MRI was used to track the flow of a small paramagnetic tracer (Gd-DTPA) in CSF.

(B) After infusion in cisterna magna, glymphatic flow carried the tracer to the brain tissue via pial PVSs of major cerebral arteries. Scale bar: 5 mm.

(C) High-resolution T2-weighted images show parallel CSF-filled subarachnoid channels that served as conduits for the CSF flow. Scale bar: 5 mm, 2 mm in

inserts.

(D) The front of the tracer wave arrived at the MCA ~20 min after the infusion started and covered the length of the trunk in ~10 min. Scale bar: 5 mm, 2 mm in

inserts.

(E) We measured time-concentration-curves along the MCA and estimated the flow velocity as the slope of the linear fit of distance along the MCA and the time to

exceed 20% of peak tracer concentration.

(F) Resulting flow velocity |7pvs| (n = 8). We replicated the experiment using a larger tracer molecule and smaller infusion volume (n = 5, GadospinP, 200 kDa,

10 pL, 2 pl/min) with very similar results.

Abbreviations: CSF, cerebrospinal fluid; MCA, middle cerebral artery; MRI, magnetic resonance imaging. Data are represented as mean + standard deviation

(STD).

compound measured by k occurs entirely by outflow of ISF,
and that the concentration of the tracer in the outflow is equal
to the concentration in the ISF, the ISF clearance rate is as
follows®?7:

Qout = k-Vp, (Equation 3)

where Vp is the extracellular space volume per brain
mass (approximately 200 ul/g brain tissue®®). Thus, this clear-
ance Qo has units of volume per mass per time (e.g., ul g~
min~"). The efflux rate constant was on average 0.00235 +

0.00026 min~" (Figure 4E), which, assuming an extracellular
space volume per brain mass of 200 ul/g, corresponds to an
average Qout, or ISF clearance rate, of 0.471 + 0.053 uL g*1
min~" (Figure 4F).

Pial perivascular fluid flow enters brain parenchyma

To test whether a significant amount of the pial PVS flow shunted
or bypassed the brain parenchyma rather than entering the neu-
ropil as CSF inflow, as has been suggested previously,?® we
compared the cumulative amount of tracer passing through
the pial PVS with the amount of tracer accumulating in the
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Figure 2. Calculation of cross-sectional
area of the pial PVS (Apys) with high-resolu-
tion T2-weighted MRI

(A) T2-weighted MRI enabled measurement of the
cross-sectional area of the PVS surrounding MCA.
Scale bar: 5 mm.

(B) Example rendering of a parametric map of CSF
volume fractions.

(C) The trunk of the MCA was manually
segmented, and CSF partial volume maps were

[CH 1 CSF volume fraction used to measure the cross-sectional area of the
D Cross-sectional area of PVS, A, ¢ PVS.
0.15 . (D) Resulting average cross-sectional area of the
3T PVS surrounding MCA (Apys, n = 8). These cal-
& gzg‘ culations were repeated in a separate higher-
E 0.10 é . § 3 resolution dataset (n = 12), producing a slightly but
=t S 3 significantly lower estimate (p = 0.0249, unpaired
005 % g CE;. two-tailed t test, t = 2.45, df = 18).
o S Abbreviations: CSF, cerebrospinal fluid; MCA,
L/R MCA PVSs 0.00 — middle cerebral artery; MRI, magnetic resonance
L R AI L R Al imaging; PVS, perivascular space. *: p < 0.05.

downstream brain tissue. We estimated the cumulative mass of
tracer passing through the pial PVS as:

t
npvs(t) = / CPVS(t/) . |7PVS|'APVS at'. (Equation 4)
0

where npys(t) is the cumulative mass of tracer passing through
the pial PVS, cpys(t) is the concentration of tracer in the pial
PVS and |V'pys|-Apys is the estimated average pial PVS flow.

To avoid partial-volume effects on the measurement of cpys(t),
we estimated it as the summed Gd-DTPA mass in a region of in-
terest (ROI) covering the first 8 mm of the MCA divided by the
sum of the T2w-derived CSF volume fractions in the ROI
(Figure 5A).

Plotting npys(t) from the pial PVS of MCA along with n,(t) for
the MCA territory of the brain parenchyma (Figure 5B), we
observed that the two are nearly identical for the initial 60 min after
infusion starts. Subsequently, tracer starts to clear from the brain
parenchyma and npys(t) thus exceeds ny(t) (Figure 5C). To ac-
count for the clearance of tracer from the brain, we modeled the
CSF inflow and ISF outflow using a simple kinetic model:

t
/ Cnlt)  Fin — Cout)-Four dt,

=0

np(t) = (Equation 5)

where cj,(t) and cout(t) are the concentrations of tracer
(nmol pl=" or mM) in the inflow of CSF and the outflow of ISF,
respectively, and Fj, and F,,; are the rates of CSF inflow to
and ISF outflow from the interstitium, respectively (ul min~"),
both assumed to be independent of time (Figure 5D).

We applied Equation 5 to data from the MCA perfusion region.
Since simple compartment models assume well-mixed com-
partments, we estimated that the tracer concentration in the out-
flowing ISF would equal the average ISF tracer concentration,
i.e., the tracer content, ny(t), in the MCA perfusion territory,

4 iScience 28, 112323, May 16, 2025

Data are represented as mean + STD.

divided by the volume of ISF, or 20% of the tissue volume.?®
We assumed that only pial perivascular CSF flow contributed
to tracer in the perfusion region and used cpys as input function.
Equation 5 fitted the data well (Figure 5E) and Fj, and Fo,; were
estimated to be 0.085 + 0.033 uL min~' and 0.215 + 0.080 pL
min~', respectively (Figure 5F). The modeled F,,; was thus
more than 2-fold higher than Fj, (p < 0.001). Accounting for the
weight of the perfused territory, this corresponded to Q;, =
0.55+0.23 uL g~ " min~" and Qoyr = 1.38 = 0.58 L g~ ' min~".
The model fit of Fj; was highly correlated with the estimated
value of |V'pys|-Apys calculated previously (Figure 5G) and

regression analysis showed a near-unity relationship. Thus, our
estimate of the fluid flow though the pial PVS corresponded
well to the model-derived estimate of the fluid inflow from pial
PVS into the brain tissue.

We additionally applied Equation 5 to estimate global inflow
and outflow. We used the average concentration in pial
PVSs and subarachnoid space surrounding the anterior, poste-
rior, and middle cerebral arteries and circle of Willis as cj,(t)
and total brain tracer content, ny(t), divided by the total volume
of ISF, which we assumed to be 20% of the total brain volume as
Cout(t) (Figures 5H and 5I). Again, the model fit the data well
(Figure 5J), and Fo,: was 2-fold higher than Fj, (o < 0.0001):
Fin = 0.87 + 0.22 uL min~" and Foy; = 1.72 + 0.35 pL min~",
respectively (Figure 5K). Accounting for the tissue weight, this
corresponded to Qi = 0.71 = 0.21 uL g~ ' min™" and Qou =
1.40 = 0.31 uL g~ " min~". Plotting ISF clearance as a function
of CSF perfusion (Figure 5L), we found Qj, and Qo to be
correlated and regression analysis found the relationship
Qout = 1.07-Qjp + 0.64 pl g~ " min~".

DISCUSSION

The glymphatic model proposes that inflow of “clean”
CSF (Qin) though PVSs to the brain parenchyma drives a
concomitant outflow of “dirty” ISF (Qot) thereby clearing the
brain interstitial space of metabolic waste.'” If CSF inflow is
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Figure 3. Calculation of the CSF perfusion territory of MCA (mierritory) and CSF inflow (Qin)
(A) We calculated a tracer arrival time map and used a gradient step algorithm to estimate whether the tracer source for each voxel was the MCA PVS or not. Scale

bar: 5 mm, 1 mm in inserts.

(B) To estimate the perfusion territory of MCA, we segmented the PVS and subarachnoid space in the surface region of the MCA. Scale bar: 5 mm.
(C) Voxels for which the tracer source was not identified automatically were matched to the nearest neighbor. Scale bar: 5 mm.

(D) The resulting volume of the MCA perfusion territory (Mseritory, N = 8).

(E) Applying Equation 1 to data from Figures 1, 2, and 3 resulted in a measurement of the CSF inflow to brain tissue (Qin).
Abbreviations: CSF, cerebrospinal fluid; MCA, middle cerebral artery; MRI, magnetic resonance imaging; PVS, perivascular space. Data are represented as

mean + STD.

the sole driver of ISF outflow and thus source of new ISF, Q;,
should equal or exceed Q,yt, and the lack of concurrent mea-
surements of the two parameters has been raised as critique
of the glymphatic model." Our quantitative estimates in rats un-
der ketamine/dexmedetomidine anesthesia of Qj; and Qout
closely match, suggesting that under these conditions, CSF
inflow is sufficient to replace outflowing ISF and is a feasible
source of new ISF. We additionally found the flux of tracer in
the pial PVS to closely match the delivery of tracer into brain
tissue. This demonstrates that pial perivascular CSF flows an-
tegrade with the blood flow and enters brain parenchyma
where it mixes with ISF, rather than bypassing brain tissue as
has been suggested.”®

In peripheral tissues, metabolic waste is cleared by the
lymphatic system. Lymph flow rates appear to follow metabolic
demand, e.g., extravasation of tracer albumin is higher in heart
tissue than in skeletal muscle®® and clearance of intramuscular
injected human serum albumin is lower in resting than in active
skeletal muscle.®" Assuming purely convective extravasation of
tracer albumin following the Starling principle, an upper limit of
lymph flow from rat heart muscle was estimated at 0.45-
0.48 pL g~ " min~" compared to 0.035-0.1 uL g~' min~" in skel-
etal muscle.®” Thus, the present estimate of cerebral ISF
clearance of 0.47 + 0.05 pL g~' min~" is consistent with other
high-metabolic tissues, further indicating that CSF inflow of
0.5-0.7 uL g~ " min~" could be sufficient to clear brain tissue of
metabolic waste.

The ionic compositions of ISF and CSF are very similar®®
making CSF a suitable medium to replace ISF. CSF is mainly
produced at the choroid plexuses in the cerebral ventricles. Es-
timates of total CSF production in rats depend on the choice of
measurement method, from ~1.7 uL g~! min~" using a tracer
dilution method®**° to ~0.7 uL g~' min~" by direct observation
of production in the lateral and third ventricles.*® Thus, if all
CSF theoretically enters the PVSs, it would be sufficient to ac-
count for all glymphatic flow. However, neither of these calcu-
lations takes into account that CSF production and glymphatic
flow vary with the sleep-wake cycle."”*” Most tracer studies
have shown that only 20%-30% of CSF enters the PVS, while
the remaining CSF flows down along spinal cord or is shunted
out directly to peripheral tissues via the meningeal/cervical
lymphatics.”"?*

Another feasible source of fluid for ISF production is net water
flow across the BBB. Currently, no method exists to estimate the
total net water movement across the BBB.*® Rather, only unidi-
rectional water transport from blood plasma to the brain tissue
can be estimated using tritiated water as a tracer (sec. 2.1 in a
study by Hladky and Barrand®), or using diffusion-weighted
arterial spin labeling MRI,*® showing that a majority (70%-
90%) of water molecules cross from plasma to brain tissue in a
single pass, or roughly 200-500 uL g~' min~" depending on
brain mass and perfusion, exceeding CSF inflow by several or-
ders of magnitude. Ostensibly, an equal flow exists in the reverse
direction, from the brain tissue to blood plasma, but a small
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Figure 4. Calculation of ISF clearance from deep brain tissue

0 50 100 150 200
Time (min)

(A) Single-photon emission computed tomography (SPECT) was used to track the clearance of a small radiotracer (*®™Tc-DTPA) from interstitial fluid after infusion

injection in deep brain tissue.

(B) The intracranial region of interest was drawn using reference CT. Scale bar: 5 mm.
(C) Residual ®®™Tc-DTPA normalized to the injected dose (%ID) in the intracranial compartment after infusion in the striatum from individual rats.

(D) Example result of the fitting routine to measure the efflux rate constant, k.

(E and F) The ISF clearance rate was calculated by multiplying k with the ISF volume per brain weight.
Abbreviations: DTPA, diethylene-triamine-pentaacetate; ISF, interstitial fluid. Data are represented as mean + STD.

discrepancy between blood-to-ISF and ISF-to-blood water
transport could give rise to a net inflow.

It has been suggested that ISF-to-CSF transport could ac-
count for ~10% of extravascular brain clearance,”?” potentially
causing cleared metabolic waste to reenter brain tissue from
CSF. Studies of microspheres flowing in the pial PVS of the
MCA'"'* have observed only flow in the same direction as blood
flow, with no indication reverse flow. While some local recircula-
tion from ISF to perivascular CSF at the arteriolar or capillary
level is feasible, this is be downstream of the present observa-
tions and does not affect the results.

We quantified CSF inflow using DCE-MRI after cisterna magna
tracer infusion, the results of which matched ISF outflow
measured by SPECT after intrastriatal tracer injection. Reanalyz-
ing the DCE-MRI data using compartment modeling to allow
estimation of both CSF inflow and ISF outflow yielded very
similar results for inflow, but a 2-fold higher ISF outflow estimate.
This model implicitly assumes the compartments to be well
mixed, i.e., that the tracer concentration in ISF cleared from
the brain tissue equals the average concentration within the
compartment. This assumption is clearly violated as seen in Fig-
ure 1B and Figure 3A, and by direct transport of tracer to the sub-
arachnoid or perivenous space shortly after entering the brain.
Conversely, intrastriatal injection introduces tracer locally and

6 iScience 28, 112323, May 16, 2025

far from the brain surface, where diffusive transport directly to
the subarachnoid or perivenous spaces can have less effect in
its clearance from brain tissue. CSF inflow and ISF clearance
should optimally be measured from the same tissue. We chose
to inject tracer in the striatum to avoid direct diffusive transport
to subarachnoid or perivenous spaces and because of its simi-
larity in cerebral blood flow and metabolism under similar anes-
thetic regimens.*’ For these reasons, we believe the estimate
from intrastriatal injection is a better measure of ISF outflow
than is the estimate from cisterna magna infusion. Alternatively,
a net fluid inflow could provide an explanation of the intercept of
~0.6 uL g~' min~" in the regression of globally modeled outflow
to inflow (Figure 5L).

The CSF inflow quantification method presented here is to our
knowledge the first to measure perfusion of the brain tissue in
units of flow per tissue weight (here wl g~! min~"). This unit is
convenient because it allows for direct comparison between or-
gans, between subjects, and between species. In mice, a
detailed study*? of CSF influx in individual PVSs estimated the
brain-wide perfusion rate to be 0.625 uL g~' min~', agreeing
closely with an earlier approximation for mice*® (0.5 pL g~
min~") and with our estimate for rats (0.5 pL g~ ' min~"). Notably,
if human brain tissue is perfused at the same rate we measured,
the ~1.4 kg mass of a human brain would imply CSF influx at a
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Figure 5. Modeling shows that pial perivascular tracer flow enters the brain parenchyma

(A) Estimated pial PVS tracer concentration.

(B) Integrated pial PVS tracer flow (npys) plotted against measured brain tracer mass (np).

(C) npys diverges from n, 60 min after infusion when tracer starts to clear from the brain parenchyma.

(D) Compartment model to account for both tracer inflow and clearance to and from the brain parenchyma.

(E and F) Compartment model fits and results for MCA perfusion territory show lower estimates of F;, than F,,; (o = 0.00087, paired two-tailed t test, t =5.53,df = 7,
n=8).

(G) Modeled parenchymal CSF inflow correlated well with estimated CSF flow in pial PVS for the MCA perfusion territory. (o = 0.00066, linear regression, y =
0.89x + 0.004x, df = 14, R? = 0.58, each replicate represents a per-hemisphere measurement, i.e., n = 16).

(H and I) Estimated tracer mass and concentration in whole-brain ISF and CSF in inflow pathways.

(J and K) Whole-brain compartment model fits and results replicate findings of lower F, than F,,; in MCA perfusion territory (o = 0.000038, paired two-tailed t test,
t=9.15,df=7,n=38).

(L) Whole-brain model fits of ISF clearance and CSF perfusion showed a linear relationship with a high intercept (o = 0.04, linear regression, y = 1.07x + 0.64, df =6,
n=8).

Abbreviations: CSF, cerebrospinal fluid; ISF, interstitial fluid; MCA, middle cerebral artery; PVS, perivascular space.
are represented as mean + STD.

*:p <0.05, **p < 0.001, ***p < 0.0001. Data

jection in awake subject showed that tracer appeared at the M1
segment of MCA ~40 min before appearing at the M3 segment.
The distance from M1 to M3 segments of MCA is approximately
5 cm, giving a first order estimate of the flow velocity of 1.25 mm
min~". Velocities in that range are feasible to measure using
phase-contrast MRI*®* albeit the measurement is complicated
by the fact that brain tissue displaces 0.02-0.5 mm with every
cardiac pulsation in humans.*® Due to the different species and
brain states, these measurements are not comparable to ours
but demonstrate the feasibility of quantifying human CSF inflow
to brain tissue.

rate of ~1 L/day, notably of the same order of magnitude as the
typically measured CSF production of ~0.5 L/day.** Since per-
gram rates of both CSF production®® and cerebral metabolism*®
in rat brain tissue exceed those of human brain tissue by a factor
of 2-4, the direct extrapolation of CSF influx rates to human
could overestimate true CSF influx by as much, so an adjusted
estimate might lie still closer to the measured production rate.
Our methods could potentially be applied to human DCE-MRI
after intrathecal tracer injection, which is feasible in humans,
albeit rarely performed in healthy subjects due to the invasive-
ness. A recent analysis®* of human DCE-MRI after intrathecal in-
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This quantitative study shows that CSF inflow in young rats
anesthetized with ketamine/dexmedetomidine is in the range
0.5-0.7 pL g~ ' min~", whereas ISF outflow is estimated at
0.47 £ 0.05 uL g~ " min~". Our analysis suggests that CSF inflow
can match fluid efflux and is thus a significant source of fluid to
replace ISF cleared by glymphatic efflux. This finding under-
scores the importance of the age-dependent decline in CSF pro-
duction as well as in glymphatic flow,"”*" and further illustrates
why aging is the most important risk factor for proteinopathies
and dementia.*® Refined versions of the imaging and analysis
tools presented here may in the future provide biomarkers for
clinical assessment of glymphatic flow.

Limitations of the study

This study provides the first estimates of CSF inflow and ISF
clearance under the same experimental conditions, indicating
a link between the two. The measurements are subject to high
uncertainty due to both biological and measurement variation,
e.g., measuring the cross-sectional area of the pial PVS in the
higher-resolution dataset resulted ina 15% reduction (Figure 2D).
To avoid direct diffusive transport out of brain tissue, ISF clear-
ance was measured after infusion in striatum, while CSF inflow
was measured in cortical tissue. One study has showed that
there is a region difference in ISF clearance of 35% between
caudate nucleus and midbrain.®° Further study is warranted to
validate the link between CSF inflow and ISF clearance under
different experimental conditions and in other species.
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Materials availability
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Data and code availability
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available as of the date of publication at Mendeley Data: https://doi.
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o For SPECT data presented in Figure 4, we refer to the originating pa-
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Deposited data

Unprocessed MRI data and code for This paper https://doi.org/10.17632/78rvmj2wh8.1
Figures 1, 2, 3, and 5

Experimental models: Organisms/strains

Rat: Sprague-Dawley Janvier Sprague-Dawley rats
Software and algorithms

ITK-SNAP v4.2.0 itksnap.org RRID:SCR_002010

GraphPad Prism v9.2.0
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ANTs - Advanced Normalization Tools
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Python Programming Language v3.11.6
FSL 6.0.7.4
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EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

A total of 33 Sprague-Dawley rats (175-400 g) were included in the study, all acquired from Janvier (Le Genest-Saint-Isle, France) of
which 8 served as the control group for another study.®" Since biological sex does not appear to affect glymphatic inflow,” we used a
mix of male and female rats (12 male, 21 female). Rats were housed in 12:12 light cycle in individually ventilated cages with ad libitum
access to food and water. All housing, treatments and imaging were performed according to protocols approved by the Danish An-
imal Experiments Inspectorate (approval number 2015-15-0201-00535).
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METHOD DETAILS

Cisterna magna cannulation

The rats were anesthetized with a mixture of ketamine (100 mg/kg, Ketaminol® Vet, MSD) and dexmedetomidine (0.5 mg/kg, Dex-
domitor, Orion Pharma, Espoo, Finland) administered subcutaneously (2 ml/kg). After a loss of toe-pinch reflex, the animals were
fixed to a stereotaxic frame with head tilted slightly forward (30°). The cannula was inserted to cisterna magna (CM) as previously
described, with minor modifications.*® Briefly, the atlanto-occipital membrane overlying the CM was surgically exposed and a can-
nula consisting of a 30G short-beveled dental needle attached to PE10 tubing was carefully inserted into the intrathecal space while
avoiding any CSF leak outside CM. The cannula was fixed to the dura with cyanoacrylate glue and dental cement.

Mechanical ventilation

For mechanical ventilation, the rats were tracheotomized under ketamine/dexmedetomidine anesthesia (100 mg/kg+0.5 mg/kg, s.c.).
Atracheal cannula was inserted essentially as described previously with minor modifications.>* A ventral midline cervical incision was
made from the manubrium sterni to the level of hyoid bone. Trachea was exposed by lateral retraction of sternohyoid muscles over-
laying the trachea. A 3-0 silk suture was placed underneath the trachea and a cut was made through the upper half of the trachea with
iridectomy scissors caudally to the suture. A cannula was placed in the trachea and secured with the pre-placed suture. The cervical
incision was sutured tightly with 3-0 silk suture. The cannula was connected to MRI-1 small animal ventilator (CWE Inc., Ardmore, PA,
USA) and microCapStar End-Tidal CO, Analyzer (CWE Inc., Ardmore, PA, USA). Rats were ventilated with 60/40% mixture of No/O,
using a respiration rate of 75 min™'. Inspiration volume was adjusted between 1.2—-1.6ml to achieve EtCO, of 35-40 mmHg.

MRI experiments

MRI experiments were carried out on a 9.4T magnet Bruker BioSpec 94/30 USR) interfaced to a Bruker Avance Ill console and
controlled by Paravision software (Bruker) v5. Imaging was carried out using an 86 mm volume RF-transmit coil and a 4-channel
phased array RF receiver coil (Bruker). Rats were placed prone in the magnet with the teeth fixed in a bite bar. The surface receiver
coil was centered over the cerebrum. Core temperature and respiration (in the case of non-ventilated experiments) were monitored
using an MRI-compatible monitoring system (SA Instruments) for the duration of the experiment and heated waterbed was used to
maintain the core temperature at 36.5°C-37.5°C.

Imaging consisted of anatomical T2-weighted Rapid Acquisition with Relaxation Enhancement (RARE) images (echo time (TE):
36 ms, repetition time (TR): 16 s, RARE factor: 8, matrix: 330x384, FOV: 30x35 mm, 128 slices, slice thickness: 0.312 mm; slice over-
lap: 0.156 mm, 2 frames) followed by quantitative DCE-MRI acquired using the same sequence as described previously.”"?® Briefly,
quantitative DCE-MRI imaging consisted of a double angle-experiment to measure RF transmission inhomogeneity using the 2D
RARE sequence (TE: 22 ms, TR: 10 s, RARE factor: 4, 50 slices, matrix 128x128, FOV: 30x32mm, slice thickness: 0.4 mm; slice
gap: 0.2 mm; flip angle (FA): 70° and 140°), followed by variable flip angle SPGR to measure a baseline T1-map (TE: 4 ms, TR:
15 ms, matrix: 128x128x128, FOV: 30x32x30, FA: 2, 5, 10, 15, 20, 30, frame rate: 4m5s min) and DCE-MRI for the GadospinP exper-
iment consisted of 3D SPGR images map (TE: 4 ms, TR: 15 ms, matrix: 128x128x128, FOV: 30x32x30 mm, flip angle (FA): 15, frame
rate: 4m5s min, 3 baseline frames, 42 post-infusion frames). Gd-DTPA concentration was the quantified as previously described for
Gd-DOTA,?" using a longitudinal relativity constant for GD-DTPA®® at 9.4 T and 37°C of 2.94 s 'mM". For GadospinP experiments,
only DCE-MRI was acquired, consisting of 3D SPGR images map (TE: 2.2 ms, TR: 11.6 ms, matrix: 280x75x340, FOV: 28x15x34 mm,
FA: 15, frame rate: 2m30s min, 3 baseline frames, 24 post-infusion frames).

We validated PVS cross-sectional area MRI using high-resolution T2-weighted anatomical MRI from 12 rats (7 male). The rats
served as control subjects for a different study for which 5 were mechanically ventilated, 7 breathed spontaneously. Imaging con-
sisted of high resolution T2-weighted images (TE: 24.1ms, TR: 16s, Echo spacing: 8.033, RARE factor: 8, matrix: 375x250, field of
view (FOV): 30x20mm, 128 slices, 220um slice thickness, 110 um overlap, 8 repetitions, frame rate 6m8s). These data also served
as the basis for the population-based MRI template.

PVS distance measurements

To measure distances in the curved path of the perivascular space, we first created a graph G = (V,E), where vertices V were voxels
included in a given region of interest (ROI) and E were edges between neighboring voxels (26-connectivity) with weights correspond-
ing to the Euclidian distance between the voxel centers. Then, for each pixel in the ROI, we calculated a shortest-path distance to the
root, which was a manually designated starting voxel at the bottom of the middle cerebral artery.

PVS cross-sectional area estimation

Due to the small size of the perivascular spaces compared to imaging resolution, the cross-sectional area of the perivascular space
could not be measured directly but was instead measured as the PVS volume of an 8 mm proximal segment of the MCA divided by its
length. CSF volume fraction maps were produced as follows: T2-weighted TurboRARE images were rigidly motion corrected and
averaged, and bias field corrected by (1) in-house software to remove a second-order bias field in the ventral-dorsal direction due
to the use of a surface receiver coil and (2) N4°° to remove local bias fields. As T2 of CSF is much higher than in tissue, we assumed
that the bias corrected signal difference between CSF and brain parenchyma to be approximately proportional to the CSF volume
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fraction in a voxel. CSF volume fraction maps were calculated by setting mean cortical image intensity near the MCA as 0% CSF and
average image intensity centrally in the basal cistern, where CSF width exceeded 3 voxels, as 100% CSF.

Bilateral ROIs were drawn using ITK-SNAP (v3.8.0) to include the perivascular spaces around MCA. Total PVS volume was calcu-
lated as the sum of all CSF volume fractions in the ROI multiplied by the per-voxel volume, and average cross-sectional area was
calculated as the ratio between the volume and length of the PVS segment.

Velocity estimation

DCE-MRI images were concatenated and motion corrected. Perivascular space flow velocity was estimated in 8 mm proximal seg-
ments of the middle cerebral artery in both hemispheres. Bilateral ROls were drawn using ITK-SNAP (v3.8.0) to include the perivas-
cular spaces around MCA. A distance map was then computed as described above using the voxel closest to the circle of Willis as
starting voxel. Distances were binned in segments of 1 mm and time-concentration curves were summed for each bin. Time-con-
centration curves were resampled at 10 times the imaging frame rate and time-of-arrival was then calculated as the first time point
at which tracer concentration exceeded 20% of maximum. Finally, we fitted a first-degree polynomial to the time-of-arrival vs. dis-
tance plot to calculate velocity (Figure 2D).

MCA CSF perfusion volume estimation

4D (xyz + time) DCE-MRI-images were concatenated, motion corrected, and smoothed in the time dimension by applying a moving
average filter with a window of 3 frames. For each voxel p = (x,y,z) within the brain, time-signal-curves, S(p,t), were used to calcu-
late the time of tracer arrival. We denote the first time-point at which S(p, t) > max; (S(p) )-0.2 as t1, and the preceding time-point t,.
Arrival time was then found as the intercept with the x-axis, i.e.

ty — to
S(p>t1) - S(p7t0)

resulting in the per-voxel map of tracer arrival time, t;(p) (Figure 3C).

CSF probability maps were calculated as described above, and a threshold of CSF probability of 0.1 was used to create a CSF
segmentation. Using the in-house T2-weighted TurboRARE average template,”® a segmentation of the territories of the left and right
MCA in the pial surface was drawn manually. This segmentation was then transformed to the individual rat data.

A gradient ascent algorithm was then used to trace the source of glymphatic perfusion to each voxel in the parenchyma. Starting
from each voxel (pg) in the brain parenchyma, the algorithm iteratively stepped 0.2 mm in the opposite direction to the gradient of the
tracer arrival time map, i.e.

ta(p) = to — S(p,t)

_ Vta (pl)
[Vt (pi)]

where V is the gradient operator and |-| is the Euclidian norm. Stepping stopped when

Pi+1 = Pi 0.2 mm,

® p;. 1 contained MCA perivascular space; Territory(pg) was then assigned the value of the influx route map at p;. 1,
® p;.1 was outside the brain; Territory(po) was then assigned the value of 0, or
e (i + 1):0.2mm > 20 mm:; Territory(po) was then assigned the value of 0.

Finally, holes in the Territory map were filled using the morphological image close operation.

SPECT imaging

We used dynamic SPECT/CT imaging after intrastriatal injection to measure the brain efflux rate. These experiments also served as
the control group in a different study.®' An intrastriatal cannula was surgically placed on the day before imaging. The rats were anes-
thetized with isoflurane (3.5-4% induction, 1.5-2% maintenance in O,, Attane Vet, ScanVet). After a loss of toe-pinch reflex, the
animals were placed on a heating pad and fixed to a stereotaxic frame. Prior to the surgery, the rats received systemic carprofen
(5 mg/kg, s.c. Rimadyl Bovis Vet, Zoetis) and local infiltration anesthesia with lidocaine (1 mg/kg, s.c. Accord Healthcare Ltd.) locally
at the surgical site. The skull was surgically exposed, and a small burr hole was drilled to the skull above the striatum (M/L: 3.0 mm;
A/P: 0.0 mm). A guide cannula was placed through the burr hole (D/V: +5.0 mm) and fixed to the skull with dental cement and cyano-
acrylate glue. The rats were allowed to recover for 16-24 h in single-housing before SPECT/CT imaging. For the duration of the
scans, rats were anesthetized with a mixture of ketamine (100 mg/kg) and dexmedetomidine (0.5 mg/kg) administered subcutane-
ously (2 ml/kg). The respiratory rate was monitored with a pressure pad to ensure sufficient level of anesthesia. No supplemental
anesthesia was needed in any of the scans. Dynamic whole-body SPECT/CT imaging was performed with the Vector4CT (MlILabs,
Utrecht, Netherlands) system. Rats were placed in the scanner in prone position. SPECT images were acquired with a high energy
ultra-high-resolution rat 1.8 mm pinhole collimator (HE-UHR-RM 1.8 mm pinhole). The rectal temperature of the animal was moni-
tored throughout the whole scan and normothermia was maintained with a heating pad. ®*™Tc-labeled diethylenetriaminepentaace-
tic acid (12.5 mg/ml, TechneScan DTPA, Curium Pharma, The Netherlands) with a molecular weight of 489 Da was infused over the
first 20 minutes (0.2 pl/min, 3-7 MBQ) of scan with a Hamilton Gastight 1700 syringe (Bonaduz, Switzerland) in a micro infusion pump.
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Image data were acquired over 3 h 40 min (twenty-two 10-minute scans). The SPECT image was registered to full-body CT images
acquired directly after the SPECT scans in the same imaging sessions that served as anatomical reference images.

SPECT/CT analysis

Acquired images were reconstructed using Similarity-Regulated Ordered Subsets Estimation Maximization (SROSEM) with a voxel
size of 300 um and 5 iterations and corrected for attenuation and tracer decay in MiLabs Reconstruction software 10.16 (MlLabs,
Utrecht, Netherlands). Intracranial region of interest (ROI) was defined in ITK-SNAP software with automated segmentation using
the acquired SPECT and CT images. The total injected radioactivity was calculated in the whole animal and urine pad (excluding re-
sidual activity in the infusion cannula) in the first frame after the end of tracer infusion. The fraction of the total activity in the injected
dose (%ID) in intracranial ROl was calculated from the acquired SPECT images using MATLAB.

QUANTIFICATION AND STATISTICAL ANALYSIS

All image registration was performed using Advanced Normalization Tools Advanced Normalization Tools (ANTs). Image processing
was performed in MATLAB R2019B, Python v.3.8.3, or the FMRIB Software Library v. 6.0. MRI volume rendering was carried out in
MRIcroGL v1.2.20201102. Statistical analysis consisted of paired and unpaired t-tests, and linear regression and was carried out in
GraphPad Prism v. 9.2.0. All measurements are reported as mean + standard deviation and error bars represent standard deviation.
n represent biological replicates, i.e. number of rats. Unless otherwise noted, in the case of measurements calculated for each

hemisphere separately (i.e. |7va , Apvs, Mierritory, @and Qin), each biological replicate was represented by the average of the two

per-hemisphere measurements. *: p < 0.05, ** p < 0.001, *** p < 0.0001.
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