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Abstract
Objective. Elastography of the brain has the potential to reveal subtle but clinically important changes
in the structure and composition as a function of age, disease, and injury.Approach. In order to
quantify the specific effects of aging onmouse brain elastography, and to determine the key factors
influencing observed changes, we applied optical coherence tomography reverberant shear
wave elastography at 2000Hz to a group ofwild-type healthymice ranging fromyoung to old age.
Main results.We found a strong trend towards increasing stiffness with age, with an approximately
30% increase in shear wave speed from2months to 30monthswithin this sampled group.
Furthermore, this appears to be strongly correlatedwith decreasingmeasures of whole brain fluid
content, so older brains have less water and are stiffer. Rheologicalmodels are applied, and the strong
effect is captured by specific assignment of changes to the glymphatic compartment of the brain fluid
structures alongwith a correlated change in the parenchymal stiffness. Significance. Short-term and
longer-term changes in elastographymeasuresmay provide a sensitive biomarker of progressive and
fine-scale changes in the glymphatic fluid channels and parenchymal components of the brain.

1. Introduction

Elastography techniques are increasingly capable of producing quantitative images of the biomechanical
properties of the human body. Elastography applied to the brain is a relatively recent and promising avenue
of research usingmagnetic resonance imaging, ultrasound, and optical coherence tomography (OCT)
imaging systems in clinical and pre-clinical settings. An overarching goal is to discover sensitive biomarkers
related to the viscoelastic properties of the brain (Hiscox et al 2016, 2018, 2021, Bigot et al 2018, Gerischer
et al 2018,Munder et al 2018, Guo et al 2019,Murphy et al 2019, Arani et al 2021) that can be targeted for
diagnosis. These previous studies demonstrate that there are changes in brain viscoelastic properties with
age, injury, and disease. However, the fundamental mechanisms underlying these changes and their links to
the tightly regulated brain vascular, perivascular, and glymphatic fluid systems, remain as questions to be
systematically studied. Thus, the need for a detailed examination of key factors andmechanisms that
influence brain stiffness in normal aging is still a major topic for research. This paper utilizes an advanced
elastography technique and rheological model tomeasure brain stiffness versus age and fit the data to
plausible changes in governing parameters. The key role of fluid channels, especially within the brain’s
glymphatic system, is closely examined. This paper is organized to review the necessary equations for the
biphasic rheological model, then describe the elastographymeasurements and present the results. The role
of fluid channels and the global water content of the brain are of particular interest as to how they contribute
to the strong stiffening of themouse brain with advanced age.
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2. Theory

In this sectionwe summarize themain results from recent work on the biphasic (fluid/solid)microchannel flow
model applied to the brain (Parker 2017, Ge et al 2022a).We derived the stress-strain behavior of the brain as a
two-compartmentmodel with a larger scale network representing the vascular and perivascular branching
structures plus a smaller scale version representing the interstitial spaces, in particular the glymphatic system.
The stress relaxation response of amacroscopic block of tissue is given by
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whereA1 represents the stiffness of the vascular and perivascular fractal branching structures andA2 the smaller
scale interstitial/glymphatic structures, a is the power law exponent for each compartment, τmax and τmin are the
largest and smallest time constants, respectively, associatedwith the network of fluid channels permeating the
tissue, andΓ represents the upper-tailedGamma function (Abramowitz and Stegun 1964). These parameters are
conditioned by anatomicalmeasures and are discussed inmore detail inGe et al (2022a). The complex Young’s
modulus as a function of frequency is then derived by Laplace transform theory as the sumof two groups
corresponding to theA1 andA2 terms above. However, a simplified form for theA2 function is possible and so
ourworking approximation for the complex Young’smodulus is:
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where w is the radial frequency of the shear waves employed in elastography, I is the imaginary unit, and a> 0 is
the power law exponent linked to the distribution offluid channel sizes. This approximation is valid for typical
frequencies where  /w t1 ,min and the shear wave speed (SWS) as a function of frequency (the phase velocity
and dispersion) can also be calculated from this quantity. In this equation, theA2 term is an asymptotic
approximation to the beta function termswith very long τ time constants valid over the typical range of
frequencies used in elastography. This is a result of the time constants within the glymphatic systembeing so
long as to result in a nearly constant termover the typical range of brain elastography experiments above 10 Hz.

Next, we consider dilation or constriction of the fluid channels within either of the two compartments. It can
be shown that this change can be treated simplywith scale factors shifting both themagnitude and the time
constants associatedwith the network offluid channels.

If all the vessel radii are increased or decreased by a factor of c=r r2 where c > 1 represents dilation and
c < 1 represents constriction, thenwefind
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whereC is a constant based onmaterial properties and the exponent of 1.5 is a plausible value derived from
anatomicalmeasures of the brain as explained inGe et al (2022a).

Wefind that a general rule for the change in stiffness and particularly stress relaxation as a function of overall
change influid vessels within a biphasic tissue is given by
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are given by equation (3). Thus, equations (3) and (4) describe the change in rheology as a
function offluid channel changes proportional to c, in an unconfined space. As a simplification, the leading
termof /c1 a1.5 can be considered the dominant factor, showing a direct effect where small amounts of dilation
create a softening of the tissue. This termdirectly affects the complexmodulus, introducing theχ parameter into
equation (2), andwhere the t time constants have beenmodified by equation (3).

Now consider the case where the elastic properties of the cellular structures change, without any alteration of
vessel diameters. Electro-chemical effects in different cells, axons, dendritic spines, cellmembranes, and actin
filaments have been reviewed by Tyler (2012) andBarnes et al (2017). Functional stimulimay incite regional
electro-chemical changes (Patz et al 2016). Furthermore, the intracellular water content, boundwater, and
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components includingmyelin and proteoglycansmay not be a constant across the different ages, so themodel’s
baseline parenchymal stiffnessmay not be treated as a constant.

Again, assuming a baseline case of ( )s t ,SRb
then if c=E EE2 as a change in the elasticmatrix by factor of c ,E

we canmap the resulting changes through the transformation rules (Parker 2017) andwefind that:
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Thus, an increase in E (c > 1E ) translates into two effects: an increase in the overall stress relaxation force by
a factor of ( )c - ,E

a1 and a down-shifting of time constants by a factor of c1 ,E which in some cases produce a slight
‘softening’ effect.

Now summarizing and combining these trends, the leading terms in the equations for the complexmodulus
can bewritten as
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where E2 is the alteredmodulus as c and cE are varied around a reference point of 1 corresponding to a reference
modulus ofE0. This simplified equation assumes the effect on changing the τmax and τmin is less significant but
serves as a straightforward approximation. Another hypothesis to be re-examined later is that cE can be
approximated as inversely proportional to ( )c .3 2 The c3 term reflects a strong correlationwith increasing or
decreasing volume ofwater in the fluid spaces of the brain. The square term captures themeasured dependence
of biomaterial (elastic phantom)moduli as a function of water/solid content, although in the case of gelatin
phantoms there is some disagreement as to the dependence being linear or square (Hall et al 1997, Zhang et al
2011,Nguyen et al 2014). Assuming the square dependence and combining the terms yields an approximate
expression for long-term changes of the complexmodulus E2 in the brain from somenominal value E ,0 where
E2 is given as:
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and, for example, if a= 0.05, then the denominator term is c ,5.75 a very strong dependence of themodulus with
variations in fluid content.

3.Methods

3.1. Animal preparation
Thirty-fivewild-typemice (C57BL/6, ranging from2.5 to 30.6months of age, 22male/13 female, Charles River
Laboratories,Wilmington,MA,USA)were scannedwith 3D reverberant shear wavefield optical coherence
elastography (Rev3D-OCE) during anesthetized (mimicking sleep) states (Ge et al 2022a). Cranial window
surgeries were performedwhere 5 mmdiameter glass windows replaced a portion of the skull near the center but
leaning towards the right hemisphere (Mestre et al 2020). An agarose gel solution (1.1%)was used to adhere the
glass window to themouse skull/brain interface, and the duramaterwas left intact. Rev3D-OCE scanswere
performed 15 min post-anesthesia (ketamine-xylazine) for the sleep state. Upon scan completion, themicewere
euthanized, and the brains were extracted tomeasure brainwater content. Thewet and dryweights in grams
(wwet and w ,dry respectively)weremeasured at time of euthanasia and after 72 h incubation at 65 °C, respectively.
Brainwater content was computed as /[( ) ]- ´w w w 100%.wet dry wet Mice experiments were performed under
protocols approved by theUniversity of Rochester Committee onAnimal Resources. Further details regarding
related animal preparation are described byGe et al (2022a).

3.2.Optical coherence elastography
As referenced above, Rev3D-OCE is implementedwith a custom-built OCT andmechanical piezo-electric
system, operated by LabVIEW (version 14,National Instruments, Austin, TX,USA). To summarize, the laser
source is a swept-source laser (HSL-2100-HW, Santec, Aichi, Japan)with a center wavelength of 1310 nmand
bandwidth of approximately 140 nm. The lateral resolution is estimated to be 20 μmand the axial resolution to
be 6 μm in air. Thefield of viewwas adjusted to be approximately 5× 5 mm.Themechanical piezo-electric
systemutilizes a custom3D-printed ring that is 10 mm in diameter (8 mmaperture) and has eight points of
contact to generate reverberant shear wavefields. The frequency of the piezo-electric device it set to be 2000Hz.
SynchronizedM- andB-mode acquisition is used to acquire 4Ddata (3D space and time). In the scanned
volumes of interest, local autocorrelations are performedwith varyingwindow sizes, which are proportional to
the contours of B-mode intensities. Select frames in time are averaged to obtain the final 3D elastogram.Details
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on thismethodology are adapted fromprevious studies (Zvietcovich et al 2019, Ge et al 2022b). All elastogram
estimations and data processing are completed inMATLAB 2022b (Mathworks, Natick,MA,USA). One
example brain study is shown infigure 1, covering from left to right the 3D scanned volume, the detected shear
waves producedwithin the brain at 2000Hz, and the estimated shearwave speedwithin the volume.

3.3.Data analysis
For each 3D elastogram, amean SWS, c ,s inm s−1 is reported as the average within rectangular volumes that
appear to bemostly brain parenchyma. The Young’smodulus can be computed via the formula

( )r=E c3 , 8s
2

wherewe assume the density r of themedium to be 1000 kg m−3 or 1 g cm−3. The entire cohort of data points is
summarized by plotting relevantmeasurements (age,measured SWSor Young’smodulus, and brainwater
content). Polynomial fitting alongwith coefficient of determinationR2 scores are reported for correlating trends.
All data analysis is done using Python 3.11.1 (Python Software Foundation,Wilmington, DE,USA).

4. Results

The shearwave speed (SWS)was found to be a strong function of age, increasing by a factor of nearly 30%over
themeasured span from youth to senescence (2.5 to 30.6months). These results indicate that this strain ofmice
exhibits a pronounced trendwhereby the brain stiffenswith age (figure 2).

Next, we examine the globalfluid content of the brains as a function of age, based on conventional wet/dry
weights of hemispheres. This is a particular interest given the biphasic nature of our rheologicalmodel. These
results are shown infigure 3 and demonstrate a decreasing trendwith age, showing higher water content in
younger brains.

Next, treating age as a parametric variable, we plot the stiffness as a function of water content in figure 4. In
this graph, age is indicated by the size of the circles used, and a second orderfit to the data is applied, with an
overallR2 of 0.86. This link is examined quantitatively in themodel to determine plausiblemechanisms
underlying this trend.

Ourmodel for the results above utilizes the simplified equations (6) and (7)with the following parameters:
the reference point is taken arbitrarily as 77%water, corresponding to young adultmice in our samples, figures 3
and 4, with amodulus of 13.3 kPa. The percent of water is increased or decreased about this point by assuming
all the increase or decrease is attributed to the glymphatic extracellular fluid compartment at roughly 10%of the
overallfluid content:

( )c= +% water 67 10 . 93

This relation implies that the larger volumes offluid in the intracellular spaces and themajor blood vessels
and cerebral spinal fluid (CSF) spaces are relatively constant across our sample space (O’Brien and
Sampson 1965, Siegel et al 1999, Elkin et al 2010, Keep et al 2012, Jessen et al 2015, Reichel 2015, Gottschalk et al
2021). Then, for themodulus ofE given by equation (7), assuming a= 0.05 as a benchmark, andE0= 13.3 kPa,
we can plot themodulus as a function of water content, withχ varying as the parametric parameter between
0.94<χ< 1.06. This plot is shown infigure 5, alongwith a second orderfit (red) representing theminimum
mean squared error trend of all the data infigure 4.

Figure 1.An example of elastography in themouse brain using 2000Hz reverberant shear waves. (a) 3Ddata set from theOCT scan of
the anterior cortical brain (top)with a resolved blood vessel under the intact duramater. (b) Instantaneous displacement patterns
within the reverberant shear wavefield, with red and blue colors indicating the direction positive or negative of the displacements. (c)
Estimated SWSswithin the 3D volumewith some spatial variation corresponding to proximity to the blood vessel. Colorbar units are
arbitrary grayscale in (a), arbitrary phase displacement in (b), and inm s−1 in (c).
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5.Discussion

The overall set ofmeasurements show clear trends with respect to the overall fluid content of the brains. As the
water percent increases, the SWS andmagnitude of the complexmodulus (or ‘stiffness’) of the brain decrease.
Themicrochannel flowmodel is capable of capturing these trendswith relatively simple adjustment in
parameters to account for dilation or constriction of the fluid channels. It was necessary for us to assume, for the
conditions studied, that across the population the parenchymal elasticity was also dependent on the overallfluid
content. In other words, this is not a simple vasoconstriction/vasodilationmodel but also includes a term
reflecting a change in the underlying elasticmodulus of the brain parenchyma correlatedwith age and overall

Figure 2. Shear wave speed (ms−1)measured in anesthetizedwild-typemice cortical graymatter, in vivo, as a function of age in
months. A linear regression line is includedwith the shaded area indicating a 99%confidence interval. The regression line has anR2 of
0.79.

Figure 3.Percent water contentmeasured as a function of age fromhemispheres. Globally, thewater content decreaseswith age, the
linear regression isR2= 0.75.
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percent offluidswithin the brain, especially within themicrochannels comprising the glymphatic drainage
system. These assumptions are consistent with some earlier studies of aging brains (O’Brien and Sampson 1965,
Keep et al 2012, Gottschalk et al 2021). The overall concept is illustrated in table 1.We note also that we tried
several alternativemodels that failed to capture the significant trend in the elastography datawith global brain
water content. These are described inmore detail in the appendix.

Figure 4.Measured stiffness (Young’smodulus in kPa) versus brainwater content (%wet/dryweight) inwild typemice of different
ages. Data point size is proportional to age inmonths. The youngermice (smaller circles) trend towards a higherfluid content and
softer brains. The oldermice (larger circles) trend towards drier and stiffer properties. The coefficient of determinationR2 is 0.86. The
solid line is the second order polynomialfit with 99% confidence interval indicated as the shaded region.

Figure 5.Vertical axis:magnitude ofE at 2000Hz in the brain using themicrochannelflowmodel as described in the Theory section.
Horizontal axis: brain percent water. Blue dashed line:model where the dilation parameterχ varies as the parametric variable between
0.94<χ< 1.06 using equations (7) and (9). Red line: curve-fit ofmouse brain data fromfigure 4. These demonstrate thatfluid
changes attributed to the glymphatic compartment and long-term changes in the elastic properties of the parenchymalmatrix can
combine to create pronounced changes in the stiffness of the brain.
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Since there is a wide spectrumof changes in the brain as a function of age, sorting through the dominant
factors affecting stiffness is challenging and remains open for investigation. Just one factor, for example, that
could play a role is the pronounced thickening of the basementmembranes of the brainwith age. The basement
membranes are a thin butwidely distributed layer within the blood-brain barrier and have been found to double
in thickness with age in rodent brains. They thicken in response tomechanical stresses and, with age,may
develop altered lipid, laminin,fibronectin, and other proteoglycan components (Ceafalan et al 2019, Reed et al
2019). This is one example of amorphological change accompanied by compositional changes that could create
whole brain shifts in the baseline viscoelastic properties, since the thickness increasesmay affect the fluid
channel dimensions (c), and the compositional changesmay influence the composite stiffness of the elastic
brain (cE), as supported by ourmodel. Isolating these effects will require careful targeting and focus.

The comparison of our results with human brainmagnetic resonance elastography (MRE) aging studies is
complicated. There are a number of questions fromMREof the human brain that require clarification. In a
recent review article (Arani et al 2021), the authors point out that a general consensus regarding the effects of
aging on the brain of adult humans is that the brainwill soften over time, however not all studies agree on the
magnitude of this effect (Hiscox et al 2021, Coelho and Sousa 2022). Furthermore, some significant baseline
parameters such as the relative stiffness of cortical greymatter versus cerebral whitematter do not have a strong
consensus across reports.We hypothesize that there are several factors in nominally healthy humans at age 80
that are different from themouse brain at age 30months, for example inflammatory or early-stage degenerative
conditions thatmay be subclinical. Furthermore, the shear wave frequency difference in ourmouse studies
(2000 Hz) versus human studies (approximately 50 Hz is commonly used) can create complicated differences
linked to viscoelastic dispersion effects thatmay not yet bewell understood. Identifying key differences will
require further comparisons.

OtherMRI studies have linked diffusion estimates tomicrostructural alterations in the aging human brain
includingmyelin andwater (Billiet et al 2015, Beck et al 2021). It is possible that amultiparametric combination
of thesemeasures with elastographywill help to improve the specificity of changes with respect to
microstructural components.

As an aside for the rheology experts, it is important to note that our keymodel of complex stiffness,
equation (2), is closely related to thewell-knownKelvin–Voigt fractional derivative (KVFD)model. The leading
termof ( )wI a resembles theKVFD spring-pot (the fractional derivative damper term) and the constant
asymptotic term for the glymphatic system resembles the parallel elastic spring in theKVFDmodel, which has
found numerous uses in biomechanics (Parker et al 2019). The spring-pot (power law) behavior is recognizable
when data are plotted on log-log graphs of stiffness versus frequency, the power law is observed as a straight-line
dispersion curve over the frequencies where the ( )wI a termdominates. This behavior is demonstrated clearly in

Table 1.Overview ofmodel emphasizing key compartments. The key parameter c represents a small change in radius offluid channels from
some reference value. Then c3 is proportional to volume change in overall fluidwithin thefluid channels. Changes with aging can be
modelledwith principal dependence or correlationwith changes in thefluid volume associatedwith the glymphatic system andwith the
elastic properties of the parenchymalmatrix of the brain.

Microchannelflowmodel brain compartments Changewith age Result

Parenchymalmatrix Water content decreases and stiffness

increases∼(1/χ3)2

strong stiffeningwith drier,

Vascular/perivascular

Elasticitymay increase, not included inmodel

older brainsCerebral spinal fluid No change inmodel

∼(1/χ6)

Extracellular/glymphatic Fluid volume decrease, causing elasticity

increase∼(1/χ1.5a
)

whereχ<1 in the aging brain
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the preponderance of brainmeasurements graphed by Forte et al (2017). Also, power law dispersionwas noted
in earliermouse brainMRE studies byClayton et al (2011).

Themajor improvement here is that ourmodel explicitly links the parameters to anatomicalmeasures of the
vascular system and the glymphatic system, and then can account for rapid or long-term changes in these. This
link tomechanismswithin the brain helps to clarify themajor factors that are captured in elastography of the
brain and their diagnostic value.

Limitations of this work include the localized nature of theOCT elastography, within the cortical grey
matter, and the single frequency of shear wavemeasurements, 2000Hz. These should be expanded in future
studies to obtain a fuller assessment of the regional dispersion properties as a function of age throughout the
structures of the brain. Also of high interest for futurework is amultifaceted study that would include local
measures of the related changes in the agingmouse brain from amolecular to structural level of organization.
These are known to include dysregulation of calciumhomeostasis, loss ofmyelin (Schregel et al 2012,
Weickenmeier et al 2016), and inflammatory responses (Radulescu et al 2021) aswell as a variety of
morphological changes including the doubling in thickness of the basementmembranes. The influence of
changes in cerebral blood volumewith aging (Leenders et al 1990) on elastography also requires a careful
assessment. The quantification of these alongwithfluid channelmeasures would lead to amore complete
determination of the dominant factors setting the elastic properties of the aging brain. Finally, the distribution of
age groups in our populationwasweighted toward youngermice due to commonpractices in colony
management and commercial availability, and an equal distribution across ages was not feasible given the
limited timeframe of the study alongwith the natural lifespan of this species. Larger samples of the group over 25
monthswould be helpful in confirming the trend line of elastography versus age, and these additions plus
comparisons against other genotypes ofmicemodels of brain disease are planned for future studies.

6. Conclusion

Wehave found a strong trend versus age inwild typemicewhere the cortical greymatter stiffness, asmeasured
by shearwaves at 2000Hz, increases over time. The age effect produces an approximately 30% increase in shear
wave speed (corresponding to a 70% increase in shearmodulus) between the young 2.5month oldmice and
older 30.6monthmice. Older brains are stiffer, and this is strongly correlatedwith the decreasing globalmeasure
of water content of the older brains. Our rheologicalmodel of the brain is based on themultiscale distribution of
fluid channels throughout the brain.Wefind that the closestmodelmatching the overall experimental trend
allocates small changes inwater content within the glymphatic system (smallermicrochannels increase fluid
resistance and stiffness)plus a correlated change to the parenchymalmatrix (the drier and older brains are
stiffer).With these combined effects, small shifts in thewater content of compartments can replicate the overall
trend of increasing stiffness with age and can be tracked by a plausible rheologicalmodel.
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Appendix. Alternativemodels with inadequatematch to themeasured results

To consider a range of rheologicalmodels, wefirst apply the landmark composite elasticmaterialmodel
proposed byChristensen (1969). Using a theory of strain energy, he derived a number of useful bounds on the
macroscopicmaterial properties of a composite. In particular, for the case of voids within an elasticmatrix
(watermay be treated as void as it does not support shear waves)where the concentration of water is large (77%
range in our case) andwhere thematrix (parenchymal)material is nearly incompressible with a Poisson’s ratio
near 0.5, Christensen’s eqn (17) simplifies to:
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( ) ( )= -G G V
3

5
1 , 10comp

whereGcomp is the composite shearwavemodulus,G is the shearmodulusof thematrix, andV is the fractionof the
volumeoccupiedby thefluidchannels, assumed tobe large,well above50%.So, in this limit the shearmoduluswould
approachzero as thefluidvolumeapproaches100%,and thisfinal approach is linear.This is plotted infigureA1.

Alternatively, we return to themicrochannel flowmodel wherewe assume that all components of the global
brain fluid compartments have dilation or constriction by a factor of c (not simply the glymphatic system as
described in the results section). Thus equation (9) and its use in the earliermodel is replaced by

c=% water 77 3and the results are also shown infigure A1.
Both of these results indicate thatmore globalmodels of fluid addition or subtraction to composite and

biphasic channelmodels do not capture the steep trend linking brain stiffness tofluid percentmeasured in this
study. Instead, assigning the changes to the glymphatic compartment and the elasticmatrix create a combined
effect of sufficientmagnitude and functional dependence on changes influid percent exhibited in this study and
seem to provide a reasonable basis for interpreting themeasured trends.

ORCID iDs

GaryRGe https://orcid.org/0000-0001-9765-8076
Jannick PRolland https://orcid.org/0000-0003-2747-4022
MaikenNedergaard https://orcid.org/0000-0001-6502-6031
Kevin J Parker https://orcid.org/0000-0002-6313-6605

References

AbramowitzM and Stegun IA 1964HandbookOfMathematical FunctionsWith Formulas, Graphs, AndMathematical Tables (Washington:
U.S. Govt. Print. Off.)

Arani A,Manduca A, EhmanRL andHuston Iii J 2021Harnessing brainwaves: a review of brainmagnetic resonance elastography for
clinicians and scientists entering thefieldBr. J. Radiol. 94 20200265

Barnes JM, Przybyla L andWeaverVM2017Tissuemechanics regulate brain development, homeostasis and disease J. Cell Sci. 130 71–82
BeckD, de LangeAG,Maximov I I, RichardG, AndreassenOA,Nordvik J E andWestlye L T 2021Whitemattermicrostructure across the

adult lifespan: amixed longitudinal and cross-sectional study using advanced diffusionmodels and brain-age predictionNeuroimage
224 117441

Figure A1. Stiffness as Young’smodulus in kPa (vertical) versuswater content of the whole brain (percent). In red is the second order
fit to themeasured data at 2000Hz shearwaves across allmice. The blue dashed line is Christensen’s compositemodel considering all
water content as supporting zero shear within an elasticmatrix. In blue, solid line, is our simplifiedmodel, equation (7), where
changes in elasticity and inwater content are tied to thefluid dilation/constriction parameter c that is set to unity at the reference
value of 77%associatedwith young adultmice. The variation in c in this example is tied to the global water content of the whole brain
and not exclusively the glymphatic system aswas the case infigure 5. Thus, thesemore generalmodels that should apply to biphasic
composites do not capture the strong correlationwith age andfluid content found in the experimental data.

9

Phys.Med. Biol. 68 (2023) 095004 GRGe et al

https://orcid.org/0000-0001-9765-8076
https://orcid.org/0000-0001-9765-8076
https://orcid.org/0000-0001-9765-8076
https://orcid.org/0000-0001-9765-8076
https://orcid.org/0000-0003-2747-4022
https://orcid.org/0000-0003-2747-4022
https://orcid.org/0000-0003-2747-4022
https://orcid.org/0000-0003-2747-4022
https://orcid.org/0000-0001-6502-6031
https://orcid.org/0000-0001-6502-6031
https://orcid.org/0000-0001-6502-6031
https://orcid.org/0000-0001-6502-6031
https://orcid.org/0000-0002-6313-6605
https://orcid.org/0000-0002-6313-6605
https://orcid.org/0000-0002-6313-6605
https://orcid.org/0000-0002-6313-6605
https://doi.org/10.1259/bjr.20200265
https://doi.org/10.1242/jcs.191742
https://doi.org/10.1242/jcs.191742
https://doi.org/10.1242/jcs.191742
https://doi.org/10.1016/j.neuroimage.2020.117441


BigotM,Chauveau F, BeufO and Lambert S A 2018Magnetic resonance elastography of rodent brain FrontNeurol. 9 1010
Billiet T, VandenbulckeM,Mädler B, Peeters R, Dhollander T, ZhangH,Deprez S, Van denBergh BR, Sunaert S and Emsell L 2015Age-

relatedmicrostructural differences quantified usingmyelinwater imaging and advanced diffusionMRINeurobiol. Aging. 36 2107–21
Ceafalan LC, Fertig T E, Gheorghe TC,HinescuME, Popescu BO, Pahnke J andGherghiceanuM2019Age-related ultrastructural changes

of the basementmembrane in themouse blood-brain barrier J. Cell.Mol.Med. 23 819–27
Christensen RM1969Viscoelastic properties of heterogeneousmedia J.Mech. Phys. Solids 17 23–41
Clayton EH,Garbow J R andBayly PV 2011 Frequency-dependent viscoelastic parameters ofmouse brain tissue estimated byMR

elastography Phys.Med. Biol. 56 2391–406
CoelhoA and SousaN2022Magnetic resonance elastography of the ageing brain in normal and demented populations: A systematic review

HumBrainMapp 43 4207–18
Elkin B S, IlankovanA andMorrison B 3rd 2010Age-dependent regionalmechanical properties of the rat hippocampus and cortex

J. Biomech. Eng. 132 011010
Forte A E,Gentleman SMandDiniD 2017On the characterization of the heterogeneousmechanical response of human brain tissue

Biomech.Model.Mechanobiol. 16 907–20
GeGR, SongW,NedergaardM, Rolland J P and Parker K J 2022a Theory of sleep/wake cycles affecting brain elastographyPhys.Med. Biol.

67 225013
GeGR, Tavakol B,UsherDB, AdlerDC, Rolland J P and Parker K J 2022bAssessing corneal cross-linkingwith reverberant 3Doptical

coherence elastography J. Biomed. Opt. 27 026003
Gerischer LM, Fehlner A, Kobe T, PrehnK, AntonenkoD,Grittner U, Braun J, Sack I and Floel A 2018Combining viscoelasticity, diffusivity

and volume of the hippocampus for the diagnosis of Alzheimer’s disease based onmagnetic resonance imagingNeuroimage Clin. 18
485–93

Gottschalk A, Scafidi S andToungT JK 2021 Brainwater as a function of age andweight in normal ratsPLoSOne 16 e0249384
Guo J et al 2019 Brainmaturation is associatedwith increasing tissue stiffness and decreasing tissue fluidityActa Biomater. 99 433–42
Hall T J, BilgenM, InsanaMF andKrouskopTA 1997 Phantommaterials for elastography IEEE Trans. Ultrason. Ferroelectr. Freq. Control 44

1355–65
Hiscox LV, JohnsonCL, Barnhill E,McGarryMD,Huston J, vanBeek E J, Starr JM andRobertsN 2016Magnetic resonance elastography

(MRE) of the human brain: technique, findings and clinical applications Phys.Med. Biol. 61R401–37
Hiscox LV, JohnsonCL,McGarryMD J, PerrinsM, LittlejohnA, van Beek E J R, RobertsN and Starr JM2018High-resolutionmagnetic

resonance elastography reveals differences in subcortical graymatter viscoelasticity between young and healthy older adults
Neurobiol. Aging 65 158–67

Hiscox LV, SchwarbH,McGarryMD J and JohnsonCL 2021Aging brainmechanics: progress and promise ofmagnetic resonance
elastographyNeuroimage 232 117889

JessenNA,MunkA S, Lundgaard I andNedergaardM2015The glymphatic system: a beginner’s guideNeurochem. Res. 40 2583–99
KeepR F,HuaY andXiG 2012 Brainwater content. AmiSunderstoodmeasurement?Transl. Stroke Res. 3 263–5
Leenders KL et al 1990Cerebral bloodflow, blood volume and oxygen utilizationNormal Values Effect Age Brain 113 27–47
MestreH et al 2020Cerebrospinal fluid influx drives acute ischemic tissue swelling Science 367 eaax7171
Munder T, Pfeffer A, Schreyer S, Guo J, Braun J, Sack I, Steiner B andKleinC 2018MRelastography detection of early viscoelastic response

of themurine hippocampus to amyloidβ accumulation and neuronal cell loss due to Alzheimer’s disease J.Magn. Reson. Imaging 47
105–14

MurphyMC,Huston J 3rd and EhmanRL 2019MRelastography of the brain and its application in neurological diseasesNeuroimage 187
176–83

NguyenMM,Zhou S, Robert J-l, Shamdasani V andXieH2014Development of oil-in-gelatin phantoms for viscoelasticitymeasurement in
ultrasound shear wave elastographyUltrasoundMed. Biol. 40 168–76

O’Brien J S and Sampson E L 1965 Lipid composition of the normal humanbrain: graymatter, whitematter, andmyelin J. Lipid Res. 6
537–44

Parker K J 2017Are rapid changes in brain elasticity possible? Phys.Med. Biol. 62 7425–39
Parker K J, SzaboT andHolmS 2019Towards a consensus on rheologicalmodels for elastography in soft tissuesPhys.Med. Biol. 64 215012
Patz S, NazariN, Barbone P E and Sinkus R 2016 Functional changes in cortical stiffness observedwithmagnetic resonance elastography In:

Proc. of the Fifteenth Int. Tissue Elasticity Conf. p 53
RadulescuC I, Cerar V,Haslehurst P, KopanitsaM andBarnes S J 2021The agingmouse brain: cognition, connectivity and calciumCell

Calcium 94 102358
ReedM J, DamodarasamyMandBanksWA2019The extracellularmatrix of the blood-brain barrier: structural and functional roles in

health, aging, andAlzheimer’s diseaseTissue Barriers 7 1651157
Reichel A 2015 Pharmacokinetics of CNSpenetrationBlood-Brain Barrier InDrugDiscovery: Optimizing Brain Exposure of CnsDrugs and

Minimizing Brain Side Effects for Peripheral Drugs (Hoboken:Wiley) pp 5–41
Schregel K,Wuerfel E, Garteiser P, Gemeinhardt I, Prozorovski T, AktasO,MerzH, PetersenD,Wuerfel J and Sinkus R 2012Demyelination

reduces brain parenchymal stiffness quantified in vivo bymagnetic resonance elastographyProc. Natl. Acad. Sci. USA 109 6650–5
Siegel G J, Agranoff BWandAlbers RW1999Basic Neurochemistry:Molecular, Cellular, andMedical Aspects (Philadelphia, Pa: Lippincott

Williams&Wilkins)
TylerW J 2012Themechanobiology of brain functionNat. Rev. Neurosci. 13 867–78
Weickenmeier J, de Rooij R, Budday S, SteinmannP,Ovaert TC andKuhl E 2016 Brain stiffness increases withmyelin contentActa

Biomater. 42 265–72
ZhangX,Qiang B andGreenleaf J 2011Comparison of the surface wavemethod and the indentationmethod formeasuring the elasticity of

gelatin phantoms of different concentrationsUltrasonics 51 157–64
Zvietcovich F, Pongchalee P,MeemonP, Rolland J P and Parker K J 2019Reverberant 3Doptical coherence elastographymaps the elasticity

of individual corneal layersNat. Commun. 10 4895

10

Phys.Med. Biol. 68 (2023) 095004 GRGe et al

https://doi.org/10.3389/fneur.2018.01010
https://doi.org/10.1016/j.neurobiolaging.2015.02.029
https://doi.org/10.1016/j.neurobiolaging.2015.02.029
https://doi.org/10.1016/j.neurobiolaging.2015.02.029
https://doi.org/10.1111/jcmm.13980
https://doi.org/10.1111/jcmm.13980
https://doi.org/10.1111/jcmm.13980
https://doi.org/10.1016/0022-5096(69)90011-8
https://doi.org/10.1016/0022-5096(69)90011-8
https://doi.org/10.1016/0022-5096(69)90011-8
https://doi.org/10.1088/0031-9155/56/8/005
https://doi.org/10.1088/0031-9155/56/8/005
https://doi.org/10.1088/0031-9155/56/8/005
https://doi.org/10.1002/hbm.25891
https://doi.org/10.1002/hbm.25891
https://doi.org/10.1002/hbm.25891
https://doi.org/10.1115/1.4000164
https://doi.org/10.1007/s10237-016-0860-8
https://doi.org/10.1007/s10237-016-0860-8
https://doi.org/10.1007/s10237-016-0860-8
https://doi.org/10.1088/1361-6560/ac9e40
https://doi.org/10.1117/1.JBO.27.2.026003
https://doi.org/10.1016/j.nicl.2017.12.023
https://doi.org/10.1016/j.nicl.2017.12.023
https://doi.org/10.1016/j.nicl.2017.12.023
https://doi.org/10.1016/j.nicl.2017.12.023
https://doi.org/10.1371/journal.pone.0249384
https://doi.org/10.1016/j.actbio.2019.08.036
https://doi.org/10.1016/j.actbio.2019.08.036
https://doi.org/10.1016/j.actbio.2019.08.036
https://doi.org/10.1109/58.656639
https://doi.org/10.1109/58.656639
https://doi.org/10.1109/58.656639
https://doi.org/10.1109/58.656639
https://doi.org/10.1088/0031-9155/61/24/R401
https://doi.org/10.1088/0031-9155/61/24/R401
https://doi.org/10.1088/0031-9155/61/24/R401
https://doi.org/10.1016/j.neurobiolaging.2018.01.010
https://doi.org/10.1016/j.neurobiolaging.2018.01.010
https://doi.org/10.1016/j.neurobiolaging.2018.01.010
https://doi.org/10.1016/j.neuroimage.2021.117889
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1007/s11064-015-1581-6
https://doi.org/10.1007/s12975-012-0152-2
https://doi.org/10.1007/s12975-012-0152-2
https://doi.org/10.1007/s12975-012-0152-2
https://doi.org/10.1093/brain/113.1.27
https://doi.org/10.1093/brain/113.1.27
https://doi.org/10.1093/brain/113.1.27
https://doi.org/10.1126/science.aax7171
https://doi.org/10.1002/jmri.25741
https://doi.org/10.1002/jmri.25741
https://doi.org/10.1002/jmri.25741
https://doi.org/10.1002/jmri.25741
https://doi.org/10.1016/j.neuroimage.2017.10.008
https://doi.org/10.1016/j.neuroimage.2017.10.008
https://doi.org/10.1016/j.neuroimage.2017.10.008
https://doi.org/10.1016/j.neuroimage.2017.10.008
https://doi.org/10.1016/j.ultrasmedbio.2013.08.020
https://doi.org/10.1016/j.ultrasmedbio.2013.08.020
https://doi.org/10.1016/j.ultrasmedbio.2013.08.020
https://doi.org/10.1016/S0022-2275(20)39619-X
https://doi.org/10.1016/S0022-2275(20)39619-X
https://doi.org/10.1016/S0022-2275(20)39619-X
https://doi.org/10.1016/S0022-2275(20)39619-X
https://doi.org/10.1088/1361-6560/aa8380
https://doi.org/10.1088/1361-6560/aa8380
https://doi.org/10.1088/1361-6560/aa8380
https://doi.org/10.1088/1361-6560/ab453d
https://doi.org/10.1016/j.ceca.2021.102358
https://doi.org/10.1080/21688370.2019.1651157
https://doi.org/10.1002/9781118788523.ch2
https://doi.org/10.1002/9781118788523.ch2
https://doi.org/10.1002/9781118788523.ch2
https://doi.org/10.1073/pnas.1200151109
https://doi.org/10.1073/pnas.1200151109
https://doi.org/10.1073/pnas.1200151109
https://doi.org/10.1038/nrn3383
https://doi.org/10.1038/nrn3383
https://doi.org/10.1038/nrn3383
https://doi.org/10.1016/j.actbio.2016.07.040
https://doi.org/10.1016/j.actbio.2016.07.040
https://doi.org/10.1016/j.actbio.2016.07.040
https://doi.org/10.1016/j.ultras.2010.07.005
https://doi.org/10.1016/j.ultras.2010.07.005
https://doi.org/10.1016/j.ultras.2010.07.005
https://doi.org/10.1038/s41467-019-12803-4

	1. Introduction
	2. Theory
	3. Methods
	3.1. Animal preparation
	3.2. Optical coherence elastography
	3.3. Data analysis

	4. Results
	5. Discussion
	6. Conclusion
	Acknowledgments
	Data availability statement
	Appendix.
	References



