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a b s t r a c t 

Emerging evidence suggests that the mechanical behavior of the brain plays a critical role in develop- 

ment, disease, and aging. Recent studies have begun to characterize the mechanical behavior of gray and 

white matter tissue and to identify sets of material models that best reproduce the stress-strain behavior 

of different brain regions. Yet, these models are mainly phenomenological in nature, their parameters of- 

ten lack clear physical interpretation, and they fail to correlate the mechanical behavior to the underlying 

microstructural composition. Here we make a first attempt towards identifying general relations between 

microstructure and mechanics with the ultimate goal to develop microstructurally motivated constitu- 

tive equations for human brain tissue. Using histological staining, we analyze the microstructure of brain 

specimens from different anatomical regions, the cortex, basal ganglia, corona radiata, and corpus cal- 

losum, and identify the regional stiffness and viscosity under multiple loading conditions, simple shear, 

compression, and tension. Strikingly, our study reveals a negative correlation between cell count and 

stiffness, a positive correlation between myelin content and stiffness, and a negative correlation between 

proteoglycan content and stiffness. Additionally, our analysis shows a positive correlation between lipid 

and proteoglycan content and viscosity. We demonstrate how understanding the microstructural origin of 

the macroscopic behavior of the brain can help us design microstructure-informed material models for 

human brain tissue that inherently capture regional heterogeneities. This study represents an important 

step towards using brain tissue stiffness and viscosity as early diagnostic markers for clinical conditions 

including chronic traumatic encephalopathy, Alzheimer’s and Parkinson’s disease, or multiple sclerosis. 

Statement of significance 

The complex and heterogeneous mechanical properties of brain tissue play a critical role for brain func- 

tion. To understand and predict how brain tissue properties vary in space and time, it will be key to link 

the mechanical behavior to the underlying microstructural composition. Here we use histological staining 

to quantify area fractions of microstructural components of mechanically tested specimens and evaluate 

their individual contributions to the nonlinear macroscopic mechanical response. We further propose a 
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1. Introduction 

Over the past several decades, cumulative evidence has

emerged that mechanics plays a critical role in neurological disor-

ders [1,2] , including – among many others – stroke, dementia, and

epilepsy, which are major threats to public health according to the

world health organization. External impacts to the brain can cause

damage to brain tissue during traumatic brain injury [3,4] , but, on

a much smaller scale, mechanical cues also influence cell behavior

and function [2,5,6] . Therefore, understanding to what extent the

microstructural components affect the macroscopic mechanical be-

havior is key to gain further insights into the mechanisms of injury

and disease in the human brain. Vice versa, recent studies have

shown that an increase in the extracellular matrix stiffness can en-

hance tumor cell migration, proliferation, and invasion [7] . More

recently, it has been demonstrated that neurons and astrocytes

perceive and process nanoscale topography such as those associ-

ated with glycosaminoglycans (GAGs) as localized mechanical per-

turbations through mechanosensing stretch-activated protein chan-

nels such as Piezo-1 [8] . Importantly, for many pathological condi-

tions, such as degenerative diseases, microstructural changes have

been investigated; however, the link between changes in the mi-

crostructural components and the corresponding tissue mechanics

or macrostructural tissue properties remains to be clarified [9] . Ad-

dressing this issue could enhance the potential of early in vivo di-

agnostics using modern imaging techniques in combination with

numerical simulations based on continuum mechanical modeling.

Mechanical models can further assist in the development of novel

treatment strategies or the detailed planning of surgical procedures

[10] . 

Unlike many other soft tissues, brain tissue lacks key fibrillar

extracellular matrix components such as elastin and fibrillar col-

lagen, which control the overall mechanical behavior [12] . Inter-

estingly, the cells in the central nervous system are also very soft

compared to cells in other tissues [13] . This contributes to the low

elastic modulus and the high compliance of brain tissue [2] . An-

other challenge in understanding the link between microstructure

and mechanics of brain tissue is the exceptional heterogeneity re-

sulting from differences in the local functional demands within

our brain. While we can clearly distinguish two tissue types on

the macroscopic scale, gray and white matter (see Fig. 1 a), the tis-

sue’s microstructure varies significantly even within those regions.

On the one hand, the composition of different cell types such

as neurons, astrocytes, oligodendrocytes, or microglia, and even
Fig. 1. Biomechanical testing setup. a) Exemplary human brain tissue slice, where the 

[11] . Specimens were taken from four different brain regions, the corpus callosum (CC), 

specimen mounted to the upper specimen holder. c) White matter specimen mounted 

device. e) Triaxial biomechanical testing device. f) Close ups of the tissue deformation du
heir morphology changes locally; on the other hand, extracellular

atrix components such as proteoglycans, hyaluronic acid, and

on-fibrillar collagens may again show different regional distribu-

ions than cells. 

Previous studies relating microstructural components to

acrostructural properties indicate that tissue stiffness increases

ith myelination during development in white matter [14,15] ,

nd that stiffness negatively correlates with a structural param-

ter called fractional anisotropy, which can be determined from

agnetic resonance imaging and diffusion tensor imaging [11] .

owever, a systematic study of both the mechanical properties on

he continuum scale and the underlying microstructure – consid-

ring both cellular and extracellular matrix components – is still

issing. It remains unclear which microstructural constituents

ontrol the complex mechanical properties of brain tissue, where

lastic, viscous or porous properties show distinct regional trends

16,17] . 

To tackle this question, in the current work, we simultaneously

nalyze the microstructure and mechanics of human brain tissue

pecimens from different anatomical regions, the cortex (C), the

uter gray matter layer containing the neuronal cell bodies as the

rocessing units of our brain, the basal ganglia (BG), inner gray

atter, the corpus callosum (CC), white matter with high fiber

ensity, mostly consisting of uniaxially oriented nerve fiber bun-

les (commissural fibers) running between the two hemispheres,

nd the corona radiata (CR), (the outer) white matter with lower

ber density. We evaluate the individual contributions of cellular

nd extracellular constituents to the macroscopic mechanical re-

ponse under physiological conditions, with special focus on non-

inear and time-dependent effects, and present a microstructure-

nformed material model that can predict the spatial heterogeneity

f brain tissue behavior. 

. Materials and methods 

In order to gain more insights into the correlation between mi-

rostructural components and macroscopic properties of human

rain tissue, this study combines the assessment of cellular and

xtracellular components through histological staining with the

echanical characterization through biomechanical testing. Brain

amples were obtained from a 55 year old female and 68 year old

ale donor who were determined not to suffer from neurologi-

al diseases. For more details, we refer to [11] . Fig. 1 a shows an

xemplary tissue slice, where we extracted specimens from four
locations of specimen extraction are marked with black rectangles, adapted from 

the corona radiata (CR), the basal ganglia (BG), and the cortex (C). b) Gray matter 

to the upper specimen holder. d) White matter specimen mounted to the testing 

ring simple shear, compressive, and tensile loadings. 
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icrostructurally differing brain regions, the cortex, the basal gan-

lia, the corpus callosum, and the corona radiata. In the current

ork, we present data from one specimen of each of those regions

rom each of the two brains. We specifically chose specimens for

he microstructural investigation that had shown a mechanical re-

ponse close to the average response over all specimens from a

otal of 10 brains tested in [11] . 

.1. Mechanical characterization 

In order to quantify the mechanical properties of human brain

issue, we performed biomechanical tests under multiple loading

odes, simple shear, compression, and tension, as illustrated in

ig. 1 f [11] . We tested all samples between 24 and 60 h post

ortem . To minimize tissue degradation, we kept the tissue refrig-

rated at 3 ◦C and humidified with phosphate-buffered saline so-

ution at all times. We analyzed one specimen measuring approxi-

ately 5 × 5 × 5 mm from each of the four different regions of in-

erest, the corpus callosum (CC), the corona radiata (CR), the basal

anglia (BG), and the cortex (C) (see Fig. 1 a–c) [11] . We mounted

ach specimen onto the triaxial testing device, as shown in Fig. 1 d

nd e, to perform simple shear, compression and tension loadings

t a speed of v = 2 mm/min. We conducted all tests at room tem-

erature [11] . 

The testing protocol started with sinusoidal simple shear up to

n amount of shear of γ = 0 . 2 with a speed of v = 2 mm/min

nd a strain rate of approximately 0.0067 1/s in the x - and

 -directions, where the amount of shear γ specifies the relative

n-plane displacement of two parallel layers in the material body

ivided by their separation distance. The lower platform moves rel-

tive to the fixed upper platform using a biaxial translation stage

p to a maximum displacement �x = �y = 0 . 2 H depending on

pecimen height H . We calculated the shear stresses τxz/yz = f/A

s the force f recorded in the direction of shear divided by the

hear area A = W L with the specimen length L and the speci-

en width W . Upon completion of each direction, we also con-

ucted stress relaxation tests to probe the viscoelastic proper-

ies of the tissue. We applied a rapid shear step up to γ = 0 . 2

ith a speed of v = 100 mm/min and a strain rate of approxi-

ately 0.33 1/s, and recorded the resulting forces for a period

f 300 s. 

Subsequently, we similarly conducted an unconfined uniaxial

ompression test up to 10% compressive strain, a stress relaxation

est of 300 s holding at 10% compression, and a uniaxial extension

est up to 10% tensile strain. Herefore, the upper platform moved

n the z -direction and we computed the stretch λ = 1 + �z/H with

he specimen height H and the z -displacement �z . As a measure

f tissue stress, we determined the Piola stress P zz as the force f z in

 -direction divided by the cross-sectional area A of the specimen in

he unloaded configuration, i.e. P zz = f z /A . We recorded the forces

n the three orthogonal directions ( x, y, z ) [18] . For each loading

ode, we conducted two pre-conditioning cycles and one main cy-

le, which was used for further data analysis. 

For each tested cube, we determined the initial shear modulus

as a measure of tissue stiffness, and the material nonlinearity 

arameter α, by calibrating the modified one-term Ogden strain-

nergy function 

 = 2 μ/α2 [ λα
1 + λα

2 + λα
3 − 3] (1)

ith the response of all conducted loading modes simultane-

usly [11,19] . Substituting the principal stretches for compres-

ion/tension, λ1 ,c = λ2 ,c = 1 / 
√ 

λ and λ3 ,c = λ, or shear, λ1 / 2 ,s =
/ 2 ±

√ 

1 + γ 2 / 4 and λ3 ,s = 1 , we calculated the model predic-

ions for the Piola stresses by deriving the strain energy with re-

pect to the deformation, P �zz = ∂ �/∂ λ and P �xz/yz = ∂ �/∂ γ . We

hen determined the parameters μ and α, which best represent
he experimental data, by minimizing the objective function χ2 =
 n s 
i =1 

(P xz − P �xz ) 
2 
i 

+ 

∑ n c + n t 
i =1 

(P zz − P �zz ) 
2 
i 
, where n s , n c , and n t are the

umber of considered experimental data points for shear, compres-

ion, and tension loadings, with the nonlinear least-squares algo-

ithm lsqnonlin in MATLAB Release 2018b. 

To evaluate the stress relaxation behavior, we determined the

tress relaxation after 5 min during compression. In addition, we

uantified the relaxation response by adopting a two-term Prony

eries, 

(t) = σ∞ 

+ 

2 ∑ 

i =1 

[ σi − σ∞ 

] exp (−t/τi ) , (2)

ith two characteristic time constants τ i [20] . Several previous

tudies had shown that two time scales are required to capture

he time-dependent characteristics of brain tissue [20–23] . 

.2. Microstructural analysis 

.2.1. Histological staining 

Following biomechanical testing, we fixed each specimen using

% Formaldehyde. We washed one representative specimen from

ach region with PBS, soaked it in 30% sucrose overnight at 4 ◦C in

he refrigerator, embedded it in optimal cutting temperature com-

ound, and cryosectioned 6 μm thick slices. We then used five dif-

erent stains to examine cellular and extracellular constituents of

he tested samples, as shown in Figs. 2 , 8 , and 9 . 

To visualize cellular elements of human brain tissue, we used

ematoxylin & Eosin (AppliChem, Germany), Klüver-Barrera, and

issl staining: Klüver–Barrera stains myelin wrapped around nerve

bers in blue, neuropil in pink, and cells bodies in purple; the

issl stain stains neuropil in a granular purple-blue. To visual-

ze extracellular elements, we stained sections with Alcian Blue

Sigma-Aldrich, Germany) to visualize GAG production. In addition,

e visualized the total collagen content and neutral triglycerides,

s well as lipids, using Massons’s Trichrome staining (Anilin blue

ariation, RAL DIAGNOSTICS, Martillac, France) and Oil Red stain-

ng, respectively [24,25] . While staining for cellular components

as performed on specimens from both brains, the extracellular

atrix components were only analyzed for the male brain, which

as the brain we had tested most recently. We took images at var-

ous magnifications using a microscope, Keyence BZ-90 0 0. 

.2.2. Image analysis 

Using the image analysis tools of MATLAB Release 2018b, we

uantified the relative area fraction of the red- and blue-colored

egions for the different stains introduced in Section 2.2.1 . The al-

orithm counts the pixels that are above or below a color- and

tain-specific threshold. We interpreted the amount of blue in

lüver-Barrera stained images as myelin content [14] , the amount

f red in Oil Red stained images as lipid content, the amount of

lue in Alcian Blue stained images as proteoglycan content, the

mount of red in Masson’s Thrichrome stained images as cyto-

lasm content, and the amount of blue in Masson’s thrichome

tained images as collagen content [26] . Fig. 3 shows an exemplary

valuation of a Masson’s trichrome stained image at 10x magni-

cation. We further determined the density of cell nuclei from

lüver–Barrera and Nissl stained images by using the cell counting

lgorithm presented in [27] . We performed a sensitivity analysis

owards the magnification used for image analysis. While the abso-

ute values of area fractions showed certain variations when eval-

ating the images at different magnifications, the regional trends

ere surprisingly consistent. To determine the relative area frac-

ions of myelin, lipids, proteoglycans, collagen, and cytoplasm, we

valuated images at 10x magnification; to determine the density of

ell nuclei, we used 20x magnification. 
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Fig. 2. Microstructure of human brain tissue. Nissl staining was used to quantify the density of cell nuclei, Alcian Blue staining to visualize the proteoglycan content, Oil Red 

staining to visualize lipids in brain tissue, and Masson’s Trichrome staining to visualize the collagen and cytoplasm content. Images are shown at 10x magnification. Scale 

bars indicate 100 μm. 

Fig. 3. Exemplary analysis of a Masson’s Trichrome stained image at 10x magni- 

fication (left), where the amount of blue represents the collagen content (center), 

and the amount of red represents the cytoplasm content (right). Images are shown 

at 10x magnification. Scale bars indicate 100 μm. (For interpretation of the refer- 

ences to color in this figure legend, the reader is referred to the web version of this 

article.) 
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2.3. Statistical analysis 

To evaluate significant differences in the microstructural com-

position and mechanical properties of different brain regions, we

performed statistical analyses with the Statistics Toolbox in MAT-

LAB Release 2018b. We performed a one-way analysis of variance

(ANOVA) followed by a Tukey–Kramer (T–K) test for multiple com-

parisons for each stain to identify significant dependencies be-

tween different regions (CC, CR, BG, and C). We consider a p -value

lower than 0.05 to be significant. To graphically include the results

in the boxplots in Figs. 8 and 9 , we denote statistically different

groups by different letters (a–d). If a certain region showed no sig-

nificant difference to any other region, no letter is put above the

box. 

3. Results 

3.1. Mechanics of human brain tissue 

Fig. 4 illustrates the mechanical response of brain tissue from

different brain regions, the cortex, the basal ganglia, the corona ra-

diata, and the corpus callosum. The qualitative behavior is simi-

lar for all regions: it is characterized by a pronounced hysteresis
or cyclic loading, nonlinearity, and higher stresses in compression

han in tension. To quantify the highly nonlinear, time-dependent

echanical response of brain tissue, we evaluate the experimental

urves based on the theory of nonlinear continuum mechanics. 

.1.1. Time-independent properties 

Fig. 5 a shows the time-independent, hyperelastic response of

uman brain tissue, which we obtained by averaging between the

oading and unloading segment in Fig. 4 [11] . To quantify this

ighly nonlinear tissue response, we used the modified one-term

gden model as described in Section 2.1 . This model has pre-

iously been shown to best represent the time-independent re-

ponse of brain tissue [11,28] . The corresponding shear moduli μ
nd nonlinearity parameters α are shown in Fig. 5 b and c. The ini-

ial shear modulus is highest for the sample from the cortex, while

he nonlinearity is highest in the corona radiata and lowest in the

asal ganglia. 

.1.2. Time-dependent properties 

Fig. 6 summarizes the time-dependent characteristics in differ-

nt brain regions. Fig. 6 a shows the stress relaxation behavior in

ompression. As shown in Fig. 6 b, the stress relaxation after 5 min-

tes is generally higher in white matter regions than in gray mat-

er regions, which indicates a difference in the viscous properties

f those tissue types. 

Fig. 6 c and d show the short and long time scales τ 1 and τ 2 .

ndependent of the brain region, the second time constant is al-

ost two orders of magnitude higher than the first one. According

o our previous results, the first time constant could be associated

ith viscoelastic effects of cells, while the second time constant

epresents the movement of cerebrospinal fluid within the solid

keleton of cells and extracellular matrix [16,17] . The first time

onstant is highest in the corona radiata and lowest in the cor-

ex, which suggests that the cellular network in the corona radiata

as a higher viscosity than the one in the cortex. The second time

onstant is lower in both gray matter regions than in both white
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Fig. 4. Response of human brain tissue from different regions, cortex (C), basal ganglia (BG), corona radiata (CR), and corpus callosum (CC) under compression, tension, and 
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different brain regions. 

m  

m

3

 

t  

t  

t  

l  

i  

a  

t  

m  

m  

T  

g  

(  

s  

t  

b  

Table 1 

Tukey-Kramer test p -values from multiple comparisons between different brain re- 

gions, corpus callosum (CC), corona radiata (CR), basal ganglia (BG), and cortex (C), 

for different microstructural components, cells, myelin, lipids, proteoglycans, colla- 

gen, and cytoplasm. 

p -value Cells Myelin Lipids Proteoglycans Collagen Cytoplasm 

CC-CR 0.19 0.95 0.66 0.85 0.0001 0.01 

CC-BG 0.0001 0.0001 0.08 0.0001 0.39 0.0001 

CC-C 0.0001 0.0001 0.30 0.0001 0.72 0.01 

CR-BG 0.0001 0.0001 0.01 0.0001 0.0001 0.0001 

CR-C 0.0001 0.0001 0.04 0.0001 0.01 0.0001 

BG-C 0.84 0.99 0.87 1.00 0.04 0.01 

i  

f

h  

fi  

t  

c  

T  

t

atter regions, which indicates that the permeability in white

atter is lower than in gray matter. 

.2. Microstructure of human brain tissue 

Fig. 2 illustrates the composition of the brain’s microstruc-

ure in different anatomical regions, the cortex, the basal ganglia,

he corona radiata, and the corpus callosum, visualized using his-

ological staining. A schematic illustration of the relevant cellu-

ar and extracellular components in the human brain is shown

n Fig. 7 . This schematic figure is for illustration purpose only

nd not drawn to scale. Regarding cellular components, gray mat-

er contains neuronal cell bodies, protoplasmic astrocytes, and

icroglia. White matter contains oligodendrocytes, which wrap

yelin sheath around the axons, fibrous astrocytes, and microglia.

he extracellular matrix in the central nervous system has, in

eneral, three principal compartments: the basement membrane

basal lamina), which lines cerebral microvessels (and the pial

urface) and connects endothelial cells to astrocytic endfeet [29] ,

he neural interstitial matrix, which is diffusely distributed in the

rain’s interstitial space, and perineuronal nets, which surround
nhibitory interneurons in certain areas of gray matter [7] . In dif-

erent compositions, these compartments contain proteoglycans, 

yaluronic acid, link proteins, glycoproteins (e.g., tenascin, laminin,

bronectin), and non-fibrillar collagens type IV and VI [7,29] . In

he following, we discuss the region-specific distribution of certain

onstituents introduced in Section 2.2.1 and visualized in Fig. 2 .

able 1 summarizes the corresponding p -values obtained from T–K

ests to evaluate the statistical significance of regional differences. 
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Fig. 6. Time-dependent properties of human brain tissue. a) Stress relaxation behavior of an exemplary specimen from four different brain regions, the cortex (C), the basal 

ganglia (BG), the corona radiata (CR), and the corpus callosum (CC) under compression loading with corresponding Prony series fit (see Eq. (2) ). b) Stress relaxation after 

5min for different brain regions. White matter (CR and CC) relaxes faster than gray matter (C and BG). c) Smaller time constant τ 1 for different brain regions. d) Larger time 

constant τ 2 for different brain regions. 

Fig. 7. Cellular and extracellular components of human brain tissue. White matter contains oligodendrocytes wrapping myelin sheath around axons, fibrous astrocytes, and 

microglia. Gray matter contains neurons, protoplasmic astrocytes, and microglia. The extracellular matrix has three principal compartments: the basement membrane (BM), 

which lines cerebral microvessels and the pial surface, the neural interstitial matrix (NIM), which is diffusely distributed in the brain’s interstitial space, and perineuronal 

nets (PNN), which surround inhibitory interneurons in certain areas of gray matter. In different compositions, these compartments contain proteoglycans, hyaluronic acid, 

link proteins, glycoproteins (e.g., tenascin, laminin, fibronectin), and non-fibrillar collagens type IV and VI [7] . This is a schematic figure for identification purposes only with 

no claim of being complete or true to scale. 
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3.2.1. Cells 

Fig. 8 a shows that white matter regions contain more cell

nuclei than gray matter regions (ANOVA: F -statistic = 80.64, p -

value = 6.55e −29; for T–K pairwise comparisons see Table 1 ).

Within white matter, more cells reside on average in the corona ra-

diata than in the corpus callosum; within gray matter, more cells
eside in the basal ganglia than in the cortex. However, the lat-

er trends are not statistically significant. Notably, in this analysis

e do not differentiate between different cell types: we equally

reat neuronal cells and glial cells, including astrocytes, oligoden-

rocytes, microglial cells, and ependymal cells. While white mat-

er tissue contains oligodendrocytes, which form myelin sheaths
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Fig. 8. Cellular components in different regions of the human brain, corpus callosum (CC), corona radiata (CR), basal ganglia (BG), and cortex (C). a) Density of cell nuclei 

quantified through Nissl staining. b) Myelin content quantified through Klüver–Barrera staining. Boxes indicate the median with 25th and 75th percentiles, the whiskers 

extend to the most extreme data points not considered outliers, while outliers are plotted individually using red plus symbols. In addition, the mean values are indicated by 

crosses. Statistically different groups are denoted by different letters (a and b). Scale bars in the stained images indicate 100 μm. 
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round nerve fibers, and fibrous astrocytes, which ensure sup-

ly of nutrients and synaptic processing, gray matter tissue con-

ains neuronal cell bodies, the processing units of our brain, and

rotoplasmic astrocytes. Additionally, both white and gray matter

ontain microglial cells, which contribute to clearance of debris

nd synapse remodeling. More refined studies in the future could

nvolve immunohistochemistry to investigate the distribution of in-

ividual cell types in different brain regions. 

.2.2. Myelin 

Fig. 8 b illustrates the area fraction of myelin, fatty sheath

rapped around nerve fibers to insulate signal propagation and

mprove electrical function. White matter specimens contained ap-

roximately 15% myelin, while gray matter specimens contained

early 0% (ANOVA: F -statistic = 30.06, p -value = 8.63e −14; for T–

 pairwise comparisons see Table 1 ). Within white matter, the

mount of myelin was on average slightly higher in the corona ra-

iata than in the corpus callosum. 

.2.3. Lipids 

Fig. 9 a shows that a higher lipid content was detected in the

hite matter than the gray matter (ANOVA: F -statistic = 5.57, p -

alue = 0.0036; for T–K pairwise comparisons see Table 1 ). This is

ot surprising since myelin, which is a lipid-rich layered material

omposed of phospholipid, cholesterol, and protein [30] , is a major

onstituent of white matter tissue, as discussed in Section 3.2.2 . In-

erestingly, however, individual lipid droplets appear larger in gray

han in white matter, while white matter specimens have a higher

verall intensity of red staining. Within white matter, the corona

adiata has a slightly higher content of lipids than the corpus cal-

osum; within gray matter, the cortex has a slightly higher lipid

ontent than the basal ganglia. 

Lipids occur in storage fat and as structural components in the

ell membranes. It is generally known that roughly half of the

ammalian brain’s dry weight consists of lipids, which makes it

he second most lipid-rich organ in the human body after adipose

issue. 

.2.4. Proteoglycans 

Fig. 9 b shows a clear difference between the proteoglycan

ontent in gray and white matter (ANOVA: F -statistic = 66.86, p -

alue = 1.03e −31; for T–K pairwise comparisons see Table 1 ). White

atter with an area fraction of about 20% contains significantly

ore proteoglycans than gray matter with only about 2%. The high
ariation even within the white matter specimens indicates that

he proteoglycan distribution is quite heterogeneous, at least for

he specimens tested in the current study – especially in the cor-

us callosum. 

Proteoglycans are made up of a core protein to which gly-

osaminoglycan (GAG) side chains attach. Individual proteoglycans

ay differ in the composition of their core protein but also in the

umber and type of attached GAG chains [7] . Importantly, GAGs

re negatively charged. Therefore, the proteoglycan content will

ost probably affect the water-binding properties and permeabil-

ty of the tissue. 

.2.5. Collagen and cytoplasm 

Fig. 9 c demonstrates that regarding the collagen content, there

s no clear difference between white and gray matter (ANOVA: F -

tatistic = 13.15, p -value = 5.24e −08; for T–K pairwise comparisons

ee Table 1 ). The results indicate that tissue from the corona ra-

iata contains the least amount of collagen; tissue from the corpus

allosum showed neither a significant difference to tissue from the

asal ganglia nor from the cortex. Importantly, brain tissue con-

ains mainly non-fibrillar collagen type IV, which differs from fib-

illar collagen in the skin, arteries, or cartilage. 

While we interpreted the amount of blue in Masson’ Trichrome

tained images as the collagen content (see Section 2.2.2 ), we in-

erpret the amount of red as the cytoplasm content. Expectedly,

ig. 9 d yields the opposite trends than Fig. 9 c with highest con-

ent of cytoplasm in the corona radiata, and the lowest content in

he basal ganglia (ANOVA: F -statistic = 40.07, p -value = 3.29e −21; for

–K pairwise comparisons see Table 1 ). Each of the brain regions

howed significantly different amounts of cytoplasm. The findings

gree well with the results in Section 3.2.1 as a higher density of

ells will naturally lead to a higher amount of cytoplasm. 

.3. Correlation between microstructure and mechanics 

To identify microstructural parameters that may be suitable

or incorporation into microstructure-informed constitutive models 

or human brain tissue, we evaluate the correlations between mi-

rostructural components presented in Section 3.2 and mechanical

roperties in Section 3.1 . Based on the results, appropriate model

tructures will be chosen in Section 3.4 . 

Fig. 10 a suggests that the initial shear modulus μ negatively

orrelates with the density of cell nuclei: the more cells, the softer

he tissue. One brain region, the basal ganglia, seems to stand out



60 S. Budday, M. Sarem and L. Starck et al. / Acta Biomaterialia 104 (2020) 53–65 

Fig. 9. Area fractions of extracellular matrix components in different regions of the human brain, corpus callosum (CC), corona radiata (CR), basal ganglia (BG), and cortex 

(C). a) Lipid content quantified through Oil Red staining. b) Proteoglycan content quantified through Alcian Blue staining. c) Collagen content quantified through Masson’ 

Trichrome staining. d) Cytoplasm content quantified through Masson Trichome staining. Boxes indicate the median with 25th and 75th percentiles, the whiskers extend to 

the most extreme data points not considered outliers, while outliers are plotted individually using red plus symbols. In addition, the mean values are indicated by crosses. 

Statistically different groups are denoted by different letters (a, b, c, and d). Scale bars in the stained images indicate 100 μm. 
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with few cells per unit volume at relatively low stiffness. This

could be attributed to the complex internal anatomical and neu-

rochemical organization of this specific region; the structure sig-

nificantly differs from that of surrounding tissue. 

Fig. 10 b shows that while the stiffness decreases with an in-

creasing density of cell nuclei, the material nonlinearity – quan-

tified by the absolute value of the nonlinearity parameter α –

increases: the more cells, the higher the nonlinearity. Another

characteristic which is associated with the nonlinearity parame-
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Fig. 10. Correlation between mechanics and cellular microstructural components (mean 

b) Nonlinearity parameter α versus density of cell nuclei. c) Initial shear modulus μ vers
er α is the compression-tension asymmetry. Therefore, our results

ndicate that more cells lead to an even higher difference between

tresses in compression and in tension – the response under ten-

ile loading is significantly softer than the response under com-

ressive loading. 

Fig. 10 c reveals a positive correlation between the myelin con-

ent and the tissue stiffness when comparing different white mat-

er regions: the higher the myelin content, the higher the stiffness.

ig. 11 a suggests that the nonlinearity of the brain tissue re-
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Fig. 11. Correlation between mechanics and extracellular matrix microstructural components (mean with standard deviations). a) Nonlinearity parameter α versus lipid 

content. b) Initial shear modulus μ versus proteoglycan content. c) Nonlinearity parameter α versus collagen content. d) Stress relaxation after 5 min versus lipid content. 

e) Stress relaxation after 5 min versus proteoglycan content. f) Nonlinearity parameter α versus cytoplasm content. 
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ponse increases with increasing lipid content: the higher the lipid

ontent, the higher the material nonlinearity. In addition, the lipid

ontent seems to positively correlate with the stress percentage

elaxed after 5 min during relaxation experiments as shown in

ig. 11 d: the higher the lipid content the faster the stress relax-

tion. 

Fig. 11 b indicates that the initial shear modulus of brain tis-

ue decreases with increasing proteoglycan content: the more pro-

eoglycans, the softer the tissue. Notably, similar to the results in

ig. 10 a, one region, the basal ganglia, seems to stand out: both the

roteoglycan content but also the stiffness are relatively low. Spec-

mens with a higher proteoglycan content also generally showed

igher stress relaxation after 5 min (see Fig. 11 e): the more pro-

eoglycans, the faster the stress relaxation. 

Fig. 11 c shows that the material nonlinearity and the

ompression-tension asymmetry – represented by the absolute

alue of the nonlinearity parameter α – decreases with increas-

ng collagen content: the higher the collagen content, the lower

he nonlinearity. As a natural consequence of this finding, Fig. 11 f

hows a positive correlation between the material nonlinearity and

he cytoplasm content: the more cyctoplasm, the higher the non-

inearity. 

.4. Microstructure-informed material model 

Inspired by the correlations in Fig. 10 a and b, we pro-

ose to modify the one-term Ogden strain-energy introduced in

ection 2.1 , Eq. (1) , by introducing the initial shear modulus μ and

he nonlinearity parameter α as linear functions of the density of

ell nuclei, which we denote by ρc , i.e., 

(ρc ) = 2 μ(ρc ) /α(ρc ) 
2 [ λα(ρc ) 

1 
+ λα(ρc ) 

2 
+ λα(ρc ) 

3 
− 3] , (3)

ith 

(ρc ) = m μ ρc + c μ and α(ρc ) = m α ρc + c α. (4)
ere, the correlations in Figs. 10 and 11 help us to choose the ap-

ropriate model framework. Importantly, to accurately calibrate the

arameters m μ, c μ, m α , and c α , we use the raw experimental data

n Fig. 5 a and the mean cell densities for each region denoted by

old plus symbols in Fig. 8 as region-specific microstructural pa-

ameter ρc . We repeat the parameter calibration, as described in

ection 3.1 , but this time use the data from all regions simultane-

usly. Like this, we find a single set of parameters that is valid for

ll brain regions. 

Fig. 12 shows the performance of the optimized microstructure-

nformed material model with m μ = −0 . 0 0 08 kPa mm 

2 , c μ =
 . 3865 kPa, m α = −0 . 0037 mm 

2 , and c α = −14 . 3498 . The model

s capable of simultaneously predicting the response of brain tis-

ue under multiple loading modes, compression, tension, and sim-

le shear, and for various brain regions, the corpus callosum, the

orona radiata, the basal ganglia, and the cortex, fairly well. The

odel significantly deviates from the experimental response of the

ortex specimen in simple shear, which can in part be attributed

o the fact that, in general, this curve shows an exceptional behav-

or with an asymmetry between positive and negative amounts of

hear. Apart from that, we observe the highest deviation for the

asal ganglia specimen in compression and tension, which is in

ine with our previous observation that the qualitative response of

asal ganglia tissue slightly differs from all other regions [11] . 

. Discussion 

Through the simultaneous analysis of microstructure and me-

hanics of human brain tissue from different anatomical regions,

e have provided insights into the microstructural origin of the

acroscopic mechanical tissue response. With respect to brain tis-

ue mechanics, the current study not only evaluates the elasticity

t small strains, but also considers nonlinear and time-dependent

ffects. With respect to brain tissue microstructure, we have not
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Fig. 12. Hyperelastic response of an exemplary specimen from four different brain regions, the cortex (C), the basal ganglia (BG), the corona radiata (CR), and the corpus 

callosum (CC) during compression, tension, and simple shear loadings fitted with a single microstructure-informed material model. 
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only examined cellular components – the functionally important

elements of brain tissue – but have also considered extracellular

matrix components. 

4.1. Microstructural constituents in human brain tissue 

According to our analyses, more cell nuclei are present in white

matter than in gray matter. Notably, we did not distinguish be-

tween neuronal and glial cells in the current study. Therefore, in

the future, more refined studies are necessary to additionally de-

termine the distribution of individual cell types. In general, gray

matter contains neurons and glial cells, while white matter con-

tains mainly glial cells and neuronal axons, which doubtlessly re-

sults in considerable differences in the cellular network. 

Interestingly, our results show that the distribution of extracel-

lular matrix components is much more heterogeneous than the

distribution of brain cells. In contrast, a previous study on rat

spinal cord tissue had suggested that the extracellular matrix is

comparatively homogeneously distributed [31] . This contradictory

finding could either be attributed to differences between the brain

parenchyma and the spinal cord, or to the fact that the central ner-

vous system of humans is more complex and diverse than that of

rodents. A systematic comparison of human brain and spinal cord

tissue should be performed to answer this question in the future. 

We have revealed a significant difference in the proteoglycan

content between gray and white matter regions. While gray matter

specimens hardly contain proteoglycans at all, white matter spec-

imens contain an average area fraction of about 20% with signif-

icant local variations. The distribution of proteoglycans is highly

relevant due to their important role for brain function. Proteogly-

cans affect the fixed charge density, the overall negative immobile

charges of the tissue, and thereby directly influence the osmotic

pressure, especially during brain swelling [1] . In addition, heparan

sulfate proteoglycans control cell differentiation during neurogen-

esis [32,33] , and another family of proteoglycans, chondroitin sul-

phate proteoglycans, seem to play an important role in myelin re-

pair [7] . 

Similar to the distribution of proteoglycans, we found a clear

difference between the lipid content in gray and white matter. Our

results yield approximately 60% in white and 30% in gray mat-

ter, which is in agreement with previously reported data. For ex-

ample, a study from 1968 reports that the lipid content in white

matter (corona radiata) was 56% and in gray matter (cortex) 32%,
imilar to the results in Fig. 9 a [34] . This confirms that the analysis

f histological stains, as described in Section 2.2.2 , yields reliable

esults. Lipids have been shown to play an important role during

rain development, for instance concerning malformations such as

icrocephaly [35] . 

The distribution of collagen was even more heterogeneous than

he distribution of proteoglycans and lipids. According to our re-

ults, the collagen content is highest in the corona radiata, lowest

n the basal ganglia and comparable in the cortex and the corpus

allosum. 

Importantly, cellular and extracellular components of brain tis-

ue cannot be regarded as independent. Astrocytes produce and se-

rete extracellular matrix constituents [36] , therefore, an alteration

n the density of astrocytes in the central nervous system will also

ead to changes in the extracellular matrix and vice versa. Inter-

stingly, the regulation of the extracellular matrix production by

strocytes appears to be sensitive to mechanical stimuli [37] . 

.2. Insights into the microstructure-mechanics relation 

We have found a negative correlation between the elastic tis-

ue stiffness and the density of cell nuclei. This observation in-

icates that cells are the softest components of brain tissue, sug-

esting that they play an important role in terms of brain function

ut not necessarily in terms of brain mechanics. The results agree

ell with a recent study probing the elasticity of live mouse brain

issue on a much smaller scale by using atomic force microscopy,

hich also yielded a negative correlation between the relative cell

uclei area and the tissue stiffness [38] . In contrast to our findings,

revious studies on brain tissue in the very early stages of develop-

ent [39] or spinal cord tissue [40] showed a positive correlation

etween the relative tissue area covered by cell nuclei and the tis-

ue stiffness. This emphasizes that brain tissue stiffness not only

hows regional variations but may also change with age. In the

arly stages of brain development, when the dense network of in-

ercellular connections, vasculature and extracellular matrix com-

onents has not yet formed, cells are actually the stiffest compo-

ents and control the mechanical response. In this case, brain tis-

ue stiffness shows a positive correlation with the density of nuclei

39] . We therefore conclude that the negative correlation between

he density of cell nuclei and tissue stiffness is only valid for the

ully developed brain and under physiological conditions. In cases

here the interconnectivity of cells is disrupted, for instance due
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o demyelination, this trend will not hold anymore [41] . Similarly,

n patients suffering Alzheimer’s disease, we would rather expect

hat the loss of neurons will lead to a decrease in tissue stiffness

42] . 

We have also found a positive correlation between the myelin

ontent and the tissue stiffness. While two data points seem not

nough to yield a clear trend, the observations confirm our previ-

us nanoindentation experiments on bovine brain tissue of differ-

nt developmental stages, which showed that brain tissue stiffness

ncreases with the myelin content [14,15] . Notably, this trend is re-

tricted to white matter specimens only, as gray matter tissue does

ot contain myelinated axons. The results indicate that myelin with

he cellular coupling of axons via the glial matrix in large part dic-

ates the mechanical response of the tissue [43] . 

Concerning the role of extracellular matrix components, we

ave found a negative correlation between the proteoglycan con-

ent and the tissue stiffness. This finding agrees well with ob-

ervations in articular cartilage, where – during the process of

ging – the content of proteoglycans decreases and the tissue be-

omes stiffer [44] . The loss of fixed charges associated with proteo-

lycan degradation limits the ability of cartilage to recover defor-

ation [45] . Our results further indicate a correlation between the

roteoglycan content and the stress relaxation behavior. This ob-

ervation seems reasonable considering the fact that proteoglycans

ind water molecules; the incompressible fluid trapped inside the

issue will initially contribute to the tissue’s stiffness but slowly

rain during the relaxation period due to the imposed load – lead-

ng to a decrease in the recorded stresses. The higher content of

roteoglycans in white matter can therefore also explain why gray

atter tissue (cortex and basal ganglia) exhibits a slightly smaller

olume change compared to the white matter (corona radiata and

orpus callosum) [46] . 

We further have found that the lipid content positively corre-

ates with the material nonlinearity. This observation is in agree-

ent with a recent study showing that high lipid contents in

oft tissues lead to a highly nonlinear tissue response under large

trains [47] . An important characteristic regarding combined load-

ng conditions is that shear stresses increase significantly with su-

erimposed compression, but only slightly with superimposed ten-

ion. This compression-tension asymmetry is again controlled by

he nonlinearity parameter α: the higher the absolute value of α,

he more pronounced the compression-tension asymmetry. 

In contrast to lipids and proteoglycans, collagen seems to af-

ect the elastic but not the viscous properties of brain tissue. In-

erestingly, our results indicate a negative correlation between the

ollagen content and the material nonlinearity. This finding seems

ounter-intuitive considering the fact that collagen has been iden-

ified as a stiffening com ponent in other soft tissues such as ar-

eries [48] . In this respect, it is important to note that brain tissue

ostly contains non-fibrillar collagen, e.g., collagen type IV and VI,

hile fibrous tissues contain fibrillar collagen of types I and II. To

he authors knowledge, the mechanics of non-fibrillar collagen re-

ain largely unknown and need to be investigated in the future.

ccording to our results, however, it engenders a softer, rather lin-

ar material response. This is also supported by the observation

hat the collagen IV content decreases during development [49] ,

hile the stiffness is known to increase [15] . In certain diseases

uch as multiple sclerosis, the level of fibrillar collagens increases.

hose not only form a physical and chemical barrier for the re-

ruitment of immune cells into the brain parenchyma [7] , but will

ost likely also lead to an increase in tissue stiffness. 

As cellular and extracellular constituents may change in tan-

em, it is difficult to specify their individual contributions to brain

issue mechanics. In the future, a systematic study covering a wide

ange of brain regions could refine the first insights we have pre-

ented in the current work. Understanding the correlation between
rain mechanics and the underlying microstructure can also be

ighly valuable to identify biomarkers for neurological diseases or

njury. Insults to the central nervous system, on the one hand,

esult in alterations to the brain’s extracellular matrix, for in-

tance, increased deposition of chondroitin sulphate proteoglycans

nd hyaluronan, wherein the extent depends on the severity and

hronicity of the injury [7] . On the other hand, traumatic and

egenerative conditions are often associated with loss of cellular

omponents, for instance, loss of oligodendrocytes and demyelina-

ion [7] . 

.3. Towards microstructure-based material models 

A promising approach to overcome the issue that brain tissue

roperties highly vary in space and time is to introduce mate-

ial models that are a function of microstructural components that

how similar regional and temporal variations. When focusing on

he time-independent, elastic response of brain tissue, the only

omponent showing a positive correlation with the initial shear

odulus was the myelin content. However, as this trend only ap-

lies to white matter regions, the myelin content is not the first

hoice for a microstructural parameter to be included into mate-

ial models. But as the density of cell nuclei correlated with both

he initial shear modulus and the nonlinearity parameter α, we

ave proposed to introduce these two parameters from the mod-

fied one-term Ogden model, Eq. (1) , as a linear function of the

ensity of cell nuclei ρc , as described in Section 3.4 . The negative

alue of the parameter m μ indicates that the mechanical response

f brain tissue is largely controlled by the network of dendrites,

ynapses, and extracellular matrix, rather than the nuclei them-

elves. This notion is further supported by the observation that

he trend between the density of nuclei and stiffness is reversed

n the early stages of development [39] , when the network of con-

ections has not formed yet, as discussed in Section 4.2 . Therefore,

he microstructure-informed material model proposed in the cur-

ent study is only valid for the fully developed brain under physio-

ogical conditions. Well-designed future combined mechanical and

icrostructural studies are needed to develop more advanced

odels that capture the response over a wider range of applica-

ions. The accuracy of model predictions could also be improved

y distinguishing between the density of different cell types, by

ncorporating more than only one microstructural parameter, and

y choosing higher order functions instead of the linear relations

n Eq. (4) . 

We note that the lipid content showed a similar correlation

ith the nonlinearity parameter α as the density of cell nuclei,

nd the collagen content the reversed trend. However, as the

ensity of nuclei can be more reliably determined using image

rocessing techniques, it is better suited for the employment in

icrostructure-informed material models than the other quanti-

ies. 

With regard to the time-dependent properties of brain tissue,

oth the proteoglycan content and the lipid content show positive

orrelations with the stress relaxed after 5 min. Therefore, those

arameters are potential candidates for the incorporation into vis-

oelastic models for brain tissue behavior, e.g. by introducing the

iscosity as a function of one of these microstructural parameters. 

.4. Limitations 

The human brains studied here originate from elderly subjects

11] and could therefore be affected by age-related changes in the

issue’s microstructure. Additional experiments need to be per-

ormed in the future to confirm and refine the observed trends,

lso with regard to the small sample size in the current study. Still,

e would like to emphasize that it is extremely difficult to obtain
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and mechanically test human tissue samples, both from a practi-

cal but also from an ethical point of view. We therefore strongly

believe that despite rather few data points, the current study is

highly valuable to drive the future directions of material models

for human brain tissue and to more carefully plan future experi-

ments. 

An additional limitation arises from the fact that we tested

brain tissue ex vivo . To date, the question how ex vivo brain tis-

sue properties compare to the in vivo response remains ambigu-

ous. Indentation experiments on rat brains, ultrasound elastogra-

phy measurements, and a magnetic resonance elastography study

on porcine brain tissue yielded 30–50% higher moduli in vivo than

ex vivo [21,22,49–51] , while other studies using magnetic reso-

nance elastography showed only small differences [52] , or even the

opposite trend [53] . As in vivo magnetic resonance elastography is

limited to small deformations and highly depends on the method

used to extract elastic properties, as well as the excitation frequen-

cies, this technique is insufficient to fully characterize the highly

nonlinear tissue response at large strains [54] . 

We have further noticed that the absolute area fractions of tis-

sue components showed a slight sensitivity towards the magnifi-

cation of the images, which was used for analysis; the regional

trends, in contrast, were highly consistent. This emphasizes that

when including microstructural information in material models for

brain tissue, it is important to use the exact same analysis method

for calibration and application. 

5. Conclusion 

In the current study, we have simultaneously analyzed the

microstructural composition and nonlinear mechanical properties

of human brain tissue. We have provided insights into regional

differences in the distribution of cell nuclei, myelin, lipids, pro-

teoglycans, and collagen, and their correlation with the complex

mechanical properties of human brain tissue. Our study reveals

a negative correlation between the cell count and the stiffness, a

positive correlation between myelin content and stiffness, and a

negative correlation between proteoglycan content and the stiff-

ness. It further indicates a positive correlation between lipid and

proteoglycan content and viscosity. Understanding the microstruc-

tural origin of macroscopic brain tissue mechanics will help us

design more precise, multi-scale models for computational simu-

lations of human brain tissue behavior. This is a critical step to-

wards a better understanding of the role of mechanics for clini-

cal conditions including cortical malformations, chronic traumatic

encephalopathy, Alzheimer’s and Parkinson’s disease, or multiple

sclerosis 
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