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Figure 4.10: Segmentation of HLA positive cells and GLUT-1 Positive Blood Vessels

Human GBM xenograft in mouse tissue was stained using Multiplex IF for: A) HLA
(cyan), used as a marker for human GBM cells (white arrows) in the mouse brain B)
GLUT-1 (green), used as a marker for endothelial cells which line blood vessels (arrows)
C) Identification of cells utilising DAPI staining (blue stain), followed by classification
of cells as HLA positive (cyan stain) cells (red outline) or HLA negative (yellow outline).
Arrows are the same as (A). D) Classification of positive GLUT-1 staining (green) using a
threshold method to classify objects as blood vessels (purple outline). E) Combined image
of Human GBM xenograft in mouse tissue was stained using IF for HLA (cyan stain) and
GLUT-1 (green stain). Positive staining for HLA (white arrow) and positive staining for
GLUT-1 positive blood vessels (orange arrows). F) Combined image of HLA positive
cells (red), HLA negative cells (yellow) and GLUT-1 positive blood vessels (purple).
All sections counter stained with the nuclear stain 4,6-diamidino-2-phenylindole (DAPI)
(Blue). Scale bars = 20 ym
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Those GBM cells that had a nearest GBM cell neighbour that was greater than 20pm
away were classified as individuals, while the rest were classified as forming a cluster.
20pum was used as the threshold distance, as it has been suggested that cells respond to

stiffness changes approximately 20m away from the cell (Buxboim et al. [2010]).

Quantification of the percentage of cells located individually revealed the highest
percentage in SJTHI cells (45%) followed by RN cells (39%), JK2 cells (10%) and WK1

cells (2%) (Figure 4.11).

4.2.6 Cell-Line Specific Associations with Blood Vessels

The distance between GBM cells and blood vessels was assessed to understand the distinct
migration patterns of GBM cell lines relative to the more rigid blood vessels within the
otherwise soft brain parenchyma (Figure 4.12). On average, WK1 cells were located
further from blood vessels than SJH1 cells, which in turn were farther away than RN1
cells, and were more distant compared to JK2 cells (Table 4.4). Importantly, there was
significant variability in all xenograft sections’ measurements, potentially due to section

orientation and the varied cell and blood vessel density in each section (Figure 4.1).

4.2.7 Cell-Line Specific Behaviours in Individually Migrating Cells and Cell Mi-

gration in Clusters

The difference in spatial association of cells located as individuals and those in clusters

was then queried to determine whether an alteration in behaviours was observed between
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Figure 4.11: Proportion of Xenograft GBM Cells Located as Individual Cells

Following detection of cells from the brain parenchyma based on DAPI staining and
segmentation of detected cells into human GBM cells based on positive HLA staining,
cells were further segmented into individual cells and found as a cluster, based on nearest
neighbour analysis, ****p<(0.0001, two tail Z-Test for population proportions
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Table 4.4: Mean Distance away from blood vessels (;m) for JK2, RN1, SJH1 and
WK1 human GBM xenograft in mouse brain

Average distance from GLUT-1 positive blood vessels for cells segmented
located as individual and those organised in clusters. Data obtained from entire
brain sections with a thickness of 5um. Results are shown as Mean +/- SD

JK2 RN1 SJH1 WK1
.. 8.47 &+ 6.90 2571 £50.14 | 24.82 +=40.16 | 142.0 = 1544
Individual Cells
(n= 8689) (n=3365) (n=8690) (n=3507)
11.28 = 10.26 | 24.27 3230 | 29.96 +23.82 | 85.50 &+ 103.7
Clustered Cells
(n=75626) (n=5325) (n=8067) (n=151934)
Total 10.99 £ 10.00 | 24.82 +40.16 | 29.50 =24.69 | 86.77 £+ 105.5
(n=84316) (n=8690) (n= 14665) (n=155441)

these two groups (Figure 4.12). As outlined in Section 4.2.5, nearest-neighbour analysis
was utilised to differentiate between cells located alone and those located in groups. The
study indicated that SJH1 cells located individually are in closer proximity to GLUT-1
positive blood vessels than those found in clusters. In contrast, WK1 cells in clusters
showed a closer proximity with GLUT-1 positive blood vessels compared to those cells
found alone. JK2 and RNI1 cells exhibited no significant difference in their proximity to
GLUT-1 positive vessels, regardless of their grouping pattern. When examining individu-
ally located cells, WK1 cells were positioned further from GLUT-1 positive vessels than
SJH1 and RN1 cells, both of which were further from these vessels than JK2 cells. Among
cells found in clusters, WK1 cells were at a greater distance from GLUT-1 positive vessels
than SJHI cells, which were themselves further away compared to RN1 cells, and RN1

cells were more distant than JK2 cells.
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Figure 4.12: Distance of Human Xenograft GBM Cells From the GLUT-1 Positive Blood Vessels

Mean distance of human GBM cells in a xenograft mouse model from the blood vessels in the mouse brain (detected with GLUT-1
antibody staining) (left) and after segmentation into cells found individually and as clusters. Data collected in whole brain sections of Sym
thickness. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns = not significant, One-way ANOVA and Tukey’s multiple comparisons
test.
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Figure 4.13: Phosphorylation of EGFR and FAK in Human JK2 GBM Xenograft Relation to Distance from GLUT-1 Positive
Blood Vessels in the Mouse Brain

IF staining was performed for p-EGFR, EGFR, p-FAK and FAK in HLA positive cells in 5 pm thick, whole brain sections of human
GBM JK2 cell lines. Fluorescence was measured as normalised counts (fluorescence intensity normalised to the exposure value for each
section) . Individual values were plotted against the distance of the measured cell from the nearest GLUT-1 positive blood vessel. A
linear regression analysis was performed to determine the line of best fit with the goodness of fit determined by the R? value.
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Figure 4.14: Phosphorylation of EGFR and FAK in Human RN1 GBM Xenograft Relation to Distance from GLUT-1 Positive
Blood Vessels in the Mouse Brain

IF staining was performed for p-EGFR, EGFR, p-FAK and FAK in HLA positive cells in 5 pm thick, whole brain sections of human
GBM RN cell lines. Fluorescence was measured as normalised counts (fluorescence intensity normalised to the exposure value for each
section). Individual values were plotted against the distance of the measured cell from the nearest GLUT-1 positive blood vessel. A linear
regression analysis was performed to determine the line of best fit with the goodness of fit determined by the R? value.
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Figure 4.15: Phosphorylation of EGFR and FAK in Human SJH1 GBM Xenograft Relation to Distance from GLUT-1 Positive
Blood Vessels in the Mouse Brain

IF staining was performed for p-EGFR, EGFR, p-FAK and FAK in HLA positive cells in 5 pm thick, whole brain sections of human
GBM SJHI1 cell lines. Fluorescence was measured as normalised counts (fluorescence intensity normalised to the exposure value for
each section). Individual values were plotted against the distance of the measured cell from the nearest GLUT-1 positive blood vessel. A
linear regression analysis was performed to determine the line of best fit with the goodness of fit determined by the R? value.
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Figure 4.16: Phosphorylation of EGFR and FAK in Human WK1 GBM Xenograft Relation to Distance from GLUT-1 Positive
Blood Vessels in the Mouse Brain

IF staining was performed for p-EGFR, EGFR, p-FAK and FAK in HLA positive cells in 5 pm thick, whole brain sections of human
GBM WK1 cell lines. Fluorescence was measured as normalised counts (fluorescence intensity normalised to the exposure value for
each section). Individual values were plotted against the distance of the measured cell from the nearest GLUT-1 positive blood vessel. A
linear regression analysis was performed to determine the line of best fit with the goodness of fit determined by the R? value
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4.2.8 Cell-Line-Dependent Phosphorylation of EGFR is Correlated to the Distance

From Blood Vessel

EGFR phosphorylation positivity was quantified as a function of the distance from GLUT-
1 positive blood vessels (Figures 4.13 - 4.15) to explore the role of mechanosensation
in influencing the relationship of HGG cell location to GLUT-1 positive blood vessels.
For JK2 (Figure 4.13), RN1 (Figure 4.14), and SJH1 (Figure 4.15) cell lines, there was
no correlation between EGFR expression or EGFR phosphorylation as a function of
distance from GLUT-1 positive blood vessels. Remarkably, in the WK1 cell line (Figure
4.16), while overall EGFR expression shows no correlation with proximity to GLUT-1
positive blood vessels (R?>=0.00), the phosphorylation of EGFR is positively correlated
with the distance from these vessels (R?=0.32). This suggests that the increase in EGFR
phosphorylation is independently associated with an increased distance from GLUT-1

positive blood vessels and is not secondary to increased EGFR expression.

4.2.9 Cell-Line-Dependent FAK Phosphorylation is Correlated to the Distance From

Blood Vessel

In the xenografts of JK2 (Figure 4.13), RN1 (Figure 4.14), and SJH1 (Figure 4.15) cell
lines, there was no correlation between FAK expression or FAK phosphorylation as a
function of distance from GLUT-1 positive blood vessels in the mouse brain. For WK1
(Figure 4.16), total FAK expression is not correlated with the distance from GLUT-1 pos-
itive blood vessels (R?=0.00), however, cells show increased FAK phosphorylation with

increasing distance from GLUT-1 positive blood vessels (R?=0.18). This suggests that the
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increase in FAK phosphorylation is independently associated with an increased distance
from GLUT-1 positive blood vessels and not secondary to increased FAK expression in

WK1 cells.

4.2.10 The Correlation of EGFR Phosphorylation to the Distance from Blood Ves-

sels is Diminished in Single-Cell Migration in a Cell-Dependent Manner

Next, we segmented brain cancer cell populations into individual versus cell clusters and
then compared EGFR phosphorylation positivity as a function of distance from GLUT-1
positive blood vessels in these two segmented populations for JK2, RN1, SJH1 and WK1

cell lines.

For JK2 (Figure 4.17), RN1 (Figure 4.18), and SJHI cell lines (Figure 4.19), there
is no correlation between EGFR expression or EGFR phosphorylation as a function of
distance from GLUT-1 positive blood vessels in the mouse brain. In WK1 cells (Fig-
ure 4.20), following segmentation there continued to be no correlation between distance
from blood vessels and EGFR expression (clusters: R?=0.00, individual cells: R?=0.07).
However, there was a strong correlation between increased EGFR phosphorylation with
distance from blood vessels in the cell clusters (R?=0.34). By contrast, there was limited
correlation seen in the individual cells (R*=0.13). The differences in EGFR phosphory-
lation seen in individual cells compared to cell clusters might indicate that proximity to
GLUT-1 positive blood vessels affects EGFR phosphorylation less in single cells than in

cell clusters in WK1 cells.
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Figure 4.17: Phosphorylation of EGFR and FAK in Human JK2 GBM Xenograft in
Relation to Distance from the GLUT-1 Positive Blood Vessels in the Mouse Brain,
Segmented by Cells Found Individually and as Clusters

IF staining was performed for p-EGFR, EGFR, p-FAK and FAK in HLA positive
cells in 5 pum thick, whole brain sections of human GBM JK2 cell lines. Cells were
segmented into single-cells and clusters using nearest neighbour analysis. Fluorescence
was measured as normalised counts (Fluorescent intensity normalised to the exposure
value for each section). Individual values were plotted against the distance of the
measured cell from the nearest GLUT-1 positive blood vessel. A linear regression analysis
was performed to determine the line of best fit with the goodness of fit determined by the
R? value.



CHAPTER 4. RELATIONSHIP BETWEEN SPATIAL ARRANGEMENT OF

160 GLIOBLASTOMA CELLS AND PROTEIN EXPRESSION
RN1 Single Cells: p-EGFR RN1 Collective: p-EGFR
4 R2=0.02 4 R2=0.01

Fluorescence (AU)
N w
w

-

Fluorescence (AU)

0 T - T . T T 1
0 20 40 60 80 100

Distance to Blood vessels (um) Distance to Blood vessels (um)
RN1 Single Cells: EGFR RN1 Collective: EGFR
4

R2=0.00 ST R?=0.01

Fluorescence (AU)
Fluorescence (AU)

T T - T —— T
40 60 80 0 20 40 60 80

1
100

Distance to Blood vessels (um) Distance to Blood vessels (um)
RN1 Single Cells: p-FAK RN1 Collective: p-FAK
2=
1.0 R?=0.00 1.0 R?= 0.01

Fluorescence (AU)
Fluorescence (AU)

0 20 40 60 80 100 0 20 40 60 80 100

Distance to Blood vessels (um) Distance to Blood vessels (um)
RN1 Single Cells: FAK RN1 Collective: FAK

1.0 . v - R2=0.02 1.0

.. -R2=0.01

Fluorescence (AU)
o
3,
Fluorescence (AU)

1 0.0 1 gl =T 1
0 20 40 60 80 100 0 20 40 60 80 100

Distance to Blood vessels (um) Distance to Blood vessels (um)

0.0 Pt - e .

Figure 4.18: Phosphorylation of EGFR and FAK in Human JK2 GBM Xenograft in
Relation to Distance from the GLUT-1 Positive Blood Vessels in the Mouse Brain,
Segmented by Cells Found Individually and as Clusters

IF staining was performed for p-EGFR, EGFR, p-FAK and FAK in HLA positive
cells in 5 pm thick, whole brain sections of human GBM JK2 cell lines. Cells were
segmented into single-cells and clusters using nearest neighbour analysis. Fluorescence
was measured as normalised counts (Fluorescent intensity normalised to the exposure
value for each section). Individual values were plotted against the distance of the
measured cell from the nearest GLUT-1 positive blood vessel. A linear regression analysis
was performed to determine the line of best fit with the goodness of fit determined by the
R? value.



4.2. THE OPAL STAINING METHOD 161

SJH1 Single Cells: p-EGFR SJH1 Collective: p-EGFR

3

R2=0.03 R2=0.04

N

Fluorescence (AU)

Fluorescence (AU)

o I'.. d AI

o

T T T 1
0 50 100 150 200 250 0 50 100 150

Distance to Blood vessels (um) Distance to Blood vessels (um)
SJH1 Single Cells: EGFR SJH1 Collective: EGFR

S

R2=0.02

- ..R2=002

Fluorescence (AU)
Fluorescence (AU)
N w

-

o

0 50 100 150 0 50 100 150
Distance to Blood vessels (um) Distance to Blood vessels (um)
SJH1 Single Cells: p-FAK SJH1 Collective: p-FAK

-
o

R2=0.04 R2=0.02

Fluorescence (AU)
Fluorescence (AU)
o
L

o
o

0 50 100 150 0 50 100 150
Distance to Blood vessels (um) Distance to Blood vessels (um)
SJH1 Single Cells: FAK SJH1 Collective: FAK
3

R2=0.01 ’ . R%=0.01

Fluorescence (AU)
Fluorescence (AU)

I. M -1
100 150 0 50 100 150
Distance to Blood vessels (um) Distance to Blood vessels (um)

Figure 4.19: Phosphorylation of EGFR and FAK in Human SJH1 GBM Xenograft
in Relation to Distance from the GLUT-1 Positive Blood Vessels in the Mouse Brain,
Segmented by Cells Found Individually and as Clusters

IF staining was performed for p-EGFR, EGFR, p-FAK and FAK in HLA positive
cells in 5 pm thick, whole brain sections of human GBM SJHI cell lines. Cells were
segmented into single-cells and clusters using nearest neighbour analysis. Fluorescence
was measured as normalised counts (Fluorescent intensity normalised to the exposure
value for each section). Individual values were plotted against the distance of the
measured cell from the nearest GLUT-1 positive blood vessel. A linear regression analysis
was performed to determine the line of best fit with the goodness of fit determined by the
R? value.
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Figure 4.20: Phosphorylation of EGFR and FAK in Human WK1 GBM Xenograft
in Relation to Distance from the GLUT-1 Positive Blood Vessels in the Mouse Brain,
Segmented by Cells Found Individually and as Clusters

IF staining was performed for p-EGFR, EGFR, p-FAK and FAK in HLA positive
cells in 5 pm thick, whole brain sections of human GBM WKI cell lines. Cells were
segmented into single-cells and clusters using nearest neighbour analysis. Fluorescence
was measured as normalised counts (Fluorescent intensity normalised to the exposure
value for each section). Individual values were plotted against the distance of the
measured cell from the nearest GLUT-1 positive blood vessel. A linear regression analysis
was performed to determine the line of best fit with the goodness of fit determined by the
R? value.
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4.2.11 The Correlation of FAK Phosphorylation to the Distance from Blood Vessels

is Diminished in Single-Cell Migration in a Cell-Dependent Manner

Next, the relationship between FAK expression and phosphorylation in individual versus
cell clusters with cell position relative to GLUT-1 positive blood vessels was analysed.
For JK2 (Figure 4.17), RN1 (Figure 4.18), and SJH1 cell lines Figure (4.19), there is no
correlation between FAK expression or FAK phosphorylation as a function of distance

from GLUT-1 positive blood vessels in cells located as individuals or clusters.

In WK1 cells (Figure 4.20), following segmentation there continued to be no corre-
lation between distance from blood vessels and FAK expression in clusters: R?=0.00,
with a minimal correlation in individual cells: R?>=0.07. However, there was a corre-
lation between increased FAK phosphorylation and distance from blood vessels (clus-
ters: R?=0.18, individual cells: R?>=0.16). The data suggest that FAK phosphorylation
increases with increased distance from GLUT-1 positive blood vessels in cells found as
clusters. Although FAK phosphorylation in individual cells increases with increasing dis-
tance from GLUT-1 positive blood vessels (R?>=0.16), the correlation of FAK expression
with GLUT-1 positive blood vessels (R?=0.07), suggests that when compared to cells
found as a group, there is a decreased influence of distance to GLUT-1 positive blood

vessels on FAK phosphorylation in single cells.
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4.3 Chapter Discussion

The movement and spread of glioma cells via the “Secondary Structures of Scherer”
(Scherer [1938]) are influenced by mechanosensation, which involves integrins that en-
gage with intracellular pathways such as EGFR and FAK (Buxboim et al. [2010], Rea
et al. [2013], Sarker et al. [2020]). In this chapter, the relationship between EGFR
and FAK phosphorylation in human GBM xenografts in mouse brain, was explored as
a function of proximity to stiffer blood vessels in an otherwise soft brain parenchyma

(Bellail et al. [2004], Reiter et al. [2023]).

4.3.1 The Difficulties of IF on Thick FFPE Sections

The use of thick histological sections is the ideal approach in studies exploring the spatial
relationship between cells and structures in the surrounding parenchyma (Figure 4.1). A
recent 3D reconstruction study by Ghose et al. [2023] exploring the relationship between
immune cells in the skin and the vasculature found that there are significantly shorter
distances between immune cells and vascular endothelial cells when measurements were
taken in 3D reconstruction assays compared to 2D assays (56um in 3D vs 108umm in
2D) (Ghose et al. [2023]). Despite this, 2D spatial analysis continues to be the method of
choice for most studies due to accessibility, cost, and technical ease. Studies as recent as
2023 by Lin et al. used whole slide 2D analysis to adequately quantify a range of cellular
interactions and regions in colorectal cancer (Ghose et al. [2023], Lin et al. [2023]).

Confocal imaging protocols routinely image depths 50-100 ym with imaging depths up
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to 2mm being reported with customised clearing protocols (Ghose et al. [2023], Silvestri
et al. [2016]. These protocols, however, are limited by the ability to multiplex only a
small number of markers (Ghose et al. [2023]). Light-sheet microscopy complemented
by tissue clearing methods has been employed to visualise brain tissue samples measuring
7cm?® (Schueth et al. [2023]). Although Pesce et al. documented a greater number of
multiplexed markers, light-sheet microscopy encounters limitations with lower cellular-

level resolution (Ghose et al. [2023]).

Thick FFPE sections are also hampered by inherent AF, arising from many sources,
including connective tissue components, cellular cytoplasmic contents, and fixatives and
preservatives used to embed tissues (Davis et al. [2014]). Spectral analysis was performed
on unstained sections of thick mouse brain tissue (Figure 4.2) to show that the emission
profile of the unstained brain section is evident over a wider range of wavelengths com-
pared to that of skin, colon, and heart tissue (Baharlou [2022]), corresponding to the
commonly used excitation / emission spectra used in IF (Im et al. [2019]). Attempts
to quench AF, using previously reported methods, were insufficient to improve image
integrity (Figure 4.4) and hence not used (Erben et al. [2016], Oliveira et al. [2010]).
In prior studies, unembedded 100 pm thick paraformaldehyde-fixed brain tissues were
utilised to illustrate specific perivascular invasion and morphology of human GBM cell
lines in mouse xenografts (Gupta et al. [2024]). Nevertheless, this thesis was limited to

the use of FFPE tissues.

Due to additional issues with using thick FFPE sections, including the brittleness

of the sections, the phenomenon of photobleaching when imaging thick sections, the
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computing power required to analyse 3D sections, and poor penetration of antibodies
into thick sections (Ciani et al. [2023], Smart et al. [2023], Tagqi et al. [2018]), thin whole

slide images were used in this thesis.

4.3.2 Single-Cells Cells Differ From Cells Which Cluster

The challenges of GBM are due to the diffuse invasion of tumour cells into the brain,
which prevents complete surgical removal and leads to recurrence from cells beyond the
resection margin (Cuddapah et al. [2014], Garcia-Diaz et al. [2023], Gupta et al. [2024]).
GBM tumours exhibit significant inter- and intra-tumour heterogeneity (Brennan et al.
[2013], Garcia-Diaz et al. [2023], Patel et al. [2014], Sottoriva et al. [2013], Verhaak
et al. [2010]), yet current research predominantly focuses on the tumour bulk rather
than the invasive cells responsible for recurrence (Gupta et al. [2024]). The micro-
environments differ between the tumour core and the invasive edge, affecting the biolog-
ical characteristics of cells in these regions (Brooks and Parrinello [2017], Garcia-Diaz
et al. [2023], Glas et al. [2010], Venkataramani et al. [2022]). These differences may have
important implications for the development of effective therapies for GBM (Garcia-Diaz

et al. [2023]).

GBM exhibits the ability to infiltrate three-dimensional astrocyte models, mouse brain
xenografts, and human tumour samples, both as solitary cells and in clusters (Gritsenko
et al. [2017]). Specifically, GBM cells maintain their intercellular connections as they
migrate along blood vessels and astrocyte-rich brain stroma, highlighting the importance

of collective migration in HGG cell invasion into brain tissue (Cuddapah et al. [2014],
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Farin et al. [2006], Gritsenko et al. [2017], Volovetz et al. [2020], Winkler et al. [2009]).
Glioma cells have been observed to invade natural collagen scaffolds (Gritsenko et al.
[2017], Grundy et al. [2016], Yang et al. [2010]). However, in the unmodified brain,
collagen is predominantly found alongside blood vessels rather than in the broader brain
parenchyma (Bellail et al. [2004], Gritsenko et al. [2012]), leaving the applicability of
these observations for clarifying GBM migration patterns in vivo somewhat ambiguous

(Gritsenko et al. [2017], Rape et al. [2014]).

In this chapter, primary-patient-derived GBM cells were segmented from mouse brain
in xenograft mouse models using IF and HLA staining. Human GBM cells were then
further segmented into single-cells, suggestive of individual migration, and those co-
located with other GBM cells, suggesting collective migration, using Delaunay triangu-
lation analysis (Gabriel and Sokal [1969], Goltsev et al. [2018]). In this analysis, inter-
tumour differences were evident with a higher proportion of SJHI cells (45%) appearing
as individual cells compared to only 2% of WKI1 cells located as single cells (Figure
4.11). Some of this difference may be explained by the location of the analysed section in
relation to the site of initial tumour injection, with a section close to the tumour initiation
site and tumour bulk potentially demonstrating a greater proportion of clustered GBM
cells compared to a more distal tissue section. The influence of this was partially mitigated
by the use and analysis of whole-sliding images to capture more spatial data. Despite this
potential limitation, the data from Chapter 3 demonstrate that RN1 cells that migrated
out of the spheroid bulk showed a strong preference to migrate as individuals while

WK cells, representing the classical subtype, displayed a more diffuse migration in large
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collections, which agree with results presented in this chapter using an ex vivo xenograft

assay and previous studies on 2D cell culture (Figure 4.11) (Rosén et al. [2023]).

GBM cells have been suggested to use blood vessels for short-distance invasion, and
the local recurrence seen after surgical removal of the tumour bulk may originate from
these cells hiding along the peri-tumoral vasculature (Gupta et al. [2024]). Furthermore,
the migration pattern of a given GBM cell line is reproducible and specific to the cell line
when using patient-derived HGG cells, xenografted into a mouse brain model (Gupta et al.
[2024]). In fact, this chapter suggests that the invasion and migration patterns of GBM
tumour spheroids in PAHG explored in Chapter 3 are also observed in primary patient-
derived xenograft models and highlight to an extent that the migration pattern is dictated
by intrinsic mechanisms of glioma cells. Interestingly, data of cells migrating in 2D
from spheroids explored in Chapter 3, suggest that SJH1 cells are very mechanosensitive
in both single-cell and collective migration and showed a linear relationship between
migration and underlying substrate stiffness (Figure. 3.5, Figure. 3.6 & Figure. 3.8).
The closer distance of SJTHI cells that appear as single cells to GLUT-1 positive blood
vessels may suggest that these cells use the stiffer perivascular space as a route of dis-
semination as suggested by Scherer (Reiter et al. [2023], Scherer [1938]. Data from
Chapter 3 suggested that WK1 is mechano-insensitive during single-cell migration and
mechano-sensitive when undergoing collective migration. This is in agreement with the
data presented here with single WK1 cells further away from the GLUT-1 positive blood
vessels compared to WK1 cells found as clusters (Figure 4.12). One hypothesis is that the

mechano-insensitive single-cell migrating WK1 cells invade into the brain parenchyma



4.3. CHAPTER DISCUSSION 169

diffusely, while collectively migrating WK1 cells use blood vessels as a scaffold to mi-
grate and invade. When considering the spatial relationship with GLUT-1 positive blood
vessels, no significant differences emerged between single cells and clustered cells in the
JK2 and SJH1 cell lines. It is important to note that the distance measurements of cells to
GLUT-1 positive blood vessels in all xenograft sections exhibited considerable variability.
This could be attributed to the sections’ orientation as well as varying densities of cells
and blood vessels in each section (Figure 4.1). Furthermore, the average survival time
of the xenografts differed, ranging from 81 days for the RN1 cell line to 150 days for
the WK1 cell line (Stringer et al. [2019]), suggesting that the duration of GBM invasion
should be considered a potential contributing factor. Moreover, future research should aim
to address the separation of angiogenesis impedance into tumour mass versus migration
along pre-existing vascular. Finally, the roles of actively invading and senescent GBM
cells should be investigated using morphological changes and biomarkers (Rossi and

Abdelmohsen [2021]).

GSEA enrichment analysis in Chapter 3 revealed the enrichment of pathways associ-
ated with FA in SJH1 and WK1 cell lines, but not in RN1 or JK2 cell lines. Interestingly,
when the differences between the association of GBM cells with GLUT-1 positive blood
vessels were segmented by cell clustering (single cell versus collectives of cells), only
SJH1 and WK cells demonstrated a significant difference between the two patterns sug-
gesting a potential role of mechanobiology in the prediction of dissemination, potentially

mediated by FAs.

As the EFGR and FAK pathways are involved in the migration and invasion of GBM
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cells in the brain (Buxboim et al. [2010], Rea et al. [2013], Sarker et al. [2020]), the
phosphorylation of these proteins was analysed as a function of distance from the stiffer
blood vessels in an otherwise soft brain parenchyma (Bellail et al. [2004], Reiter et al.
[2023]). Fascinatingly, WK1 cells, belonging to the classical subtype typified by EGFR
amplification (Wang et al. [2017]), demonstrated an increase in EGFR and FAK phospho-
rylation with increasing distance from GLUT-1 positive blood vessels in cells appearing
as clusters, which is diminished in single-cells. This contrasts with previous studies that
have shown an increased phosphorylation of EGFR with increasing substrate stiffness in
commercially available U-87 GBM cell lines (Umesh et al. [2014]). This may be due in
part to molecular alterations in commercially available continuously cultured cell lines
compared to patient-derived primary cell lines used in this study, which better represent
tumours in-vivo (Pollard et al. [2009], Stringer et al. [2019]). Furthermore, a study by
Garcia-Diaz et al. [2023] utilising single-cell RNA sequencing to profile GBM cells in a
mouse xenograft model to reveal that cells at the tumour margin differ from the bulk of
the tumour, supporting the current findings in the phosphorylation of signalling markers
in cells appearing individually and those which appear in clusters. Alternatively, the
observed findings may be due to biochemical factors in the microenvironment which vary
with increasing distance from blood vessels such as hypoxia and availability of nutrients
(Rademakers et al. [2019]). Observing a minimal correlation between proximity to blood
vessels and expression of EGFR / FAK in the JK2, RN1, SJHI1 cell lines prompts the
question of whether additional components and pathways of ECM could affect migration
patterns of GBM. Collagen, a predominant factor that contributes to ECM stiffness, is

well researched, particularly regarding how cancer cells alter their mechanical properties,
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such as pore size, density, stiffness, and viscoelasticity (Saraswathibhatla et al. [2023]).
Increased collagen has been shown to trigger the AKT pathway in breast-cancer cell
(Chen et al. [2013b]), with EGFR/FAK independent activation of the AKT pathway
reported (Dobashi et al. [2009], Velling et al. [2004]), and so further studies may wish

to explore this mechanism.

4.4 Concluding Remarks

In summary, the work in this chapter highlights a relationship between cell clusters that
potentially reflect collective invasion versus individual cells that may reflect individual
invasion, and distance from blood vessels. Furthermore, it suggests that the analysis of
the tumour bulk alone may not reflect the entire tumour nor the invasive edge and that
consideration of the entirety of the tumour would need to be taken into consideration
when investigating future therapies for this devastating disease. Comparative profiling
studies on a large number of cell lines with well-defined migration patterns and mechano-

biology are likely to be informative.
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Chapter 5

Mechanical Properties of Brain Tumours and

Normal Brain

The soft mechanical characteristics of the brain environment affect cellular behaviours
(Budday et al. [2015, 2020], Pillai and Franze [2024]), which has consequences for high-
grade glioma (HGG) therapies (Pillai and Franze [2024], Sarker et al. [2020], Sohrabi
et al. [2023]). Therapies deemed successful in preclinical tests in rigid cell cultures often
fail in clinical trials (Cruz Da Silva et al. [2021], Gunjur et al. [2022], Oster et al. [2023]),
underscoring the need to define brain stiffness and its changes during treatments such
as surgery, chemotherapy and radiation. Understanding brain stiffness could lead to the

identification of new therapeutic targets and the optimisation of treatment timing.

Due to inconsistency in the reported values obtained for in-vivo brain tissue from MRE
in the literature (Budday et al. [2020], Chatelin et al. [2010], Manduca et al. [2021]), a

systematic review was performed here to methodically evaluate the published literature on
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brain stiffness over a range of transducer frequencies, brain locations, and reported stift-
ness modality. This chapter aimed to determine the changes in the stiffness of the tumour
mass and the surrounding brain parenchyma induced by radiotherapy, chemotherapy,
and surgical intervention compared to a healthy brain to inform the future development
of models that truly reflect the brain parenchyma and consequently lead to improved

preclinical development of successful therapies.

5.1 Literature Search

Systematic review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) guidelines (Page et al. [2021]). Ovid
MEDLINE, Ovid Embase, PubMed, Web of Science and Google Scholar were searched
on 11 July 2024. Combined database-specific subject headings with free text terms in the
title, abstract and keyword fields for “Brain”, “Tumour”, “Cancer” , “MRE” and “Mag-
netic Resonance Elastography” were used. Articles with the term “review” in the title
and keyword field were excluded. 2 reviewers evaluated studies based on the following

criteria:

1. Inclusion Criteria

(a) Publications in English
(b) Peer-Reviewed Journal Articles
(c) Full-Text Articles

(d) MRE on entirely normal healthy human brain with and without comparison
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to human subjects with brain tumours OR MRE in animal models reporting
on results of tumours in the brain with and without comparison to healthy

controls

2. Exclusion Criteria

(a) Literature Review, Systematic reviews/Meta-analyses , Conference Abstracts,

Thesis, Pre-Print Articles

(b) Studies not reporting quantitative data

(c) Studies without a statement of Ethics

Study selection was performed using Covidence (Covidence systematic review soft-
ware, Veritas Health Innovation, Melbourne, Australia. Available at www.covidence.org.)
which is a web-based collaboration software platform that streamlines the production of

systematic reviews and other reviews of the literature.

2,203 studies were identified from database searching with 1,000 studies identified
from Ovid MEDLINE, 511 studies identified from PubMed, 408 studies identified from
Ovid Embase, 212 studies from Web Of Science and 72 identified from Google Scholar.
866 duplicate records were removed by Covidence. 1,337 abstracts were screened and
1,229 were removed for failing to meet all inclusion criteria or meeting an exclusion
criteria. Full-text review was performed for the remaining 202 studies. The reasons for

exclusion are presented in Figure 5.1.

A total of 90 studies were included in this chapter for systematic review.


www.covidence.org
www.covidence.org
www.covidence.org
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Figure 5.1: PRSIMA Flow Diagram describing article screening and selection
process.
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5.2 Data Extraction

The following data was extracted from the selected studies:

1. Study Characteristics

(a) First Author
(b) Year of Publication

(c) Sample Size

2. Clinical Characterisation

(a) Age
(b) Sex

(¢) Tumour Type (if applicable)

3. MRE Parameters

(a) Resolution
(b) Analysis Algorithm
(¢) Transducer Frequency

(d) Measurement Location

4. Outcomes

(a) Estimate and Modality of Stiffness Measurements
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The appendices were also reviewed for data. Data were summarised as mean estimates
of G', G", | G* | and “shear stiffness” with standard deviation estimates also collected.
The “shear stiffness” was defined as a separate modality in this thesis, as it has been
inconsistently reported in the past to represent the complex shear modulus or to the

density X wave speed? (Manduca et al. [2021]).

Where data were only presented as graphical data, PlotDigitizer (https://plotdigitizer.com)
was used to extract the data. PlotDigitizer is a Java-supported programme that allows the
extraction of raw data from X-Y-type scatter or line plots (Aydin and Yassikaya [2022],

Jelicic Kadic et al. [2016]).

Where data were not presented as mean and standard deviation, methods previously
described by Wan et al. and Chi et al. were used to obtain estimates of the mean and
standard deviation of the data presented in the studies (Chi et al. [2023], Wan et al.

[2014]).

5.3 Data Analysis

As factors such as transducer frequency and brain subregion (Figure 5.2) influence the
measured stiffness reported (Manduca et al. [2021], Pillai and Franze [2024]), the data
were segmented by these two factors and a subgroup analysis was performed. The meth-
ods described by Neyeloff et al. were used to estimate the population mean of G’ and
G", | G* | and the shear stiffness for each of the brain regions reported at each reported

frequency. This method allows for the meta-analysis of data using a Microsoft Excel


https://plotdigitizer.com
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spreadsheet, using either fixed-effects or random-effects model. Where random-effects
modelling could not be used due to a single study sample, a fixed effects model was
used to estimate the mean and errors of the population (Neyeloff et al. [2012]). The
test for intra-study heterogeneity was measured using the Cochran Q test (Q) and 2.
Q is calculated as the weighted sum of squared differences between the effects of the
individual study and the pooled effect between the studies (Neyeloff et al. [2012]). I? is
expressed as a percentage of total variability in a set of effect sizes due to heterogeneity,
with higher values indicating more heterogeneity between studies. (Melsen et al. [2014],

Neyeloff et al. [2012]).

Linear regression analysis was then performed to compare white and grey matter using

Graphpad Prism. G’ and G”,

G* | and the shear stiffness of various brain tumours were

compared to the normal brain using a Z-test with o = 0.05.
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Figure 5.2: Human Whole Brain Coronal Sections

Sequential coronal sections of human whole brain stained with hematoxylin and eosin. Images are presented sequentially from most
anterior (A) to most posterior (D). The images are reproduced with permission from the Michigan State University Brain Biodiversity
Bank. https://brains.anatomy.msu.edu/
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5.4 Storage Modulus of Normal Brain

17 studies, with 354 subjects in total, reported on G’ of the normal brain using shear waves
induced at frequencies of 25 (5 studies), 30 (1 study), 37.5 (5 studies), 40 (2 studies), 50 (9
studies), 60 (3 studies), 62.5 (5 studies), 80 (3 studies), 83 (1 study) and 90 Hz (2 studies)
(Table 5.1). Linear regression analysis was performed to compare G’ of the grey and
white matter with the transducer frequency (Figure 5.3). There were no differences in the
slopes of the curve (P = 0.15); however, there is a significant difference in the y-intercepts

(P=0.0003) suggesting that white matter is stiffer than grey matter.
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Table 5.1: Population estimates for storage modulus of human brain and
sub-regions
Location Frequency (Hz)  Studies (n)  Subjects (n) Mean (kPa) 95% CI (kPa) Q 12
Amygdala 40 1 46 1.84 +/-0.06  1.72-1.96 0
60 1 46 2.3 +/- 0.05 2.2-2.39 0
80 1 46 2.52+/-0.05 2.43-2.62 0
90 1 46 2.53+/-0.05 2.43-2.64 0
Brainstem 50 1 3 3.01 +/-0.32 2.38-3.64 0
Caudate Nucleus 40 1 46 1.47 +/-0.05  1.38-1.57 0
50 2 32 1.21+/-0.28  0.66-1.76 130 99.23
60 1 46 2.05+/-0.04 1.96-2.13 0
80 1 46 2.49 +/-0.04  2.41-2.57 0
90 1 46 2.374/-0.05 2.27-2.46 0
Corona Radiata 50 2 8 278 +/-0.14  -2.04-6.85 0
Corpus Callosum 50 2 8 3.09+/-0.15 2.8-3.38 0
Frontal Lobe 50 2 32 1.44 +/-021  1.03-1.85 88 98.87
Grey Mattter 40 2 72 1.41+/-0.06  1.29-1.53 8 88.16
50 3 27 1.88 +/-0.16  1.57-2.19 57 96.51
60 2 72 2.01 +/-0.06 1.89-2.13 14 92.80
80 3 80 236+/-0.02 2.31-24 2 18.21
90 2 51 273 +/-037 2.01-345 184  99.46
Hippocampus 40 1 46 1.46 +/-0.04  1.38-1.55 0
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Table 5.1 Population estimates for storage modulus of human brain and sub-regions - continued from previous page

Location Frequency (Hz)  Studies (n)  Subjects (n) Mean (kPa) 95% CI (kPa) Q 12
50 2 32 1.52+/-0.31 0.91-2.13 68 98.54
60 1 46 223+4/-0.03 2.16-2.3 0
80 1 46 2.86 +/-0.05 2.75-2.97 0
90 1 46 0.63 +/-0.03  0.57-0.68 0
Occipital Lobe 50 2 32 1.28 +/-0.16  0.96-1.59 18 94.55
Pallidum 40 1 46 1.77 +/-0.05  1.68-1.87 0
60 1 46 222+4/-0.05 2.12-2.32 0
80 1 46 232+/-0.04 22424 0
90 1 46 2.16 +/-0.04  2.08-2.25 0
Parietal Lobe 50 2 32 1.53+/-021 1.11-1.94 30 96.67
Putamen 40 1 46 1.85+/-0.04 1.76-1.93 0
50 2 32 1.5 +/-0.28 0.95-2.05 99 98.99
60 1 46 227+/-0.03 2.2-2.34 0
80 1 46 2.53+/-0.04 245-2.61 0
90 1 46 234 +/-0.05 2.24-2.44 0
Subcortical Grey Matter 40 1 46 148 +/-0.03  1.41-1.55 0
60 1 46 2.01 +/-0.03 1.95-2.06 0
80 1 46 231+4/-0.03 2.25-2.36 0
90 1 46 223 +/-0.04 2.15-2.3 0
Temporal Lobe 50 2 32 1.58 +/-0.23  1.13-2.03 73 98.64
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Table 5.1 Population estimates for storage modulus of human brain and sub-regions - continued from previous page
Location Frequency (Hz)  Studies (n)  Subjects (n) Mean (kPa) 95% CI (kPa) Q 12
Thalamus 40 1 46 1.23 +/-0.04 1.15-1.31 0
50 2 32 1.17+/- 023 0.72-1.62 194 99.48
60 1 46 2 +/-0.03 1.93-2.07 0
80 1 46 236 +/-0.04 2.28-2.44 0
90 1 46 2.2 +/- 0.05 2.1-2.29 0
White Matter 40 2 72 1.56 +/-0.05  1.46-1.65 6 82.15
50 6 50 2.07 +/-0.15  1.78-2.36 290 98.28
60 2 72 2.1 +/-0.04 2.03-2.18 6 83.59
80 3 80 243 +/-0.02  2.39-247 1 0.00
90 2 51 253 +/-0.16  2.21-2.86 35 97.18
Whole Brain 25 5 181 1.31+/-0.09 1.13-1.49 324 98.77
30 1 9 0.69 +/-0.02  0.65-0.73 0
375 5 181 1.56 +/-0.12  1.33-1.8 261  98.47
40 2 72 147 +/-0.04 1.4-1.54 3 65.47
50 7 197 1.8 +/-0.11 1.58-2.01 516  98.84
60 3 117 222+4/-0.19 1.84-2.6 484 99.59
62.5 5 181 222 +/-0.09 2.04-24 178  97.75
80 2 72 239 4/-0.01  2.36-2.41 0 0.00
90 1 46 2.37+/-0.03 2.31-243 0




CHAPTER 5. MECHANICAL PROPERTIES OF BRAIN TUMOURS AND NORMAL
186 BRAIN AS DETERMINED BY MAGNETIC RESONANCE ELASTOGRAPHY

5.5 Loss Modulus of Normal Brain

15 studies, with 310 subjects in total reported on the G” of normal brain using shear waves
induced at frequencies of 25 (5 studies), 30 (1 study), 37.5 (5 studies), 40 (2 studies), 50
(8 studies), 60 (2 studies), 62.5 (5 studies), 80 (3 studies), 83 (1 study) and 90 Hz (2
studies) (Table 5.2). When linear regression analysis is performed to compare the G” of
grey and white matter with the transducer frequency (Figure 5.3), there is no difference
in the slope of the curves (P = 0.93); however, there is a significant difference in the

y-intercepts (P=0.0005) suggesting that white matter is stiffer than grey matter.

Table 5.2: Population estimates for loss modulus of human brain and sub-regions

Location Frequency (Hz)  Studies (n)  Subjects (n)  Loss Modulus (kPa)  95% CI (kPa) Q 12
Amygdala 40 1 46 0.68+/-0.03 0.62-0.75 0
60 1 46 1.05+/-0.04 0.97-1.14 0
80 1 46 1.07+/-0.04 0.98-1.15 0
90 1 46 0.82+/-0.05 0.73-0.92 0
Caudate Nucleus 40 1 46 0.59+/-0.03 0.53-0.65 0
50 1 17 0.84+/-0.04 0.76-0.92 0
60 1 46 0.8+/-0.03 0.74-0.85 0
80 1 46 0.91+/-0.03 0.84-0.97 0
90 1 46 0.68+/-0.03 0.62-0.75 0
Corona Radiata 50 1 7 1.97+/-0.05 1.88-2.06 0

Corpus Callosum 50 1 7 1.23+/-0.1 1.04-1.42 0
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Table 5.2 Population estimates for loss modulus of human brain and sub-regions - continued from previous page

Location Frequency (Hz)  Studies (n)  Subjects (n)  Loss Modulus (kPa)  95% CI (kPa) Q 12
Frontal Lobe 50 1 17 1.14+/-0.03 1.09-1.19 0
Grey Matter 40 2 72 0.71+/-0.09 0.52-0.89 62 98.39
50 3 27 1.1+/-0.05 1-1.21 7 70.69
60 2 72 0.96+/-0.04 0.89-1.04 17 94.14
80 3 80 1.15+/-0.02 1.1-1.19 13 84.29
90 2 51 1.72+/-0.67 -1.27-3.05 207 99.52
Hippocampus 40 1 46 0.91+/-0.02 0.87-0.95 0
50 1 17 0.96+/-0.03 0.91-1.01 0
60 1 46 1.2+/-0.03 1.15-1.26 0
80 1 46 1.09+/-0.04 1.01-1.17 0
90 1 46 1.44+/-0.04 1.36-1.51 0
Occipital Lobe 50 1 17 1.17+/-0.03 1.11-1.23 0
Pallidum 40 1 46 0.67+/-0.03 0.61-0.73 0
60 1 46 1.09+/-0.04 1.01-1.18 0
80 1 46 0.86+/-0.04 0.77-0.94 0
90 1 46 0.52+/-0.03 0.46-0.57 0
Parietal Lobe 50 1 17 1.23+/-0.02 1.18-1.28 0
Putamen 40 1 46 0.87+/-0.04 0.8-0.95 0
50 1 17 1.11+/-0.05 1.01-1.21 0

60 1 46 1.14+/-0.04 1.07-1.21 0
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Table 5.2 Population estimates for loss modulus of human brain and sub-regions - continued from previous page

Location Frequency (Hz)  Studies (n)  Subjects (n)  Loss Modulus (kPa)  95% CI (kPa) Q 12
80 1 46 1.07+/-0.04 1-1.15 0
90 1 46 0.72+/-0.04 0.65-0.79 0
Subcortical Grey Matter 40 1 46 0.58+/-0.02 0.54-0.62 0
60 1 46 0.88+/-0.02 0.83-0.92 0
80 1 46 0.9+/-0.03 0.84-0.95 0
90 1 46 0.67+/-0.03 0.61-0.72 0
Temporal Lobe 50 1 17 1.32+/-0.03 1.27-1.37 0
Thalamus 40 1 46 0.35+/-0.02 0.31-0.38 0
50 1 17 0.73+/-0.03 0.67-0.79 0
60 1 46 0.69+/-0.02 0.66-0.73 0
80 1 46 0.72+/-0.02 0.67-0.77 0
90 1 46 0.49+/-0.03 0.44-0.55 0
White Matter 40 2 72 0.68+/-0.01 0.66-0.7 0 0.00
50 4 34 1.23+/-0.12 0.99-1.46 185  98.38
60 2 72 1.05+/-0.06 0.95-1.16 22 95.46
80 3 80 1.18+/-0.02 1.15-1.22 0 0.00
90 2 51 1.69+/-0.71 0.29-3.08 230 99.57
Whole Brain 25 5 181 0.58+/-0.05 0.48-0.68 302 98.68
30 1 9 0.59+/-0.02 0.55-0.62 0

375 5 181 0.66+/-0.07 -0.6-1.57 384  98.96
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Table 5.2 Population estimates for loss modulus of human brain and sub-regions - continued from previous page
Location Frequency (Hz)  Studies (n)  Subjects (n)  Loss Modulus (kPa)  95% CI (kPa) Q 12
40 2 72 0.69+/-0.04 0.62-0.76 9 89.04
50 5 181 0.73+/-0.09 0.56-0.9 659  99.39
60 2 72 1+/-0.03 0.93-1.06 11 91.05
62.5 5 181 0.92+/-0.12 0.69-1.15 922 99.57
80 2 72 1.17+/-0 1.16-1.18 0 0.00
83 1 1 2.2+/-0.7 0.83-3.57 0
90 1 46 1.02+/-0.03 0.96-1.07 0

5.6 Shear Modulus of Normal Brain

28 studies, with 433 subjects in total reported on the “shear stiffness” of normal brain

using shear waves induced at frequencies of 25 (1 study), 30 (1 study), 40 (1 studies),

45 (1 study), 50 (19 studies), 55 (1 study), 60 (5 studies), 65 (1 studies), 70 (2 studies),

80 (1 studies), 83 (1 study), 100 (1 studies), and 113 Hz (1 study) (Table 5.3). When

linear regression analysis is performed to compare the shear stiffness of grey and white

matter with increasing transducer frequency (Figure 5.3), there is a significant difference

in the slope of the curves (P < 0.0001) suggesting that grey matter may have a higher

“shear stiffness” at lower frequencies and a lower “shear stiffness” at higher frequencies

compared to white matter. When the single study that reported shear stiffness values at

100 Hz is identified and removed using Grubb’s test for outliers, the slopes of the linear
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regression analysis curves are not significantly different (P=0.53), however, there is a
significant difference in the intercepts (P=0.0369) suggesting that white matter is stiffer

than grey matter.

Table 5.3: Population estimates for shear modulus of human brain and sub-regions

Location Frequency (Hz)  Studies (n)  Subjects (n)  Shear Modulus (kPa)  95% CI (kPa) Q 12
Amygdala 50 3 45 3.49+/-0.21 3.07-3.91 32 93.74
Caudate Nucleus 50 3 45 2.96+/-0.43 2.12-3.8 219 99.09
Corona Radiata 50 2 17 2.68+/-0.06 2.57-2.79 0
Corpus Callosum 50 3 22 2.55+/-0.39 1.79-3.31 372 99.46
Globus Pallidus 50 2 24 3.32+/-0.27 2.78-3.86 17 93.95
Grey Matter 40 1 10 2.24+/-0.04 2.15-2.33 0
50 4 41 2.53+/-0.21 2.13-2.94 241 98.75
60 2 14 2.74+/-0.6 1.56-3.92 44 97.74
100 1 25 5.22+/-0.05 5.13-5.31 0
Hippocampus 50 9 236 3.04+/-0.09 2.87-3.22 137 94.15
Pallidum 50 1 21 3.84+/-0.06 3.73-3.95 0
Putamen 50 3 45 3.63+/-0.16 -4.44-10.18 62 96.77
Subcortical Grey Matter 50 1 12 2.73+/-0.07 2.6-2.86 0
Thalamus 50 3 45 3.31+/-0.3 2.73-3.89 114 98.24
White Matter 40 1 10 3.36+/-0.03 3.29-3.43 0
50 6 54 2.64+/-0.2 2.25-3.02 389 98.71

60 3 42 2.53+/-0.98 0.61-4.44 2376 99.92
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Table 5.3 Population estimates for shear modulus of human brain and sub-regions- continued from previous page

Location Frequency (Hz)  Studies (n)  Subjects (n)  Shear Modulus (kPa)  95% CI (kPa) Q 12
100 1 25 13.6+/-0.08 13.45-13.75 0

Whole Brain 25 1 [§ 1.17+/-0.01 1.15-1.19 0
30 1 8 1.88+/-0.07 1.74-2.01 0
40 1 10 2.57+/-0.01 2.55-2.59 0
45 1 1 1.44/-0.4 0.62-2.18 0
50 11 97 2.42+/-0.18 2.07-2.78 2302 99.57
55 1 10 3.07+/-0.16 2.75-3.39 0
60 4 58 2.5+/-0.39 1.73-3.27 1860  99.84
65 1 1 1.89+/-1.2 -0.46-4.24 0
70 2 11 3.23+/-0.53 2.2-4.26 58 98.27
80 1 1 2.4+/-1.54 -0.62-5.42 0
83 1 1 3.5+/-0.02 3.47-3.53 0
133 1 1 4.4+/-0.3 3.81-4.99 0

5.7 Complex Shear Modulus of Normal Brain

25 studies, with 579 subjects in total reported on the | G* | of normal brain using shear

waves induced at frequencies of 20 (2 studies), 30 (3 studies), 40 (2 studies), 50 (6

studies), 55 (1 study), 60 (4 studies) and 80 Hz (1 study). 11 studies investigated | G* | of

the normal brain using a multi-frequency technique (Table 5.4). When linear regression
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analysis is performed to compare the | G* | of grey and white matter with the transducer
frequency (Figure 5.3), it is found that there is no difference in the slope of the curve (P
= 0.51), however, there is a significant difference in the intercepts (P=0.0076) suggesting
that white matter is stiffer than grey matter.

Table 5.4: Population estimates for complex shear modulus of human brain and
sub-regions

Location Frequency (Hz) Studies (n) Participants (n) Complex Shear Modulus (kPa) 95% CI (kPa) Q 12
Amygdala Multi-Frequency 1 14 1.07+/-0.03 1-1.14 0
Basal Ganglia 20 1 42 0.69+/-0.02 0.66-0.73 0
Capsula Interna Multi-Frequency 1 12 1.29+/-0.04 -0.28-2.29 0
Caudate Nucleus 50 1 15 2.98+/-0.1 2.79-3.17 0
Multi-Frequency 2 35 0.69+/-0.08 0.53-0.85 4 74.01
Cerebellum 60 2 56 1.77+/-0.03 1.71-1.82 2 53.85
Corpus Callosum Multi-Frequency 1 23 1.13+/-0.04 1.05-1.21 0
Crus Cerebri Multi-Frequency 1 12 1.64+/-0.08 1.49-1.79 0
Frontal Lobe 20 1 4 1.04+/-0.02 1-1.08 0
50 1 15 2.25+/-0.05 2.15-2.35 0
60 2 56 2.35+/-0.13 2.1-2.59 28 96.42
Multi-Frequency 2 29 1.28+/-0.13 1.03-1.53 12 91.65
Globus Pallidus Multi-Frequency 1 14 1.19+/-0.07 1.05-1.33 0
Grey matter 30 1 44 1.08+/-0 1.08-1.08 0
40 2 70 1.54+/-0.04 1.46-1.63 0
60 2 70 2.3+/-0.02 2.26-2.34 0
80 1 26 2.74+/-0.03 2.68-2.8 0
Multi-Frequency 1 5 1.03+/-0.02 0.99-1.07 0
Hippocampus 50 1 26 3.06+/-0.05 2.96-3.17 0
Multi-Frequency 2 35 1.03+/-0.04 0.96-1.11 2 55.27
Leniform Nucleus 50 1 18 2.21+/-0.05 2.12-2.3 0

Mesencephalic Nucleus Multi-Frequency 1 12 0.96+/-0.02 0.91-1.01 0
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Table 5.4 Pop ion esti for plex shear modulus of human brain and sub-regions- continued from previous page
Location Frequency (Hz) Studies (n) Participants (n) Complex Shear Modulus (kPa) 95% CI (kPa) Q 12
Nucleus Accumbens 50 1 44 2.94+/-0.05 2.83-3.05 0
Multi-Frequency 1 14 1.41+/-0.03 1.35-1.47 0
Occipital Lobe 20 1 4 0.96+/-0.03 0.91-1.01 0
50 1 15 2.75+/-0.05 2.65-2.85 0
60 2 56 2.5+/-0.07 2.36-2.65 4 76.46
Multi-Frequency 1 12 1.45+/-0.05 1.36-1.54 0
Orbitofrontal Cortex 50 1 44 2.75+/-0.03 2.69-2.81 0
Parietal Lobe 50 1 15 2.23+/-0.09 2.05-2.41 0
60 2 56 2.21+/-0.08 2.04-2.37 6 84.43
Pons Multi-Frequency 1 12 0.97+/-0.02 0.92-1.02 0
Putamen 20 1 4 0.94+/-0.09 0.76-1.12 0
50 1 15 3.6+/-0.09 3.43-3.77 0
Putamen Multi-Frequency 1 14 1.58+/-0.06 1.45-1.71 0
Striatum Multi-Frequency 1 12 1.24+/-0.09 1.06-1.42 0
Temporal Lobe 50 1 15 2.7+/-0.05 2.6-2.8 0
60 2 56 2.61+/-0.02 2.57-2.66 0 0.00
Thalamus 20 1 42 0.55+/-0.14 0.27-0.83 0
50 1 15 2.42+/-0.07 2.28-2.56 0
Multi-Frequency 5 87 1.16+/-0.08 1-1.31 63 93.60
Ventromedial Prefrontal Cortex 50 1 44 2.97+/-0.03 2.9-3.04 0
White Matter 20 1 42 0.78+/-0.01 0.75-0.8 0
30 2 77 1.09+/-0.03 1.03-1.15 0
40 2 70 1.62+/-0.1 1.43-1.8 0
60 2 70 2.33+/-0.02 2.3-2.37 0
80 1 26 2.76+/-0.04 2.68-2.84 0
Multi-Frequency 4 78 1.44/-0.12 1.16-1.63 105 97.13
‘Whole Brain 20 1 4 0.72+/-0.02 0.69-0.75 0
30 2 50 1.15+/-0.22 -0.19-2.51 0
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Table 5.4 Population esti for plex shear modulus of human brain and sub-regions- continued from previous page
Location Frequency (Hz) Studies (n) Participants (n) Complex Shear Modulus (kPa) 95% CI (kPa) Q 12

40 1 36 1.69+/-0.03 1.64-1.74 0

50 4 116 2.18+/-0.21 1.78-2.59 242 98.76

55 1 48 2.5+/-0.01 2.49-2.51 2 7.50

60 3 82 2.37+/-0.02 2.33-2.4 0

80 1 26 2.75+/-0.03 2.68-2.82 0

Multi-Frequency 7 127 1.39+/-0.09 1.22-1.56 247 97.57

5.8 MRE of Human Brain Tumours

To date, there are limited numbers of studies that have been performed using MRE to
investigate the mechanical characteristics of brain tumours. In total, 11 studies were
identified with 142 subjects that investigated G’ (2 studies), G” (2 studies) and | G* | (7
studies) of glioblastoma (6 studies), gliomas excluding glioblastoma (4 studies), menin-

gioma (8 studies), B-cell lymphoma (1 study) and brain metastasis (3 studies).

G’ of glioblastoma at 50 Hz was compared with the G’ of the whole brain at 50 Hz
using a two-tailed unpaired t-test with no significant differences observed between the two
(P =0.4147). Similarly, the G” at 50 Hz was not significantly different between the two
(P=0.8555). Other conditions in which G’, G” and | G* | were obtained for glioblastoma
could not be compared with normal brain due to the lack of comparator values in the

published literature.

| G* | of gliomas other than glioblastoma is also not significantly different from
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normal whole brain measurements at 60 Hz (P= 0.0689). In contrast, the complex shear
modulus of meningiomas is significantly higher than that of the normal whole brain at 60

Hz (P < 0.0001).

When analysing the | G* | values obtained from multi-frequency analysis, compared
to normal analysis of the whole brain, glioblastoma is not significantly different (P =
0.5151), nor are other gliomas (P = 0.8909), meningioma (P = 0.3266) or metastasis (P =

0.8225).



Table 5.5: Population estimates for storage, loss, and complex shear modulus of human brain tumours in published MRE studies

Tumour Stiffness Modality Frequency (Hz) Studies (n) Participants (n) Stiffness (kPa) 95 % CI (kPa) Q I?
B-Cell Lymphoma Complex Shear Modulus 45 1 1 1.4
Glioblastoma Complex Shear Modulus 45 1 3 1.24+/-0.18 0.89-1.59 0.00
30-60 4 45 1.29+/-0.04 1.19-1.37 436 31.21
Loss 50 1 10 0.66+/-0.02 0.62-0.70 0.00
30-60 1 3 0.63+/-0.07 0.48-0.77 0.00
Storage 50 1 10 1.44/-0.04 1.32-1.48 0.00
30-60 1 3 1.09+/-0.09 0.91-1.26 0.00
Gliomas other than Glioblastoma Complex Shear Modulus 45 1 7 1.3+/-0.1 1.11-1.49 0.00
60 1 18 2.24/-0.16 1.88-2.52 0.00

961
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Table 5.5 Population estimates for storage, loss, and complex shear modulus of human brain tumours - continued from previous page

Tumour Stiffness Modality Frequency (Hz) Studies (n) Participants (n) Stiffness (kPa) 95 % CI (kPa) Q 12
30-60 2 4 1.46+/-0.1 1.26-1.65 0.47 0.00
Loss 30-60 1 1 0.77+/-0.39 0.00- 1.54 0.00
Storage 30-60 1 1 0.76+/-0.46 0.00- 1.67 0.00
Meningioma Complex Shear Modulus 45 1 2 2.09+/-0.04 2.02-2.17 0.00
60 1 18 3.12+/-0.29 2.55-3.69 0.00
30-60 3 19 1.62+/-0.03 1.57-1.68 1.15  0.00
Loss 30-60 1 3 1.19+/-0.1 0.99-1.39 0.00
Storage 30-60 1 3 1.19+/-0.08 1.03-1.35 0.00
Metastasis Complex Shear Modulus 45 1 3 1.254/-0.14 0.97-1.54 0.00
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Table 5.5 Population estimates for storage, loss, and complex shear modulus of human brain tumours - continued from previous page

Tumour Stiffness Modality Frequency (Hz) Studies (n) Participants (n) Stiffness (kPa) 95 % CI (kPa) Q 12
30-60 2 6 1.84+/-0.17 0.95-1.62 0.02  0.00
Loss 30-60 1 1 0.61+/-0.32 0.00-1.24 0.00
Storage 30-60 1 1 1.06+/-0.21 0.66-1.47 0.00

861
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5.9 MRE on Animal Brain

Given the small number of studies of human brain tumours, studies that have investigated
the mechanical features of brain tumours in mouse models were therefore included. 5
studies used MRE to measure the stiffness of brain tumour animal models with (1 study)
or without (4 studies) healthy controls . All studies used glioblastoma as the tumour of
interest and were performed in mouse models. Data from 52 mice with glioblastoma
(orthotopic xenografts) were included and compared with 6 healthy control mice. G’ (1
study), G” (2 studies) and | G* | (2 studies) was investigated at frequencies of 900 (1

study), 1000 (3 studies) and 1800 Hz (1 study).

The G’ of glioblastoma at 1000 Hz in a mouse model (1 study) was softer than that
of the healthy mouse brain (1 study) (P = 0.0043) as was the G” of glioblastoma at 1000
Hz in a mouse model (1 study) compared to that of the healthy mouse brain (1 study)

(P=0.0001).

Table 5.6: Population estimates for storage, loss, and complex shear modulus of
animal brain tumours with or without healthy controls

Animal Tumour Stiffness Modality Frequency (Hz) Studies (n) Animals (n) Stiffness (kPa) 95 % CI (kPa) Q I squared
Mouse Glioblastoma Complex Shear 900 1 20 5.34 +/- Unk 0
1000 2 10 5.71 +/- 0.57 4.60 - 6.83 13.218063 92.4345953
Loss 1000 1 20 2.52 4/-0.16 2.19-2.84 0
1800 1 12 3.24 +/-0.53 221-427 0
Storage 1000 1 20 4.25 +/-0.28 3.70 - 4.80 0
Healthy Control Loss 1000 1 6 4.36 +/- 0.07 4.22-4.50 0

Storage 1000 1 6 5.89 +/- 0.07 5.75-6.03 0
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5.10 Chapter Discussion

5.10.1 Stiffness Values are Influenced by Measurement Modality

Understanding the mechanical properties of the brain is essential to develop effective
treatments (Mai et al. [2024], Sarker et al. [2020], Seker-Polat et al. [2022]). This chapter
sought to methodically review the published literature using meta-analysis to better define
the mechanical environment of the brain parenchyma, specifically focussing on data from
MRE studies. The brain demonstrates viscoelasticity, combining both elastic and viscous
characteristics, and numerous metrics such as G', G”, | G* |, and “shear stiffness” are
available to evaluate its stiffness (Franze [2013], Manduca et al. [2021], Pillai and Franze
[2024]). Furthermore, the measured stiffness values are influenced by the frequency of
the applied shear waves. A prior systematic review sought to mitigate differences in data
acquisition methodologies between studies by evaluating the stiffness of tumours relative
to contralateral normal white matter. However, it did not account for the effects of the

transducer frequency on the metrics G’, G,

G* |, and “shear stiffness” (Bunevicius
et al. [2020]). Consequently, in this chapter, the results for these measurements are
further segmented by the frequency of the transducer used in MRE. This was validated
by examining G', G”, | G* |, and “shear stiffness” across the whole brain, white matter,

and grey matter, all of which increased with higher transducer frequencies, as shown
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in Figure 5.3. This observation aligns with earlier studies (Braun et al. [2014], Franze
et al. [2013], Guo et al. [2013], Pillai and Franze [2024], Weickenmeier et al. [2018]).
Similarly, differences in G’ and G”, | G* | and “shear stiffness” are seen in various
regions of the brain (Sections 5.4-5.7). When comparing white and grey matter using
linear regression, it was found that white matter is stiffer than grey matter in the reported
values of G’ and G”, | G* | and “shear stiffness” which is consistent with previously
reported MRE data (Budday et al. [2020], Guo et al. [2013], Weickenmeier et al. [2018])
and consistent with rheometric analysis data (Budday et al. [2015], Weickenmeier et al.

[2016]).

As seen in tables 5.1-5.4 very few studies report on the mechanical properties of the
brain with the same stiffness modality, transducer frequency, and region of interest. Of
the 202 estimates of the mechanical properties of the brain presented in tables 5.1-5.4,
92 estimates were from single-study samples. The shear modulus of the normal human
whole brain at 50 Hz had the highest number of studies that contributed to the estimation
of the population mean with 11 studies. Even with this number of studies, there was a
high degree of heterogeneity between studies with an 12 of 99.57. Similarly, the shear
modulus of the normal human hippocampus at 50 Hz had the highest number of subjects
who contributed to the estimation of the population mean with 236 participants. Despite
this, there was still a high degree of heterogeneity between studies with an 2 of 94.15,
suggesting a substantial contribution from intra-study differences including; patient pop-
ulation characteristics, study methodology, and analysis methods used (Higgins et al.

[2003], von Hippel [2015]). Multiple MRE studies have reported the effects of ageing on
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brain stiffness, with a decrease in stiffness reported with age (Arani et al. [2015], Coelho
and Sousa [2022], Delgorio et al. [2021], Hiscox et al. [2018], Kalra et al. [2019], Lv et al.
[2020], Sack et al. [2009, 2011]). The sexual dimorphism of the mechanical properties
of the brain is more controversial with Arani et al. [2015], Lv et al. [2020], and Sack
et al. [2009] showing a difference between males and females; however, later studies by
Sack et al. [2011] and Takamura et al. [2020] did not demonstrate statistically significant
sexual dimorphism. Johnson et al. [2014] evaluated the impact of MRE resolution on G’
and GG” by comparing an isotropic resolution of 1.6 mm with 2.0 mm on healthy human
controls to demonstrate a higher G’ and G” in the brainstem with higher resolution scans.
However, this finding was not demonstrated in other regions of the brain (Johnson et al.
[2014]). Guo et al. [2013] demonstrated that the use of the MDEV inversion algorithm
produced discrepancies in the values for G”, but not GG, in studies of healthy phantom
human brain and phantom brain compared to Helmholtz equation inversion analysis (Guo
et al. [2013], Streitberger et al. [2014]). Finally, the ultra-soft mechanical properties of
the brain push the mechanical testing and force sensors to their sensitivity limits and,
as a result, earlier studies demonstrated higher stiffness values compared to more recent

studies (Budday et al. [2020]).

With factors such as patient population, MRE imaging parameters, and data analysis

method influencing the reported values of G’ and G”, | G* | and “shear stiffness”, it is
imperative to establish a consensus on the standard acquisition, analysis, and reporting of

MRE data to allow for a ready comparison of studies and to better build an atlas of human

brain stiffness (Budday et al. [2020], Chatelin et al. [2010], Guo et al. [2013], Manduca
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et al. [2021]). This chapter served to highlight that this unfortunately is not the case
currently and more work is required to better understand the mechanical characteristics

of the human brain in-vivo.

5.10.2 Brain Tumours

MRE has been used to investigate brain parenchyma in disorders such as Parkinson’s
Disease, Cerebral Palsy, Alzheimer’s Disease and Multiple Sclerosis, demonstrating re-
duced brain stiffness in these conditions (Chaze et al. [2019], Lipp et al. [2018, 2013],
Murphy et al. [2011, 2016], Pillai and Franze [2024], Streitberger et al. [2012], Wuerfel
et al. [2010]). In these diseases, MRE changes correlate with histological tissue changes
such as decreased cell number, inflammation, and loss of connectivity, suggesting that the
viscoelastic properties of the brain represent the underlying microstructure. (Guo et al.
[2019], Munder et al. [2018], Murphy et al. [2016], Sack et al. [2013], Silva et al. [2021a],

Yin et al. [2018]).

GBM are distinguished histologically by the presence of a focal necrotic core, sur-
rounded by layers of tumour cells that move away from the necrotic core called pseudo-
palisades (Brat et al. [2004], Rong et al. [2006]). During the growth and expansion of
GBM tumours, compressive forces are generated due to the confines of the cranium
(Pillai and Franze [2024]). Historically, malignant brain tumours were believed to be
stiffer than healthy brain tissue (Northcott et al. [2018], Northey et al. [2017]). However,
more recently, there has been a suggestion that GBM are mechanically softer compared

to healthy brain controls(Jamin et al. [2015], Janas et al. [2024], Pillai and Franze [2024],
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Streitberger et al. [2014]). In this chapter, when data from the pooled literature was anal-
ysed, there was no discernible difference in G’, G” or | G* | for glioblastoma compared to
healthy brain tissue (Section 5.8), however, this analysis is limited by a small sample size
in the glioblastoma cohort and a high degree of heterogeneity in the normal brain cohort.
Furthermore, Streitberger et al. [2014] and Reiss-Zimmermann et al. [2015] demonstrated
intra- and intra-tumour heterogeneity in | G* | in patients with GBM, with some patients
showing decreased and others increased values of | G* | compared to healthy brain
controls, citing intra-tumour heterogeneity caused by solid mass, cystic structures, and
necrotic regions within the tumour (Reiss-Zimmermann et al. [2015], Streitberger et al.

[2014]).

When the analysis is performed with pooled MRE data on other brain tumours, no
differences in | G* | of gliomas other than GBM at 60Hz were found, compared to
healthy control brains. In contrast, | G* | of meningiomas at 60 Hz is significantly
stiffer compared to the normal healthy brain. This mimics the recent finding of Duhon
et al. [2024] showing increased meningiomas stiffness and that the MRE findings were
correlated with the intraoperative evaluation of stiffness by operating surgeons. Tumour
stiffness is among a key characteristic that is considered in planning resection surgery
with softer tumours requiring less invasive, endoscopic procedure, whilst firm tumours

may require more open surgical approaches. (Arani et al. [2021], Zada et al. [2013]).

Overall, this chapter serves to highlight the paucity and inconsistencies of data on
the mechanical properties of brain tumours which has hindered the development of pre-

clinical models of HGG and hence successful therapies.
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5.10.3 Modelling in the Murine brain

Animal studies are useful pre-clinical models of human disease, with murine models com-
monly used to model GBM (G6mez-Oliva et al. [2021], Haddad et al. [2021], Loewa et al.
[2023], McGonigle and Ruggeri [2014], Mukherjee et al. [2022]). Despite this, GBM
allograft cell line models in immunocompetent mice do not fully replicate the features of
human GBM, and likewise, patient-derived GBM xenograft models in immunosuppressed
mice models do not allow the study of the role of the immune system (Gémez-Oliva et al.
[2021], Haddad et al. [2021], Jin et al. [2021]). In this review on the use of MRE in animal
models of brain tumours, we find that the 5 identified studies used GBM in a mouse model
for MRE evaluation. In contrast to the findings in human experiments reported in section
5.8 which reported no significant differences in the stiffness of GBM in human subjects
compared to healthy controls, there is the suggestion that GBM in a mouse model is
softer in terms of G’ and G” compared to normal mouse brain. This may be due to the
low number of published studies identified or due to possible better experimental control
in animal studies, resulting in lower variability intra- and inter-studies, which would
otherwise have reduced the power of statistical analysis (Altman and Krzywinski [2015],
Haddad et al. [2021], Loewa et al. [2023], McGonigle and Ruggeri [2014], Mukherjee

et al. [2022], Neyeloff et al. [2012], von Hippel [2015]).

Despite the value of MRE in preclinical studies of HGG, these studies are hindered
by the time it takes to scan the brains of mice (Janas et al. [2024]). Clinical MRE in
humans can be completed in 2 minutes with a single transducer driving frequency, while

MRE in murine brains can exceed 30 minutes (Bertalan et al. [2019]), and many studies
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compromise the image resolution and number of transducer frequencies used to minimise
the total scan times (Papazoglou et al. [2012]). Unfortunately, these limitations preclude
meaningful longitudinal studies with a large number of animals investigating the impact
of radiotherapy, chemotherapy, and surgery on the mechanical properties of the brain. As

such, more human MRE studies are required.

5.10.4 Future Directions

Future MRE studies to investigate longitudinal studies that detail changes with therapy
would be required to better determine not only the new targets but also the ideal timing
of therapies at various stages of the treatment pathway. MRE has been demonstrated to
delineate /DH mutation status with softer tumours being indicative of a wild type IDH 1,
which has been associated with a poorer outcome (Bunevicius et al. [2020], Pepin et al.

[2018], Yan et al. [2009]).

Surgical interventions on the brain significantly influence its mechanical environment,
triggering processes such as blood clotting, inflammation, cell proliferation, and tissue
restructuring. Unlike scars developed in other mammalian tissues, physical insult to CNS
tissue results in marked softening of the glial scar (Moeendarbary et al. [2017]). Currently,
the efficacy of brain tumour therapies is measured by changes of tumour size (James
et al. [1999], Macdonald et al. [1990]), however, changes in tumour size do not reflect
changes in internal properties of the tumours, and therefore it has been suggested that
MRE could potentially be used as a biomarker for treatment response (Feng et al. [2016],

Schregel et al. [2020]). A study using a mouse model of GBM testing anti-VEGF therapy
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found increased | G* |, increased tumour size and longer survival in therapy exposed
tumours compared to untreated controls (Schregel et al. [2020]). MRE was used to assess
the after-effects of radiation therapy treatment in a murine brain GBM model and did
not demonstrate any change in the mechanical properties of the contralateral hemisphere
in the treated group, however, an increase in G’ was observed in the untreated group
over time (Feng et al. [2016]). This is important as differentiation of GBM progression

from radiation necrosis remains a challenge using conventional imaging techniques and

is imperative in clinical decision making (Bunevicius et al. [2020]).

In cancer research, orthotopic xenotransplantation models are regarded as the bench-
mark for examining human cancer cell biology in vivo. Despite this, due to graft vs.
host immune conflicts, these models require immunocompromised hosts. Although they
provide clinically relevant insights, these models do not adequately address the significant
role of the immune system in tumour progression (Semenkow et al. [2017]). Inflammation
after therapeutic intervention and surrounding the tumour mass is associated with vascular
leakage and immune cell infiltration that, in themselves, can alter the mechanical proper-
ties of tissues such as the brain (Meyer et al. [2024], Silva et al. [2021b], Streitberger et al.
[2014]). Furthermore, radiation therapy and chemotherapy methods, and dosing regime
are different in humans, so studies in humans are required to realise the clinical impact of

MRE.

This chapter also highlights the lack of consistent reporting and study methodology,
which restricts meaningful data comparison. In addition, it further highlights the impact

of the frequency of the transducer on the reported results. Although the amplitude of
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vibrations is extremely small, on the order of 100 pm or less, with frequencies of 20-100
Hz being used (Bunevicius et al. [2020]), this is not consistent with the frequency and
amplitude of cell mechanosensation with the loading and deformation of the tissues of
interest which goes beyond physiological conditions, which in itself may cause damage
to the tissue itself (Budday et al. [2020]). In conclusion, MRE faces several challenges
and limitations in clinical use, mainly due to its scarcity and the need for costly specialised
equipment and experimental scan sequences (Bresnahan et al. [2023], Jamshidi et al.
[2024]). Currently, there is no established standard protocol for this diagnostic approach,
and previous studies have used various protocols and imaging conditions. Therefore,
future research might focus on more accurately simulating the amplitudes and frequencies

at which cells perceive their environment and employing standardised imaging protocols.

5.11 Chapter Conclusions

In this chapter, a systematic review of the use of MRE to evaluate the mechanical prop-
erties of the brain in health and disease was performed. The use of MRE was chosen,
as this technique has a distinct advantage over other traditional methods of rheometric
analysis, including, the evaluation of in-vivo tissues, higher resolution and deeper pen-
etration of tissue analysis (Christ et al. [2010], Koser et al. [2016], Pillai and Franze
[2024], Thompson et al. [2019]). Although great efforts have been made to model the
mechanical properties of the brain, contradictory results and variations in study techniques
have hindered progress and prevented meaningful comparison of data (Budday et al.

[2020], Chatelin et al. [2010]). Furthermore, this chapter serves to highlight the lack
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of longitudinal data on changes in the mechanical properties of the brain with therapies,
which is required to deliver novel and more targeted therapies for HGG (Mai et al. [2024],

Seker-Polat et al. [2022]).
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Chapter 6

Conclusions and Outlook

Glioblastoma multiforme (GBM), a WHO grade IV glioma, is the most common malig-
nant primary brain tumour in adults and accounts for 15% of all primary tumours and
45% of all primary brain tumours (Ostrom et al. [2013, 2015], Rosenthal et al. [2006])
with an extremely poor prognosis and survival time of just under 15 months (Gan et al.
[2015], Stupp et al. [2005]). This poor prognosis highlights the need to better understand
the biology of GBM to improve existing treatment protocols (Gupta et al. [2024], Pillai

and Franze [2024], Stupp et al. [2005]).

It has been increasingly recognised that the mechanical properties of the tumour
microenvironment (TME) influence the signalling, protein expression, and migration of
GBM (Budday et al. [2020], Pillai and Franze [2024], Sarker et al. [2020], Umesh et al.
[2014]). As such, in order to generate successful therapies in-vitro the mechanical envi-

ronment must be defined in-vivo.
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The data presented in this thesis sought to investigate the role of the TME in GBM
migration and invasion using biologically relevant models. Tumour spheroids of pri-
mary patient-derived GBM cells plated on mechanically tunable polyacrylamide hydro-
gels (PAHG) allowed for the investigation of the influence of cell-cell interactions on
mechano-sensitive migration. Mouse xenograft models with the same primary patient-
derived GBM cell lines were then used to correlate the role of epithelial growth factor
receptor (EGFR) signalling and focal adhesion kinase (FAK) signalling with mechanosen-
sation, during both collective migration and when cells migrate as individuals. Finally,
stiffness of the brain in-vivo during health, disease and treatment was analysed using a
systematic review of the literature. Importantly, this study allows for more accurate mod-
elling of the brain parenchyma, taking into consideration the influence of the mechanical
environment of the TME, the heterogeneity in stiffness due to penetrating structures such

as blood vessels and the role of surround cells.

6.1 Cell-Cell Interactions Modulate Mechanosensation

The resistance of GBM to curative intent surgery and chemoradiation is due to the highly
invasive nature of GBM (Cuddapah et al. [2014], Garcia-Diaz et al. [2023], Gupta et al.
[2024]). Much of our understanding of GBM biology is obtained from single-cell 2D
culture assays which fail to capture the role of cell-cell interactions which are present in

GBM invasion (Gritsenko et al. [2017], Grundy et al. [2016], Osswald et al. [2015]).

When spheroids were plated on PAHG, some cell lines showed little migration from
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the spheroids onto the PAHG while others revealed extensive migration from the spheroid
onto the substrate. Those cell lines with extensive migration onto the substrate had
spindle-shaped cell bodies, reflective of a more “mesenchymal” type of migration. In
contrast, cell lines with little migration from the spheroids onto the PAHG had rounded
cell bodies on soft substrates, reflective of a more “amoeboid” type of migration, and
spindle-shaped cell bodies on stiffer substrates. This helps define stiffness-sensitive and
stiffness-insensitive morphologies in primary patient-derived cell lines. Interestingly, the
classification of one of the cell lines used, WK1, is in contrast with Grundy et al., who
had defined mechano-sensitive and -insensitive morphologies in cell lines on 2D cultures
of single cells (Grundy et al. [2016]). This could result from interactions among cells
within the bulk of the spheroids, which modify mechanosensation pathways before they
arise on the PAHGs. Alternatively, it has been proposed that the inclusion of cell-cell
interactions in an spheroid culture, combined with cell-substrate interactions, might exert

selective pressure on which cells exit the spheroid.

When patterns of migration are queried in the spheroid model, all cell lines were
representative of stiffness-sensitive phenotypes when cells migrate as individuals and
as collectives. It was further shown that the observed monotonic relationship between
substrate stiffness and migration in cells migrating individually was disrupted in those
migrating as clusters. This suggests that there is an influence of cell-cell interactions on

the migration behaviours of GBM.

To underpin a potential genetic basis for the behaviours seen, gene set enrichment

analysis (GSEA) was performed on publicly available RNA sequencing data for the cell
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lines used, to demonstrate enrichment of gene sets responsible for focal adhesions (FA) in
cell lines which demonstrated varying mechanical sensitivities in morphology, individual
cell migration, and during collective migration. This observation is consistent with earlier
studies that showed HGG cells form elongated focal adhesions (FAs) on stiff surfaces,
while these FAs tend to decrease on more pliable substrates (Liu et al. [2015], Ulrich
et al. [2009]). The lack of FA prompts mesenchymal cells to transition into a fast-moving

amoeboid phenotype (Liu et al. [2015], Ulrich et al. [2009]).

6.2 EGFR and FAK Signalling May Direct Routes of Dissemination

The brain’s soft parenchyma is a distinctive bodily structure characterised by a low Young’s
modulus (E) in the range of 0.1-1 kPa (Budday et al. [2015], Butcher et al. [2009], Christ
et al. [2010], Elkin et al. [2007], Taylor and Miller [2004]), making it significantly softer
than rigid tissues such as bone, which has an E valued at approximately 100 kPa (Engler
et al. [2006]). This parenchyma is mechanically diverse, comprising grey matter, white
matter fibre tracts, and the infiltrating vasculature, all contributing to the tissue’s mechan-

ical microenvironment (Budday et al. [2020], Hrapko et al. [2008], Scherer [1938]).

Using formalin-fixed human xenografts in a whole brain slice mouse model with
the same primary patient-derived cell lines as the spheroid model, the data revealed
that migration patterns seen in the spheroid model were largely conserved in the ex-
vivo xenograft model. Cell lines exhibiting mechanosensitive migration patterns both

as individual and collective entities in spheroid models were in closer proximity with
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the firmer blood vessels in the xenograft model than cell lines with diverse mechan-
ical responses in morphology, single-cell movement, and collective migration within
the spheroid model. Interestingly, the WK1 cell line, which was mechano-insensitive
in individual cell migration and mechano-sensitive when migrating as groups on the
spheroid model, demonstrated subpopulations with different migration phenotypes. Cells
appearing as groups, were in closer proximity to blood vessels, compared to single-cells in
the xenograft model. One hypothesis is that the mechano-insensitive single-cell cells in-
vade into the brain parenchyma diffusely, while mechano-sensitive collectively migrating
cells use blood vessels as a scaffold to migrate and invade. This cell line demonstrated
a strong enrichment in FA associated genes in GSEA analysis. Fascinatingly, this cell
line also demonstrated an increase in EGFR and FAK phosphorylation with increasing
distance from blood vessels in cells migrating as groups, the effect of which is diminished
in individually migrating cells. The correlation of FAK and EGFR phosphorylation as
a function of distance from blood vessels was not demonstrated in cell lines that did
not demonstrate differences in mechanosensitive migration patterns in individually and

collectively migrating cells.

Overall, this suggests that GBM cells are heterogeneous with inter- and intra- tu-
moural differences. Moreover, data suggest that cell-cell interactions potentially modulate
the FA / EGFR / FAK-associated mechanosensation pathways in a cell-line dependent
manner to form sub-population of cells. This is clinically significant, as much of our
understanding of GBM biology originates from examining clusters of cells of the tumour

bulk, rather than investigating the invasive single marginal cells responsible for tumour
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recurrence (Garcia-Diaz et al. [2023]).

6.3 MRE Stiffness Values are Influenced by Measurement Modality,

Transducer Frequency and Region of Interest

An inadequate understanding of the role of the mechanical environment within TME
might partially elucidate why therapies deemed successful in preclinical trials using rigid
cell culture plates often fail to translate into effective treatments for patients (Cruz Da Silva
et al. [2021], Gunjur et al. [2022], Oster et al. [2023]). Therefore, to create effective
treatments for targeting HGGs in-vivo, it is essential to first determine the stiffness of the
human brain parenchyma in-vivo and understand how this stiffness changes throughout

treatment involving surgery, chemotherapy, and radiation therapy.

Data presented report on a systematic review performed to methodically evaluate
the published literature on brain stiffness segmented by transducer frequencies, brain
locations, and reported stiffness modality, since all influence reports of brain stiffness

(Manduca et al. [2021], Pillai and Franze [2024]).

Differences in experimental methods, patient population traits, and analysis tech-
niques led to significant heterogeneity among studies. Additionally, the necessity to
categorise stiffness estimates by variables like stiffness modality and transducer frequency
resulted in 92 out of 202 estimates of the normal brain’s mechanical properties being
derived from single-sample studies. Variations in MRE measurement methods and a

limited sample size in existing studies further complicate estimates of GBM stiffness,
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hindering the resolution of the debate over whether GBM is stiffer or softer compared
to normal brain tissue. (Jamin et al. [2015], Janas et al. [2024], Northcott et al. [2018],

Northey et al. [2017], Pillai and Franze [2024], Streitberger et al. [2014]).

In summary, despite significant attempts to measure the mechanical properties of the
brain, differing outcomes and diverse research methods have impeded advances and lim-
ited the ability to compare results effectively. Furthermore, the data presented underscore
the absence of longitudinal studies on how therapies affect the mechanical properties of

the brain, which is essential for developing new and well-timed treatments for HGG.

6.4 Conclusion

In summary, the findings of this thesis underscore the significance of replicating the me-
chanical characteristics of the TME through biologically relevant models. This approach
helps to understand how tumour-TME and tumour-tumour interactions influence GBM
invasion pathways. The data opens up new possibilities for improving mechanical TME
modelling, which is crucial for understanding tumour cell biology and crafting innovative

strategies to tackle this truly devastating disease.
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