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There is a discrepancy between successful recanalization and good clinical outcome after endovascular treatment
(EVT) in acute ischemic stroke patients. During removal of a thrombus, a shower of microemboli may release and
lodge to the distal circulation. The objective of this study was to determine the extent of damage on brain tissue
caused by microemboli. In a rat model of microembolization, a mixture of microsphere (MS) sizes (15, 25 and 50
µm diameter) was injected via the left internal carotid artery. A 3D image of the left hemisphere was recon
structed and a point-pattern spatial analysis was applied based on G- and K-functions to unravel the spatial
correlation between MS and the induced hypoxia or infarction. We show a spatial correlation between MS and
hypoxia or infarction spreading up to a distance of 1000–1500 µm. These results imply that microemboli, which
individually may not always be harmful, can interact and result in local areas of hypoxia or even infarction when
lodged in large numbers.

1. Introduction
Among cardiovascular diseases, stroke is the second leading cause of
death and the third leading cause of disability worldwide. Acute
ischemic stroke (AIS; i.e. thrombotic or embolic occlusion of a cerebral
artery) accounts for about 80% of stroke cases (Bamford et al., 1991). In
the past years, next to thrombolysis, endovascular treatment (EVT) has
been included in the standard treatment of AIS. During EVT, the
thrombus is removed by aspiration catheters or stent retrievers, more
recently extended with proximal flow arrest and aspiration (Munich
et al., 2019). EVT results in the majority of cases (up to 95%) in suc
cessful recanalization of the occluded vessel (Bhaskar et al., 2018).
However, a large proportion of the patients (63%) has poor functional
outcome (Wollenweber et al., 2019), which may be caused by subopti
mal local perfusion of the brain tissue (Dankbaar et al., 2017).
Despite the improvement of EVT devices, embolization of the distal
arterial bed by fragments of the initial thrombus might occur (Farina
et al., 2018; Sheriff et al., 2020). This hypothesis is supported by in vitro
models of EVT where during removal of a thrombus thousands of
microemboli (<50 µm) release (Arslanian et al., 2019). While throm
bolysis is performed prior to EVT in eligible patients (i.e. within 4.5 h

after symptom onset (Wardlaw et al., 2012)), it is unclear whether all
microemboli resulting from EVT are lysed (Broocks et al., 2021).
While occlusions caused by mm-size emboli will clearly contribute to
poor reflow in the tissue downstream territory, it is much less clear what
the effect is of the numerous small fragments. Given the syncytial nature
of the capillary bed and the possibility for oxygen transfer by diffusion,
the smallest fragments may be less harmful. Optimal design of clot
retriever device therefore requires information on the effects of these
smaller fragments. In particular, there is much attention for the devel
opment of in silico clinical trials on new intervention strategies in
ischemic stroke (Konduri et al. (2020)). Such trials require a detailed
and quantitative understanding of local tissue damage by microocclusions in order to contribute to the improvement of device design.
In a previous study, we found that polystyrene microspheres (MS)
occlude arteriole-sized vessels in the brain, leading to tissue hypoxia and
infarction after 24 h (Georgakopoulou et al., 2021). In the present study,
we used this rat model of impermeable thrombi to quantify spatial
characteristics of tissue damage following microembolization of the
brain. We reconstructed a brain volume of the intervention hemisphere
and segmented and quantified the brain damage. Subsequently, we
studied the spatial distribution of microemboli and hypoxic or infarcted

* Corresponding author.
E-mail address: e.vanbavel@amsterdamumc.nl (E. vanBavel).
https://doi.org/10.1016/j.jbiomech.2021.110723
Accepted 25 August 2021
Available online 2 September 2021
0021-9290/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

T. Georgakopoulou et al.

Journal of Biomechanics 128 (2021) 110723

regions and explored their spatial relationships in the brain.

spatial analysis of MS and brain damage can be found in the Supple
mentary material.
In short, we injected MS in the brain of six rats (3 male, 3 female).
Buprenorphine (Temgesic™, 0.05 mg/kg, Schering-Plough, Welwyn
Garden City, Hertfordshire, UK) was used as analgesic and the animals

2. Materials and methods
Detailed Methods, including all experimental procedures and the

Fig. 1. Schematic explanation of spatial analysis. (A) The experimental data depicted as black filled circles (MS), and red open circles (HYP) and two scenarios of the
generated data depicted as blue or green filled circles (C-MS). For the Monte-Carlo simulations, the generation of C-MS was repeated 250 times. Note that the
generated C-MS have similar distribution of interparticle distances as the experimental MS data. G- and K-functions were used to describe the spatial relations within
and between experimental and generated data. The experimental points within the dotted area are used to explain these functions in the following panels. (B) Gfunction: Per MS, the closest neighbor was detected and the distance (grey arrows) was determined as shown in the table. The G-function is the cumulative density
function of these nearest neighbor distances. K-function: Grey arrows indicate the distances from all MS to all other MS (see table). The K-function is the cumulative
density function of all these distances. (C) Gx-function: Grey arrows indicate distances from MS to their nearest HYP (upper panel) and vice versa (lower panel). Per
MS or HYP, the closest neighbor is detected and the distance is determined as shown in the tables. The Gx-function is the cumulative density function of the nearest
neighbor distances. Kx-function: arrows indicate distances from MS to all HYP (upper panel) and from HYP to all MS (lower panel). Note that for Kx but not Gx, the
distances are the same whether measured from MS or HYP (see tables). The cumulative densities of all the distances are the Kx-function. MS: Microspheres,HYP:
Hypoxic centroids, C-MS: Generated control points for MS.
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were anesthetized with 2–2.5% isoflurane in 1 L/min O2. The 3D spatial
distribution of MS and centroids of hypoxic (HYP) and infarcted (INF)
regions was tested using a point-pattern analysis based on the G- and Kfunctions (Fig. 1). These are cumulative density functions of respectively
the nearest neighbor distances (NND) and all distances between point
events. The point events could be homogeneous (e.g. only MS) or het
erogeneous (e.g. MS and HYP). The latter are denoted as cross-G (Gx)
and cross-K (Kx) functions. The experimental distributions were tested
against Monte-Carlo simulations of control locations for MS or HYP
based on null hypotheses (H0).
Prior to the calculation of Gx- and Kx-functions, the spatial distri
bution of MS in the brain was tested. Thereto, MS distributions were
compared to the H0 of purely randomly dispersed points, generated with
Monte-Carlo simulations. As this analysis showed significant clustering
of MS in the brain tissue, we generated control locations (C-MS) with
similar G- and K-functions as the MS. The same procedure was repeated
for the generation of control points representing HYP (C-HYP). These
generated clustered control points were then used to evaluate the spatial
relation between MS and HYP based on the Gx- and Kx-functions. For the
spatial relation between MS and INF, the analysis was limited to the
calculation of Gx- and Kx-functions for distances from INF to either MS
or C-MS, due to the low INF numbers.

3. Results
3.1. Stochastic nature of MS-induced hypoxic regions distribution
Fig. 2 provides an example of the distribution of MS and their effect
on local hypoxia. Fig. 2C demonstrates a 50-µm thick section, with
clearly discernible MS and demarcated zones of hypoxia. Fig. 2D shows
x and y coordinates of MS and HYP, based on the full stacked image of 10
consecutive histological sections, totaling 500 µm. As can be seen, the
spatial relationship between MS and the consequent hypoxia appeared
to be quite diffuse, rather than a one-on-one relationship between MS
and hypoxic regions in the near vicinity. In addition, MS appeared to be
clustered.
3.2. Size distribution of hypoxic and infarcted regions
The number of MS that reached the brain varied between animals,
ranging from 43 to 190 per reconstructed brain volume (Table 1 and
Supplementary table 1). All animals had signs of hypoxia and infarction
(Table 1 and Supplementary Fig. 1). On average, 82 ± 41 hypoxic re
gions and 4 ± 2 infarctions were detected in the reconstructed hemi
spheres. Only 10% of the hypoxic regions was ≥ 0.01 mm3, whereas the
majority of infarcted regions was ≥ 0.01 mm3 (Fig. 3A) and infarctions
Fig. 2. (A) Schematic drawing of a rat brain.
Dashed lines indicate the bregma coordinates
where the brain sections were made. Only
ten consecutive sections were selected for the
reconstruction of the brain volume. (B) A
representative 50-µm thick coronal section
stained with NeuN antibody indicating the
anatomy of the brain structures. Scale bar
500 µm. (C) A maximum intensity projection
of the same 50-µm thick coronal section as in
(B) of only the intervention hemisphere.
Distribution of MS (white dots) of different
sizes and hypoxic regions (red). Scale bar
500 µm. (D) Spatial 2D distribution of MS
(black points) and HYP (red circles) of a
reconstructed brain hemisphere (500 µm
thick). MS: Microspheres, HYP: Hypoxic
centroids.
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spatial statistical analysis of our data. First, we tested whether MS or
HYP were clustered. Fig. 5A-B shows representative G- and K-functions
(black) of the experimental spatial distributions of MS. Also shown are
the G- and K-functions of fully randomly distributed control points
(blue), generated by Monte-Carlo simulations (250 repeats). All func
tions were left-shifted as compared to the random controls, indicating
that MS locations were clustered in this example. The curves were
significantly different over a large distance range (Fischer’s method, n =
6 animals, data not shown). The same analysis was done for HYP, with
similar results (Fig. 5C-D; black and blue).
In order to analyze the spatial correlations between MS and HYP, we
therefore attempted to generate clustered control points with equal Gand K-functions. As indicated by the mean and confidence interval of
these generated clustered control points (Fig. 5A-D, magenta), tight
matches of the G- and K-functions to the experimental data were ob
tained. Fig. 5E-F shows the mean NND of experimental data versus the
clustered control points for the six animals. These distances were
different between animals, related to the total number of MS and HYP.
For five out of six experiments, the NND of the generated points tightly
matched that of the data, with somewhat less matching in the sixth case.
Next, we set out to study the spatial relationship between MS and
HYP, first by analyzing the distances from MS to HYP (Fig. 6A-B) and
then from HYP to MS (Fig. 6C-D). Representative Gx- and Kx-functions
of the experimental spatial distributions (black) between MS and HYP,
versus the simulated spatial distributions (magenta) between C-MS and
HYP are shown in Fig. 6A-B. Fig. 6A demonstrates substantial variation
in experimental NND (black), with 50% of the closest HYP being further
away than 200 µm from MS. Still, comparison to the Monte-Carlo sim
ulations (magenta) that were based on absence of spatial correlation,
revealed that HYP are closer to MS than to C-MS. This indicates a spatial
correlation between MS and their closest HYP for this example. Spatial
correlation was also confirmed in the Kx-function between MS and all
HYP, as shown in Fig. 6B. There, the experimental spatial distribution of

Table 1
Number and density of MS lodged in 500 µm-thick reconstructed brain volumes
and the numbers of the hypoxic and infarcted regions per animal (N = 6 ani
mals). MS: Microspheres.
Animal
#

Number of lodgded MS/
(MS density (MS/mm3))

Number of
hypoxic regions

Number of
infarcted regions

1
2
3
4
5
6

190/(10.6)
81/(4.9)
43/(2.3)
79/(4.3)
115/(5.9)
105/(3.9)

152
83
27
70
67
94

5
2
6
1
4
4

were ~ 30 times larger in size (Fig. 3B).
3.3. Correlation between MS density and brain damage
Considering the variable number of MS detected in the brain be
tween animals, we assessed whether there is a correlation between MS
density and 1) the total volume and 2) the number of hypoxic and
infarcted regions. Fig. 4A shows a positive correlation between MS
density and hypoxia, both in terms of number of hypoxic regions and
hypoxic volume (Fig. 4A; left graph: Pearson R2 = 0.87, P = 0.024 and
right graph: Pearson R2 = 0.91, P = 0.003). In contrast, MS density was
not correlated with the number of infarcted regions (Fig. 4B; left graph:
Pearson R2 = 0.02, P = 0.809), nor with the total infarcted volume
(Fig. 4B; right graph: Pearson R2 = 0. 51, P = 0.111).
Notably, the total infarcted volume correlated with the total hypoxic
volume (Fig. 4C Pearson R2 = 0. 51, P = 0.042).
3.4. Point-pattern spatial analysis of MS and tissue hypoxia or infarction
Based on the above observations, we conducted a point-pattern

Fig. 3. Comparison between hypoxic and infarcted regions. (A) Size distribution of hypoxic (upper graph) and infarcted (lower graph) regions, as measured in a 500µm reconstructed volume of the intervention hemisphere. (B) Hypoxic regions caused by microembolization are significantly smaller than the infarcted regions. Data
are depicted as median with interquartile range. ****P < 0.0001, Mann-Whitney. Pooled data from six animals (N = 6).
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Fig. 4. Correlation between MS density and
number or total volume of hypoxic or
infarcted regions in a 500-µm reconstructed
volume of the intervention hemisphere. (A)
Significant positive correlation between MS
density and number (left graph; Pearson’s
correlation coefficient, R2 = 0.87, *P =
0.024) or total volume of hypoxic regions
(right graph; Pearson’s correlation coeffi
cient, R2 = 0.91, **P < 0.001). (B) No sig
nificant correlation between MS density and
the number (left graph) or total volume
(right graph) of infarcted regions. (C) Sig
nificant positive correlation between total
hypoxic volume and total infarcted volume
(Pearson’s correlation coefficient, R2 = 0.68,
*P = 0.042). N = 6 animals. MS:
Microspheres.

distances between MS and HYP (black), was left-shifted compared to the
simulated data (magenta) up to tested distances of 2000 µm. Similar
results were found in the reverse distance analysis, from HYP to either
their closest MS (Fig. 6C), or all MS (Fig. 6D) for this particular example.
Fig. 6E-F shows the mean NND of experimental data versus the MonteCarlo simulated data for the six animals. Pairwise comparison of mean
NND of MS or C-MS to HYP indicates that the closest HYP were on
average 388.7 ± 107.2 µm closer to MS than control points (Fig. 6E; P =
0.0003, paired t-test). MS were found to be on average 332.2 ± 86.7 µm
closer to HYP than control points (Fig. 6F; P = 0.0002, paired t-test).
Fig. 7 shows the difference between experimental Gx- and Kxfunctions and their Monte-Carlo simulations for the six animals (ΔGx
and ΔKx respectively). ΔGx was significantly positive up to the tested
distance of 800 µm (Fig. 7A). Note that the majority of MS and HYP
clustering took place within the first 200 µm. ΔKx was significantly
positive up to the tested distance of 2000 µm, with the plateau around
1500 µm (Fig. 7B). Similar spatial correlations were found for the

reverse analysis of MS to their closest HYP (Fig. 7C) or all HYP (Fig. 7D).
Taken together, the above data demonstrate a spatial correlation over
hundreds of micrometers between MS and HYP.
Lastly, we tested the spatial relation between MS and INF. Fig. 8
shows the ΔGx and ΔKx curves for the six animals, between experi
mental data and their Monte-Carlo simulations. Fig. 8A shows that
clustering of INF and their closest MS, is maximal at a distance of 200
µm. Fig. 8B shows a correlation between MS and INF up to a distance of
2000 µm with a maximum at 1000 µm.
4. Discussion
Our study addressed effects of microvascular occlusions as could
occur after EVT, and provides quantitative spatial data on tissue hypoxia
and infarction. In particular, we found that microembolization caused
numerous hypoxic and a few infarcted regions, in the wide vicinity
around lodged MS. The effects of MS were highly stochastic in nature,
5
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Fig. 5. Representative example of MS or
HYP clustering and generation of ‘clustered’
control points for MS and HYP. (A) G-Func
tion: Cumulative densities of NND between
MS (black curve; experimental data) versus
RC (blue curve, simulated data) and C-MS
(magenta curve; simulated data). (B) KFunction: Cumulative densities of distances
between all MS versus RC and C-MS. (C) GFunction: Cumulative densities of NND be
tween HYP versus RC and C-HYP. (D) KFunction: Cumulative densities of distances
between all HYP versus RC or C-HYP. (E,F)
Pairwise comparisons of mean NND between
experimental data and C-MS or C-HYP. Lines
connect dots corresponding to mean NND
measured in the intervention hemisphere of
the same individual rats. ns = not significant,
*P < 0.05 paired t-test, N = 6 animals. The
filled area indicates confidence intervals. RC:
Randomly generated (i.e. with homogeneous
probability over the tissue and indepen
dently from each other) control points, MS:
Microspheres, C-MS: Control points for MS,
HYP: Hypoxic centroids, C-HYP: Control
points for HYP, NND: Nearest neighbor
distances.

with respect to both volume of affected tissue and distance from MS. A
point-pattern analysis between MS and HYP or INF revealed a spatial
correlation over hundreds of micrometers. To our knowledge, these data
are unique and map the complex interactions of multiple arterial oc
clusions due to lodged MS.

difference with the control (Fig. 7B,D) continued to increase up to the
largest analyzed distance of 2000 µm, with most of the effect up to ~
1500 µm. This shows that up to this distance the number of MS sur
rounding hypoxic areas was larger than expected based on uncorrelated
distributions of spheres and hypoxic areas and that even distant MS still
may cause tissue hypoxia. In an attempt to explain these results, we
propose that risk zones of two or more MS extend towards each other.
Fig. 9 provides a schematic representation of this effect. Such a coop
erative effect of multiple MS could relate to the blocking of the vascular
bed at multiple entrance vessels to a tissue area that then becomes
hypoxic. These entrance vessels could be arterioles, small local collat
erals or part of the continuous capillary bed. However, a more careful
interpretation of the current data requires simulation of these processes,
based on vascular topology data.
We included in our analysis three MS sizes, which in turn block the
vessels at different levels and thus most likely exert their effects to
different distances relative to the site of occlusion (Hamilton et al.,
2010). Tissue damage resulting from microvascular occlusions depends
on the clot location. Thus, it has been shown that occlusion of a single
pial vessel or a single capillary results in focal ischemia and is rather
harmless (Schaffer et al., 2006; Shih et al., 2013). In contrast, pene
trating vessels are a critical bottleneck in cortical blood flow, affecting
blood flow in a large region downstream of an occlusion (Nishimura
et al., 2007) and leading to microinfarcts (Shih et al., 2013). Data
coming from single penetrating artery occlusions show that brain
damage spans up to a radius of ~ 230 µm and a depth of ~ 1200 µm
relative to the pial surface (cortical columns) (Shih et al., 2013). The
radii of influence found in the current study are of the same order. One

4.1. Justification of spatial analysis and interpretation of spatial
correlations
The relationship between occlusion and brain damage is complex
and depends on the geometry of the vascular bed. A shower of micro
emboli sized between 15 µm and 50 µm targets the vascular bed at the
level of penetrating arteries, arterioles and capillaries. Penetrating ar
teries (20–90 µm diameter) bridge the pial vascular network of the brain
surface with the intracortical microvascular network (7–20 µm diam
eter) (Ngai and Winn, 1995). In contrast to the highly anastomosing
architecture of both the pial and intracortical vascular networks, the
penetrating arteries are mostly lacking anastomoses (Nishimura et al.,
2007). Thus, occlusions in the network at particularly this level, because
of a microembolic shower, could lead to blood flow reduction and
microinfarcts.
In order to determine the spatial relationship of MS with damage
resulting from obstruction of the microvasculature, we applied a pointpattern spatial analysis. The difference of the Gx-functions from their
Monte-Carlo simulations, which assumed no relation between MS and
hypoxic regions, was maximal for NND of ~ 200 µm (Fig. 7A,C). This
indicates that a single MS induces a risk for hypoxia in a surrounding
tissue sphere that extents up to this distance. For the Kx-function, the
6
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Fig. 6. Representative examples of clustering between MS and HYP and pairwise comparisons of mean NND. (A) Gx-Function: Cumulative densities of NND between
MS and HYP (black curve; experimental data) and between C-MS and HYP (magenta curve; simulated data). (B) Kx-Function: Cumulative densities of distances
between all MS and HYP and between all C-MS and HYP. Note, Kx-Function for distances between all MS and HYP is the same as HYP and MS. (C) Gx-Function:
Cumulative densities of NND between HYP and MS and between C-HYP and MS. (D) Kx-Function: Cumulative densities of distances between all HYP and MS
and between all C- HYP and MS. (E, F) Pairwise comparisons between mean NND from MS or C-MS to HYP and between mean NND from HYP or C-HYP to MS. Lines
connect dots corresponding to NND measured in the intervention hemisphere of the same individual rats. ***P < 0.001 paired t-test, N = 6 animals. The filled area
indicates confidence intervals. MS: Microspheres, C-MS: Control points for MS, HYP: Hypoxic centroids, C-HYP: Control points for HYP, NND: Nearest
neighbor distances.

might suspect that the extent of the brain damage caused by the largest
MS could partly explain the large radii found here, in the sense that the
damage caused by the larger may overshadow the effect of the smaller
ones. However, we believe that this is highly unlikely, firstly because the
majority of MS in our model is of 15 µm and secondly due to the shape
and distribution of hypoxic regions in the intervention hemisphere,
where they do not necessarily originate from the brain surface as cortical
column-shaped regions. Consequently, we believe that there is a coop
erative effect between the smaller MS, which spreads in the brain tissue.
In a future study, we aim to isolate the effect of different MS sizes on
brain tissue damage by injecting each MS size separately per group.
In addition to the high number of hypoxic regions, we observed a few
much larger infarcted regions. MS were clustered around infarcts, with
Gx- and Kx-functions (Fig. 8) that resemble those of the hypoxic areas
(Fig. 7), and we suggest that also the infarct zones were caused by the
interactive effects of multiple MS in the wide surrounding. The large size
and small number suggest that the infarcted regions develop from
merging hypoxic zones. Yet, it is not obvious from the data if and how
the local and more remote MS affect this process.

4.2. Limitations of the study
We investigated hypoxia and infarction only at 24 h after micro
embolization. Other timepoints could provide insight into the progres
sion of hypoxia towards infarction or recovery. Of interest, in a previous
study, total hypoxic volume became less after 7 days, without a growth
in infarct volume in this micro-embolization model, pointing at recovery
(Georgakopoulou et al., 2021). For the full analysis and understanding
of such events several factors should be taken into account, in addition
to the size and number of MS (Tsai et al., 2011). These include the
arterial topology and notably the percentage of anastomosing arteries
per arterial level (Ngai and Winn, 1995). Although the segmentation of
the numerous arterioles and capillaries and the generation of reliable
connectivity between these segments are major technical obstacles,
microvascular network data could help building more detailed mecha
nistic models. Moreover, further experimental work is needed. We are
currently developing techniques for clearing of brain tissue and 3D
imaging of much larger volumes by light sheet microscopy (Lugo-Her
nandez et al., 2017; Zhang et al., 2018). Another aspect not addressed in
the current study is the differential vulnerability of brain regions to an
7
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Fig. 7. Experimental data minus average of
Monte-Carlo simulations. (A) ΔGx-Function:
Cumulative densities of NND between HYP
and MS (experimental data) minus mean
cumulative densities of NND between C-HYP
and MS (simulated data, assuming no rela
tion between MS and HYP). (B) ΔKx-Func
tion: Cumulative densities of distances
between all HYP and MS (experimental data)
minus mean cumulative densities of dis
tances between all C-HYP and MS (simulated
data). (C) ΔGx-Function: Cumulative den
sities of NND between MS and HYP (experi
mental data) minus mean cumulative
densities of NND between C-MS and HYP
(simulated data). (D) ΔKx-Function: Cumu
lative densities of distances between all MS
and HYP (experimental data) minus mean
cumulative densities of distances between all
C-MS and HYP (simulated data). The filled
area indicates standard deviation for the
ΔGx- or ΔKx-functions over the six animals.
The data in B and D are equal by definition,
but the Monte-Carlo simulations are not. MS:
Microspheres, C-MS: Generated control for
MS, HYP: Hypoxic centroids, C-HYP: Gener
ated control for HYP, NND: Nearest neighbor
distances. **P < 0.01(red parallel lines
above the curve indicate to which distance
interval the significance of the data is **P <
0.01), ****P < 0.0001(blue parallel lines
above the curve indicate to which distance
interval the significance of the data is ****P

< 0.0001) Fischer’s method p-value, N = 6 animals.

Fig. 8. Experimental data minus average of Monte-Carlo simulations. (A) ΔGx-Function: Cumulative densities of NND between INF and MS (experimental data)
minus mean cumulative densities of NND between INF and C-MS (simulated data). (B) ΔKx-Function: Cumulative densities of distances between all INF and MS
(experimental data) minus mean cumulative densities of distances between all INF and C-MS (simulated data). The filled area indicates standard deviation for the
ΔGx- or ΔKx-functions over the six animals. MS: Microspheres, INF: Infarcted centroids, C-MS: Generated control points for MS, NND: Nearest neighbor distances.
**P < 0.01(red lines above the curve indicate to which distance interval the significance of the data is **P < 0.01), ****P < 0.0001(blue lines above the curve
indicate to which distance interval the significance of the data is ****P < 0.0001) Fischer’s method p-value, N = 6 animals.

ischemic environment (Pulsinelli et al., 1982; Xu et al., 2001), notably
the difference between gray and white matter.
When we designed these experiments, we expected to find a much
more localized spatial relation between lodged MS and the induced
hypoxic and infarcted areas. We do not believe that the wide dispersion
results from experimental noise. Thus, as shown in Fig. 2 the hypoxia
staining is characterized by clearly discernable zones. While the esti
mated number and volumes of these hypoxic regions depend on seg
mentation choices, the stochastic nature of the spatial correlations is
expected to be rather insensitive to the segmentation procedure. Indeed,
in an alternative approach (not shown) we determined mean hypoxia
fluorescence as a function of distance from the MS on a pixel basis,
avoiding the need for segmentation. This resulted in a profile that is
consistent with the Kx-function. It remains to be tested whether the

stochastic effects of lodged MS are homogeneous over the tissue and
equal in all directions
Since we used tissue volumes of 500-µm in thickness, we expect that
MS outside this volume have influenced the hypoxia and infarct pat
terns. The contribution of these MS is hard to establish, but is expected
to add noise to spatial relationships when considering larger distances.
Some care should therefore be taken in interpretation of the distribution
functions at large distances. At small distances, where these boundary
effects are less relevant, we found clear differences in the Gx- and Kxfunctions compared to those of the control points. We therefore sug
gest that the stochastic spatial relation between lodged MS and hypoxia
is a direct consequence of the effects of the MS on perfusion, with
resulting hypoxia depending on the balance of oxygen delivery (by
remaining perfusion or diffusion) and oxygen consumption (Leithner
8
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Fig. 9. Illustration of the spatial analysis interpre
tation. Indicated is the combined effect of four MS on
the risk of developing hypoxia in the surrounding
tissue. Each MS induces a risk that becomes smaller
with increasing distance. An isolated MS at the right
causes a risk for hypoxia that extends to around 200
µm, explaining the ΔGx-function. Three relatively
close MS on the left generate a much broader risk
profile, reflecting a collaborative effect and explain
ing the shallow and extended ΔKx-function.

and Royl, 2014).
The spatial distribution analysis between homogeneous point events
showed clustering of MS. This complicated the statistical analysis but we
believe that by including clustering in the Monte-Carlo simulations we
adequately accounted for this. Numerous studies in the past applied MS
infusion in order to determine the flow distribution in the brain and
other organs (Prinzen and Bassingthwaighte, 2000) and showed
regional cerebral blood flow variations (Horton et al., 1980). The fact
that MS are distributed according to the flow, together with the het
erogeneity in vascular density between gray and white matter (Cavaglia
et al., 2001), could partly explain why MS were clustered. Since we
compensate for clustering among MS in our analysis, possible fluctua
tions of the cerebral blood flow due to isoflurane-induced vasodilation
(during MS injection), are not very likely to affect the spatial relation
between MS and induced brain damage.
The number of MS found in the brain varied between the animals. We
believe that this may be caused by the temporal ligation of external
carotid artery and lifting of the common carotid artery (with a suture
placed under it) during the surgery. Even though it is hard to trace back
all injected MS, we believe that this intervention may have temporarily
led to blood flow redistribution between the brain regions, or partial
reflux of MS after the injection.
The variation in the number of lodged MS between the animals had
an effect on the extent of the brain damage. Therefore, we checked the
correlation between MS density and resulting brain damage and found
significant positive correlation for hypoxia, but not for infarction. Since
the varying number of MS affects both the number and total volume of
hypoxic regions, it seems that the numerous but smaller MS sizes also
contribute to the generation of local hypoxia. The absence of correlation
between MS density and the number of infarcted regions could be
attributed to the low number of infarcted regions and the low number of
experiments (N = 6). However, there is a trend to positive correlation
between MS density and total infarcted volume, though not significant
(Fig. 4B right graph) and a significant correlation between total
infarcted and total hypoxic volume (Fig. 4C).
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