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Abstract

The symptoms of acute ischemic stroke can be attributed to disruption of the brain

network architecture. Systemic thrombolysis is an effective treatment that pre-

serves structural connectivity in the first days after the event. Its effect on the evo-

lution of global network organisation is, however, not well understood. We present

a secondary analysis of 269 patients from the randomized WAKE-UP trial, compar-

ing 127 imaging-selected patients treated with alteplase with 142 controls who

received placebo. We used indirect network mapping to quantify the impact of

ischemic lesions on structural brain network organisation in terms of both global

parameters of segregation and integration, and local disruption of individual con-

nections. Network damage was estimated before randomization and again 22 to

36 h after administration of either alteplase or placebo. Evolution of structural net-

work organisation was characterised by a loss in integration and gain in segregation,

and this trajectory was attenuated by the administration of alteplase. Preserved

brain network organization was associated with excellent functional outcome. Fur-

thermore, the protective effect of alteplase was spatio-topologically nonuniform,

concentrating on a subnetwork of high centrality supported in the salvageable

white matter surrounding the ischemic cores. This interplay between the location

of the lesion, the pathophysiology of the ischemic penumbra, and the spatial

embedding of the brain network explains the observed potential of thrombolysis to

attenuate topological network damage early after stroke. Our findings might, in the

future, lead to new brain network-informed imaging biomarkers and improved prog-

nostication in ischemic stroke.

K E YWORD S

ischemic stroke, network neuroscience, structural connectivity, systemic thrombolysis

1 | INTRODUCTION

Ischemic stroke is a leading cause of adult disability. With a global

incidence of 13.7 million in 2016 it is responsible for the annual loss

of 116.5 million healthy life years (Johnson et al., 2019). The associ-

ated neurological and functional deficits are caused by the tissue dam-

age following an acute loss of blood flow to parts of the brain.

The size of an infarct is an important, yet imperfect, determinant

of the severity of stroke symptoms in the acute phase and the poten-

tial for recovery (Laredo et al., 2018; Payabvash et al., 2017). The loca-

tion of the infarct, in particular the involvement of eloquent cortical

areas, is associated with specific clinical stroke syndromes and deficits

(Cheng et al., 2014; Rothwell, 2002). Beyond these volume-

dependent and local effects, ischemic lesions in strategic positions

affect fibre tracts and have remote effects on the brain network struc-

ture and function (Feeney & Baron, 1986). The focal damage caused

by localised ischemic infarcts alters the global topological properties

of the cerebral connectome with volume-dependent increases in seg-

regation parameters and loss of long-range integration seen in both

cross-sectional (Cheng et al., 2019) and longitudinal (Pallast

et al., 2020; Schlemm et al., 2020) studies. Functionally, infarcts dis-

rupt the global organisation of synchronised neuronal activity across

the brain (Griffis et al., 2019; Griffis et al., 2020) and lead to deficits in

distributed processing underlying memory (Ferguson et al., 2019),

consciousness (Snider et al., 2020) and speech (Yourganov

et al., 2016).

Intravenous thrombolysis with recombinant tissue-plasminogen

activator (rtPA) is a safe and effective treatment for acute ischemic

stroke (Berge et al., 2021; Powers et al., 2015). By upregulating the

intrinsic fibrinolytic pathways, it promotes the recanalization of

occluded arteries and the reperfusion of ischemic tissue (Bivard

et al., 2013). Early administration of rtPA reduces neurological deficits

and increases the odds of achieving functional independence after

stroke (Hacke et al., 2008; The National Institute of Neurological Dis-

orders and Stroke rt-PA Stroke Study Group et al., 1995). Structurally,

thrombolysis can impede the progression from poor perfusion to com-

plete infarction (Kawano et al., 2017), and lead to smaller final infarct

volumes (Mair et al., 2018). In a recent analysis of data from a large

prospective, randomized, multicentre trial of thrombolysis in acute

ischemic stroke (WAKE-UP) (Thomalla et al., 2018), rtPA was

5054 SCHLEMM ET AL.
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associated with the preservation of structural connectivity after ante-

rior circulation stroke, which mediated 22% of its beneficial effect on

functional outcome (Schlemm et al., 2021). This study used indirect

lesion network mapping to estimate lesion-induced connectivity defi-

cits aggregated at the level of individual brain regions and quantified

the causal contribution of preserved connectivity to excellent func-

tional outcome with the main aim of better understanding the struc-

tural mechanisms underlying the clinical efficacy of thrombolysis.

Previous work has not addressed the connectivity-preserving effects

of thrombolysis on individual connections, their spatio-topological

determinants, or their consequences for global measures of brain net-

work integration and segregation.

In the present study, we used data from the clinical WAKE-UP

trial to investigate the effect of thrombolysis on the topological struc-

ture of the cerebral structural connectome in a lesion network map-

ping paradigm. Based on the effect of thrombolysis on lesion growth

(Mair et al., 2018), known associations between lesion volume and

altered brain network topography (Cheng et al., 2019), and the natural

time course of stroke-induced network disruption (Schlemm

et al., 2020), we hypothesized that rtPA would prevent stroke-

induced changes in the global network architecture, and be associated

with a less pronounced increase in segregation parameters and a

reduced loss in long-range integration. In addition, we aimed to local-

ise the site of preserved structural connectivity underlying this protec-

tive effect, hypothesizing that it would occur predominantly at the

periphery of the initial ischemic lesions, where brain tissue is acutely

hypoperfused, but not irreversibly damaged.

2 | MATERIALS AND METHODS

2.1 | Study design

The WAKE-UP trial (NCT01525290) was an international, double-

blind, placebo-controlled randomized clinical trial of the efficacy and

safety of systemic thrombolysis with alteplase in acute ischemic

stroke patients with unknown time of symptom onset (Thomalla

et al., 2018). Key inclusion criterion was demonstration, on MR imag-

ing, of an acute ischemic lesion in diffusion-weighted imaging (DWI)

without established hyperintensity in fluid-attenuated inversion

recovery (FLAIR). The WAKE-UP trial provided evidence that throm-

bolysis is effective and safe in MR imaging-selected patients with

unknown symptom onset based on a DWI-FLAIR mismatch.

For this post-hoc secondary analysis, imaging and clinical data of

all randomized patients were reviewed. We included patients with iso-

lated anterior-circulation stroke who received DWI and FLAIR imaging

both prior to and 22 to 36 h after randomization. Data from patients

with bilateral stroke, as well as imaging data of insufficient quality,

that is, those exhibiting large motion artefacts, preventing accurate

segmentation and registration of stroke lesions, were excluded. Writ-

ten informed consent by either patients or their legal representatives

was provided according to relevant regulations. The trial was

approved by local competent authorities and ethics committees at

each study site. The WAKE-UP study protocol and main clinical

results were published previously (Thomalla et al., 2018).

2.2 | Imaging data processing

Stroke lesions were segmented based on DWI data using a software

developed for the WAKE-UP trial (Stroke Quantification Tool, SONIA)

as described previously (Cheng, Boutitie, et al., 2020; Forkert

et al., 2014). In summary, individual DWI and FLAIR datasets were rig-

idly co-registered. Apparent diffusion coefficient (ADC) maps were

calculated based on two DWI datasets with b-values of 0 s/mm2 and

between 500 and 1500 s/mm2 according to the imaging protocol of

the study site. Stroke lesions were segmented on ADC maps using a

semi-automated procedure with initial manual delineation and sec-

ondary automated refinement based on an ADC threshold of

620 � 10�6 mm2/s. Images were visually checked for quality and

plausibility of segmentation results by cross-modal inspection of

FLAIR and ADC maps and manually corrected, if necessary. Lesion

volumes were calculated based on final lesion segmentations in native

space. Binary lesion masks were transformed to MNI (Montreal Neu-

rological Institute) standard space by applying linear and nonlinear

registrations (Fonov et al., 2009; Jenkinson et al., 2012).

2.3 | Quantification of structural network
disruption

We quantified disruption of structural brain networks by mapping

stroke lesion masks in MNI space onto a set of pre-defined, weighted

structural reference tractograms obtained from diffusion tensor imag-

ing (DTI) and DTI tractography in 73 healthy participants using the

Network Modification (NeMo) toolbox for Matlab (Kuceyeski

et al., 2013; MATLAB, 2021). The NeMo tool has previously been

applied to investigate lesion-dysfunction relationships (Kuceyeski

et al., 2015), white- and grey matter pathologies in normal aging

(Glodzik et al., 2014), as well as prediction of clinical outcome

6 months after stroke (Kuceyeski et al., 2016). Specifically, streamlines

running through the ischemic lesion were removed from the reference

tractograms, resulting, for each patient, in a set of 73 lesioned tracto-

grams. A brain parcellation based on the Desikan–Killiany cortical atlas

(Desikan et al., 2006) augmented by seven subcortical regions

(Supplementary Table 1) was used to convert tractograms into net-

works with 86 regions (defined as nodes) by counting the number of

streamlines connecting any given pair of brain regions (defined as

edges). Ipsilesional intra-hemispheric networks were defined as sub-

networks induced by the 43 brain regions on the side of the ischemic

lesion. Their global topology was characterized by graph-theoretical

analysis. We chose the measure of global efficiency, that is, the aver-

age inverse shortest path length, as a marker commonly applied to

infer network integration as well as the average clustering coefficient

as a marker for network segregation (Rubinov & Sporns, 2010).

Streamline counts of individual connections as well as the global graph

SCHLEMM ET AL. 5055
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measures of each lesioned network were divided by corresponding

streamline counts and null graph measures of the networks obtained

from intact tractograms and averaged across the reference set.

Reported connectivity strengths and network measures for stroke

patients are thus relative to reference values in the healthy population

(n = 73) included in the NeMo software.

In addition to global metrics of structural network topology, we

aimed to localise potential effects of thrombolysis by studying the

change of structural connectivity of individual edges from before to

22 to 36 h after randomization in WAKE-UP. In order to address the

multiple testing problem inherent in mass univariate approaches of

testing all edges in the structural connectome, the network-based sta-

tistic (NBS) approach was used to identify subnetworks of alteplase-

responsive edges, in which progressive loss of connectivity was

reduced in the alteplase group compared with placebo. The NBS

methodology has been validated previously to identify connections

that are associated with an experimental effect or a between-group

difference (Zalesky et al., 2010).

2.4 | Interplay between lesion location, network
topology and preserved connectivity

We aimed to establish a link between localised effects of alteplase on

structural connectivity and overall network topology, specifically

global efficiency as a marker of network integration. We therefore

asked whether alteplase-responsive connections were particularly rel-

evant to the network's integrative capacity. As an important measure

for the topological importance of an individual edge in a network, we

chose to study its betweenness centrality which quantifies the frac-

tion of shortest paths between all nodes of the connectome that pass

through that edge (Rubinov & Sporns, 2010). Damage to network

edges with high betweenness centrality is known to result in more

extensive changes of the global efficiency compared with damage to

edges with relatively low centrality (Reijmer et al., 2016). Since most

connections in modular networks do not support any shortest paths,

we restricted analysis to so-called backbone edges with positive

betweenness centrality in the reference network obtained from taking

the median of the 73 control connectomes included in the NeMo

toolbox. The importance of the subnetworks of alteplase-responsive

edges as a whole was quantified by its information centrality

(Latora & Marchiori, 2007), that is, the relative reduction in global effi-

ciency of the reference network when the alteplase-responsive edges

are removed.

Finally, we investigated spatio-topological predictors for the

connectivity-preserving effects of alteplase. We hypothesized that

the connectivity-preserving effect of treatment would be largest at

the periphery of the initial lesions where brain tissue is hypoperfused,

but not yet irreversibly damaged and thus potentially salvageable by

reperfusion (Heiss, 2000). At the network edge level, this notion was

operationalised as the average degree of disconnection induced by

the initial DWI lesion before randomisation. We expected to see an

inverted U-shaped relation with the largest treatment effects at edges

with intermediate disconnection and smaller treatment effects at

edges with a very high or low baseline disconnection. This would

reflect the idea that fibre tracts that either run through the core of

the infarct or are supported entirely in remote areas of the brain

receive little benefit from connectivity-preserving treatment.

2.5 | Clinical data

Patient sex, age at symptom onset, National Institutes of Health

Stroke Scale (NIHSS) score at presentation and functional outcome

90 days after stroke as well as treatment allocation to alteplase or pla-

cebo were collected from the WAKE-UP trial database. The clinical

endpoint of excellent outcome (Saver et al., 2021) was defined follow-

ing the primary efficacy endpoint of the WAKE-UP trial as a score of

0 or 1 point on the modified Rankin Scale (mRS) of neurologic disabil-

ity (ranging from 0 [no symptoms] to 6 [death]), assessed 90 days

after stroke.

2.6 | Statistical analysis

Baseline characteristics, including sex, age, NIHSS score and DWI

lesion volume before randomization, were compared between

patients assigned to treatment with placebo and alteplase using a

two-sample T test and Mann–Whitney U test, respectively.

The association between lesion volume and global network

parameters efficiency and clustering was quantified by mixed-effects

linear regression. The effect of treatment allocation on evolution of

network topology was assessed by comparing the within-subject

changes of global efficiency and clustering between placebo and alte-

plase groups, controlling for both initial lesion volume and infarct

growth. Sensitivity analyses included baseline-adjusted simple regres-

sion analyses of postrandomisation network measures as well as

mixed-effects regressions to model longitudinal trajectories.

Logistic regression was used to associate changes in network

topology with the probability of achieving an excellent clinical out-

come. This analysis of functional outcome was adjusted for the strati-

fication variables baseline NIHSS score and patient age, as well as

DWI lesion volume.

The effect of alteplase on the evolution of structural connectivity

at the highest possible spatial resolution was investigated by a mass-

univariate linear regression analysis, in which the within-subject

change in connectivity strength at each edge was modelled as a linear

function of treatment, with both lesion volume and infarct growth

included as nuisance regressors. The statistical model used at the edge

level was thus identical to the model used in the analysis of global net-

work parameters. Based on the result of these mass-univariate

models, the distribution of the T statistic associated to the effect of

treatment (alteplase or placebo) under the null hypothesis of no treat-

ment effect was derived via a permutation approach based on

5056 SCHLEMM ET AL.
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resampling the observed residuals of the reduced model not contain-

ing the treatment term (Freedman & Lane, 1983). Based on the

observed T statistic for the treatment effect exceeding a sequence of

pre-specified thresholds ranging from t = 1.0 to t = 2.5, correspond-

ing, via the central T distribution with 269-3-1 = 265 degrees of free-

dom, to edge-wise mass-univariate significance levels ranging from

α = 0.159 to α = 0.0065, progressively conservative subsets of

alteplase-responsive edges were identified and grouped into con-

nected sub-networks. Lastly, family-wise error rates of thusly formed

subnetworks were quantified by relating the number of constituent

edges to the null distribution of subnetwork sizes obtained from

10,000 random permutations of the original data.

To better understand the spatio-topological nonuniformity of the

effect of thrombolytic treatment, we investigated the relation

between alteplase-associated reduced loss of connectivity and edge

betweenness centrality. Generalised linear regression analyses were

used to quantify the association between the T statistic of the treat-

ment term in the edge-level model of connectivity change and

betweenness centrality for edges in the backbone of the reference

network. Information centralities of NBS-identified subnetworks of

alteplase-responsive edges were compared against the null distribu-

tion of information centralities of random subnetworks with the same

number of edges and nodes. The latter were chosen uniformly by

rejection sampling, that is, by uniformly selecting the appropriate

number of edges from the reference network and accepting the sam-

ple if and only if it formed exactly one connected component and con-

tained the desired number of nodes.

To further test the hypothesis that the connectivity-preserving

effect of alteplase is largest at the periphery of the initial lesion we

fitted, using least-squares, a second-degree polynomial in the initial

average disconnection of an edge to model the connectivity-

preserving effect of alteplase at that edge.

Network analyses were performed in MATLAB R2021a

(MATLAB, 2021), statistical analyses in the R Statistical Computing

Environment (version 4.0.5) (Team R Development Core, 2018).

3 | RESULTS

3.1 | Patient characteristics

Application of inclusion and exclusion criteria to arrive at the final

study population is visualized in Supplementary Figure 1. Of

503 patients randomized in the WAKEUP trial to receive placebo or

alteplase, 352 had MR imaging data of acceptable quality both before

randomization and 22 to 36 h after stroke. Of those, 278 (79.0%) had

an anterior-circulation stroke (160 lesions in the left hemisphere,

109 lesions in the right hemisphere, nine bilateral) and 269 were

included in our analysis. The spatial distribution of stroke lesions at

baseline is shown in Figure 1. Lesion maps stratified by treatment allo-

cation and time point can be found as Supplementary Figure 2.

Of the 269 patients, 142 were randomized to placebo and 127 to

alteplase. Their demographic and clinical characteristics are shown in

Table 1. Age (placebo: mean 66.0 ± 11.1 years; alteplase: mean 65.2

± 11.3 years) was comparable between the two groups, while baseline

NIHSS scores (placebo: median 7, interquartile range [4, 11]; alteplase:

median 6, IQR [3.5, 8]) was slightly higher in the placebo group.

Of the 151 patients excluded from analysis because of insuffi-

cient image quality, 119 had anterior circulation infarcts. Their age

(66.4 ± 11.7 years) and baseline NIHSS scores (median 6, IQR [4,

10.5]) were similar to the study population.

3.2 | Change of global network topology

Connectivity measures were successfully calculated for all patients

from lesioned reference connectomes of 73 healthy participants. In

ipsilesional intrahemispheric brain networks, global network measures

were linearly related to the size of the lesion (Figure 2). Specifically,

pooled across time points, a 10 ml larger lesion volume was associated

with 3.7 percentage points (pp) (CI95% [3.9, 3.5] pp, p < 0.0001) smal-

ler ipsilesional intrahemispheric global efficiency, and 3.5 pp (CI95%

F IGURE 1 Overlay of 269 anterior-circulation stroke lesions included in the analysis. Stroke lesions have been segmented from pre-
randomisation diffusion-weighted MR imaging and registered to MNI152 space. Voxels that are affected by at least five infarcts are marked.

SCHLEMM ET AL. 5057
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[3.1, 3.9] pp, p < 0.0001) higher ipsilesional intrahemispheric global

clustering.

Controlling for this effect of lesion volume, network measures

were comparable in the placebo and alteplase groups before

randomisation.

Analysis of within-subject trajectories of global network measures

over the 22 to 36 h after stroke is shown in Figure 3. There was a less

pronounced loss of ipsilesional global efficiency of (mean ± S.E.:

�1.37 ± 0.37) pp in the alteplase group versus (�2.96 ± 0.46) pp in

the placebo group, corresponding to a treatment effect of alteplase of

1.59 pp (CI95% [0.42, 2.77] pp, p 0.0082). There was also a signifi-

cantly attenuated increase in global clustering (alteplase: [0.14 ± 0.38]

pp vs. placebo: (3.33 ± 0.76) pp), corresponding to a treatment effect

of alteplase of �3.19 pp (CI95% [�4.93, �1.44], p 0.0004). After

adjustment for the outcome predictor pre-randomization DWI lesion

volume and the potential mediator lesion growth, treatment effects

were 0.59 pp (CI95% [0.038, 1.14] pp, padj 0.0361) and �2.34 pp

(CI95% [�3.85, �0.82] pp, padj 0.0026), respectively. Similar results

were obtained when network measures after randomisation were

adjusted for baseline values and in a mixed-effects analysis

(Supplement Table 2).

After adjustment for treatment allocation, baseline lesion volume,

NIHSS score and patient age, change in graph parameters was an

independent predictor of excellent clinical outcome: the probability of

not achieving a score of 0 or 1 on the modified Rankin scale after

90 days was independently associated with a smaller decrease of

global efficiency (adjusted odds ratio 0.88/1 pp, CI95% [0.78, 0.97],

p 0.0139) and a higher increase of global clustering (aOR 1.09/1 pp,

CI95% [1.02, 1.18], p 0.0319) over the first 22 to 36 h after stroke.

When analyses were additionally adjusted for lesion growth, odds

ratios were numerically similar (efficiency: aOR 0.92/1 pp, CI95%

[0.80, 1.03]; clustering: 1.06, [1.00, 1.16]).

3.3 | Localisation of structural network changes

Mass-univariate effects of alteplase on progression of loss of struc-

tural connectivity at individual edges across the ipsilesional brain net-

work adjusted for baseline lesion volume and infarct growth are

shown in Supplementary Figure 3. After thresholding individual treat-

ment effects and collecting edges into connected components,

network-based statistics identified subnetworks of edges exhibiting

less pronounced within-subject loss of connectivity in the alteplase

group compared with the placebo group. Over thresholds ranging

from t = 1.0 to t = 2.1, corresponding to edge-wise mass-univariate

significance levels ranging from α = 0.159 to α = 0.0184, subnet-

works consisting of 146 (t = 1.0) to 15 (t = 2.1) edges were identified

(family wise error rate <0.05; Figure 4a). Most consistently and up to

the most conservative threshold of t = 2.1, the network-based statis-

tics approach localised the connectivity-preserving effect of alteplase

to long-range cortico-cortical connections between frontal and parie-

tal brain areas as well as limbic regions (Figure 4b,c).

Edge-betweenness centrality scores in the intrahemispheric

median reference network generated from 73 healthy subjects in the

NeMo toolbox were positive in 76 of 903 (8.4%) connections

(Figure 5a). Generalized regression analysis showed that for edges in

this backbone, a higher betweenness centrality was associated with a

stronger protective effect of alteplase treatment (p 0.0199,

Figure 5b). The topological importance of the subnetworks of

alteplase-responsive edges was quantified by their information

TABLE 1 Demographic and clinical characteristics of the study population

Whole sample n = 269 Placebo group n = 142 Alteplase group n = 127

Age (y)—mean (SD) 65.6 (11.2) 66.0 (11.1) 65.2 (11.3)

Female sex—n (%) 89 (34) 48 (34) 41 (33)

Baseline NIHSS—median (IQR) 6 (4–10) 7 (4–11) 6 (3.5–8)

Left-sided infarct—n (%) 160 (60) 86 (61) 74 (59)

Baseline lesion volume (ml)—median (IQR) 3.0 (1.0–9.9) 4.0 (1.3–10.2) 2.2 (0.87–9.9)

Lesion growth (ml)—median (IQR) 1.5 (0.04–9.8) 2.3 (0.24–17) 1.0 (�0.27–7.5)

Note: Measures of central tendency (mean; median) and, where applicable, dispersion (SD, standard deviation; IQR, inter-quartile range) are given for both

the full sample and strata defined by randomised treatment allocation to Placebo or Alteplase. Lesion growth is measured from before to 22–36 h after

randomisation.

F IGURE 2 Linear association between infarct size and ipsilesional
intrahemispheric global network measures. Efficiency (integration) and
clustering (segregation) before and 22–36 h after randomisation
(same n = 269 independent patients in each panel) are given relative

to their average value in a set of 73 unlesioned reference
connectomes. Shape indicates allocation to placebo (+) and alteplase
(�). Solid lines represent estimates of conditional population averages,
grey ribbons approximate 95%-confidence intervals.
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centrality, for example, the relative decline in global efficiency that

their removal would induce in the median reference brain network.

Information centrality of the subnetworks of alteplase-responsive

edges was significantly higher than in random null subnetworks of the

same size for all T thresholds <1.69 (Figure 5c). While information

centrality did not, then, exceed the 95% quartile of the null

F IGURE 3 Modelling change ΔGGP in the ipsilesional intrahemispheric global network measures from before to 22–36 h after randomisation
as a function of treatment allocation. (Left) Temporal differences (post- minus pre-randomization) in global efficiency and clustering in the placebo
and alteplase groups. Two-sided p values for the treatment effect of alteplase, expressed as the group difference (alteplase minus placebo), were

obtained from simple or multiple linear regressions. In adjusted analyses, the possible confounders pre-randomization DWI lesion volume and
lesion growth were included in the linear model as nuisance regressors. (Right) Point estimates ( , ) and 95% confidence intervals ( ) of the
effect of alteplase are represented as boxes and lines

F IGURE 4 Evolution of structural connectivity after thrombolysis compared with placebo. (a) Size (top) and family-wise error rate (FWER,
bottom) of the largest connected component (LCC) of the set of supra-critical edges (T statistic for treatment effect exceeding prespecified
thresholds). FWERs are obtained by comparing the size of the empirical LCC to the null distribution of sizes of maximal LCC obtained from
10,000 random permutations of the empirical data. Approximate 95% confidence intervals (ribbon) of FWERs were computed using Wilson's
formula (Wilson, 1927). Results from fully adjusted models with both baseline lesion volume (V0) and infarct growth (ΔV) included as nuisance
variables are shown in solid black. Results from partially adjusted and unadjusted models are shown for comparison by broken lines. (b) Weighted
adjacency matrix representations of subnetworks identified for selected T thresholds under full adjustment for lesion volume. Nodes are grouped
according to anatomical lobes with intralobar connections outlined along the main diagonal. Colour indicates the magnitude of the treatment
effect of alteplase on preservation of connectivity, with darker red indicating higher values. (c) Balls-and-sticks models of the same subnetworks
in axial, coronal and sagittal projections. The radius of the ball representing a region of the augmented Desikan–Killiany atlas is proportional to its
number of connections; colour indicates membership to frontal (F, cerulean), parietal (P, sun), temporal (T, dark cyan), occipital (O, summer sky)
and limbic (Li, violet red) lobes, or subcortical structures (Sc, orange)
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distribution of centrality values in random size-matched connected

networks, it was still substantially higher than the median of this

distribution.

Figure 5d displays the relation between the average degree of ini-

tial disconnection of an edge and the connectivity-preserving effect

of alteplase at the edge. The inverse U-shape (p value for nonlinearity

<0.0001) shows that alteplase had the largest effect at edges that

were, on average across the study sample, partially affected by the

ischemic lesions at baseline with the maximal treatment effect occur-

ring at edges with averaged disconnection of about 25%. Thromboly-

sis had little effect at edges whose connectivity was mildly or severely

compromised initially.

4 | DISCUSSION

We investigated the impact of thrombolysis on the evolution of struc-

tural brain networks in patients with anterior-circulation stroke

enrolled in the WAKE-UP trial. We used indirect lesion network map-

ping to transform empirical MRI-derived lesion maps into estimated

network disruptions in reference connectomes from healthy partici-

pants. As our first main result, treatment with rtPA was associated

with reduced stroke-related increase in structural network segrega-

tion and reduced loss in long-range network integration over the first

22 to 36 h after stroke beyond the effect of reduced lesion growth.

Secondly, preservation of structural connectivity occurred

F IGURE 5 Topological profile of connectivity-preserving effect of alteplase. (a) Network backbone comprising connections of nonvanishing
edge betweenness centrality (EBC). Line thickness indicates edge centrality, ball size node degree. (b) Regression analysis between betweenness
centrality and effect of alteplase at individual connections of the reference network backbone, quantified by the T statistic of the treatment term
in fully lesion volume-adjusted linear models of connectivity change. Each marker (+) represents one of 76 unique backbone edges. Positive,
integer-valued EBC is modelled as a function of treatment effect using a generalized linear model with a logarithmic link function and a quasi-
binomial response distribution (p 0.0199). (c) Information centrality of NBS-identified subnetworks of alteplase-responsive connections (vertical
red line) in comparison to null distributions of information centrality (shown as histograms) of n = 10,000 random connected subnetworks with
the same number of edges and nodes, for selected T thresholds under full adjustment for lesion volume. Vertical grey lines indicate median and
95% quantile of the null distribution. (d) Inverse U-shaped relation between the average degree of initial disconnection of an edge and
connectivity-preserving treatment effect of alteplase, quantified as the T statistic of the treatment term in edgewise linear models of change in
connectivity of individual connections adjusted for baseline lesion volume and change in lesion volume. Each marker (o) represents one of
n = 407 edges with non-zero connectivity. The solid black line represents the least-square second-degree polynomial fit with equation
y = �0.17 + 10.4x � 20.4x2, the shaded ribbon formal pointwise 95% confidence intervals
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predominantly in an interlobar cortico-cortical network of high-

centrality edges supported in the white matter surrounding initial

ischemic lesions.

The observed patterns of stroke-induced alterations in global net-

work architecture are consistent with previous work. Projection of

ischemic lesions into reference tractograms resulted in higher segre-

gation and lower integration parameters than in the intact connec-

tome, with a linear relation between volume of the lesion and degree

of altered topology. The distribution of lesion sizes and locations in

the current study with an abundance of small subcortical infarcts is

similar to a chronic stroke cohort (Cheng et al., 2019), in which the

same pattern of increased clustering and reduced efficiency was

observed and linked to the preferential damage of long-range connec-

tions. The almost mirror-like appearance of the volume dependence

of network measures in Figure 2 is typical for a sample of anterior-

circulations stroke patients (Figure 1) and might be different for more

peripheral or infratentorial lesion distributions. Smaller integration and

higher segregation parameters as well as changes in central network

hubs as a result of focal brain damage have previously been described

in animal studies using high-resolution tensor imaging and network

simulations (Sinke et al., 2018; Straathof et al., 2019). In addition to

reduced measures of centrality in stroke hemispheres (Lee

et al., 2015), structural network studies have also revealed changes in

the contralateral hemisphere, such as reduced communicability

(Crofts et al., 2011) and altered backbone structure(van den Heuvel

et al., 2012), after stroke.

While the patterns of network damage induced by a focal lesion

are increasingly well understood, the effects of a lesion evolving over

time are less clear. In our study we observed, over the first 22 to 36 h

after stroke, an early increase in segregation parameters and a decline

in integration parameters, which remained significant after controlling

for the effect of lesion size. A similar effect, albeit at a different time

scale and thus confounded by secondary processes of network degen-

eration, has previously been reported in a longitudinal cohort study

(Schlemm et al., 2020), in which, over a one-year follow-up period,

gradual changes of the global network topology in terms of global effi-

ciency and modularity beyond the effect of the acute disruption

occurred. In that study, lesion size in the acute phase was a strong,

yet imperfect, predictor for subsequent progressive network degener-

ation. This is in contrast to our results, where infarct growth, but not

baseline lesion volume, was associated with short-term network

change. The integrity of white matter pathways as the substrate for

global network organisation has been shown to undergo similar

changes after stroke (Koch et al., 2016), with the time course of asso-

ciated measures of structural connectivity mirroring those of derived

network parameters (Schlemm et al., 2020).

The efficacy of acute stroke treatments is primarily assessed

against clinical endpoints including neurological impairment, disability

and quality of life (Saver, 2011). Imaging markers of brain perfusion and

tissue state are used to supplement primary analyses and provide infor-

mation on the immediate effect of an intervention (De Silva

et al., 2009). Thus both vessel recanalization and slowed infarct growth

have been associated with acute reperfusion treatment (Mair

et al., 2018; Rha & Saver, 2007; Zangerle et al., 2007). Little informa-

tion, however, is available on the effect of medical interventions on the

progression of network organisation after stroke. We have previously

shown that intravenous thrombolysis helps preserve structural connec-

tivity after stroke (Schlemm et al., 2021). Extending this result, we find

that the increase in clustering and the loss of efficiency in stroke

patients over the first 22 to 36 h after the event is attenuated after

receiving alteplase in comparison to placebo. This effect remained sta-

tistically significant after controlling for the alteplase-dependent reduc-

tion in lesion growth observed in this population (Figure 3).

Preservation of both structural connectivity (Schlemm

et al., 2021) and of physiological network organisation quantified by

integration and segregation parameters, as shown above, was associ-

ated with achieving an excellent functional outcome 90 days after

stroke as measured in terms of activity of daily living on the modified

Ranking scale. This reflects the integrity of the structural connectome

as a prerequisite for normal neurological function in multiple domains,

with disruptions of the connectome linked to a wide variety of acute

and chronic stroke symptoms such as aphasia (Gleichgerrcht

et al., 2015), motor deficits (Aerts et al., 2016), depression (Xu

et al., 2019) and apathy (Tay et al., 2020). More specifically, our

results are consistent with previous studies of both voxel-based and

network-informed measures of lesion impact in stroke, in which the

location and number of rich-club nodes affected by the lesion were

used to predict functional outcome (Cheng et al., 2014; Ktena

et al., 2019; Schirmer et al., 2019). Subsequent developments com-

bined spatial and topological information by convolving hub-scores

and lesion overlap in 90 brain regions and showed that the resulting

lesion impact score has utility in predicting cognitive recovery after

stroke (Aben et al., 2019). These results hint at a parallel between the

notions of ‘network hub’ and ‘edge centrality’, in which the former

emphasizes the importance of a node in the network, whereas the lat-

ter operates at the level on individual connections (Zhou et al., 2016).

Previous work revealed the largest effects of alteplase at preserv-

ing structural connectivity in the fibre bundles related to the cortical

areas of the frontal, parietal and temporal lobes adjacent to the cen-

tral sulcus (Schlemm et al., 2021). Here, we further increased the

spatio-topological resolution of these findings and localised the pro-

tective effects of alteplase to networks of cortico-cortical connections

surrounding the central region of the ipsilesional hemisphere

(Figure 4c). Considering the homogenous distribution of predomi-

nantly subcortical infarcts in this population of patients with anterior-

circulation stroke, the cerebral white matter supporting these

alteplase-responsive networks has a large spatial overlap with the

periphery of the individual initial DWI lesions, which are most vulnera-

ble to delayed infarction due to expansion of the ischemic core (Read

et al., 2000). By topologically localizing the connectivity-preserving

effect of alteplase to specific edges in the connectome, our results

indirectly characterise the spatial profile of local infarct progression.

Further research is needed to clarify if specific patterns of spatio-

topological lesion evolution are related to the loss or recovery of dis-

tinct neurological functions beyond the global disability scale used in

the WAKE-UP trial.
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The interplay between the location of ischemic lesions and the

topology of spatially embedded brain networks helps explain the

changes in global network organisation observed in this study. We

showed that, at the population-level, the connectivity-preserving

effect of alteplase is largest for connections located at the periphery

of the spatial distribution of ischemic lesions (Figures 4c and 5d), and

thus, by homogeneity of our sample, of individual lesions. This result

is consistent with the proposition that reperfusion treatment pre-

serves brain structure in a spatially nonuniform fashion. Indeed, its

effect is expected to be highest in the ischemic penumbra, where tis-

sue is acutely hypoperfused, but not yet critically damaged

(Baron, 2018; Kawano et al., 2017). Irreversibly infarcted tissue at the

core of the infarct as well as healthy brain regions far away from the

site of ischemia, on the other hand, are expected to receive little ben-

efit, from restoring perfusion. Our results imply that, in the case of

predominantly subcortical anterior-circulation infarcts, salvaged brain

tissue surrounding the ischemic core contains white matter fibre

tracts which contribute above-average to the integrative capacity of

the hemispheric brain network (Figure 5b,c). This reflects the intuition

that infarcts in our study sample, often involving the basal ganglia and

internal capsule, were located in a central and densely connected part

of brain networks. The spatial embedding of the connectome thus

mediates the topologically nonuniform efficacy of alteplase at pre-

serving the integrity of high-centrality connections and explains the

lesion volume-independent protective effect of reperfusion treatment

on global network topology.

Our findings of preserved connectivity as a consequence of

alteplase-induced salvage of peri-core penumbral brain tissue also

provide further insight into mechanisms of delayed recovery after

stroke. Beyond the immediate benefits of reduced lesion volume, the

integrity of peri-infarct connections may facilitate remote compensa-

tory changes and thus promote adaptive plasticity (Furlan

et al., 1996). Similarly, these adaptive processes may benefit from and

proceed more easily in the presence of undisturbed brain network

topology (Dirren & Carrera, 2017).

We used an indirect lesion network mapping approach to esti-

mate the impact of a focal ischemic lesion on the brain connectome

(Kuceyeski et al., 2013). The advantages and shortcomings of this

method to quantify network disruptions and infer mechanisms under-

lying the associated clinical deficits have been discussed at length

(Boes, 2021; Boes et al., 2021; Salvalaggio et al., 2020; Umarova &

Thomalla, 2020). In the case of a multi-centric acute clinical stroke

trial like WAKE-UP, the following points are particularly pertinent

(Schlemm et al., 2021): beyond standard MR imaging protocols used

in acute ischemic stroke, indirect network mapping does not require

the acquisition of high-resolution diffusion sequences, which are

time-consuming, vulnerable to confounding by motion artefacts and

prone to induce selection bias. Restricting analyses to use fast and

robust MRI sequences is also a prerequisite for translating our findings

into clinical practice and to further assess the prognostic accuracy of

short term preservation of network organisation for functional out-

come in a larger prospective sample. Indirect lesion network mapping

is invariably limited in its ability to estimate “exofocal” network dis-

ruptions occurring outside of the lesion itself, be it via diaschisis or

peri-infarct selective neuronal loss (Baron et al., 2014; Carrera

et al., 2013; Carrera & Tononi, 2014; Cheng, Dietzmann, et al., 2020;

Zhang et al., 2012). However, the contribution of these delayed net-

work disruption mechanisms is likely to be minor in the timeframe up

to 36 h after stroke studied here. Moreover, despite this methodologi-

cal limitation, NeMo, the particular toolbox used in this study, has

been shown repeatedly to produce clinically and anatomically valid

estimates of structural disconnection (Kuceyeski et al., 2014, 2015,

2016; Olafson et al., 2021; Respino et al., 2019; Tozlu et al., 2021).

Thus, while indirect network mapping only provides surrogate markers

of true neuronal disconnection and is contingent on both the validity

of the tractography algorithm performed in the underlying reference

population and the assumption that lesion-induced effects exceed

inter-individual variability in white matter structure, it has significant

utility in situations in which subject-specific diffusion imaging, tracto-

graphy and network reconstruction cannot be performed.

Our results are constrained by a number of limitations. The study

population consisted of patients with mild-to-moderate anterior-

circulation stroke with unknown time of symptom onset whose stroke

had likely occurred within 4.5 h and who were randomized to treat-

ment with alteplase or placebo. While the risk of selection bias due to

lack of imaging data seems low, our results cannot readily be general-

ized to patients with more severe or posterior circulation stroke, or to

the effect of late or mechanical revascularization. Also, the population

underlying the reference tractograms was not age-matched to our

sample of acute stroke patients. An important extension of the pre-

sent work would be an analysis of the effects of thrombolysis on the

trajectories of measures of brain network topology beyond 36 h.

Since, in the absence of reperfusion treatment, infarcts have the

potential to grow beyond 36 h (Christensen et al., 2019; Tate

et al., 2021), the indirectly assessed connectivity-preserving effect of

thrombolysis might then be even larger. On the other hand, it is

expected that secondary processes, including peri-infarct selective

neuronal loss and diaschisis, but also compensatory increases in con-

nectivity, become more relevant. A combination of techniques is

therefore necessary to accurately map changes in network organisa-

tion in the subacute phase.

In summary, our analysis shows that systemic thrombolysis after

anterior-circulation stroke preserves structural connectivity at the

periphery of the ischemic lesion. Preservation of topologically impor-

tant connections supported by brain tissue in this area leads to an

attenuation of progressive global network disruption in terms of both

segregation and integration parameters, which is a predictor for excel-

lent outcome.
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