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SUMMARY 

 

 

Abstract in English 
 

 

Introduction 
 

Stroke is a dire medical and economic burden. While the current treatment of acute ischemic stroke 

(AIS) is restricted to a limited time-window, stroke-imaging facilitates novel tissue-based 

personalized stratification approaches. In this thesis we targeted the standardization of stroke 

imaging and the development of predictive models for individual assessment of stroke progression. 

Subproject 1 aimed to improve diagnostic perfusion imaging in MRI by standardization of the 

imaging post-processing through comparison of the two most common deconvolution methods, 

i.e. standard- and block-circulant singular-value-decomposition (sSVD and bSVD). Subproject 2 

aimed at improving the detection of tissue-at-risk by establishing a multi-parametric perfusion 

imaging model. Finally, in subproject 3 we aimed to develop a multi-modal MRI framework for 

prediction of final-infarct and identification of the important imaging-markers for patients with 

recanalization and persistent-occlusion. 

 
 

Methods 
 

In subproject 1, a retrospective analysis was performed on dynamic-susceptibility-contrast-

enhanced (DSC)-MRI and positron-emission-tomography (PET) cerebral-blood-flow (CBF) scans 

of stroke patients. The two deconvolution methods were used to derive perfusion-maps and were 

systematically compared quantitatively against the PET gold-standard. In subproject 2, in a 

retrospective analysis a multi-parametric model integrating five different perfusion-parameters 

was established and compared against the single perfusion parameters. The models were validated 

for assessing penumbral-flow using PET-CBF maps. In subproject 3, a retrospective study of 

multi-centric data was performed. The XGBoost algorithm was used to establish an integrative 

multi-modal nonlinear model based on perfusion imaging as well as DWI and FLAIR imaging for 

final infarct prediction and was compared to the standard linear approach. The important imaging-

markers for stroke-progression were systematically identified. 

 
 

Results 
 

In three publications, we improved image post-processing and imaging-based prediction of clinical 

targets in AIS. In subproject 1, we identified the bSVD deconvolution method as the standard to derive 

DSC-MRI perfusion-imaging maps in stroke. In subproject 2, we validated a novel DSC- 
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MRI based multi-parametric model for detection of individual tissue-at-risk for stroke patients 

with very high accuracy. In subproject 3, we established a multi-modal MRI model for final-infarct 

prediction using the XGBoost algorithm and demonstrated significant improvement over the 

standard linear model. Finally, we identified the imaging parameters MTT, TTP, Tmax and DWI 

as most valuable for infarct prediction. 

 
 

Conclusion 
 

The results of the present thesis provide an advanced framework of imaging-based predictive 

modeling in acute stroke applicable for the clinical setting. These advancements support 

personalized medicine in stroke-imaging and will benefit the diagnosis and stratification of acute 

stroke patients. 
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Abstract in German 
 

 

Einleitung 
 

Der akute ischämische Schlaganfall (AIS) ist eine medizinische Herausforderung. Eine Therapie 

im AIS ist zur Zeit lediglich in einem definierten Zeitfenster möglich. Die Bildgebung des 

zentralen Nervensystems („Neuroimaging“) jedoch hat das Potential eine personalisierte 

Therapiestrategie basierend auf rettbarem Gewebe (tissue-at-risk) zu etablieren. Die vorliegende 

Dissertation hatte zum Ziel in drei Teilschritten das Neuroimaging im akuten Schlaganfallsetting 

zu standardisieren und Modelle der Schlaganfallprogressionsvorhersage zu etablieren. Teilprojekt 

1 zielte darauf ab, die Nachbearbeitung der Durchblutungsbildgebung in der 

Magnetresonanztomographie (MRT) zu standardisieren. Hierfür wurden die meistverbreiteten 

Dekonvolutionsmethoden validiert. Teilprojekt 2 hatte zum Ziel die Darstellung von tissue-at-risk 

mittels eines Vorhersagemodells darzustellen, das verschiedene Durchblutungsparameter 

kombiniert. In Teilschritt 3 entwickelten wir ein multimodales bildgebungsbasiertes MRT-

Vorhersagemodell, welches den finalen Infarkt vorhersagen kann, sowie die wichtigsten Parameter 

für die Vorhersage in Patienten mit Rekanalisation und Patienten mit persistierender Okklusion 

identifizieren kann. 

 
 
 
 

Methoden 
 

In Teilprojekt 1 führten wir eine Bildgebungsanalyse von konsekutiven Dynamic-Susceptibility-

Contrast-enhanced (DSC)-MRT und PET-cerebral blood flow (CBF) Bildgebungen durch. Die 

standard- und block-circulant singular-value-decomposition (sSVD und bSVD)Methoden wurden 

genutzt um DSC-Durchblutungsparameterkarten zu erstellen, welche mittels PET-CBF validiert 

wurden. In Teilprojekt 2 wurden fünf Durchblutungsparameter in einem multiparametrischen 

Modell integriert und deren Vorhersagekraft für die Darstellung von verminderter Durchblutung 

mit den Einzelparametern verglichen. Diese Modelle wurden mittels PET-CBF Bildgebung 

validiert. In Teilprojekt 3 wurde an multizentrischen Bildgebungsdaten der treeboosting-

Algorithmus XGboost verwendet um ein multimodales Modell für die Infarktprädiktion zu 

entwickeln, welches Durchblutungsbildgebung, diffusionsgewichtete Bildgebung (DWI) und 

Fluid-Attenuated-Inversion-recovery-Bildgebung (FLAIR) enthielt und es erlaubte, die einzelnen 

Bildgebungsparamater nach ihrer Vorhersagekraft zu ordnen. 
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Ergebnisse 
 

In drei Publikationen konnten Fortschritte in der Standardisierung der Bildgebung im AIS und in 

der bildbasierten Infarktprädiktion erzielt werden. In Teilprojekt 1 identifizierten wir die bSVD-

Dekonvolution als Standard für die Erstellung von DSC-Durchblutungsparameterkarten im AIS. 

In Teilprojekt 2 validierten wir ein multiparametrisches Modell für die Vorhersage des tissue-at-

risk, welches eine sehr hohe Präzision zeigte. In Teilprojekt 3 entwickelten wir mittels des 

neuartigen XGBoost Algorithmus ein integratives multimodales MRT-basiertes Modell der 

Infarktprädiktion. Dieses nicht-lineare Modell zeigte deutliche Verbesserungen gegenüber dem 

linearen Standardmodell der Infarktprädiktion. Wir konnten zudem zeigen, dass die Parameter 

MTT, TTP, Tmax und DWI sowohl in Patienten mit Rekanalisation als auch in Patienten mit 

persistierender Okklusion die stärkste Vorhersagekraft hatten. 

 
 

Schlussfolgerung 
 

Die Ergebnisse dieser Dissertation bilden ein erstes Rahmenwerk für bildgebungsbasierte 

prädiktive Modelle für AIS Patienten, die auch im klinischen Setting anwendbar sind. Damit 

unterstützen diese Resultate die Entwicklung personalisierter Ansätze in der AIS-Therapie, um die 

Diagnostik und Stratifizierung zukünftig deutlich zu verbessern. 
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Introduction 
 

 

Acute ischemic stroke (AIS) is a leading cause of death and disability in first world countries.
1
 

Casual treatment of AIS patients (e.g. recanalization) in the clinical setting, however, is limited by 
 

a restricted time-window according to the medical guidelines.
2–4

 This time-based stratification 

approach results in only about 10% of patients receiving treatment using pharmacological- or 
 

mechanical recanalization.
5
 Consequently, improved diagnostic tools for AIS patients 

stratification into treatment are highly warranted. 
 
Major efforts are invested in the field to establish a tissue-based approach to provide a more 

reliable and individualized stratification tools to replace the current time-clock paradigm. 

Neuroimaging plays a key role in providing a personalized and reliable diagnosis in the clinical 

settings. While the time-clock approach is over generalizing, an imaging-based tissue-clock is 

inherently tailored to the individual patient. Magnetic resonance imaging (MRI) provides a multi-

modal imaging technique that allows the examination of numerous aspects of brain ischemia. 

Diffusion-weighted imaging (DWI) informs about cell death, fluid-attenuated-inversion-recovery 

(FLAIR) can help to estimate the age of lesions and perfusion-weighted imaging (PWI) reflects 

perfusion status. Brain imaging is thus the most promising method to achieve robust stratification 

of AIS patients into treatment beyond a purely time-based approach. 
 
A heavily pursued non-time based framework using neuroimaging is the detection of penumbral flow, 

coined tissue-at-risk in MR-imaging. Here, dynamic-susceptibility-enhanced-contrast (DSC) -MRI is 

often used to identify the tissue-at-risk. In DSC-MRI, a time-series signal based on gadolinium 

compounds is used as a contrast agent. Together with a chosen arterial input function (AIF) the residual 

curve is derived by which most perfusion parameters are calculated. While DSC-MRI is broadly 

available and promising, its use is currently limited as it lacks standardization due to the complexity 

of imaging post-processing and due to the absence of an available gold-standard validation. In the 

present thesis we thus applied three proceeding steps for the standardization of DSC-based stroke 

imaging and development of imaging-based predictive models. 
 
In the first step we focused on the basic post-processing of DSC perfusion maps. Here, a major pressing 

matter is the unanswered question which type of deconvolution method should be applied. The choice 

of deconvolution method is crucial in DSC-MRI processing due to the tremendous effect on the 

acquired perfusion maps. This is caused by the influence of signal characteristics such as long time-

delays which are typical in acute stroke imaging. A reason for the lack of standardization of 

deconvolution is the sparsity of validations against gold standards. Thus, we compared the two most 

common deconvolution approaches using different software and validated 
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them with gold-standard positron emission tomography (PET) perfusion-imaging (see publication 

1). Having established standardized perfusion images we aimed in the next step to integrate 

different perfusion parameters in one predictive model. Normally, only single perfusion 

parameters maps are used to identify the tissue-at-risk (i.e. penumbral-flow). An integration, 

however, of several perfusion maps holds the promise to improve the assessment of penumbral 

flow. To address this challenge we integrated the standard perfusion parameters using a 

generalized linear model (GLM) to predict penumbral flow in AIS and validated it against PET-

imaging (see publication 2). 
 

Naturally, the best results for stratification can be expected, if different MR-modalities – not only 

perfusion imaging - are combined in a multimodal imaging approach. Here, however, there is no 

consensus, which imaging parameter(s) allow for the best prediction of the tissue-at-risk. The 

technological advancement in the field of machine learning allow to apply new integrative models 

to answer this question. Thus, in the last step we developed a framework using the novel tree-

boosting XGboost to integrate different MR-modalities for final-infarct prediction, where the final-

infarct serves as a surrogate for the tissue-at-risk. Using two sub-models for the cases of successful-

recanalization and persistent-occlusion, the model provides complementary information for final 

infarct prediction in AIS patients. This allowed us to identify the most important imaging-markers 

for both cases of successful-recanalization and persistent occlusion (see publication 3). 
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Goals 
 

 

The following measures are necessary to improve the diagnostic possibilities in AIS the clinical 

setting: to standardize brain-imaging and to provide new diagnostic tools as replacement for the 

current time-window approach. Among the different MRI modalities, perfusion imaging 

particularly holds critical information about the stroke progression and the tissue at risk. Thus, in 

the present thesis we set out to standardize perfusion imaging post-processing using sound gold-

standard validation and develop MRI-based predictive models as diagnostic measures in AIS. The 

imaging-based multi-parametric and multi-modal predictive models allow to better capture the 

individual stroke progression and therefore take a step forward towards personalized medicine in 

stroke. In a multidisciplinary approach and clinical imaging studies we aimed to 
 

a) Subproject 1: Compare the two most common deconvolution methods in AIS and 

validate the results using PET gold-standard. 
 

b) Subproject 2: Integrate the different DSC-MRI perfusion parameters to predict the tissue-

at-risk and validate the results using PET gold-standard 
 

c) Subproject 3: Integrate multi-modal MRI imaging to predict the final infarct for the cases 

of successful-recanalization and persistent-occlusion and identify the relevant imaging-

markers for final-infarct prediction. 
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Methods 
 

As this thesis encompasses three publications, the summary methods overview will be concise due 

to the official page restrictions. Detailed information about the applied methods can be found in 

the methods section of each publication. 

 

Ethics statement 
 

All patients gave informed written consent prior to the study. All studies were conducted according 

to the principles expressed in the Declaration of Helsinki and were approved by the authorized 

ethical review boards (ERB) of the University of Cologne (Publications I and II) and with the 

Aarhus, Hamburg, Lyon, and Girona hospitals and their respective regional ethics committees 

(Publication III). 

 

Clinical study populations 

 

For Subproject 1 and 2 (Publications I and II), a retrospective analysis of database of (sub)-acute 

ischemic hemispheric stroke patients with comparative MR- and PET imaging (University of 

Cologne) was conducted. Stroke patients available for the analysis were imaged consecutively 

between 2003 and 2006. The database was screened and patients were included according to the 

following main criteria: 1) clinically proven stroke, 2) confirmed unilateral stroke lesion in DW-

imaging, 4) available consequent DSC-MRI and PET imaging. Main exclusion criteria were: 1) 

patients with thrombolysis 2) patients with a change of the National Institute of Health Stroke 

Scale (NIHSS) score >2 points during the imaging procedure 3) insufficient image quality. Due to 

slightly differing inclusion criteria, e.g. standardization of the TR scan-parameter in publication II 

and different requirements for the quality of concentration-curves, there is a slight difference in 

the number of datasets in both studies (18 and 17). 
 
For Subproject 3 (Publications III), in a retrospective analysis, patients with acute ischemic 

hemispheric stroke from the I-Know European multicenter study and the Ischemic Per-

conditioning trial were included.
6,7

 Databases were screened and patients were included according 

to the following main criteria: 1) clinically proven stroke, 2) confirmed unilateral stroke lesion in 

DW-imaging, 3) available acute DWI, FLAIR and DSC-MRI imaging 4) available follow-up (FU) 

FLAIR imaging. Main exclusion criteria were: 1) insufficient image quality, 2) final-infarct 

volume<0.12mL. 195 patients were included in Publication III. 

 
 
 
 
 
 

 

- 10 - 



- 11 - SUMMARY Michelle Livne  DISSERTATION 
 

 

Imaging Hardware 
 

For Subproject 1 and 2 (Publications I and II), MR-imaging was performed at 1.5 T on a Philips 

Intera Master whole-body system (Philips Medical Systems, Best, The Netherlands). PET was 

performed on a ECAT EXACT HR scanner (Siemens/CTI, Knoxville, TN). 

 

For Subproject 3 (Publication III), MR-imaging was performed at the admitting hospital :GE 

Signa-Excite 1.5T, GE Signa-Excite 3T, GE Signa-HDx 1.5T, GE Signa-Genesis 1.5T, 

Milwaukee, WI; Siemens-TrioTim 3T, Siemens-Avanto 1.5T, Siemens-Sonata 1.5T, Erlangen, 

Germany; Philips-Gyroscan NT 1.5T, Phillips-Achieva 3T, and Philips-Intera 1.5T, Best, 

Netherlands. 

 

Study methodology 
 

As this thesis encompasses three different publications with distinct and complex methodologies, 

the methods cannot be explained in detail due to the official page number limitation. Thus, only 

an abstract-style methods overview will be given in the following. These overviews are slightly 

modified from the original abstract texts of the publications listed in the publication overview on 

page 31. Detailed information about the applied methods for each publication can be found in the 

print copies of each publication following page 24. 

 

Subproject 1, Publication I: In a retrospective study of (sub)acute stroke patients with consecutive 

MRI and H2O15 PET imaging, DSC-MRI maps were calculated applying two deconvolution methods: 

standard- and block-circulant single value decomposition, i.e. SSVD and BSVD respectively. Two 

standardized analysis methods were used for this comparison: a region of interest–based and a voxel-

based analysis, where PET cerebral blood flow masks of <20 mL/100 g per minute (penumbral flow) 

and gray matter masks were overlaid on DSC perfusion-parameter maps. For both methods, receiver-

operating-characteristic (ROC) curve analysis was performed to identify the accuracy of each DSC-

MR map for the detection of PET penumbral-flow. 
 
Subproject 2, Publication II: In a retrospective analysis of 17 subacute stroke patients with 

consecutive MRI and H2O15 PET scans, standard perfusion maps of cerebral-blood-flow (CBF), 

cerebral-blood-volume (CBV), mean-transit-time (MTT), time-to-maximum (Tmax) and time-to-

peak (TTP) were constructed and combined using a generalized linear model (GLM). Both the 

GLM maps and the single perfusion maps alone were cross-validated with PET-CBF scans to 

predict penumbral flow on a voxel-wise basis. Performance was tested using receiver-operating-

characteristics (ROC) curve analysis as indicated by the area-under-the-curve (AUC) and the 
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models were statistically compared using the likelihood-ratio test. A standard significance level of 

p<0.05 was applied 
 

Subproject 3, Publication III In a multi-center retrospective analysis of 195 AIS patients, fluid-

attenuated-inversion-recovery (FLAIR), diffusion-weighted-imaging (DWI) and 10 perfusion 

parameters were derived from acute MRI scans. They were integrated to predict final infarct as 

seen on follow-up T2-FLAIR using the tree-boosting algorithm XGBoost and compared to a 

standard generalized-linear-model (GLM) approach using two cross-validation (CV) approaches: 

leave-one-out (LOO) and 5-folds. Sub-models for recanalization- and persistent-occlusion were 

calculated and were used to identify the important imaging markers. The contribution of each 

imaging-modality, also termed as gain, was calculated according to the cumulative average of the 

modality-gain over all the constituent decision-trees in the ensemble-model. Performance in 

infarct-prediction was analyzed with receiver-operating-characteristics (ROC). Resulting areas-

under-the-curve (AUC) and accuracy-rates were compared using Wilcoxon signed rank test. A 

standard significance level of p<0.05 was applied. 
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Results 
 
 

 

Subproject 1 
 

The goal of subproject 1 was to improve the standardization of perfusion imaging post-processing by 

comparing the two most commonly applied deconvolution methods, sSVD and bSVD. 

 

In 18 data-sets (median time after stroke onset: 18 hours; median time PET to MRI: 101 minutes), 

the ROC analysis showed that the bSVD deconvolution-method performed significantly better in 

PET penumbral-flow detection only for MTT maps (see figure 1). Over both deconvolution 

methods, the deconvolved perfusion-parameter Tmax had the highest performance in penumbral-

flow detection independent of the deconvolution method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1:Graphic overview of the DSC-MRI parameter maps analyzed in our study arranged according to 
perfusion parameters and the deconvolution methods. The performance is measured by the area under the 
curve (AUC). Interquartile ranges are given as error bars. Abbreviations: bSVD, block-circulant single 
value decomposition; CBF, cerebral blood flow; CBV, cerebral blood volume; MTT, mean transit time; 
ROI, region of interest; sSVD, standard single value decomposition; and Tmax, time-to-maximum. 
 
 
 
 
 
 
 
 

 

- 13 - 



- 14 - SUMMARY Michelle Livne  DISSERTATION 
 

 

Subproject 2 

 

The goal of this subproject was to integrate the standard perfusion parameters into one predictive 

model using GLM for identification of the tissue-at-risk as represented by penumbral-flow and 

validate the model using PET imaging. 

 

The GLM model demonstrated significantly improved model fit compared with each of the single 

perfusion maps (P<1×e-5) as indicated by the likelihood-ratio test. It also demonstrated higher 

performance with an AUC of 0.91 (see figure 2). Nonetheless, the absolute improvement in 

performance of GLM comparing with the best-performing perfusion parameter (Tmax) was 

relatively low (AUC difference of 0.04). An illustrative example is shown in figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2: The figure shows the models performance in penumbral-flow prediction. The median area under 

the curve (AUC) for each of the models is displayed in A. Error bars represent the interquartile range (IQR). 

The performance curves for each of the models are shown in B. CBF indicates cerebral blood flow; CBV, 
cerebral blood volume; GLM, generalized linear model; MTT, mean transit time; Tmax, time-to-maximum; 

and TTP, time-to-peak.  
 

Figure 3: Illustration of the predictive 
maps for a representative patient. 

 

Single parameter perfusion maps (CBF, 

CBV, MTT, Tmax, and TTP) (A) are 
shown here in comparison to a GLM-

based probability map for penumbral 
flow detection (B). As can be observed, 

the GLM-based probability map yields 

an accurate prediction of penumbral 
flow as presented by the positron 

emission tomography (PET)-based  
penumbral-flow layout (C) in 

comparison with the single parameter 
perfusion maps. CBF indicates cerebral 

blood flow; CBV, cerebral blood 

volume; GLM, generalized linear model; 
MTT, mean transit time; Tmax, time-to-

maximum; and TTP, time-to-peak. 
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Subproject 3 

 

In this subproject, we aimed to integrate the different MRI modalities including DWI, FLAIR and 

DSC-MRI into one predictive model to identify the final-infarct for the case of successful 

recanalization and persistent occlusion. For this purpose, we used the ensemble-tree-boosting 

model XGboost which also allows rating of the different imaging-modalities according to their 

numerical contribution to the infarct-prediction. 

 

The XGBoost model demonstrated significantly higher performance in infarct prediction compared to 

the standard GLM method in both CV approaches: 5-folds (p<10e-16) and leave-one-out (LOO) 

(p<0.015) as was indicated by the Wilcoxon signed rank test. The imaging parameters time-to-peak 

(TTP), mean-transit-time (MTT), time-to-maximum (Tmax) and DWI were indicated as most valuable 

for infarct-prediction by the systematic algorithm rating and accounted for 87% of the gain in both 

predictive-models. The rest of the parameters had less than 5% of contribution to the prediction of 

final-infarct. Notably, the performance improvement was higher with 5-folds CV approach than LOO. 

The full performance assessment is detailed in table 1. 

 

Table 1: Performance of XGBoost and GLM models in final infarct prediction  

 

Full cohort Model  
 

 CV method XGB GLM p value 
     

 LOO (AUC/Acc) 0.88/0.84 0.87/0.82 < 10e-6/<10e-10 
     

 5-folds (AUC/Acc) 0.92/0.84 0.86/0.78 < 10e-33/<10e-33 
    

  Model for Successful Recanalization  
     

 CV method XGB GLM p value 
     

 LOO (AUC/Acc) 0.89/0.83 0.88/0.80 <10e-3/<10e-5 
     

 5-folds (AUC/Acc) 0.93/0.84 0.87/0.79 < 10e-148/<10e-33 
    

  Model for Persistent Occlusion  
     

 CV method XGB GLM p value 
     

 LOO (AUC/Acc) 0.90/0.82 0.88/0.80 0.015/<10e-5 
     

 5-folds (AUC/Acc) 0.93/0.84 0.88/0.80 < 10e-63/<10e-33 
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Table 1: Comparison of the performance of the XGBoost (XGB) algorithm and the generalized-linear-model 

(GLM) in final infarct prediction using receiver operating characteristics (ROC) analysis as measured by the 

area under the curve (AUC) and the accuracy rate (Acc). The comparison was done using the non-parametric 

paired Wilcoxon signed rank test. The performance is listed for three models: 1) The general model, without 

integration of recanalization status 2) The model for successful recanalization and  
3) The model for persistent-occlusion, for both cross validation (CV) approaches: Leave-one-out (LOO) 
and 5-folds. The higher p-values in the two sub-models are attributed to the smaller available datasets, 
comparing with the general model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4: The figure illustrates the final infarct prediction for a representative patient. Here single parameter 

maps of diffusion-weighted-imaging (DWI), parametric time-to-maximum (pTmax), time-to-peak (TTP) 

and parametric mean-transit-time (MTT) (A) are shown in comparison to a generalized-linear-model 

(GLM)-based probability map (GLM) and XGBoost-based probability map (XGB) (B) for final infarct for 

a representative recanalized patient. As can be observed, the XGBoost-based probability map yields an 

accurate prediction of final infarct as presented by the T2-FLAIR- based final infarct layout (B) in 

comparison with the presented single imaging modalities and the GLM-based probability map (especially 

in the posterior areas). The illustration reflects the finding that the perfusion parameters pTmax, pMTT and 

TTP are valuable markers for acute infarction. 
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Discussion 
 

 

In the present PhD thesis, we targeted different aspects in imaging post-processing and imaging-based 

predictive modeling in AIS. In three publications, we established improved standardization of 

neuroimaging biomarkers and implemented new personalized predictive models for patient 

stratification. Our first work showed the advantage of the bSVD deconvolution method for acquisition 

of perfusion imaging in acute stroke and thus provides a gold-standard validation for the 

standardization of perfusion imaging processing. In a second step we established a perfusion-imaging- 

based multi-parametric model (GLM) for identification of the tissue at risk as a surrogate of penumbral 

flow and validated it using PET gold-standard. The multi-parametric model showed significant 

improvement in detection of penumbral-flow in AIS patients compared with single perfusion 

parameters. Lastly, we developed a multi-modal MRI model, integrating perfusion imaging with DWI 

and FLAIR in a non-linear approach (XGBoost) to detect the infarct progression in acute stroke patients 

and validated the superiority of the nonlinear model in final-infarct prediction compared with the 

standard linear model. Additionally, DWI, Tmax, TTP and MTT were identified as the important 

imaging-markers for infarct prediction. 
 
While perfusion-imaging using DSC-MRI was shown to provide valuable information for stroke 

diagnostic, the complexity of the post-processing to yield the perfusion maps results in a large 

variety of respective methodologies and a lack of standardization.
8–14

 The choice of 

deconvolution method is a central source of variation in perfusion-imaging acquisition. While the 

advantages of the bSVD deconvolution as a time-shift invariant method were previously discussed 

by Wu et al., our work provides first gold-standard based validation for the method.
9
 Later reports 

confirmed corroborated our findings.
15 

 
Perfusion imaging using DSC-MRI was used extensively in the literature to depict the tissue-at-

risk and therefore have significant implications for development of imaging-based stratification 

approach for AIS patients.
12,16–19

 However, until now only single parameter perfusion maps were 

used separately as predictors. Here, we established for the first time an integrative model using 

GLM to provide a more accurate assessment of the tissue at risk.
20,21,17,22

 Due to its simplicity, 

our model can be easily used in clinical settings, given the standard perfusion maps. In concert 

with the newly emerging therapeutic strategies, from normobaric oxygen therapy to 

thrombectomy, accurate identification of penumbral flow based on imaging is a key issue in 

stratification as well as monitoring and evaluation of the new techniques. 
 
The most important advances in the field of stroke imaging in the last decade aspired to shift from the 

current time-window paradigm to a tissue-based paradigm for a more individual, reliable and 
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inclusive approach for stroke patients stratification into treatment. In accordance with 

technological advancement and available data, we believe that the future of stroke imaging lays in 

personalized medicine. While the tissue-based paradigm comprises the first steps towards 

personalized medicine in acute stroke, the technology of today allows integrating the different 

imaging modalities into one model and allow non-linear approaches to better fit the prediction for 

each patient individually. In our last study we thus used the XGBoost algorithm to establish an 

integrative multi-modal MRI model for prediction of final-infarct. Our results indicated clearly 

that the XGBoost model performs better than a standard linear model. Our findings also indicated 

the perfusion parameters MTT, TTP and Tmax as well as DWI as the most important bio-markers 

for final infarct prediction, and as a surrogate of that, the tissue at risk. These last findings 

emphasize the importance of perfusion parameters as reliable predictors of stroke severity and 

corroborate previous indications in the literature.
23 

 

In conclusion, the results of the present thesis provide important advancements for predictive 

modeling in stroke imaging. We present frameworks for clinically applicable models that can be 

used for future stratification approaches of AIS patients into treatment and provide a decision 

support system for clinicians. In our work we wish to inspire the necessary prospective studies to 

validate the presented models for clinical use. A direct benefit for patients can be anticipated in 

the diagnosis of acute stroke. 
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