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Zusammenfassung 

Der ischämische Schlaganfall stellt eine enorme Herausforderung für unser Gesundheits-

system dar und ist eine der führenden Ursachen für langfristige körperliche Beeinträchti-

gungen. In den letzten Jahren sind viele Medikamente in der präklinischen Schlaganfall-

forschung getestet worden, von denen keines in die klinische Routine übernommen wer-

den konnte. Das Ausbleiben translationaler Erfolge lässt die Frage aufkommen, wie gut 

präklinische Tiermodelle sind und wie bestehende Probleme der Schlaganfallforschung 

adressiert werden könnten.  

Die Erhebung motorischer Defizite in der Maus stellt eine Herausforderung dar und gut 

etablierte Protokolle für seitenspezifische Verhaltenstestungen fehlen. Das meistge-

nutzte tierexperimentelle Schlaganfallmodell weist heterogene Schlaganfallvolumina auf, 

was die Komplexität des Modells erhöht. Darüber hinaus existiert keine Studie, die sys-

tematisch Prädiktoren funktioneller Erholung nach Schlaganfall in der Maus untersucht. 

Um die Maus als Tiermodell vollständig zu verstehen, wäre es von Vorteil, Faktoren, die 

das neurologische Defizit beeinflussen zu identifizieren und zu überprüfen, inwiefern sich 

diese mit Prädiktoren im Menschen decken. 

Für die vorliegende Arbeit wurde zunächst ein Protokoll zur seitenspezifischen Verhal-

tenstestung im Mausmodell etabliert. Anschließend sind Verhaltens- und Bildgebungsda-

ten aus insgesamt 15 Studien gesammelt worden, in denen der Verhaltenstest verwendet 

wurde. Die Varianz der Schlaganfallvolumina nach verschiedenen arteriellen Verschluss-

zeiten wurde verglichen. Der Datensatz wurde zudem zur Entwicklung von Prädiktions-

modellen verwendet. Als Prädiktoren getestet wurden sowohl das initiale Defizit als auch 

das Volumen des Schlaganfalls, sowie dessen Lokalisation.   

Der neu etablierte Verhaltenstest ermöglichte die Beobachtung eines seitenspezifischen 

motorischen Defizits über drei Wochen nach Schlaganfall. Unterschiedliche Verläufe 

funktioneller Erholung wurden identifiziert, deren Dynamik dem gleicht, was in Patienten 

beschrieben worden ist. Längere arterielle Verschlusszeiten führten zu einer geringeren 

Varianz der Schlaganfallvolumina. Mithilfe des Schlaganfallvolumens ließ sich das initiale 

neurologische Defizit gut prädizieren, insbesondere in Mäusen mit kleinen kortikalen Lä-

sionen. Das langfristige funktionelle Defizit ließ sich am besten mit dem Ausmaß des 
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initialen Defizits vorhersagen. Allerdings erhöhte sich die Genauigkeit bildgebungsbasier-

ter Prädiktoren, wenn die Lokalisation des Schlaganfalls hinzugezogen wurde.  

Die hier gewonnenen Erkenntnisse vertiefen unser Verständnis der Maus als tierexperi-

mentelles Modell für den Schlaganfall und zeigen Parallelen zum Schlaganfall im Men-

schen auf. In Zukunft könnte die Verwendung der hier entwickelten Prädiktionsmodelle 

das Design präklinischer Studien verbessern, indem die Zuordnung von Mäusen in Be-

handlungs- oder Placebo-Gruppe auf dem prädizierten Ausmaß an funktioneller Erholung 

basiert.  
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Abstract 

Ischemic stroke is a major challenge to the healthcare system and one of the leading 

causes for long-term disability. Many promising drugs tested in preclinical stroke studies 

have failed to translate into the clinical routine, raising the question of how good com-

monly used preclinical stroke models are and how to address apparent deficits of trans-

lational stroke research.  

Assessing functional outcome after stroke in mice is challenging and well established 

protocols for side specific behavioral tests are lacking. The most common model for in-

duction of experimental stroke produces variable lesion volumes, contributing to the com-

plexity of stroke research. Finally, while predictors of functional outcome after stroke are 

well described in humans, no systematic study in mice has been performed. To fully com-

prehend the mouse as a model animal, it would be useful to identify factors that determine 

functional outcome and to assess how similar those factors are to predictors described in 

humans.  

In a first step, a skilled reaching task was established in mice. Next, behavioral and im-

aging data from fifteen studies using the newly established protocol were pooled, result-

ing in a dataset that included 215 mice. Variance of lesion volumes resulting from different 

arterial occlusion times were compared. Furthermore, the dataset was used to develop 

machine learning based prediction models for the functional outcome after stroke. Tested 

predictors were the degree of initial deficit, lesion volume and stroke localization. 

With the help of the staircase test, a side-specific motor functional deficit over the period 

of three weeks after stroke was observable, as were different recovery trajectories similar 

to those described in stroke patients. Longer arterial occlusion times resulted in a lower 

variance of lesion volumes. The lesion volume could be used to predict the degree of the 

early deficit after stroke, especially in mice with small cortical lesions. The best predictor 

of long-term outcome was the degree of the early deficit, but incorporating the localization 

of the stroke increased the accuracy of imaging-based predictors.  

The described results deepen the understanding of the mouse as a model animal in 

stroke research and display reassuring parallels to stroke patients. In the future, the de-

sign of preclinical studies could be refined using the developed prediction models to guide 

treatment decisions. 
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1 Introduction 

1.1 Clinical and Global Health Aspects of Stroke  

1.1.1 Definition and Clinical Aspects 

A stroke is characterized by a sudden disruption in cerebral blood flow through the arterial 

flow area and the emergence of new neurological symptoms. The clinical appearance 

largely varies due to its dependency on the anatomical localization of the stroke and can, 

among others, include paresis, aphasia, vestibular or ocular motor disorders, or disturb-

ance of consciousness.1 The differentiation between ischemic and hemorrhagic stroke is 

of great clinical relevance as it guides therapeutic treatment decisions.2 While an ischemic 

stroke is a consequence of an intravasal blockage of blood flow, caused by either cardial 

thromboembolism or atherosclerotic processes, hemorrhagic stroke patients suffer from 

an acutely ruptured intracerebral or subarachnoid vessel.1 Ischemic strokes are usually 

treated with a combination of intravenous thrombolysis and mechanical thrombectomy or 

thrombolysis alone, while treatment of brain hemorrhage includes interventional and neu-

rosurgical options to stop the bleeding and manage intracranial pressure.2ï5 Hemorrhagic 

strokes are associated with higher mortality and morbidity but are less frequent and make 

up around 20% of all strokes.6,7 The focus of the present thesis will be on ischemic 

strokes.  

1.1.2 Stroke as a Global Health Challenge  

Stroke poses a major challenge to health care systems worldwide, with 12.2 million new 

stroke patients and 6.5 million stroke-related deaths recorded globally in 2019.8 While 

relative mortality is decreasing due to progress made in the acute therapy of stroke pa-

tients, absolute numbers are still rising, especially in developing countries.8,9 Due to 

productivity losses caused by early death or lost working days, stroke also comes with 

immense economic burdens. In 2017, stroke-associated costs in Europe alone were es-

timated at 60 billion Euros.10 While acute stroke therapies are available, only a small 

number of patients are eligible for intravenous thrombolysis at the time of their arrival at 

the hospital.11 These numbers underline the urgent need for the development of new 

drugs for the treatment of stroke patients. 
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1.2 Predictors of Functional Outcome After Stroke in Humans 

1.2.1 Clinical Predictors of Outcome 

Outcome is defined differently in each study and can include factors such as in-hospital 

mortality, persistency of neurological deficits, or disability measures such as work status 

after stroke, the presence of depression symptoms, or institutionalization.12ï14 The most 

widely used clinical score to assess stroke severity in the acute phase is the National 

Institutes of Health Stroke Scale (NIHSS), which tests neurological impairment with a 

focus on motor symptoms and speech.4 Another important score is the modified Rankin 

Scale, which assesses functional independence and is more important for the evaluation 

of long-term outcomes.5 For both stroke patients and their relatives, the question of prog-

nosis and recovery is of great relevance. The impact of various clinical features on the 

outcome after stroke has therefore been studied intensively over the past decades. The 

most accurate predictor of outcome seems to be the severity of the initial neurological 

deficit.12,17,18 In general, patients with more severe initial deficits have poorer outcomes, 

e.g., are more likely to die or are less likely to fully return to their workplace.12ï14,17,18 Non-

modifiable risk factors for poor outcomes include high age, female gender, and African-

American ethnicity.19ï22 Lastly, the presence of other comorbidities, such as anemia, can-

cer, dementia, diabetes mellitus, or renal dysfunction, affects the outcome negatively.23ï

25  

1.2.2 Neuroimaging Predictors of Outcome  

Next to using clinical predictors, the increased availability of neuroimaging during the 

acute phase of stroke, either using computer tomography or magnetic resonance imaging 

(MRI), has made it possible to include infarct volume and infarct localization in the pre-

diction of outcome after stroke. Understandably, larger lesion volumes are associated 

with a poorer long-term outcome and a lower quality of life.26 As for the localization of the 

infarct, it was shown that structures like the corona radiata, the internal capsule, or the 

insula, if affected by the stroke, are associated with a poorer outcome.27 This is likely due 

to the important role an intact corticospinal tract seems to play in functional recovery.28 

Lastly, stroke localization can also be used as a predictor for cognitive outcome after 

stroke, as lesions in the cingulate, peri-insular, prefrontal, and temporal cortex were 

shown to have an outstanding impact on post-stroke cognition.29 



Introduction 12 

1.2.3 The Potential of Automated Outcome Prediction Algorithms 

In recent years, research groups have tried to develop automated outcome prediction 

algorithms. The general idea is to provide care takers and patients with data driven tools 

to precisely predict an expectable outcome instead of roughly estimating functional re-

covery based on clinical experience. One approach incorporated data from an upper ex-

tremity movement scale and the degree of spontaneous recovery within the first weeks 

to predict functional outcome between three and six months after stroke.30 Another study 

combined MRI data on lesion characteristics with clinical read-outs, such as the NIHSS 

and time since stroke onset, and improved the prediction accuracy compared to any of 

the factors alone.31 In a third study, by combining functional MRI measurements with the 

degree of the initial impairment, researchers were able to predict recovery in patients with 

mild deficits but accuracy decreased in patients with more severe deficits.32 Although 

none of these methods are currently used in the clinics, automated data driven prediction 

algorithms are likely to alter the way clinicians estimate the recovery of their patients in 

the future. 

1.3 Preclinical Stroke Research 

1.3.1   Modelling Stroke in vitro and in vivo 

Preclinical stroke research includes the use of both in vitro and in vivo models. In vitro 

studies are typically performed using neuronal cell cultures, co-culture models, or brain 

slices. Those are then exposed to cellular stressors that intend to model focal brain is-

chemia, e.g., via the deprivation of glucose and oxygen using an oxygen-glucose-depri-

vation chamber or the addition of glutamate to the cell culture medium.33,34 The most 

common animals used for modelling stroke in vivo are mice and rats. Focal cerebral is-

chemia is achieved by either surgically or chemically occluding a cerebral artery. A variety 

of options exist and, among others, include introducing a filament into the middle cerebral 

artery (MCA), administering vasoconstrictive agents (e.g., endothelin-1) onto a vessel, 

injecting an autologous blood clot into the arterial system or chemically inducing throm-

boembolisms by administering photosensitive dyes followed by irradiation of a pre-de-

fined brain area.33 The most common model, however, is the MCA occlusion model 

(MCAO), which was used for the current thesis as well. Despite the standardization of the 

MCAO model, both lesion volume and topology can differ between mice. This could be 



Introduction 13 

due to variations in the vasculature and degree of collaterals.35 Furthermore, lesion vol-

umes have been described as being different between mouse strains and dependent on 

sex.36,37 Some groups have suggested using laser-Doppler flow (LDF) based measure-

ments of the cerebral blood flow (CBF) upon occlusion to reduce the heterogeneity of the 

lesion volumes.38,39 However, other studies have found no correlation between lesion vol-

ume and reduction of CBF as measured by LDF, and the issue therefore remains un-

solved.40,41 

1.3.2   Assessing Outcome in Rodents 

The most important outcome measures in preclinical stroke studies are infarct size, either 

measured by MRI or histological analyses, and neurological deficit.33 While assessment 

of lesion volume is well established and many methods exist, evaluating the functional 

outcome has proven to be more complex. Table 1 gives an overview of behavioral tasks 

commonly used to assess functional outcome after stroke in rodents. 

Table 1ƅAssessment of Functional Outcome after Stroke in Mice (own representation). 

Test Objective Description Reference 

Open Field Test Locomotor ability, ex-

ploration behavior 

Mouse or rat is put into an open 

field maze. Exploration behavior is 

recorded with a camera and trav-

eled distance is measured. 

42,43 

Pole Test Locomotor function Mice are recorded climbing down a 

pole. Read-outs include time to de-

scend and falls. 

44,45 

Cylinder Test Sensorimotor asym-

metry 

Exploring behavior of rodents put in 

a glass cylinder is recorded. Ratio 

of paretic and non-paretic paw us-

age for exploring and landing is cal-

culated. 

46,47 
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Adhesive Removal Test Sensorimotor dysfunc-

tion, motor asymmetry 

Adhesive tapes are attached to the 

forepaws. Read-outs include time 

until contact and time until removal 

48,49 

Rotarod Test Equilibrium behavior, 

locomotor ability 

Rodents are put onto a rotating rod, 

rotational speed increases. Time 

until fall is recorded. 

50,51 

Wire Hanging Test Locomotor ability, grip 

strength 

Animals are put onto a hanging 

wire and have to suspend their 

weight. Time until fall is recorded. 

52,53 

While these tests are widely spread, in reality, motor functional deficits are often not de-

tectable, even in rodents with large infarcts, and animals quickly display compensatory 

behavior that can be wrongly interpreted as recovery.33,54 Furthermore, many of the tests 

mentioned in Table 1 are not assessing a side specific motor functional deficit and are 

susceptible to simply detecting general sickness behavior as a consequence of the 

MCAO surgery as opposed to a specific neurological deficit. Finally, it is reported that 

mice often need longer training and habituation phases and are more prone to stress and 

anxiety compared to rats.55ï57 As a consequence, mice tend to display more inconsistent 

behavior and adjustments to behavioral testing protocols might be necessary when ap-

plying them to mice.57 Skilled reaching tasks pose an interesting alternative to common 

behavioral tests that address at least some of these issues.58,59 Here, animals are trained 

to use their forepaws to reach for sugar pellets. Experimental read-outs include the num-

ber of pellets successfully reached or a video-recording-based analysis of the reaching 

process itself. In contrast to common behavioral tests, they are side-specific and can dif-

ferentiate between recovery and compensation.  

1.4 Research Questions 

1.4.1 The Translational Gap 

Despite the fact that the understanding of stroke pathophysiology has progressed over 

the last decades, besides thrombolytics, none of the hundreds of drugs tested success-

fully in preclinical in vivo studies have made their way into the clinical routine.33,60 The 
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lack of findings that were successfully translated from bench-to-bedside is often referred 

to as the translational gap. The existence of this translational gap in stroke research 

raises the question of how good our preclinical models are and what challenges have to 

be addressed to further improve the applicability of preclinical findings to the human pa-

tient.33  

1.4.2 Refining Functional Testing Using the Staircase Test of Skilled Reaching 

As pointed out, skilled reaching tasks pose an exciting alternative to commonly used be-

havioral tests to side-specifically assess the functional deficit after stroke. However, most 

of the available protocols are better established in rats.61,62 While single pellet reaching 

tasks are established in mice, they require advanced video recording and tracking equip-

ment.58 The staircase test of skilled reaching was first established in mice in 2001, but at 

the time of this thesis, a well-established protocol for its usage in the context of the MCAO 

model did not exist.63 Finally, it is reported that the performance of animals in reaching 

tasks can vary largely, affecting usability as a measure of functional deficit.62  

The first objective of the present thesis was to establish a new behavioral testing para-

digm for the side-specific assessment of motor-functional deficits after stroke in mice us-

ing the staircase test of skilled reaching. The intention was to increase the ability of re-

search groups to assess side-specific functional outcomes in mice over longer periods of 

time. 

1.4.3 Influence of Occlusion Time on Variance of Lesion Volumes 

The MCAO model often produces heterogeneous lesion volumes with high standard de-

viations, which additionally introduces statistical noise in preclinical experiments.35ï38 As 

noted, in previous studies, LDF-based measurements of the CBF reduction upon occlu-

sion have been implemented to reduce the heterogeneity of lesion volumes. Contradicting 

results were published, and it remains controversial to which degree the remaining CBF 

impacts the heterogeneity of lesion volumes.38ï41 On the other hand, longer arterial oc-

clusion times are likely to result in larger lesion volumes, but the effect on the variance of 

lesion volumes is unclear.  
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The second objective of the thesis was therefore to analyze the impact of the arterial 

occlusion time on the heterogeneity of lesion volumes by comparing different occlusion 

times. 

1.4.4 Identifying Predictors of Post-Stroke Functional Outcome in Mice 

In contrast to humans, a systematic analysis of post-stroke outcome predictors in mice 

has not been done. Therefore, our understanding of the mouse as a model animal re-

mains incomplete. Similarities in outcome predictors between humans and mice would 

help regain confidence in using mice as a model animal.  

The third objective of the present study was to assess whether the lesion volume, the 

stroke localization, or the degree of the initial neurological deficit can be used to predict 

the functional outcome after stroke in mice using machine-learning-based prediction mod-

els. 

1.4.5 Refining the Design of Future Preclinical Stroke Studies 

Finally, as pointed out above, a substantial challenge to research groups using the MCAO 

model is the heterogeneity observed in stroke characteristics. Small cohort sizes, com-

bined with imbalanced stroke characteristics in the treatment or placebo group, increase 

the likelihood of false-positive or false-negative study results. This is because observed 

effects may be simply due to chance rather than a real treatment effect. Figure 1 illus-

trates a situation where one group had more cortical involvement than the other. Such 

imbalances can confound study results, making it difficult to draw reliable conclusions. 

Research groups therefore often take great precautions to minimize heterogeneity either 

by using mice of the same strain, age, and sex or by implementing several exclusion 

criteria, e.g., using CBF data. This, however, is an artificial experimental design that 

stands in contrast to the reality of a clinical trial and is likely contributing to the translational 

gap. Another approach is currently taken by the Stroke Preclinical Assessment Network 

(SPAN). This multi-centric network incorporates high degrees of heterogeneity in their 

studies by including mice of different sexes and age.38,64 Repeating the same experiments 

in multiple centers and pooling the datasets results in huge cohort sizes, which are used 

to overcome the described statistical limitations. While this is an exciting new approach 
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that could function as a blueprint for the future of preclinical stroke research, todayôs mon-

etary and ethical limitations prevent this option from being feasible for the majority of 

research groups. 

 

Figure 1ƅImbalanced Stroke Characteristics and Validity of Results. In preclinical stroke studies, mice 

are usually randomly assigned to treatment groups at the beginning of an experiment. Most studies work 

with small cohort sizes, which can lead to an imbalance of stroke characteristics between groups. For 

example, one group could display smaller lesion volumes or more cortical involvement. When not corrected 

for, the imbalance of stroke characteristics could lead to false-positive or false-negative results. Observed 

differences in outcome between treatment groups might not be true treatment effects but merely a conse-

quence of imbalanced stroke characteristics (own representation, figure was generated using bioren-

der.com).  

The fourth objective of the present study was therefore to develop a tool that allows 

researchers to have both, heterogeneous stroke characteristics and reasonable cohort 

sizes, and to discuss how this tool could be used to change the design of future preclinical 

studies. 

 



Methods 18 

2 Methods 

2.1 General Overview of Study Design  

For the analysis of the effect of occlusion time on the stroke volume, imaging data were 

pooled from a total of 291 C57Bl/6 mice undergoing either 30, 45, or 60 minutes of MCAO, 

as described in further detail in method section 2.5 (Figure 2A). As there was no behav-

ioral data available for mice undergoing 30 or 60 minutes of MCAO, they were not further 

included in the study.65,66 

 

Figure 2 ƅOverview of the Cohorts. A, To assess the influence of the occlusion time on the stroke volume 
heterogeneity, imaging data from a total of 291 C57Bl/6 mice were collected. Next, imaging and behavioral 
data from mice undergoing 45 minutes of MCAO were collected. This cohort included both C57Bl/6 and 
transgenic mice and was used to both establish the staircase test and the prediction models. B, As a first 
step, the staircase test of skilled reaching was established using a pilot cohort of thirty mice, including 
twelve sham and eighteen MCAO. In a second step, data on mice from thirteen studies was pooled. These 
data were used to analyze predictors of functional outcome after stroke. A training and testing cohort were 
defined, both only including MCAO animals, to develop a machine-learning-based prediction tool. For be-
havioral analysis of the prediction cohort, eighteen sham animals were also included. Lastly, findings from 
the testing cohort were validated in a replication cohort. This cohort was independent of the prediction 
cohort but included all thirty animals from the pilot study plus an additional nineteen MCAO animals from a 
second study (own representation, figure was generated using biorender.com). 

Next, in a pilot study, the new protocol for the staircase test of skilled reaching was es-

tablished using a cohort of 50 mice. This cohort will be referred to as the pilot cohort. The 

detailed testing paradigm is described in method section 2.2. Briefly, mice were familiar-

ized with being handled within the first week after arrival. Next, they were trained for three 

weeks before undergoing MCAO or sham surgery. MRI was performed within 24 hours, 

and testing sessions were taken up again 48 hours after the surgery. The total observa-
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tion period after MCAO or sham surgery was three weeks, after which mice were eu-

thanized (Figure 3). The pilot study also included the histological processing of the brains, 

which will not be part of this thesis. To optimize the sensitivity and specificity of the be-

havioral test, three exclusion criteria were defined: 1) Mice did not learn the reaching task 

within the first three weeks of testing as defined by a performance Ó20% below the aver-

age performance (excluded: n = 1); 2) Mice died or were euthanized within the observa-

tion period (n = 11) and 3) no stroke was measurable in MRI (n = 6). Due to the insufficient 

quality of the histological slides (e.g., puckering or rupture of the slice, missing tissue, 

heavy distortions), an additional two mice were excluded from the pilot study. As this 

criterion was specific to the requirements of the pilot study, it was not applied to future 

studies. After applying those criteria to the pilot cohort, a total of 30 mice remained in the 

pilot study (MCAO: n = 18, sham: n = 12).65,66  

 

Figure 3 ƅOverview over the Experimental Design. After habituation to handling and the test apparatus, 
mice were trained for a total of three weeks. Performance was normalized using the average percentage 
of retrieved pellets during the week preceding the MCAO (baseline). On day one after MCAO or sham 
surgery, MRI of the brain was performed. From day two until day twenty-one, mice were tested in the 
staircase test. Based on the dynamic of post-stroke performance, two phases were identified. The subacute 
deficit represents the mean performance during days two to six, while the residual deficit refers to average 
performance on days twelve to twenty-one (figure taken from Knab et al., 2023; Figure generated using 
biorender.com). 

In a second step, behavioral and MR imaging data from thirteen studies performed be-

tween 2016 and 2019, all undergoing the same behavioral paradigm, were pooled. This 

dataset did not include data from the pilot study. The three exclusion criteria were applied 

to a total of 360 mice (exclusion criteria 1: n = 30, exclusion criteria 2: n = 121, exclusion 

criteria 3: n = 18). Additionally, mice with incomplete behavioral data sets were excluded 

(n = 25). The finalized dataset included 166 mice (MCAO: n = 148, sham: n = 18), and 

was then used to develop a tool for the prediction of functional outcome after experimental 

stroke. The cohort will be referred to as the prediction cohort.65,66 

In a final step, the prediction tool was validated in a dataset that was independent from 

the prediction cohort. To generate this dataset, two studies were pooled, now including 
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data from the pilot cohort. After applying the described exclusion criteria to 90 mice, this 

new cohort included a total of 49 mice (MCAO: n = 37, sham: n = 12; exclusion criteria 1: 

n = 15, 2: n = 13, 3: n = 11; two mice were excluded due to insufficient quality of histolog-

ical slices) and will be referred to as the replication cohort (Figure 2B).65,66 

2.2 Staircase Test of Skilled Reaching 

2.2.1 Testing Paradigm and Housing Conditions 

The staircase test of skilled reaching was first adapted for mice in 2001.63 It consists of a 

starting chamber and a testing chamber. Mice are put into the starting chamber and can 

voluntarily enter the testing chamber, from which they can reach sucrose pellets (20 mg 

Dustless Precision Pellets®, Bio-Serv) that are put onto 8 stairs of different heights. The 

testing chamber is made up in such a way that mice are only able to reach for pellets on 

the right side with their right paw, and vice versa. This makes the staircase test a side-

specific reaching task. The protocol was first established using mice in the pilot study 

before being applied to all subsequent studies. Mice were housed in a 12-hour day cycle 

in groups of five. They were familiarized with the staircase test and the sugar pellets by 

putting both in their housing cages for 1 hour per day within the first week of handling. 

Additionally, mice were food deprived by being granted access to food for two to four 

hours per day while having free access to drinking water throughout the entire time. The 

length of food deprivation was adjusted so that the weights of the mice would stabilize 

around 85% of their initial weights. Training sessions began after the first week of han-

dling the mice, with each session lasting thirty minutes. After the testing session, mice 

were granted access to food, and the number of pellets eaten was counted. To avoid the 

possibility that the dominant mice within a housing group would eat more than the rest of 

the group, mice were separated during the feeding period. In total, mice were trained for 

three weeks before MCAO or sham surgery was performed. Forty-eight hours after 

MCAO, staircase testing sessions resumed and were continued for another three weeks. 

The operator of the behavioral tests was blinded to the intervention and the results of the 

MRI.65,66 

2.2.2 Defining Functional Read-Outs 

After each session, the percentage of pellets retrieved per side was calculated. Mice were 

trained for a total of fourteen days, after which they learned the reaching task. Mice were 
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then tested for another seven days. The average percentage of pellets retrieved during 

this week was used to normalize their daily performance and was termed baseline. From 

here on, performance is given as a percentage of the baseline. Based on the observable 

dynamic of post-stroke recovery, two phases were defined. The term subacute deficit 

refers to the mean performance during days two to six after surgery, during which perfor-

mance was first reduced and then slowly increased. In contrast, the term residual deficit 

refers to the mean performance on days twelve to twenty-one, during which performance 

stabilized but was still decreased compared to pre-stroke performance.65,66 

2.2.3 Defining Functional Subgroups 

As described previously, the modified Rankin scale is regularly used in stroke patients 

and consists of six different functional grades, going from no symptoms to severe disabil-

ity.16  Alluding to this score, five functional subgroups were defined based on the degree 

of the subacute or residual deficit: severe (performance 0ï19%), moderate to severe (20ï

39%), moderate (40ï59%), moderate to mild (60ï79%), and mild (>80%). As stratifying 

the cohort by severity of functional deficit makes only sense in larger cohorts, analysis of 

functional subgroups was only done for the prediction cohort.65,66  

2.3 Middle Cerebral Artery Occlusion 

Mice were randomly assigned to either MCAO or sham surgery. Before the surgery, 1.5-

3.5% isoflurane was used to anaesthetize the mice. Anesthesia was maintained with 1.0-

2.0% isoflurane mixed with 70% N2O and 30% O2. A neckline incision was made after 

disinfection of the skin, and the common carotid artery (CCA) was dissected from the 

surrounding tissue. The internal carotid and the pterygopalatine artery were clipped be-

fore a filament was put into the CCA. After re-opening the clip, the filament was carefully 

moved forward until occlusion of the middle cerebral artery was achieved. The filament 

was secured with a suture before anesthesia was stopped, and mice could recover from 

the surgery for forty-five minutes in a heated cage. Afterwards, they were re-anaesthe-

tized, the filament was removed, resulting in the reperfusion of the MCA, and the skin was 

carefully sutured. To reduce pain, 1% Bupivacaine gel was topically applied. The sham 

surgery included the insertion of the filament into the MCA, which, in contrast to the 

MCAO surgery, was then immediately removed.65,66 
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2.4 Magnetic Resonance Imaging 

2.4.1 Technical Aspects of MRI in Mice 

Magnetic Resonance Imaging of the brain was performed 24 hours after the MCAO or 

sham surgery using a 7 Tesla MR scanner (Bruker, Ettlingen, Germany). Mice were 

anaesthetized using 1.0-2.0% isoflurane mixed with 70% N2O and 30% O2 and body tem-

perature as well as respiratory rate were monitored. A 2D RARE sequence was used, 

acquisition time was 6:43 min. The ANALYZE 5.0 software (AnalyzeDirect, Overland 

Park, KS, USA) was used to outline the stroke, and lesion masks were generated. The 

person performing the analysis was blinded to the results of the staircase test and the 

type of surgery.65ï67 

2.4.2 Coregistration of Magnetic Resonance Images on the Allen Brain Atlas 

The Allen Mouse Brain Atlas (AMBA) is a hierarchically organized anatomical atlas of the 

mouse brain, including a total of 736 lower node regions. Koch et al. have developed a 

semi-automated process to extract MR images of the mouse brain and register them on 

the AMBA.67 This process included the extraction of the compartments of the central nerv-

ous system from the surrounding tissue as well as the synchronization of the translational 

and rotational orientation. The brain was further segmented into either cerebrospinal fluid, 

white matter, or gray matter to optimize the warping process. Finally, the images, includ-

ing the generated lesion masks, were non-linearly warped onto the AMBA (Figure 4). As 

a result, the localization of the stroke lesion could be described in great detail using the 

anatomical regions provided by the AMBA. For further analysis, the percentage of a given 

anatomic label that was affected by the stroke was calculated for each individual mouse, 

and this data set will be referred to as segmented MRI. The warping process of all images 

onto the AMBA also allowed the generation of stroke incidence maps. Furthermore, 

edema corrected lesion volumes were calculated using the method established by Koch 

et al.65ï67  

    

Figure 4ƅImage Coregistration on the Allen Mouse Brain Atlas. The Allen Mouse Brain Atlas includes 

736 anatomic regions. As part of the study published by Koch et al., MR images of mouse brains were co-
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registered on the AMBA. This process enabled a region-wise analysis of the stroke lesion. For each region, 

the percentage of affected area was calculated and is referred to as the lesion percentage. For each mouse, 

a list of lesion percentages was generated, and this dataset is referred to as segmented MRI (figure taken 

and modified from Koch et al. 2017). 

Finally, the percentage of the total lesion volume that was within the caudoputamen was 

calculated for the prediction and the replication cohort. The caudoputamen is a subcorti-

cal structure and is usually part of the lesion core in experimental strokes caused by 

MCAO. If the stroke is bigger, more cortical structures add to the total lesion volume. 

Therefore, the percentage of the total lesion volume that is within the caudoputamen 

functions as an indicator for the degree of cortical involvement of a stroke, with lower 

percentages indicating more cortical involvement (Figure 5).65,66  

 

Figure 5ƅEstimation of Cortical Involvement. If a small percentage of the total lesion volume lies within 

the subcortical caudoputamen, this speaks for greater involvement of cortical structures. This measure can 

provide a rough estimate of the stroke characteristics (own representation, figure was generated using 

biorender.com). 

2.5 Influence of Occlusion Time on Lesion Volume Heterogeneity 

Historical stroke datasets were gathered from the department of experimental neurology, 

and lesion volume data from a total of 291 C57Bl/6 mice (thirty minutes MCAO: n = 114, 

forty-five minutes MCAO: n = 56, sixty minutes MCAO: n = 121) were collected. The mean 

lesion volumes and deviation of an individual lesion volume from the group mean were 

calculated and given as percent. The 56 mice undergoing 45 minutes of MCAO were also 

part of the prediction and replication cohort. Only C57Bl/6 mice were considered for this 

analysis to avoid the influence of the genotype as an additional co-factor.65,66 
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2.6 Analysis of Predictors of Functional Outcome in Mice after Stroke 

2.6.1 Selection of Predictors 

Alluding to what is known about predictors of clinical outcome in human stroke patients, 

several predictors were defined and their predictive value for the functional outcome after 

experimental stroke in mice was analyzed. For the prediction of the subacute deficit, two 

predictors were chosen: 1) stroke lesion volume, measured as previously described, and 

2) lesion percentages in the AMBA regions, referred to as segmented MRI. To reduce the 

complexity of this predictor, regions that did not show a lesion in at least one animal were 

excluded (excluded regions: n = 200). For the prediction of the residual deficit, the degree 

of the subacute deficit was added as a third parameter.65,66  

2.6.2 Partition in Training and Testing Dataset 

In order to enable robust training of the prediction models (see 2.6.3) before testing them 

on an independent dataset, the prediction cohort was split into two groups. Notably, only 

MCAO animals were included in the two groups. As the prediction of the residual deficit 

is of greater interest to the scientific community, animals were sorted using the degree of 

the residual deficit. From each triplet of this sorted list, two mice were assigned to the 

training cohort (n = 98) and one mouse to the testing cohort (n = 50).65,66  

2.6.3 Using Random Forest for the Development of Prediction Models 

The regression learner app in MATLAB (version 2021a) was used to develop a machine 

learning-based prediction tool for functional outcome after stroke. Compared to other 

methods, random forest showed the best performance as measured by prediction accu-

racy. Random forest is a broadly used machine learning method that randomly generates 

multiple decision trees, hence random forest, to predict an outcome. During model train-

ing, each decision tree within a given forest is trained on a randomly selected subset of 

the training data, with a third of the observations left out as out-of-bag (OOB) observa-

tions. These OOBs can be used to test the accuracy of each tree within a model (for 

more, see 2.6.4). Each tree was trained and optimized one hundred times, and each 

random forest model contains up to 500 decision trees (median: 418 trees). The perfor-

mance of each tree is evaluated by calculating the absolute error, which represents the 

difference between the predicted and actual outcome. To evaluate the performance of a 
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model, the median absolute error (MedAE) was calculated. For each predictor, 50 models 

were trained and tested on the data of the testing cohort, resulting in 50 different MedAE 

values. Finally, the mean MedAE was calculated and is referred to as the prediction error 

(PE). Small PEs indicate good prediction accuracy. Next to PEs, the first and third quar-

tiles and interquartile range (IQR) were calculated, indicating the variation of the PE for a 

given predictor.65,66 Figure 6 represents a visualization of the basic concepts of random 

forest. 

  

Figure 6ƅBasic Concepts of a Random Forest Prediction Model. The prediction cohort was split into a 

training and a testing cohort. Data from the training cohort was used to train multiple decision trees. Each 

decision tree randomly selects subsets of features to generate multiple óbranchesô that finally end in a óleafô 

representing the final outcome. Each decision tree was trained one hundred times, and each random forest 

model contained up to 500 decision trees. In the present thesis, a total of 50 different prediction models 

were generated per predictor. Next, the median absolute error of each model was calculated using data 

from the testing cohort. The average median absolute error was calculated and is given as the prediction 

error (own representation, figure was generated using biorender.com). 

2.6.4 Estimating the Influence of Individual Anatomic Regions  

Next, the importance of individual anatomical regions for prediction accuracy was inves-

tigated (Figure 7). A given random forest prediction model, trained to use data from the 

segmented MRI, automatically incorporates the importance of each region in its decision 

trees. During the iterative learning process, the model has learned to weigh the lesion 

percentage of region A differently than that of region B. Therefore, manually changing the 
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lesion percentage values in region A is likely to have a different impact on prediction 

accuracy than changing them in region B. This principle was followed using OOB obser-

vations and variable permutation. Values for one anatomical region that was used to build 

any given tree were permuted among mice, e.g., mouse 1 was assigned the lesion per-

centage of mouse 2 and vice versa. The tree was tested again, using the OOBs and the 

permuted lesion percentages. This process was repeated for each tree within a model, 

for all fifty models, and for each anatomical region that was included in the segmented 

MRI. In the end, the mean error difference between PEs resulting from non-permuted and 

permuted data was calculated and divided by their standard deviation to also account for 

variation in the error differences. The resulting values were sorted in descending order, 

with higher values indicating higher importance. As a final step, random forest models 

were trained using an increasing number of regions included in the segmented MRI pre-

dictor, starting with the most influential region. This way, the impact of each anatomical 

region on the PE could be further estimated.65,66 

 

Figure 7ƅImportance of Anatomical Regions for Prediction Accuracy. For the training of each tree, 

the dataset was randomly divided, leaving out roughly a third of the dataset (step 1). Color of the mice 

indicates whether a training dataset (grey) or out-of-bag observations (black) were used. Two-thirds of the 

dataset were used to train any given tree within a random forest model (step 2), which was then tested on 

the out-of-bag observations and the prediction error was calculated (step 3). These three steps were re-

peated for each tree within a model and for all fifty models. Next, lesion percentages in a given anatomical 

region were permuted among all mice (step 4). After reassigning the lesion percentages, the prediction 
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accuracy of the same trees was tested using out-of-bag observations, and the prediction error was calcu-

lated (step 5). This process was again repeated for each tree within a model, for each of the fifty models, 

and for each anatomical region included in the segmented MRI. Finally, the difference in the prediction error 

when using the true or permuted lesion percentages was assessed (step 6). Provided that permutations of 

the lesion percentages in a region that is important to the prediction accuracy of a given tree result in higher 

prediction errors, one can use the error differences to identify important regions (own representation, figure 

was generated using biorender.com). 

2.7 Statistics 

GraphPad Prism software, version 9.3.0 (La Jolla, CA, United States) was used to ana-

lyze behavioral outcomes. The impact of side (right, paretic paw, or left, non-paretic paw) 

and group (sham or MCAO) on performance was examined using a mixed-effects model. 

Ġidak's post-hoc test was used to correct for multiple comparisons. Alpha level was set 

at 0.05, and 95% confidence intervals and mean differences (MD) between groups will 

be reported. The normality of the data was analyzed using QQ-plots. When comparing 

the two prediction models for the subacute deficit and when comparing stroke character-

istics in the prediction and replication cohorts, unpaired t-test or Mann-Whitney test was 

used, depending on the normality of the data. For comparison of the prediction error in 

the prediction models for the residual deficit, a one-way ANOVA was used, followed by 

Tukeyôs test for multiple comparison. For analysis of lesion volumes resulting from differ-

ent occlusion times as well as the mean deviation from their respective group mean, the 

Kruskal-Wallis test was performed. Two-way ANOVA followed by Tukeyôs test was per-

formed for the analysis of the interaction between the prediction model and severity grade 

as well as their effect on the prediction error.65,66 

2.8 Ethics Approval 

In concordance with local authorities, all animal procedures were approved under the 

license numbers G0197/12, G005/16, G0057/16, G0119/16, GG254/16, G0157/17 and 

G0343/17.65,66 

 



Results 28 

3 Results  

3.1 Stroke Characteristics in the Pilot Cohort 

Using the methods established in Koch et al. (2017), magnetic resonance images were 

coregistered onto the AMBA. Next, MRI incidence maps were generated, and edema 

corrected lesion volumes were calculated (Figure 8). The mean lesion volume was 35.5 

mm3 (95% CI: 22.9-48.2 mm3). All mice displayed subcortical infarcts with varying de-

grees of cortical involvement.67 

 

Figure 8ƅIncidence Maps of Mice of the Pilot Cohort. Color bar indicates the percentage of animals that 

showed a lesion in a given voxel. Notably, while all animals show subcortical lesions, the cortex is affected 

in a fraction of the pilot cohort. This once again underlines the heterogeneity of lesion volumes observable 

in the MCAO model (own representation). 

3.2 Staircase Test in the Pilot Cohort 

Mice learned to reach pellets within the first seven to ten days, after which performance 

did not increase. After MCAO, a drastic drop in performance was observable on the pa-

retic side, which lasted for several days. After this phase of initial impairment, perfor-

mance started to increase again. After ten to twelve days, the average performance of 

the MCAO cohort peaked again, and no further improvement was observable. Based on 

the dynamic of post-surgery performance, two phases were defined, as described in more 

details in methods section 2.2.2. The mean performance during the phase of subacute 

deficit was 82.5% (69.4-95.6%) on the non-paretic side and 45.3% (31.0-59.5%) on the 

paretic side of MCAO animals. In contrast, mean performance during the phase of sub-

acute deficit was 101.2% (93.2-109.1%) on the non-paretic side and 104.0% (97.9-

110.0%) on the paretic side in sham animals (Figure 9A and 9B). Mixed-effects analysis 

showed a significant interaction between side and group (F(1, 28) = 17.2, p = 0.0003). 

After correction for multiple comparisons using Ġid§k's test, on the paretic side, MCAO 

animals displayed significantly lower performance than sham (least square mean differ-

ence (LSDM) = 58.7 percentage points (pp), t = 7.0, df = 56, p<0.0001) while performance 

on the non-paretic side did not differ significantly (LSDM = 18.6pp, t = 2.2, df = 56, p = 
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0.060) (Figure 9C). As for the residual deficit, on the paretic side, mean performance was 

74.6% (59.2-90.0%) on the paretic side and 96.3% (86.7-106.0%) on the non-paretic side 

in MCAO animals. Performance during the period of residual deficit was 110.3% (102.0-

118.6%) on the paretic side and 108.7% (102.1-115.4%) on the non-paretic side in the 

sham animals (Figure 9D). Mixed-effects analysis showed a significant interaction be-

tween side and group (F(1, 56) = 4.3, p = 0.044). After correcting for multiple comparisons 

using Ġid§k's test, on the paretic side, MCAO animals still displayed significantly lower 

performance than sham animals (LSDM = 35.7pp, t = 4.5, df = 56, p<0.0001). Further, 

performance on the non-paretic side continued to not differ significantly between groups 

(LSDM = 12.4 pp, t = 1.6, df = 56, p = 0.237). 

In conclusion, the staircase test of skilled reaching was able to detect a side-specific mo-

tor-functional deficit after MCAO over the course of three weeks. 

 

Figure 9ƅDetection of Subacute and Residual Deficits after MCAO. A, Performance of the non-paretic 

and B, paretic paw over time. Within the first seven to ten days, mice have learned the task, and perfor-

mance has reached a peak. Performance was normalized to the baseline performance (first rectangle). 

After MCAO, the performance of paretic paw drops (subacute deficit, second rectangle) and only partially 

recovers until the end of the experiments (residual deficit, third rectangle). Error bars indicate the 95% 

confidence interval. C, Performance during subacute, and D, residual deficit, is significantly decreased in 

the MCAO group compared to sham. Notably, the performance of the non-paretic paw is not significantly 

different in either of the two time periods (own representation). 

3.3 Stroke Characteristics in the Prediction Cohort 

Incidence Maps were generated for the total prediction cohort as well as for functional 

subgroups stratified by the degree of the residual deficit (Figure 10). The mean lesion 

volume in the prediction cohort was 25.0 mm3 (21.5-28.5 mm3). When stratifying by the 

degree of the residual deficit, the mean lesion volume was 14.0 mm3 (9.8ï18.3 mm3) in 

mild, 17.2 mm3 (12.5ï21.8 mm3) in moderate to mild, 26.3 mm3 (16.8ï35.7 mm3) in mod-

erate, 33.6 mm3 (24.0ï43.2 mm3) in moderate to severe, and 47.2 mm3 (36.8ï57.7 mm3) 
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in mice with a severe residual deficit. Following the coregistration on the AMBA, quanti-

tative evaluation of the lesion was performed for 536 regions (reported in Knab et al. 

(2023) Table S3).65,66  

 

Figure 10ƅIncidence Maps of Mice of the Prediction Cohort. Coronal incidence maps of stroke lesions 

were calculated for the total cohort as well as for the five different functional subgroups. Here, functional 

subgroups were based on the degree of the residual deficit. Colors indicate the percentage of mice with a 

lesion in a given region (figure taken and modified from Knab et al., 2023). 

3.4 Variability of Lesion Volumes Depends on Occlusion Time 

Incidence maps were generated for all three occlusion times (Figure 11A through Figure 

11C). The mean lesion volume in the group undergoing thirty minutes of MCAO was 14.6 

mm3 (11.6-17.6 mm3), 31.9 mm3 (26.0-37.9 mm3) in the forty-five minutes MCAO group, 

and 50.2 mm3 (45.2-55.2 mm3) in the sixty minutes MCAO group (Figure 11D). Kruskal-

Wallis-Test indicated that the volumes between groups varied significantly (x2(2) = 115.0, 

p<0.0001). After correcting for multiple comparisons using Dunnôs test, difference be-

tween all three groups was significant (thirty vs. forty-five: Z = 5.2, p<0.0001, thirty vs. 

sixty: Z = 10.7, p<0.0001, forty-five vs. sixty: Z = 3.4, p = 0.0023). Next, deviation from 

the respective group mean lesion volume was calculated for each occlusion time and 

expressed as percent. Mean deviation from group mean was 72.7% (57.4-88.0%) in the 

thirty minutes MCAO group, 58.1% (48.3-68.0%) in the forty-five minutes MCAO group, 

and 44.7% (38.9-50.6%) in the sixty minutes MCAO group (Figure 11E). Kruskal-Wallis-
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Test showed that deviation from group mean was significantly different between the three 

occlusion times (x2(2) = 14.7, p = 0.0006). After correction for multiple comparisons using 

Dunnôs test, differences between the thirty and sixty minutes MCAO groups (Z = 3.5, p = 

0.002) and between the forty-five and sixty minutes MCAO groups (Z = 2.9, p = 0.013) 

were significant. The difference between the thirty and forty-five minutes MCAO group 

was not significant (Z = 0.04, p>0.99).65,66 

 

Figure 11ƅLesion Volume Heterogeneity by Occlusion Time. A, Stroke incidence maps visualizing the 

percentage of mice with a lesion in a given voxel after thirty, B, forty-five or C, sixty minutes of MCAO. An 

increasing fraction of the total cohort displays cortical lesions. D, As expected, lesion volume increased 

with occlusion time. Error bars indicate the 95% confidence interval, and lines indicate the mean. E, Devi-

ation from the mean in percent was calculated for each occlusion time. Interestingly, the occlusion time did 

have a significant effect on the observable variance of lesion volumes, with sixty minutes of arterial occlu-

sion leading to a relatively smaller variability of lesion volumes (figure taken from Knab et al., 2023). 

3.5 Staircase Test in the Prediction Cohort 

Similar to the observations in the pilot study, the mean performance quickly reached a 

plateau and was stable throughout baseline testing (Figure 12A and Figure 12B). In 

MCAO animals, performance during the phase of subacute deficit was 61.6% (56.1ï

67.1%) on the non-paretic side and 37.6% (31.9ï43.3%) on the paretic side. In sham 

animals, the subacute deficit was 78.4% (63.5ï93.3%) on the left and 72.2% (57.3ï

87.2%) on the right side (Figure 12C). Mixed-effects analysis showed significant interac-

tion between side and group (F(1,164) = 4.2, p = 0.042). After performing Ġid§k's test to 

correct for multiple comparisons, performance was significantly lower in the paretic paw 

of MCAO animals than in sham (LSDM = 34.6 pp, t = 4.1, df = 328, p = 0.0001). Non-

paretic sides did not differ between groups (LSMD = 16.8 pp, t = 2.0, df = 328, p = 

0.0937).65,66  
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Figure 12ƅBehavioral Analysis in the Prediction Cohort. A, Non-paretic left, and B, paretic right paw 

performance over time. Bars indicate the 95% confidence interval. The first black rectangle indicates the 

baseline, to which performance was normalized. Next, subacute and residual deficit phases were defined, 

and means were calculated for these periods. C, Violin plots represent the mean subacute and D, residual 

deficit of paretic and non-paretic paw in the sham (brown) and MCAO groups (blue). Dashed lines indicate 

medians; dotted lines indicate quartiles. Side-specific deficits were detected for both phases, with the non-

paretic paw displaying no deficit. E, Chord diagram displaying the different trajectories of post-stroke re-

covery. Mice were stratified by either subacute or residual deficit. Interconnections between groups visual-

ize how many mice with a given subacute deficit recovered to have a given residual deficit. F, The perfor-

mance of the paretic right paw was stratified by the degree of the residual deficit. Again, different dynamics 

of post-stroke recovery over time could be observed. Error bars indicate 95% confidence intervals. G, Sizes 

of functional subroups. Interestingly, the majority of mice displayed a severe subacute deficit but only a 

mild residual deficit, once again underscoring the enormous potential for spontaneous recovery in mice 

(figure taken and modified from Knab et al., 2023). 

Next, the degree of the residual deficit was analyzed. The mean performance of the non-

paretic paw was 95.4% (89.5ï101.2%) and 60.9% (54.9ï66.8%) on the paretic side of 

MCAO animals. In sham animals, mean performance was 92.4% (81.8ï103.0%) on the 

non-paretic side and 91.6% (78.5ï104.7%) on the paretic side (Figure 12D). Mixed-ef-

fects analysis displayed a significant interaction between side and group (F(1,164) = 9.4, 

p = 0.0026). After using Ġid§k's test, performance of the paretic paw was significantly 

lower in MCAO animals compared to sham (LSMD = 30.7, pp, t = 3.5, df = 328, p = 
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0.0011). Again, non-paretic paws showed no statistically significant difference between 

groups (LSMD = 3.0 pp, t = 0.3, df = 328, p = 0.9302). Next, mice were sorted by the 

degree of either subacute or residual deficit as described in 2.2.3 to assess the dynamic 

of post-stroke performance in different functional subgroups, and distinct recovery trajec-

tories could be observed (Figure 12E through Figure 12G).65,66 

3.6 Prediction of Subacute Deficit 

For the prediction of the subacute deficit, lesion volume and segmented MRI were used. 

PE for the lesion volume was 13.3 pp (13.0-13.6 pp, Q1: 6.0 pp, Q3: 31.5 pp, IQR: 25.5 

pp) and 16.2 pp (16.0ï16.4 pp, Q1: 8.0 pp, Q3: 29.2 pp, IQR: 21.1 pp) for the segmented 

MRI (Figure 13A). Following the results of an unpaired t-test, PE was significantly smaller 

when using the lesion volume as a predictor of subacute deficit compared to the seg-

mented MRI (MD = 2.9 pp, 2.6-3.3, t = 16.6, df = 98, p<0.0001) (Figure 13B).65,66 

 

Figure 13ƅPrediction of Subacute Deficit. A, Heat map displays the averaged Q1, median, Q3, and IQR 

for the two MRI-based predictors. B, Violin-Plot of PEs in the 50 models trained and tested for each predic-

tor. Unpaired t-test indicated significantly smaller PEs when using the lesion volume as a predictor com-

pared to the segmented MRI. The dashed line indicates the median, and the dotted line indicates the first 

and third quartiles (figure taken and modified from Knab et al., 2023). 

3.7 Prediction of Residual Deficit 

For the prediction of residual deficit, three predictors were compared. When using the 

subacute deficit as a predictor, PE was 18.9 pp (18.7ï19.1 pp, Q1: 8.0 pp, Q3: 29.1 pp, 

IQR: 21.0 pp) compared to 22.7 pp (22.5ï22.9 pp, Q1: 14.1 pp, Q3: 41.8 pp, IQR: 27.8 

pp) for the segmented MRI and 26.0 pp (25.7ï26.3 pp, Q1: 12.2 pp, Q3: 41.3 pp, IQR: 

29.0 pp) for the lesion volume (Figure 14A). One-Way ANOVA indicated that PEs differed 

significantly between the three predictors (F(2,147) = 1032, p<0.0001). After correction 

for multiple comparisons using Tukeyôs test, PE of the subacute deficit was significantly 

smaller compared to both the segmented MRI (MD = 3.8 pp, 4.2ï3.4, p<0.0001) and the 

lesion volume (MD = 7.0 pp, 7.4ï6.7, p<0.0001). Furthermore, PE of the lesion volume 
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was significantly higher compared to PE from the segmented MRI (MD = 3.3 pp, 3.7ï

2.9pp, p<0.0001) (Figure 14B).65,66 

 

Figure 14ƅPrediction of Residual Deficit. A, In addition to the two MRI-based predictors, the degree of 

subacute deficit was tested, and the averaged Q1, median, Q3, and IQR are reported. B, Violin-Plot of PEs 

in the 50 models trained and tested for each predictor. One-Way ANOVA followed by Tukeyôs test showed 

that the subacute deficit was the best predictor of the residual deficit. Of the MRI-based predictors, the 

segmented MRI, which includes information on the anatomical localization of the stroke, produced signifi-

cantly smaller PEs. The dashed line indicates the median, and the dotted line indicates the first and third 

quartiles (figure taken and modified from Knab et al., 2023). 

3.8 Identification of Important Anatomical Regions 

As described in further detail in 2.6.4, the impact of each anatomical region on the pre-

diction accuracy was analyzed. A total of 81 regions had an out-of-bag predictor im-

portance above zero (Figure 15A). Among those regions were the caudoputamen, the 

primary somatosensory cortex, the external capsule, and the corticospinal tract. A com-

plete list of these regions can be found in Knab et al., 2023, Table S4. Testing the models 

with an increasing number of regions included in the segmented MRI resulted in a grad-

ually decreasing PE, and a relevant local minimum of PE was observed with only fourteen 

regions being included (Figure 15B and Figure 15C). Notably, PE quickly reached a plat-

eau afterwards, and adding more regions to the segmented MRI did not result in drastic 

changes of prediction accuracy.65,66  
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Figure 15ƅEstimating the Influence of Individual Anatomical Regions. A, Coronal slices indicate the 

81 regions with an out-of-bag predictor importance above 0. B, Visualization of the fourteen regions that 

were included when a first local minimum of PE was observed. C, Including an increasing number of ana-

tomical regions in the segmented MRI-based predictor, PE gradually decreased. However, a plateau was 

quickly observable. Dashed lines at x = 14 and y = 21.5 highlight the first local minimum of PE (figure taken 

and modified from Knab et al., 2023). 

3.9 Prediction Accuracy Depends on Severity Grade 

To understand what influence the degree of subacute or residual deficit had on the PE, 

prediction accuracy was analyzed for each severity grade. Severity grades were based 

on the subacute deficit when assessing the PEs for the prediction of the subacute deficit 

from lesion volume and segmented MRI (Figure 16A). Two-Way ANOVA showed a sta-

tistically significant interaction between the chosen predictor and severity grade (F(4, 490) 

= 682.3, p<0.0001). Simple main effect analysis revealed that both the severity grade 

(F(4, 490) = 2822, p<0.0001) and the chosen predictor (F(1, 490) = 47.5, p<0.0001) had 

a statistically significant effect on PE. This analysis was repeated for the residual deficit, 

now stratifying severity grades by the degree of the residual deficit (Figure 16B). As pre-

viously reported, Two-Way ANOVA revealed a statistically significant interaction between 

predictor and severity grade (F(8, 735) = 214.5, p<0.0001). Furthermore, simple main 

effect analysis showed that both the severity grade (F(4, 735) = 1819, p<0.0001) and 

predictor (F(2, 735) = 1241, p<0.0001) had a statistically significant effect on PE.65,66 
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Figure 16ƅImpact of Severity Grade on Prediction Accuracy. A, Heat map displays the prediction error 

when predicting the subacute deficit for each severity grade, while B, shows the same for the prediction of 

the residual deficit. Notably, the prediction accuracy varies largely depending on the predictor and the se-

verity grade. The depicted numbers show prediction errors (figure taken and modified from Knab et al., 

2023). 

3.10 Validation in an Independent Cohort 

3.10.1 Stroke Characteristics in the Replication Cohort 

Stroke characteristics of the replication cohort were compared to those of the prediction 

cohort to assess potential differences that might explain the deviating performance of the 

prediction models. First, incidence maps were generated for the replication cohort (Figure 

17A and 17B). The mean lesion volume in the replication cohort was 30.4 mm3 (23.4-37.5 

mm3) compared to 25.0 mm3 (21.5-28.5 mm3) in the prediction cohort (Figure 17C). Mann-

Whitney test was performed to test for differences in mean lesion volume, and differences 

were trending towards significance (actual difference: 13.6 mm3, U = 2186, p = 0.058).65,66  

 

Figure 17ƅStroke Characteristics in Testing and Replication Cohort. A, Incidence maps of the predic-

tion and B, replication cohort. Color bar indicates the percentage of animals that showed a lesion in a given 

voxel. In contrast to the prediction cohort, cortical involvement was observable in more mice in the replica-

tion cohort. C, Mean lesion volumes were trending towards being significantly different between the two 

cohorts and trending to be bigger in the replication cohort. Dashed lines indicate the median; dotted lines 

indicate the first and third quartiles. D, The Percentage of total lesion that lied within the caudoputamen 

was calculated to estimate cortical involvement in the two cohorts. Interestingly, means were significantly 

different, with smaller percentages observed in the replication cohort, indicating greater levels of cortical 

involvement (figure taken and modified from Knab et al., 2023). 
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Additionally, the percentage of the lesion volume that was within the caudoputamen was 

compared between the groups. The lesion volume in the caudoputamen made up 51.6% 

(46.4-56.8%) of the total lesion volume in the prediction cohort; in the replication cohort, 

it accounted for only 38.2% (29.8-46.6%) (Figure 17D). The percentage of total lesion 

volume that was within the caudoputamen differed significantly between the prediction 

and replication cohorts according to a Mann-Whitney test (actual difference: 22.3%, U = 

1989, p = 0.011).65,66  

In total, these results indicated that stroke characteristics in the replication cohort differed 

slightly from those in the testing cohort. Lesion volumes trended to be significantly bigger 

in the replication cohort, and they showed significantly more cortical involvement com-

pared to the prediction cohort.65,66 

3.10.2  Staircase Test in the Replication Cohort 

Performance during the phase of subacute deficit was 71.0% (60.9-81.0%) on the non-

paretic side and 44.2% (35.8-52.7%) on the paretic side of the MCAO animals. At the 

same time, mean performance was 101.2% (93.2-109.1%) on the non-paretic side and 

104.0% (97.9-110.0%) on the paretic side in the sham animals (Figure 18A through 

Figure 18C). Mixed-effects analysis showed a statistically significant interaction between 

the effects side and group (F(1, 47) = 11.1, p = 0.002). After using Ġid§kôs test to correct 

for multiple comparisons, performance of the paretic paw was significantly lower in MCAO 

animals when compared to sham (LSMD = 59.7 pp, t = 7.2, df = 94, p<0.0001). In contrast 

to the previous cohorts, there was also a significant difference between groups on the 

non-paretic side (LSMD=30.2 pp, t = 3.6, df = 94, p = 0.0009). During the period of resid-

ual deficit, performance in the MCAO animals was 85.4% (78.3-92.6%) on the non-paretic 

side and 71.4% (61.9-81.0%) on the paretic side. During the same period, mean perfor-

mance was 92.4% (81.8-103.0%) on the non-paretic side and 91.6% (78.5-104.7%) on 

the paretic side of sham animals (Figure 18D). The factor group had a significant effect 

on the degree of the residual deficit following a mixed-effects analysis (F(1, 47)=30.1, 

p<0.0001). Performance of the paretic paw was significantly lower in MCAO animals 

when compared to sham (LSMD = 38.9pp, t = 5.1, df = 94, p<0.0001). The difference 

between MCAO and sham on the non-paretic side (LSMD = 23.3pp, t = 3.1, df = 94, p = 

0.0057) remained significant in the replication cohort.65,66 
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Figure 18ƅBehavioral Analysis in the Replication Cohort. A, Performance of the non-paretic and B, 

paretic paw over time. Again, a robust decrease in performance was observable in the MCAO animals 

compared to sham. C, In contrast to previous findings, performance of the non-paretic paw was now also 

significantly decreased in MCAO animals for both the subacute and D, the residual deficit. While this stands 

in contrast to previous findings, the performance of the paretic paw was still more robustly decreased than 

the performance of the non-paretic side. Dashed lines indicate the median; dotted lines indicate the first 

and third quartiles (figure taken and modified from Knab et al. 2023).  

3.10.3  Prediction of Functional Outcome in the Replication Cohort 

The prediction models developed and tested using data from the prediction cohort were 

applied to the independent data set from the replication cohort. For the subacute deficit, 

predictors provided only slightly increased PEs compared to the prediction cohort. PE 

when using the lesion volume was 23.2 pp (22.9ï23.6 pp) and 20.0 pp (19.7ï20.3 pp) for 

the segmented MRI (Figure 19A). In contrast to the prediction cohort, now the segmented 

MRI provided significantly smaller PEs compared to the lesion volume (MD = 3.2 pp, 3.6ï

2.8 pp, t = 14.9, df = 98, p<0.0001) (Figure 19B). When predicting the degree of the 

residual deficit, PE was 10.8 pp (10.3ï11.2 pp) for the subacute deficit, 23.0 pp (22.2ï

23.9 pp) for the segmented MRI, and 23.9 pp (23.4ï24.5 pp) for the lesion volume (Figure 

19C). Furthermore, differences between predictors were again significant, as indicated 

by a One-Way ANOVA (F(2,147) = 19.0, p<0.0001). Using the subacute deficit as a pre-

dictor resulted in significantly smaller PEs compared to both the segmented MRI (MD = 

12.2 pp, 13.2ï11.2 pp, p<0.0001) and the lesion volume (MD = 13.2 pp, 14.2ï12.2 pp, 

p<0.0001) (Figure 19D). The difference between segmented MRI and lesion volume was 

trending towards significance, with the segmented MRI providing smaller PEs (MD = 1.0 

pp, 2.0ï0.1 pp, p = 0.0668). As a last step, the analysis of important anatomical regions 

was repeated by including an increasing number of anatomical regions in the segmented 

MRI (Figure 19E). Here, the sequence of anatomical regions was adapted from the anal-

ysis made in the prediction cohort. While only including the lesion percentages of the 

caudoputamen in the segmented MRI surprisingly resulted in very small PEs (first local 

minimum observed at x = 1), adding an increasing number of anatomical regions gener-
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ally resulted in a decrease in PEs, similar to what was previously observed in the predic-

tion cohort. After including fourteen regions, a local minimum of PE was again observable, 

nicely replicating the results from the prediction cohort.65,66 

 

Figure 19ƅPrediction of Functional Outcome in the Replication Cohort. A, through B, show the com-

parison of the prediction accuracy of the lesion volume and the segmented MRI for the prediction of the 

subacute deficit in the replication cohort. Unpaired t-test showed that PE when using the segmented MRI 

was significantly smaller compared to PE when using the lesion volume for prediction. The scattered line 

indicates the median; the dotted line indicates the first and third quartiles. C, through D, display the predic-

tion errors for the residual deficit in the replication cohort. While the subacute deficit again resulted in the 

lowest prediction errors, the difference between lesion volume and segmented MRI was not statistically 

different, despite trending towards significance. E, Surprisingly, when only the caudoputamen was included 

in the segmented MRI, in the replication cohort, this resulted in very small prediction errors (x = 1). Despite 

this difference in comparison to results from the prediction cohort, increasing the number of included ana-

tomical regions generally resulted in smaller prediction errors, with a local minimum at x = 14 (figure taken 

from Knab et al. 2023). 
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4 Discussion 

4.1 Summary of Results 

In the present thesis, a new behavioral paradigm was established for the staircase test of 

skilled reaching in mice for application in the context of the MCAO stroke model. Individual 

housing during feeding sessions, weight-adjusted food deprivation, prolonged training 

periods before surgery, and normalization of outcome to pre-stroke baseline performance 

enabled the stable detection of a side-specific motor-functional deficit after stroke over a 

period of twenty-one days. Mice displayed a subacute deficit, a phase of recovery, and a 

residual deficit, and different trajectories of recovery were observable. Furthermore, the 

arterial occlusion time was identified as a factor that influences the variance of lesion 

volumes, with sixty minutes of MCAO providing the smallest degree of heterogeneity. 

Machine-learning based prediction models were developed to predict the subacute and 

residual deficit. The subacute deficit could be best predicted using the lesion volume, 

especially in mice with small cortical infarcts, while the best predictor of long-term out-

come is the degree of the subacute deficit. Finally, incorporating the anatomical localiza-

tion of the stroke increases the accuracy of prediction, and several regions that are of 

particular importance to the accuracy of prediction were identified.65ï67  

4.2 Interpretation and Contextualization 

The establishment of a new behavioral paradigm for the staircase test of skilled reaching 

in mice undergoing MCAO poses an exciting new opportunity to monitor functional out-

come in preclinical stroke research.65,66 The fact that different phases and trajectories of 

functional recovery were observable shows how effectively the staircase test mirrors clin-

ical outcomes in stroke patients.30 Furthermore, as performance on the non-paretic paw 

either quickly returned to pre-stroke levels or was clearly above the performance of the 

paretic paw, the drop in performance on the paretic side proved to not simply be due to 

general sickness behavior. Instead, it was the expression of a specific motor-functional 

deficit.65,66 Especially for early functional outcomes, this differentiation has been difficult.68  

Arterial occlusion time was identified for the first time as a major driver of lesion volume 

variability.65,66 In fact, a previous study did not find a difference in lesion volume variance 

when comparing forty-five and sixty minutes of MCAO, but the reported cohort sizes were 

relatively small.40 This thesis included a much larger sample size of 291 mice to analyze 
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lesion volumes. Sixty minutes of MCAO reliably affected large proportions of the entire 

MCA territory, including cortical regions. In contrast, shorter occlusion times can include 

cortical regions but often do not, which increases the variance of volumes. Therefore, 

longer arterial occlusion times are helpful when a lower variation of lesion volumes is 

desired.65,66 However, longer occlusion times also cause higher mortality rates and more 

illness behavior. This might be an issue if comprehensive behavioral testing and longer 

observation periods are required.68 

Lesion volumes were the best predictor of subacute deficit in the resting cohort, while 

they were outperformed by the segmented MRI in the prediction cohort. This difference 

can be well explained by the differences in stroke characteristics between the two cohorts. 

Mice from the prediction cohort displayed smaller lesion volumes and less cortical in-

volvement compared to those from the replication cohort. As small strokes in the MCAO 

model tend to mainly affect the subcortical caudoputamen, they usually display less spa-

tial complexity. As a result, the segmented MRI, which considers spatial stroke properties, 

fails to make a prediction that is more precise than the lesion volume. In contrast, when 

lesion volumes exhibit higher levels of spatial complexity, as was the case in the predic-

tion cohort, incorporating information on the localization of the stroke seems to be advan-

tageous for the prediction of the subacute deficit.65,66 

In contrast, for the prediction of the residual deficit, the segmented MRI was the better 

imaging-based predictor in both the testing and the replication cohort.65,66 This suggests 

that for functional recovery, stroke localization is more important than lesion volume. Ex-

citingly, similar findings have been made in clinical studies.69,70 To follow up on this, re-

gions that were mainly contributing to the prediction accuracy were identified. Among 

those were both cortical and subcortical regions, such as the primary somatosensory area 

or the caudoputamen.65,66 Although the caudoputamen is part of the lesion core in every 

stroke caused by MCAO surgery, it still appears to be the most important anatomical 

structure for the prediction of functional recovery. It has previously been described as 

being part of a complex cortical-striatal projectome with high relevance to the correct ex-

ecution of behavioral tasks.71 Next to the caudoputamen, structures such as the corpus 

callosum and the fiber tracts defined much of the prediction accuracy of the segmented 

MRI.65,66 All of this underlines how important lesions of the corticospinal tract seem to be 
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for functional recovery, both in mice and humans.27,28 Finally, despite imaging-based pre-

dictors offering good prediction accuracies, the best predictor of the residual deficit was 

the degree of the subacute deficit.65,66 This has previously been reported for stroke pa-

tients as well and could indicate that addressing the early deficits in acute stroke therapies 

could be of major benefit.72  

4.3 Limitations 

In the present thesis and the underlying studies, the staircase test of skilled reaching was 

only used in mice undergoing forty-five minutes of arterial occlusion.65,66 Therefore, it is 

unclear to what extent the results can be replicated when using shorter or longer occlu-

sion times. In combination with the necessary food restriction, longer occlusion times 

might lead to unacceptable mortality rates. Establishing the test in mice undergoing sixty 

minutes of MCAO might therefore require additional modifications. Next, only one behav-

ioral read-out was used to establish the prediction models, and including other functional 

tests could have positively affected the prediction accuracy.65,66 The staircase test only 

assesses motor-functional deficits, and other aspects such as equilibrium behavior are 

not covered. While sensorimotor dysfunctions are likely to also affect performance in a 

pellet reaching task, e.g., due to a lack of sensory feedback, this was not specifically 

assessed. However, motor-functional outcome is the focus of many preclinical stroke 

studies, and the staircase test has been shown to be an optimal tool for this purpose. 

Also, it cannot be excluded that compensatory reaching movements partially obscured 

forepaw deficits.65,66 While the question of what is compensation and what is recovery is 

common to all functional tests and probably less problematic in a complex reaching test, 

video-monitoring and movement tracking could have further optimized the reliability of the 

behavioral readout. Furthermore, LDF-based measurements of CBF reduction were not 

used as an inclusion criterion and might have helped to reduce the heterogeneity of lesion 

volumes.38,39,65,66 However, even when implementing sophisticated exclusion criteria, 

such as observing a drop in CBF of at least 70%, the heterogeneity of lesion volumes can 

be high.38 Additionally, in small exploratory studies, more exclusion criteria further de-

crease cohort sizes, making meaningful statistical analyses impossible. Instead of con-

trolling for all potential sources of heterogeneity, using the developed prediction tools to 

design future preclinical studies, as described in more detail in section 4.4, could be an 

exciting alternative. The present study was performed using only retrospectively collected 
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data.65,66 Despite the usage of an independent replication cohort, to assess the true po-

tential of the prediction tool, as a next step a prospective study would be beneficial (also 

refer to 4.4). Finally, it is possible that using MR images from later time points, e.g., sev-

enty-two hours after MCAO, could have increased the accuracy of outcome prediction, 

as those images are more likely to reflect the final lesion characteristics. However, pre-

dictions based on late MR imaging cannot be used to guide intervention decisions or 

group assignment early on in the experiment (also refer to 4.4), as the window of oppor-

tunity might have already closed at this point.73 Therefore, predictions based on early 

MRIs are preferable.65,66 

4.4 Implications for Future Preclinical Stroke Studies 

The new protocol for the staircase test of skilled reaching established in the pilot study 

has now been used in several studies performed at the department for experimental neu-

rology in Berlin and will continue to be an important tool in preclinical stroke research. In 

light of the decreased variance of lesion volumes in the sixty minutes MCAO model, the 

increased usage of this occlusion time in future studies will be carefully considered. Fi-

nally, the established prediction tools, which were made publicly available, could now be 

used to reshape the design of future preclinical studies.65,66 Instead of randomly assigning 

mice to treatment groups, group assignment could be based on the expected outcomes 

predicted (Figure 20). By balancing expected outcomes among treatment groups, false-

positive or false-negative results could be avoided. 

 
Figure 20ƅIntegrating Outcome Prediction into Study Designs. To avoid false-positive or false-nega-

tive results while abstaining from drastically increasing cohort sizes or artificially reducing the heterogeneity 

of stroke characteristics, a prediction tool could be of great help. Using MRI data and a prediction tool for 

the functional outcome, experimenters could balance their group assignments along the expected out-

comes. This way, an improvement in outcome that goes, e.g., well beyond the predicted outcome could 
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more robustly be considered a treatment effect (own representation, figure was generated using bioren-

der.com).
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5 Conclusion 

In conclusion, both the dynamics of post-stroke outcome measured in the staircase test 

of skilled reaching as well as the identified predictors of functional recovery resemble 

clinical observations and underline the usefulness of mice as a stroke animal model in 

translational research. Although longer occlusion times are associated with greater lesion 

volumes and, consequentially, higher mortality rates, they could be of advantage when a 

lower variance of lesion volumes is desired. The developed prediction tools were made 

publicly available and could be used to reshape the design of future preclinical studies 

and help close the translational gap.65,66 
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