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1. Abstract  

English 

Introduction: Despite ongoing research no pharmaceutical means has proven 

efficacious to improve functional recovery in stroke patients. One promising therapeutic 

intervention is aerobic gait training as it is hypothesized to improve systemic 

oxygenation and cerebral recovery processes while being functional. For the early 

subacute phase after stroke, first exploratory studies could show an increase in mobility 

and improved functionality through aerobic training but feasibility in this high-risk 

population remains unclear. In this study we aimed to address the effect of an aerobic 

gait training compared to an active control intervention in the subacute phase after 

stroke and assess its feasibility, including safety, training adherence and treatment 

fidelity. 

Methods: The multicenter, randomized controlled, endpoint-blinded trial ‘Physical 

Fitness Training in Patients with Subacute Stroke – Phys-Stroke’ recruited 200 patients 

in the subacute phase (5 – 45 days) after moderate to severe stroke. Participants were 

randomized (1:1) to receive either a four week aerobic, bodyweight supported gait 

training (n = 105) with five sessions per week á 25 minutes or a progressive muscle 

relaxation therapy (n = 95) of equal amount. Co-primary efficacy endpoints were 

changes in maximal walking speed and in Barthel index score at three months post 

stroke. Secondary endpoints included six minute walking distance, gait energy cost and 

change in lesion volume. Safety measures were assessed until six months post stroke 

and included the serious adverse events (SAE) recurrent cerebro- or cardiovascular 

event, referral to an acute hospital or death. Adjusted analysis of co-variance were used 

to analyze both primary endpoints independently in the full analysis set. Poisson 

regression analysis were performed to assess incidence rate ratios (IRR) of SAE 

between both intervention groups.  

Results: Compared to relaxation therapy, aerobic training did not improve maximal 

walking speed (adjusted treatment effect 0.1 m/s (95% confidence interval 0.0 to 0.2 

m/s), p=0.23) or Barthel index score (0, 95% CI −5 to 5, p=0.99) significantly at three 

months post stroke. Exploratory findings revealed an interaction effect of female sex 

with training (0.3 m/s, 95% CI 0.1 to 0.5) and a treatment effect of change in lesion 

volume (-21.8 ml, 95% CI -40.4 to -3.2). Incidence rates (per 100 patient months) were 
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higher in the training group compared to relaxation for all SAE combined (6.31 vs 3.22; 

IRR 1.70, 95% CI 0.96 to 3.12).  

Discussion: Aerobic training delivered in the subacute phase after moderate to severe 

stroke was not found to be superior on maximal walking speed or activities of daily living 

compared to relaxation therapy. Additionally, a higher rate of SAE in the training group 

questions feasibility of aerobic exercise in this stroke population. Results are in contrast 

to previous smaller studies and should be considered in future guidelines. 

 

German 

Einleitung: Bisher hat sich kein pharmazeutisches Mittel zur Verbesserung der 

funktionellen Erholung bei Schlaganfallpatient:innen als wirksam erwiesen. Eine 

vielversprechende therapeutische Intervention ist das aerobe Gangtraining. Für die 

frühe subakute Phase nach Schlaganfall konnten erste explorative Studien eine 

Steigerung der Mobilität und eine verbesserte Funktionalität durch aerobes Training 

zeigen, aber die sichere Durchführung in dieser Hochrisikopopulation bleibt unklar. Ziel 

dieser Studie war es, den Effekt eines aeroben Gangtrainings im Vergleich zu einer 

aktiven Kontrollintervention in der subakuten Phase nach Schlaganfall zu untersuchen 

und dessen Durchführbarkeit, einschließlich der Sicherheit, Trainings- und 

Therapietreue zu bewerten. 

Methoden: Die multizentrische, randomisierte, kontrollierte, Studie 'Physical Fitness 

Training in Patients with Subacute Stroke - Phys-Stroke' rekrutierte 200 Patient:innen in 

der subakuten Phase (5 - 45 Tage) nach moderatem bis schwerem Schlaganfall. Die 

Teilnehmer:innen wurden randomisiert (1:1), um entweder ein vierwöchiges aerobes, 

körpergewichtsunterstütztes Gangtraining (n = 105) mit fünf Sitzungen pro Woche á 25 

Minuten oder eine gleichwertige progressive Muskelentspannungstherapie (n = 95) zu 

erhalten. Ko-primäre Endpunkte waren Veränderungen in der maximalen 

Ganggeschwindigkeit und im Barthel-Index drei Monate nach dem Schlaganfall. Zu den 

sekundären Endpunkten gehörten die sechs Minuten Gehstrecke, der Energieaufwand 

beim Gehen und die Veränderung des Läsionsvolumens. Sicherheitsendpunkte wurden 

bis sechs Monate nach dem Schlaganfall erhoben und umfassten die schwerwiegenden 

unerwünschten Ereignisse (SUE) rezidivierendes zerebro- oder kardiovaskuläres 

Ereignis, Einweisung in ein Akutkrankenhaus oder Tod.  
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Ergebnisse: Im Vergleich zur Entspannung verbesserte das aerobe Training bis drei 

Monate nach dem Schlaganfall weder die maximale Ganggeschwindigkeit (adjustierter 

Behandlungseffekt 0,1 m/s (95% Konfidenzintervall 0,0 bis 0,2 m/s), p=0,23) noch den 

Barthel-Index (0 (-5 bis 5), p=0,99) signifikant. Explorative Ergebnisse zeigten einen 

Interaktionseffekt des weiblichen Geschlechts mit dem Training (0,3 m/s, 95% CI 0,1 bis 

0,5) und einen Behandlungseffekt auf die Veränderung des Läsionsvolumens (-21,8 ml, 

95% CI -40,4 bis -3,2). Die Inzidenzraten (pro 100 Patientenmonate) waren in der 

Trainingsgruppe im Vergleich zur Entspannungsgruppe für alle SUE zusammen höher 

(6,31 vs. 3,22; IRR 1,70, 95% CI 0,96 bis 3,12).  

Diskussion: Aerobes Training in der subakuten Phase nach mittelschwerem bis 

schwerem Schlaganfall erwies sich im Vergleich zur Entspannungstherapie nicht als 

überlegen in Bezug auf die maximale Ganggeschwindigkeit oder Aktivitäten des 

täglichen Lebens. Zusätzlich stellt eine höhere Rate an SUE in der Trainingsgruppe die 

Durchführbarkeit von aerobem Training in dieser Population in Frage.   
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2. Introduction  

Cerebral stroke is defined as an “episode of acute neurological dysfunction” which is 

caused by ischemia or hemorrhage unrelated to a traumatic event, or any evidence of 

infarction found by imaging or pathological findings as endorsed by the American Heart 

Association and the American Stroke Association.1 The majority of risk factors for 

ischemic stroke are modifiable such as hypertension, hyperlipidemia, current smoking, 

waist-to-hip ratio, diet, physical inactivity, diabetes mellitus, alcohol consumption, 

cardiac causes and apolipoprotein B to A1 while only ethnicity, sex, age and genetics 

have been identified as non-modifiable risk factors.2 Among those, the prevalence of 

many risk factors such as obesity, diabetes mellitus type 2 or physical inactivity has 

increased over the last decades highlighting the need for stroke prevention, protection 

and recovery interventions.3–5  

In the aftermath of a cerebral infarction a diverse range of haemodynamic, metabolic 

and ionic changes occur leading to necrosis and apoptosis of neuronal cells.6 Core 

infarcted regions are surrounded by tissue at risk, the penumbra in which hypoperfusion 

leads to cytotoxic processes and depolarizations what then might eventually turn into 

infarcted tissue. Timely reperfusion of the occluded vessel either pharmacologically via 

thrombolysis or mechanically via thrombectomy are the only FDA and EMA approved 

interventions for the acute treatment of cerebral strokes so far.7  

Symptomatology of cerebral infarctions differ depending on the cortical region affected. 

The most frequent observed symptoms are cognitive impairments, ataxia, hemiparesis, 

sensory impairments and aphasia among others. Stroke survivors regard impairments 

in cognition, but also aphasia, fatigue and exercise interventions to improve 

deconditioning as the most important areas of research to counter stroke symptoms.8  

Currently, it is expected that the neurological recovery process of cerebral strokes are 

limited to the first weeks after stroke but might extend up to six months.9,10 Some 

improvements can still be achieved at a later stage using compensation techniques and 

acquisition of new skills. Coming from preclinical research, the evidence on changes in 

the brain during the acute phase is relatively robust.6 Similarly, as many acute houses 

and stroke units are affiliated to university medical departments, the evidence for the 

acute phase has gotten stronger over the last decades. As a result, acute interventions 

such as mechanical thrombectomy or mobile stroke units – special ambulances with a 

CT-scanner and a specialized team on board – could prove its effectiveness in 
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decreasing stroke burden. On the contrary, there are high uncertainties towards the 

recovery processes and the concept of spontaneous recovery during the early and late 

subacute phases of stroke and the time point when true recovery ends.9,11,12 As no 

pharmacological treatment was found to improve stroke recovery so far, the role of non-

pharmacological interventions in multidisciplinary rehabilitation clinics is paramount. 

One of the main goals of inpatient rehabilitation is prevention of secondary events. This 

includes management of associated risk factors with dual antiplatelet therapy, oral 

anticoagulation in cases of cardiac origin, sustained lowering of blood pressure, 

lowering of LDL cholesterol concentration with statin therapy, blood glucose 

management, carotid revascularization if needed, as well as life-style changes such as 

smoking cessation, reduction in alcohol consumption, monitor glucose intake (low risk 

diet) and reducing sedentary time while simultaneously increasing physical activity.12 

One detrimental consequence of stroke that became more and more apparent over the 

last decades is that stroke survivors also suffer from deconditioning after long 

hospitalization periods.13 Detrimental effects of sedentary behavior in healthy subjects 

alone include a decreased lipoprotein lipase activity or the uptake of triglycerides into 

muscle tissue, but also a decrease in maximal oxygen consumption.4,14 Stroke survivors 

soon after stroke present with a decreased pulmonary capacity and an increased cost of 

walking.15 The reduced initial aerobic capacity and the subsequent deconditioning might 

lead to a further decrease of physical activity after return to home.  

One promising treatment to facilitate functional recovery after stroke is a structured 

aerobic exercise intervention. Aerobic exercise incorporates the movement of large 

muscles over a longer period of time with an increased heart and breathing rate.16 

Aerobic exercise has not only been found to increase maximum oxygen consumption in 

healthy volunteers4 and stroke survivors17 and thus counteract decreased endurance 

but also to lower gait energy cost, and to increase maximum walking speed in stroke 

patients.18 Due to its effect on cardiovascular risk factors such as lowering of fasting 

insulin19 or improving cerebral vasomotor reactivity20, it became an important part of 

secondary stroke prevention.21  Based on these results, aerobic exercise is a 

recommended treatment in many stroke rehabilitation guidelines worldwide.21–23 Still, 

there is no detailed guidance on when the best time to start aerobic exercise is in stroke 

survivors. Cardiorespiratory exercise can be achieved with gait or treadmill training, 

training on a cycle ergometer or recumbent stepper, or aquatic training. Aerobic gait 

training is advantageous to improve mobility in stroke patients as it uses repetitive 
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locomotor movements which has been shown to improve walking and capabilities to 

perform activities of daily living in stroke patients.24,25  

Additionally, it is hypothesized that aerobic training can improve outcome by enhancing 

endogenous neural plasticity, particularly if commenced early after stroke.26 Studies 

conducted in rodents identified a facilitating effect of forced aerobic exercise on 

neurotrophic and neuronal growth factors such as brain derived neurotrophic factor, 

insulin-like growth factor-1 and nerve growth factor.27 Also, an effect on lesion core and 

the penumbra has been observed in preclinical models.28 Clinical evidence of aerobic 

exercise on neuroplasticity in the subacute phase of stroke depends on indirect 

measures. Changes in brain morphology or serum biomarkers such as brain derived 

neurotrophic factor, insulin-like growth factor-1 and vascular endothelial growth factor 

have been investigated in healthy volunteers29 and stroke survivors.30 In particular, 

changes in morphology and function of the hippocampus – a brain region sensitive for 

neuroplasticity, has been observed after aerobic exercise in healthy volunteers.31 

Furthermore, effects of aerobic training on the brain vasculature have been described in 

animal models of stroke.32,33 Therefore it is hypothesized that aerobic training might 

improve stroke recovery if administered in the early phase after stroke.34  

 

The evidence on aerobic training in subacute stroke patients is limited. Until the 

registration of the current dissertation a Cochrane review on Fitness training 

interventions in stroke from 201217 identified only two studies which applied a 

cardiorespiratory gait training early after disabling stroke but excluded studies with 

bodyweight supported training.35,36 Aerobic treadmill training with bodyweight support 

enables exercising of moderately to severely affected, non-ambulatory patients. 

Patients with severe impairments seem to benefit the least from spontaneous recovery 

if proportional recovery rules are considered while having the highest need for 

improvement.11 A systematic search of the literature in pubmed and hand searches of 

reference lists in related reviews including also bodyweight supported gait training 

revealed another four randomized, controlled trials (see search strategy in appendix 

1).37–40 Overall, results of previous studies are controversial with two studies showing 

higher improvements in maximal walking speed in the aerobic training group and two 

studies without significant differences between groups. Still, results derived from small 

studies with varying degrees of quality rendering comparison of results difficult. For 
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example, only one study reported training intensity.36 Similarly, not all studies included 

patients with moderate to severe strokes. 

 

In addition to the unclear evidence on the effects of an early aerobic training, feasibility 

of such a training regimen in the critical early post stroke phase remains unclear. No 

evidence was found for an increased risk in stroke patients so far but reporting of 

adverse events in these studies is poor and better reporting in cardiorespiratory training 

intervention trials is urgently needed.17 Of the above mentioned studies one third did not 

mention adverse events at all while one third reported only flow of included patients and 

did not go into detail for dropouts during the study period. But especially in patients with 

moderate to severe strokes determinants of increased risks for SAE are needed to 

specify risk profiles for individual patients. 

 

In response to the need to address one of the designated top ten research priorities in 

stroke rehabilitation8 the Center for Stroke Research Berlin designed the ‘Physical 

Fitness Training in Subacute Stroke – PHYS-STROKE’ trial within the network of the 

Berliner Schlaganfall Allianz – a network of acute houses, rehabilitation wards and 

therapy centers in the Berlin area. The aim of my dissertation was to investigate the 

benefits and harms of a non-pharmaceutical therapeutic intervention in a medically 

unstable condition. More specifically, my goals were 1) to determine the efficacy of 

aerobic gait training on functional recovery and neuro-restoration as well as the 

feasibility of such a training compared to a non-cardiorespiratory active control 

intervention in the early subacute phase after stroke, and 2) to delineate carefully the 

characteristics of patients at higher risks of adverse events.  
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3. Methods  

3.1 Study Design and participants 

To answer this research question the multicenter, randomized controlled, endpoint-

blinded PHYS-STROKE trial was conducted in seven rehabilitation clinics in the Berlin 

area, Germany. The trial was approved by the local ethics committee (EA1/138/13). A 

protocol has been published previously by the investigator group.41 In addition, a 

statistical analysis plan including analyses from my dissertation has been detailed by 

the principal investigator, the lead biostatistician and me 

(https://doi.org/10.6084/m9.figshare.5375026.v1). In- and exclusion criteria as well as 

the screening process are detailed in publication 1. The following sections focus on 

methods not described in the included publications of my dissertation as well as on 

giving further background on methodological reasoning.  

 

3.2 Intervention 

Participants were randomized to receive either an aerobic gait training or relaxation 

therapy in addition to standard care. Both intervention arms were delivered for four 

weeks, with five sessions per week and each session lasting 50 minutes comprising 25 

minutes of core intervention time. In the bodyweight supported, aerobic gait training 

group participants were trained either on a mechanical gait trainer (Functional 

Ambulatory Category (FAC) ≤ 2; Gait Trainer GT1; Reha-Stim, Berlin, Germany) or on a 

treadmill (FAC > 2; Multi-disk treadmill Callis, Model Therapie; Sprintex Trainingsgeräte, 

Kleines Wiesental, Germany; Reha-Stim, Berlin, Germany), dependent on functional 

mobility. For safety reasons, participants wore a parachute harness which could also be 

used to support bodyweight in cases of low postural control. Participants were targeted 

to train at 50 – 60% of maximum heart rate which was calculated by the pragmatic 

formula: Target heart rate = 180 minus years of age. In cases of β blocker intake target 

heart rate was reduced by 10 beats per minute.  

During relaxation sessions, participants received progressive muscle relaxation focusing 

on the upper extremities, chest, shoulders, neck and face.  

 

https://doi.org/10.6084/m9.figshare.5375026.v1
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3.2.1 Methodological considerations 

Non-pharmacological trials of sufficient size and quality to produce the highest level of 

evidence are lacking in stroke rehabilitation in Germany and worldwide. Although there 

might be different reasons underlying this phenomena, as a result most rehabilitation 

clinics are not prepared for larger randomized trials. Therefore, some considerations 

had to be taken in the beginning.  

 

Several methodological decisions in the protocol followed a pragmatic approach. First, 

training of respective centers had to be done over several days but it was also expected 

that constant feedback with the study team at each site was needed. Many stroke 

rehabilitation clinics lack dedicated research staff. Although training was administered 

and a webpage with FAQs as well as a newsletter was created, variations in outcome 

assessment was expected if conducted locally by the involved therapists. As a 

consequence, two trained therapists did all assessments at all centers. Harmonization 

of outcome assessment was one benefit with the drawback of a demanding logistical 

effort. 

Second, a query prior to the start of the trial lead to the understanding that most clinics 

were neither staffed nor equipped to conduct an exercise stress test with every included 

participant. That way, a decision was made that the treating therapist or physician would 

rate ability to perform aerobic exercise. Equally, a pragmatic formula which was easy to 

calculate was chosen to estimate the individual training heart rate. Here, the goal was to 

provide a way to easy administer the same training regimen during usual clinical 

practice while approximately assuring training at the aerobic-anaerobic threshold. The 

downside of this approach was that the individual differences in training capacity could 

not be accounted for. Still, we expected a close estimate of the true threshold. 

Third, controlling heart rate during exercise of stroke patients is challenging. Usually, 

heart rate can be increased by increasing the speed of the device. Patients with severe 

impairments operationalized with a FAC Score of ≤ 2 were trained in a mechanical gait 

trainer. The stepping speed of this device was limited. One way to facilitate higher 

stress on the patients was to limit the respective bodyweight support leading also to 

higher stress on the musculature especially in the knee joints. We expected that 

patients with severe impairments would also be deconditioned and have a low aerobic-

anaerobic threshold. Also, it was expected that due to the intervention and to 

spontaneous recovery mechanisms, many patients would quickly advance to the 
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treadmill. Starting with a FAC of ≥ 3 patients were planned to be trained on a treadmill 

with bodyweight support. Heart rate could be controlled by either increasing the speed 

of the treadmill, reducing the bodyweight support or increase the inclination of the 

treadmill. In many patients the possibilities to increase the speed was limited due to 

hemiparesis. In severe cases or patients with severe paresis of the peroneous muscle, 

therapists were instructed to assist setting the foot and helping to shift weight. Besides 

the patients capabilities to perform quicker movements the speed of the gait was also 

limited by the ability of the therapist to assist the movements. In such cases, therapists 

were instructed to increase the inclination of the treadmill to facilitate higher stress on 

the cardiopulmonary system if the target heart rate was not achieved. At higher 

inclination, stress on the knee joint was substantially increased which could limit 

progression as well. Especially in young participants, achievement of target heart rate 

was therefore challenging. 

 

3.3 Outcomes 

Outcomes were assessed at baseline, after the intervention as well as three and six 

months post stroke. As a co-primary endpoint, the change in maximal walking speed 

(assessed in m/s) and in the Barthel index at three months post stroke were chosen to 

reflect clinically meaningful improvements in gross motor function with high relevance 

for stroke patients.8,42,43 Participants were allowed to use any orthosis used also during 

standard care physiotherapy. The Barthel index was assessed by our study assessors 

at each visit.  

Exploratory secondary endpoints included maximal walking speed and Barthel index at 

post-intervention and at six months follow-up, walking endurance and as a physiological 

marker for effects on the cardiovascular system energy cost of gait at three months as 

assessed with the six-minute walk test. The six minute walk test was conducted in a 

30m hallway with limited traffic but within the clinical setting of the respective study site. 

Each participant was asked to walk safe but as brisk as possible. At least one study 

assessor accompanied the participant to ensure safe commuting. Orthosis or assistive 

devices were allowed to be used. In an exploratory framework, gait energy cost was 

measured during the six minute walk test. Participants wore a mobile spirometry (k4B2, 

Cosmed, Rome, Italy) which enables breath-by-breath analysis of oxygen consumption 

(VO2), breathing frequency and heart rate during exercise with a high test-retest 
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reliability in stroke patients (Intraclass correlation in VO2 of 0.9).44 Study assessors were 

trained on the devices by Cosmed on a one day workshop and assessments regularly 

supervised by me. Devices were calibrated before each measurement following 

instructions from the company. Average VO2 from the last three minutes of the six 

minute walk test was used and divided by body mass and meters to calculate gait 

energy cost per meter walked with the formula ml/kg-1/m-1. The secondary outcomes 

six minute walking distance and gait energy cost were chosen as they reflect the overall 

response of an endurance training and could be used to control whether training was 

delivered at an intensity to induce an effect on the cardiopulmonary system. To identify 

protective effects of the intervention on lesioned tissue as well as any association of 

lesion size on primary outcomes lesion sizes were assessed in ml in a subset of 

patients enrolled in the accompanying ‚Biomarkers and perfusion – training-induced 

changes after stroke (BAPTISe)‘ substudy of the PHYS-Stroke trial. Here, a sample of 

110 patients received magnetic resonance imaging (MRI) at baseline and post 

intervention.45 Only patients with data on both time points were used. Although patients 

were included early after stroke I did not expect any effects on the core lesioned area as 

effected areas die within the acute phase. It was hypothesized that neuroplastic effects 

and neovascularization might take place in the tissue surrounding the lesion and 

subsequently saving it from equally turning into dead tissue. 

Safety endpoints were the serious adverse events (SAE) recurrent cerebrovascular or 

cardiovascular event, readmission to an acute care hospital or death within six months 

post stroke. SAE were reported by the study site physicians to the trial coordinating 

center. After discharge SAE were self-reported by the participants and confirmed by 

discharge letters. Health status of participants that were unavailable at the six months 

follow-up were retrieved from the population registry of Berlin. All adverse events were 

reported to a data safety monitoring board (DSMB) on a regular basis. 

To identify risk factors for SAE in the early subacute phase after stroke we performed 

exploratory analyses on the association of SAE occurrence with clinical characteristics, 

pre-existing comorbidities, medication, and pertinent blood biomarkers assessed at 

baseline.  

 

3.3.1 Methodological considerations  

Maximal walking speed was measured on a hallway within the clinical setting. 

Participants had to walk 14 meters at their maximal tolerable walking speed of which 
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only the middle ten meters were analyzed. Times were taken with stop watches by our 

study assessors and the accuracy of measurements were controlled with laser beams in 

the beginning of the trial. Measurements with stop watches were accurate to the first 

decimal but measurements with the laser beams created measurement errors in 

patients with severe gait impairments which needed close support. Here, the foot of the 

assessor crossed the laser beam, resulting in inaccurate measurements. Therefore, the 

laser beams were only used in the first year of the trial to confirm measurements with 

stop watches. 

Initially, the protocol aimed at assessing maximal oxygen consumption (VO2 max) as a 

direct measure of physiological effects on the cardiopulmonary system. The 

measurement of VO2 max would have required a maximal exercise test until fatigue. 

After assessing the possibilities to perform exercise testing at respective study sites it 

became obvious that this was not feasible in the course of the PHYS-Stroke trial. In 

addition, to date only one exercise testing procedure was validated for stroke patients.46 

In this protocol patients reached only a mean of 84% of maximal age-predicted heart 

rate, rendering it not suitable for a valid assessment of VO2 max. Therefore, 

assessment of gait energy cost was considered a clinical meaningful measure 

resembling physiological changes. As outlined above, measurements with a spirometry 

needs precise calibration methods such as calibrating the valve and to compare the 

composition of the environmental air to a predefined calibration gas. Controlled 

conditions for humidity, temperature and air pressure are needed to precisely measure 

VO2 during activities. Usually, measurements are conducted in laboratories. Such 

conditions were not to be expected in the clinical setting, so that a higher number of 

measurement errors had to be anticipated. 

As outlined above, the DSMB overlooked all serious adverse events in a total of four 

meetings. During those meetings, adverse events were discussed with respect to the 

clinical history of the respective patients and the time point of the event. Even though a 

DSMB summary report on overall statistics was written by me (appendix 2), predefined 

analyses were not able to account for risk factors potentially related to any of the 

adverse events. Therefore, I designed the not-prespecified exploratory analyses 

detailed in publication 2. 

As part of feasibility, treatment fidelity might need special attention in non-

pharmaceutical interventions as along with the participants adherence, delivery of the 

intervention depends on the motivation and beliefs of the treating therapists and the 
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trust the therapist puts in the intervention protocol. Over the course of the trial, it 

became obvious that the perspectives of the therapists would need to be assessed to 

better understand feasibility of the training regimen in the context of a clinical setting. I 

therefore administered a self-designed questionnaire at the end of the trial in which I 

asked the therapists delivering either of the two interventions or both on their attitudes 

towards the intervention protocol. The questionnaire was not pre-specified. A link to the 

online questionnaire was sent out via e-mail to all therapists except for one study site in 

which access rights to the questionnaire was not granted and the questionnaire was 

delivered in a printed form. Participation was anonymous and included the following 

questions. 

 

General questions: 

What is your proficiency? Which intervention did you deliver? How much time was 

planned for each intervention session? How much time did one intervention session 

lasted on average?  

 

Questions on the aerobic training: 

Was a gait trainer available? Was a treadmill available? Was a bodyweight support 

available for the treadmill? How many therapists were available for caretaking of 

patients with severe impairments (FAC <2)? Did you had the impression that the 

patients trained at their aerobic-anaerobic threshold? Do you feel it is necessary to 

accurately determine the necessary training heart rate using an exercise test? Did the 

patients tolerate the training well? In your opinion, is aerobic treadmill training like the 

one performed well integrated into the daily clinical routine?  

 

Questions on the relaxation training: 

Do you have the impression that the patients have benefited from the training? If so, in 

what ways have patients benefited? In your opinion, was it possible for the patients to 

engage in the relaxation training? Did you have facilities available to conduct the 

relaxation training in an undisturbed environment? Did it happen that patients fell asleep 

during the intervention? If so, how often? 
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Questions on motivation: 

Were your patients mostly motivated to do the intervention? Did the patient’s motivation 

change during the course? If so, how? Were you motivated to lead or deliver the 

intervention? Has patient therapy progress helped you overcome your motivational 

problems? If no, how could the intervention be changed to make it more motivating for 

you? 

 

Therapists were also given the chance to leave comments. Only descriptive and 

narrative summaries were planned for the data from the questionnaires.   

 

3.4 Data analysis 

MRI examinations were performed on a 3-Tesla MRI scanner (TIM Trio; Siemens AG, 

Erlangen, Germany) before and after the trial intervention. Sequences of the BAPTISe 

protocol used for the current analysis included a fluid attenuated inversion recovery 

(FLAIR) sequence (TE = 100 ms, TR = 8000 ms, TI = 2370.5 ms, field-of view 

[FOV] = 220 mm2, matrix = 256 × 232, 5-mm slice thickness with a 0.5-mm interslice 

gap, scan time 1:54 min) which was used to identify lesions and a T1-weighted 

magnetization-prepared rapid gradient-echo (MPRAGE) structural image in the sagittal 

plane (TE 2.5 ms, TR 1900 ms, TI 900 ms, flip angle 9°, parallel imaging (GRAPPA 2), 

1 mm isovoxel, scan time 4:26 min). Except for the design of the MRI sequences, the 

assessment of lesion size was designed by me and included the following steps: 

Lesion masking was conducted using a semi-automated pipeline. First, lesions were 

demarcated with the ‘clusterize’ toolbox following standard procedures47,48 and are 

described shortly. Within ‘clusterize’, lesions were drawn on FLAIR images and 

wherever possible additional T1-weighted MPRAGE for subacute stages and diffusion 

weighted images were used for comparison on patients included in the late acute 

phases.  

In a first step, hypo-intense areas were defined to better differentiate brain tissue from 

e.g. the ventricles using the reference T1-weighted MPRAGE structural images. The 

toolbox then created clusters of areas with corresponding grey values which were 

suspected to be a lesion. Subsequently, lesions were identified and manually selected 

under guidance of the clinical report from the acute care imaging. After all lesions were 
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masked, quality checks were done by a trained neuroradiologist with more than ten 

years of practice.  

In a second step, lesion masks were co-registered to T1-weighted MPRAGE images 

using a customized pipeline. In detail, FLAIR images were co-registered with the 

Advanced Normalisation Tools (ANTs)49 using cost-function masking and the 

registration matrix used to co-register the lesion mask to the T1 image.  To account for 

differences in regional volumes of the brain due to age and sex differences intracranial 

volume (ICV) was calculated as the sum of grey matter and white matter and 

cerebrospinal fluid. Lesion volume was subsequently adjusted with the following 

formula: adjusted volume = raw volume – b * (ICV – mean ICV), with b denoting the 

slope of a regression of a region of interest on ICV. 

 

3.5 Statistical analysis 

Reported clinically meaningful differences of 0.13 m/s in maximal walking speed or 10 

points in the Barthel index were used to inform our sample size calculation which 

resulted in 172 participants (86 participants per group).50,51 For details please refer to 

publication 1.  

Descriptive statistics are displayed with mean (SD) or median [IQR] where appropriate. 

Both endpoints were analyzed independently in two separate analyses of covariance 

(ANCOVA) within the full analysis set using all randomized participants. Dependent 

variables were the change in maximal walking speed or Barthel index at time point three 

months post stroke and baseline values and intervention group were the independent 

variables. All values missing at random (MAR) were imputed using multivariate 

imputation by chained equation (mice) with 10 imputed datasets and relevant 

information generated by the R package mice based on data used in the models.52 

Imputation is considered the best option to account for missing data and superior to 

other methods such as ‘Last observation carried forward’ in the field of stroke recovery 

research as patients characteristics change even without any intervention.53 Subgroup 

analyses were calculated using interactions between treatment group and respective 

subgroups age, sex, stroke type, stroke severity operationalized with the National 

Institute of Stroke Scale (NIHSS), FAC and time from stroke onset to intervention 

start.54  
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SAE were analyzed using Poisson regression analyses with a random effect for center 

and adjusted for age, sex, and stroke severity as measured by the NIHSS. Poisson 

regression allows to calculate incidence rate ratios with confidence intervals for the 

observation period until six months post stroke.55  

The exploratory risk factor analysis was equally analyzed by fitting multiple Poisson 

regression models to identify possible associations between comorbidity, treatment arm 

and occurrence of serious adverse events. To identify direction of interaction estimated 

marginal means were calculated.  

To assess the effect of the intervention on lesion volume, an analysis of covariance was 

calculated with the change in lesion volume between pre and post intervention as 

dependent variable and respective baseline value as covariate. Analysis was adjusted 

for age, sex and FAC. Center was included as a random effect. An exploratory 

framework was used for lesion volume analyses. All exploratory analyses were not 

adjusted for multiple testing. 
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4. Results  

4.1 Study population 

During 2013 and 2017, 200 participants (3%) of initially screened 12 866 adults were 

randomized to receive either aerobic, bodyweight supported gait training (n = 105) or 

relaxation therapy (n = 95) in addition to standard care. In the beginning of the trial 

inclusion was not as high as expected and after two years it was decided to prolong the 

inclusion phase which was initially scheduled to only last for three years.  

 

Table 1 | Baseline characteristics of the patients stratified by intervention 

 

Characteristic 

Training 

(n=105) 

Relaxation 

(n=95) 

All Patients 

(n=200) 

Age in years, mean (SD), years 69 (12) 70 (11) 69 (12) 

Female sex – n (%) 45 (43) 36 (38) 81 (41) 

Time from stroke to intervention, 

median [IQR], days† 

30 [17 – 39] 27 [17 – 41] 28 [17 – 40] 

Anterior circulation stroke, n (%) 84 (80) 72 (76) 156 (78) 

Hemiparesis on admission, n (%) 98 (93) 89 (94) 188 (94) 

NIHSS score, median [IQR]‡ 9 [5 – 12] 7 [5 – 11] 8 [5 – 12] 

Ischemic Stroke, n (%) 91 (87) 90 (95) 181 (91) 

    Treatment with alteplase, n (%)§  34 (37) 27 (30) 61 (34) 

    Ischemic stroke aetiology§  

      LAA, n (%)§ 17 (19) 19 (21) 36 (20) 

      Cardioembolism, n (%)§ 18 (20) 18 (20) 36 (20) 

      Small vessel occlusion, n (%)§ 16 (18) 15 (17) 31 (17) 

      Other aetiology, n (%)§ 3 (3) 4 (4) 7 (4) 

      Undetermined aetiology, n (%)§ 34 (37) 28 (31) 62 (34) 

      Competing etiologies, n (%)§ 3 (3) 6 (7) 9 (5) 

Previous stroke – n (%) 27 (27) 27 (28) 54 (27) 
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† No data available in four patients, because patients were excluded as screening failures prior to intervention start. ‡ 

Scores on the National Institutes of Health Stroke Scale (NIHSS) range from 0 to 42, with higher scores indicating 

greater stroke severity. Assessed on day 3-5 after stroke. The NIHSS score of one patient was missing due to 

missing charts from the acute hospital. § Reported proportions of patients treated with alteplase and proportions of 

stroke aetiology refer only to ischemic stroke patients. LAA denotes large artery artherosclerosis. (modified after 

Nave et al, 2019)56 

 

Baseline characteristics of included participants were mostly similar between 

intervention groups and are shown in table 1. 

 

4.2 Efficacy 

4.2.1 Primary efficacy endpoints 

Results of the primary efficacy endpoint analysis are outlined in table 2 and reported in 

more detail in publication 1. In short, the adjusted treatment effect in maximal walking 

speed was 0.1 m/s (95% CI 0.0 to 0.2 m/s, p = 0.23). In the Barthel index score the 

intervention resulted in an adjusted treatment effect of 0 (95% CI -5 to 5, p = 0.99). 

 

Table 2 | Primary efficacy endpoints 

Co-Primary Outcomes (change from baseline to 3 months after stroke) 

 

Training 

(n=105) 

Relaxation 

(n=95) 

Treatment effect 

(95% CI) 

P Value 

Maximal walking speed,  

mean (95% CI), in m/s 

0.4 (0.3 to 

0.4) 

0.3 (0.2 to 0.4) 0.1 (0.0 to 0.2) 0.23 

Barthel-Index,  

mean (95% CI) 

30 (24 to 36) 30 (23 to 36) 0 (-5 to 5) 0.99 

Analyses based on multiple imputation. Treatment effects were analysed using ANCOVA mixed models with the 

three-month outcome as the dependent variable adjusted for baseline and additionally adjusted for sex, centre, and 

FAC. Values are presented as means with 95% confidence intervals (95% CI).(modified after Nave et al, 2019)56 

 

Exploratory subgroup analyses could not identify a significant treatment effect in any of 

the subgroups except for sex with a group difference in maximal walking speed of 0.3 

m/s (0.1 to 0.5) in women (see figure 2). 
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Figure 1 | Prespecified subgroup analyses. 

Forest plots display maximal walking speed and Barthel index scores. Results are based on multiple imputation. No 

data were available for time from stroke to intervention for four participants who were excluded at screening. National 

Institutes of Health Stroke scale (NIHSS) score was missing for one participant owing to missing hospital chart. 

FAC=functional ambulation category. *P value for primary outcome measure. †P values for age×group 

interaction.(from Nave et al, 2019)56 
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4.2.2 Secondary endpoints 

Exploratory assessment of gait energy cost during the six minute walk test captured 

only data of approximately 50% of the patients due to technical failures of the 

spirometry device, calibration errors within the clinical setting and non-plausible data. Of 

all assessed secondary endpoints, only the six minute walk test and gait energy cost 

showed a clinically meaningful difference between study groups of 27 m (95% CI 0 to 

54 ) and -0.1 ml/kg-1/m-1 (95% CI -0.2 to 0.0) respectively at three months post stroke 

in favor of the training group. There were no substantial differences in maximal walking 

speed and Barthel index after the intervention or at six months post stroke. See 

secondary endpoints with treatment effects in table 3. 

 

Table 3 | Secondary endpoints 

 Group Baseline 

Training n = 105 

Relaxation n = 95 ¶ 

3 months follow-up 

Training n = 89 

Relaxation n = 77 ¶ 

Treatment effect 

(95% CI) 

6-minute walk 

distance, 

median [IQR],  

mean (SD), in m 

b 

Training 75 

[32 – 160] 

107 (110) 

165 

[90 – 300] 

201 (153) 

(n = 85) 

27 (0 to 54) 

Relaxatio

n 

 

120 

[39 – 205] 

139 (113) 

180 

[110 – 263] 

203 (128) 

(n = 71) 

Gait energy 

cost, median 

[IQR], in ml/kg-

1/m-1 i 

Training 0.8 

[0.4 – 1.2] 

(n = 54) 

0.4 

[0.3 – 0.6] 

(n = 49) 

-0.1 (-0.2 to 0.0) 

Relaxatio

n 

 

0.4 

[0.3 – 0.7] 

(n = 46) 

0.4 

[0.3 – 0.6] 

(n = 41) 

Analyses are based on mixed models ANCOVA (adjustment for baseline value, age, sex, FAC, and center 

heterogeneity). Estimates are based on three level mixed models and multiple imputation (n=600 measures, 200 

individuals, 6 centres) positive values favour aerobic training. Missing values were imputed by using multiple 

imputation. ¶ Number of available patients at scheduled visit. If number of valid data points differs in specific 

assessments number available is printed in the specific row. Data missing due to MAR are imputed as described in 

the appendix. § All secondary endpoints are exploratory and are not meant for hypothesis testing. P-values are thus 

not reported. a Seventeen patients could not walk for the entire time of six minutes. The distance they walked up to 

termination was used here. Twenty-eight patients could not do the test at all because of bad physical condition. For 
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those patients, values were imputed using single value imputation by taking half of the lowest value of the total 

cohort. b Spirometry data is missing mostly due to technical issues. Baseline values are available for 100 patients (54 

Training, 46 Relaxation).(modified after Nave et al, 2019)56 

 

Table 4 | Baseline characteristics of the convenient sample stratified by intervention 

 

Characteristic 

Training 

(n=44) 

Relaxation 

(n=29) 

Age in years, mean (SD), years 68 (12) 69 (11) 

Female sex – n (%) 18 (41) 14 (48) 

Time from stroke to first MRI, median [IQR], days 31 [17 – 35] 27 [17 – 39] 

Anterior circulation stroke, n (%) 12 (27) 8 (28) 

Hemiparesis on admission, n (%) 42 (96) 28 (97) 

NIHSS score, median [IQR] 10 [8 – 12] 8 [6 – 11] 

Lesion volume, median [IQR] 6.2 [1.6 – 41.3] 9.1 [2.3 – 21.4] 

Treatment with alteplase, n (%)§  15 (34) 8 (28) 

    Ischemic stroke aetiology§ 

      LAA, n (%)§ 7 (16) 3 (10) 

      Cardioembolism, n (%)§ 4 (9) 3 (10) 

      Small vessel occlusion, n (%)§ 11 (26) 8 (27) 

      Other aetiology, n (%)§ 1 (2) 2 (7) 

      Undetermined aetiology, n (%)§ 19 (44) 12 (41) 

      Competing etiologies, n (%)§ 1 (2) 1 (3) 

Previous stroke – n (%) 7 (16) 5 (17) 

§ Reported proportions of patients treated with alteplase and proportions of stroke aetiology. One patient in training 

group had a hemorrhagic stroke. (Table created by: Rackoll) 

 

Following the analysis of the primary efficacy endpoints in the full analysis set, I 

performed two separate analyses in a convenient sample of those participants that were 

also included in the BAPTISe study and had a pre and post intervention structural MRI. 

Seventy-two patients were included in the analysis. Baseline characteristics of the 

convenient sample resemble those of the full analysis set of PHYS-STROKE and are 
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shown in table 4. Lesion volume at baseline was positively correlated with NIHSS score 

three to five days after stroke ( = 0.57, 95% CI 0.39 to 0.71, df = 71) and negatively 

correlated with functional impairment at baseline measured with the FAC ( = - 0.35, 

95% CI -0.53 to -0.35). 

First, I performed a similar analysis as the one on the treatment effect on maximal 

walking speed at three months post stroke and added lesion volume at baseline as a 

covariate to assess whether size of the lesion was a confounder on the treatment effect. 

The overall treatment effect resembled the primary efficacy endpoint reported in 

publication 1 with 0.1 m/s (95% CI -0.1 – 0.3). Lesion volume at baseline did not 

confound the overall model.  

Secondly, I analyzed whether the treatment had an effect on the lesion volume itself. 

Overall, treatment did influence the change in lesion volume between baseline and 

post-intervention with a difference in lesion volume change in the training group of -21.8 

ml (95% CI -40.4 to -3.2). Further, I tested whether there was an interaction between 

sex and treatment as was observed in the subgroup analysis of publication 1. In 

contrast, an interaction of sex and treatment on lesion volume change could not be 

observed (-9.5 ml, 95% CI -47.2 to 28.1) as can also be seen in visualized model-based 

estimates using estimated marginal means in figure 3. 

 

 

Figure 2 | Model-based estimates of lesion volume differences in ml per intervention group stratified by sex. 

Estimates are derived from marginal means. (Figure created by: Rackoll) 
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4.3 Feasibility 

4.3.1 Adherence 

Participants started their intervention with a median time of 28 days [IQR 17 to 40 days] 

after stroke onset. In the aerobic training group, participants received a mean of 16 

sessions (SD 6) with a training duration of on average 21 minutes (SD 4). In 

comparison, participants in the relaxation group received a mean of 17 sessions (SD 5) 

with a mean duration of 24 minutes (SD 3). During intervention sessions, participants of 

the training group were able to achieve the target heart rate in 70% [IQR 23 to 100] of 

sessions with better adherence towards the end of the intervention phase. Information 

on participant adherence is displayed in figure 3. At the end of each intervention 

session, participants were asked for perceived exertion using a ten-point visual 

analogue scale where 0 denotes not exhausting and ten highest exertion possible. 

Perceived exertion did not change in either of both intervention groups over the course 

of all sessions (Training: mean 5, SD 0; Relaxation mean 2, SD 0).  

 

 

Figure 3 | Progression of training modalities during intervention period. 
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(A) Distance (m) achieved (only available for participants who used treadmill). (B) Walking speed (km/h) reached on 

treadmill. (C) Change in incline (%) on treadmill (only available for participants who used treadmill). (D) Proportion of 

participants with different levels of bodyweight support over time. (E) Mean change in heart rate by group measured 

before and after intervention sessions during intervention period. (F) Proportion of participants who achieved their 

target heart rate during training. Participants are grouped by baseline functional ambulation category (FAC) score of 

0-2 and 3-5 (higher scores indicate less dependency).(from Nave et al, 2019)56 

 

4.3.2 Training fidelity 

The post-hoc questionnaire on treatment fidelity was answered by 19 therapists. Some 

therapists answered that they delivered both interventions. Sixteen participants 

answered questions concerning the aerobic training arm. Of those, 62.5% believed that 

the training was delivered at the aerobic-anaerobic threshold after the training heart rate 

was calculated with the pragmatic approach. Just as many (62.5%) thought it necessary 

that the target heart rate need to be assessed using exercise testing. All therapists had 

the impression that the patients did tolerate the training well. And 68.8% were 

convinced that an aerobic treadmill-based training can be integrated into clinical routine. 

In specific comments, therapists requested more detailed advise on when and how to 

adjust training intensity and that treadmill was in general better tolerated than the gait 

trainer. 

Fifteen answers were given to questions focusing on relaxation therapy. Here, 60% 

were convinced that participants have benefited from the intervention and the others 

not. The majority (73.3%) of the therapists was convinced that the patients were able to 

engage with the relaxation activity.  

Questions on motivation were directed on the perceived motivation of the patients and 

on the intrinsic motivation of the therapists to deliver the training. First, the therapists 

(100%) were convinced that the patients were motivated to participate in the 

intervention and the majority (73.7%) had the belief that this motivation did not change 

of the course of the intervention period while the rest of the therapists believed that it 

changed. The specific comments gave examples for both directions meaning that there 

were cases in which motivation declined as well as cases in which the motivation 

improved. Second, the majority of the therapists (89.5%) were motivated to deliver the 

intervention while the remaining were not (10.5%).  
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4.3.3 Adverse events 

For primary safety endpoints, participants were followed up until six months post stroke. 

Ten participants were lost to follow-up (training, n = 4 vs. relaxation, n = 6). Until six 

months post stroke, 50 SAE were observed in 39 participants, of which 15 were 

recurrent cerebrovascular events, 30 were readmissions to an acute care unit and five 

participants died. The assigned data safety monitoring board rated all fatal events 

unrelated to the intervention.  

Number and incidence rates from Poisson regression models are shown in table 4. 

Overall, associated risks for adverse events per 100 patient months were higher in the 

training group compared to relaxation group (IRR 1.70, 95% CI 0.96 to 3.12, p = 0.07) 

until six months post stroke. Only fatal events occurred less often in the training group 

(training, n = 1 vs. relaxation, n = 4, IRR 0.22, 95% CI 0.01 to 1.50, p = 0.18).  

Self-reported adverse events showed a higher associated risk per 100 patient months 

for falls in the training group compared to the relaxation group (training, n = 36 vs. 

relaxation, n = 14, IRR 2.34, 95% CI 1.26 to 4.34) during the intervention phase while 

risk for dizziness was higher in the relaxation group (training, n = 5 vs. relaxation, n = 

14, IRR 0.33, 95% CI 0.12 to 0.90). All other self-reported adverse events did not show 

large differences between intervention groups.  

 

4.3.4 Risk factor analysis 

The post-hoc risk factor analysis identified higher associated risks for SAE in 

participants with diabetes mellitus and atrial fibrillation. The IRR for interaction of 

diabetes mellitus and treatment was 7.10 (95% CI 1.56 to 51.24) and for the interaction 

of atrial fibrillation and treatment was 4.37 (95% CI 0.94 to 31.81). Estimated marginal 

means for both models are shown in Figure 3a and b and the entire analysis are 

described in detail in publication 2.  
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Table 5 | Serious adverse events until six months post stroke 

  All 

N=200 

Training 

N=105 

Relaxation 

N=95 

IRR 

(Incidence-

Rate-Ratio) 

(95% CI) 

p 

Follow up time 

(in days), 

median [IQR] 

153 

[139 – 164] 

154 

[140 – 166] 

153 

[135 – 163] 

 

Total SAE  

IR 95% CI 

50 

4.60 

(1.99 – 8.53) 

33 

6.31 

(2.89 – 

10.82) 

17 

3.22 

(0.87 – 6.91) 

1.70 

(0.96 – 3.12) 

0.07 

Cerebrovascular 

event 

IR 95% CI 

15 

1.58 

(0.59 – 2.86) 

11 

2.25 

(1.04 – 3.88) 

4 

0.93 

(0.29 – 2.15) 

2.43 

(0.83 – 8.76) 

0.13 

Cardiovascular 

event 

0 0 0 - - 

Readmission to 

hospital 

IR 95% CI 

30 

3.07 

(1.45 – 5.08) 

21 

4.30 

(2.23 – 6.69) 

9 

2.08 

(1.00 – 3.75) 

2.06 

(0.97 – 4.73) 

0.07 

Death 

IR 95% CI 

5 

0.54 

(0.09 – 1.17) 

1 

0.11 

(0.00 – 0.89) 

4 

0.93 

(0.19 – 2.15) 

0.22 

(0.01 – 1.50) 

0.18 

Incidence rates (per 100 patient-months) and Incidence Rate Ratios of serious adverse events between both 

intervention groups.(from Rackoll et al, 2021)57 

 



Efficacy and harms of a four week aerobic gait training compared to relaxation therapy in patients with subacute stroke 

Torsten Rackoll  Dissertation | 27 

 

Figure 4 | Model-based estimates of events in subgroups of SAE for status of diabetes mellitus (panel A) and arial 

fibrillation (panel B) in both treatment groups per 100 patient-months. 

Estimated marginal means are calculated from Poisson regression with Treatment, respective comorbidity, β-blocker 

medication and an interaction term for treatment with respective comorbidity and are adjusted for age, sex and 

NIHSS. Results are shown with 95% CI.(from Rackoll et al, 2021)57 
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5. Discussion  

In my thesis, I examined the efficacy of an aerobic exercise training on mobility and 

activities of daily living compared to relaxation in subacute stroke patients and 

evaluated the feasibility of such an intervention. To summarize, our multicenter, 

randomized, endpoint-blinded trial provided grade 1 evidence that an aerobic, 

bodyweight supported gait training is not superior in moderate to severely affected 

stroke patients compared to a relaxation therapy on maximal walking speed and 

activities of daily living. Additionally, our trial recorded a higher number of serious 

adverse events and falls in the aerobic training group than in the relaxation group, 

resulting in an unfavorable risk profile for this patient group early after disabling stroke. 

The serious adverse events were mostly attributable to patients with concomitant 

diabetes mellitus and/or atrial fibrillation. In an exploratory framework, subgroup 

differences in sex on maximal walking speed, differential treatment effects on change in 

lesion volume as well as higher risks for serious adverse events after aerobic training in 

patients with pre-existing diabetes mellitus and atrial fibrillation were found.  

 

5.1 Comparison with other studies: Efficacy endpoints 

The results of the PHYS-STROKE trial are in line with the latest Cochrane Collaboration 

meta-analysis on physical fitness training in stroke as well as a recent systematic review 

and meta-analysis on physical fitness interventions in non-ambulatory stroke 

patients.18,58 Effects seen in several trials on maximal walking distance measured with 

the six minute walk test were reproduced within our trial. No benefit was found in 

maximal walking speed and activities of daily living which contradicts findings from 

previous aerobic intervention trials in stroke patients.36,59–63 Still, patients in these trials 

were either less severely affected or trained at a chronic stage. A moderately sized 

study which included non-ambulatory patients in the early subacute phase after stroke 

could equally not detect any beneficial effects on maximal walking speed.37 Potentially, 

the dose delivered was too small to result in a clinically meaningful result. Based on 

current evidence, a clear dose response relationship cannot be discerned from the 

literature. While Mackay-Lyons et al. implemented the longest duration of an 

intervention phase with a total of 48 sessions over a twelve week period and could show 

an increase in the six minute walking distance but not in maximal walking speed, 

Klassen et al. did observe an intervention effect on both walking measures with a similar 
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protocol as ours but with a higher frequency of training sessions. Here, Klassen et al. 

applied two different doses in two cohorts, one with 30 minutes of aerobic exercise per 

weekday over a four week period and one dose with two 30 minute sessions per day of 

aerobic exercise every weekday. In this phase II, multicenter, randomized controlled 

trial the higher dose was found to be superior over usual care on maximal walking 

speed and walking distance. Improvements in walking endurance were also retained 

until the one-year follow-up assessment. Of note, our trial lacked a comparison with 

usual care control group so the additional effect on any intervention compared to no 

intervention cannot be determined. In our trial, adherence between both intervention 

groups as well as standard of care physiotherapy received were similar which makes it 

seem improbable that intervention groups received different doses of training. 

In our trial, participants were trained on different devices depending on their functional 

impairment. Differences in the training modalities could have potentially influenced the 

results. Two recent Cochrane Collaboration meta-analyses analyzed the effect of 

treadmill training and electromechanical gait trainers on stroke recovery.64,65 The first 

review found that treadmill training after stroke was not beneficial to gain independent 

walking but might help increase maximal walking speed and walking endurance. 

Benefits on walking speed and endurance were not clinically meaningful improvements 

and were contributed predominantly to independent walkers as suggested by a 

subgroup analysis. Our results could not show superiority of treadmill training but the 

majority of our study population was non-ambulatory. Of note, the authors of this review 

did not specify the definition of dependent walkers based on any scale therefore 

hampers comparison of results. In the second review, electromechanical gait trainers 

were found to be beneficial to increase maximal walking speed but not endurance. This 

is in contrast to our findings as our subgroup analysis could not reveal an effect on 

maximal walking speed in neither severely impaired nor less severely impaired patients 

operationalized with the Functional Ambulatory category. In our trial, patients with an 

FAC < 3 were trained on a gait trainer. However, quality of included studies in the meta-

analysis was rated as low and the effect size of maximal walking speed did not reach a 

clinically meaningful improvement. 

Within the last decade, preceding but also following our trial, sufficiently powered large 

multicenter trials were not able to replicate evidence from smaller trials within the field of 

stroke rehabilitation. Phase-III exercise intervention trials such as “A Very Early 

Rehabilitation Trial after stroke (AVERT)”,66 the “Locomotor Experience Applied Post 
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Stroke Trial” (LEAPS),67 and the “Robot assisted training for the upper limb after stroke” 

(RATULS)68 trial among others did similarly to our study not show superiority despite 

promising evidence. The PHYS-STROKE trial together with those other null result trials 

underpin the need for large confirmatory multicenter trials to pinpoint effectiveness of 

current or new therapies. Similarly, both AVERT and RATULS69 raised the necessity for 

more evidence on dose-response relationships expanding the rationale for future 

phase-III trials.70 

Sex differences in treatment efficacy has not been reported so far in any of the 

intervention trials included in any of the above discussed Cochrane Collaboration 

reviews. Evidence suggests differences in stroke outcomes and treatments but precise 

biological mechanisms have not been identified in preclinical research.71 Also, the found 

difference could be related to other factors such as differences in behavior or fitness 

level prior to stroke. Lastly, as this was a finding within one of our subgroups it can also 

be due to chance alone. Future trials should follow up on the sex differences seen in the 

exploratory (pre-specified) subgroup analyses. Moreover, they should include 

assessment of pre-stroke physical fitness level and more behavioral data to better 

explain possible sex differences. 

In the post-hoc analyses of treatment effects on changes in lesion volume post 

intervention, lesion volume was reduced in the training group compared to relaxation. 

Neuroprotective effects on lesion volume have been observed in animal research 

following forced exercise interventions. Such effects were found in the early subacute 

phase up to 28 days following induction of stroke. Reported effects were larger if 

exercise commenced between 24 and 48 hours after stroke with little effect seen with 

commencement after 7 days. In clinical research, neither of the aerobic exercise 

intervention trials with subacute stroke patients assessed effects on lesion volume. 

Following cerebral ischemia, lesion core transforms to dead tissue over the first days 

but is not considered to prolong much after 72 hours after stroke.6 Only the surrounding 

penumbra can consequently be targeted by any protective intervention delivered after 

72 hours. Although the surrounding tissue is at risk for a longer period, it seems rather 

unlikely that any effect will be seen more than 28 days after stroke onset which was the 

median time between stroke onset and start of intervention in the PHYS-STROKE trial. 

Still, critical time windows for restorative outcomes seem to be different between 

rodents and humans. The recently published phase II “Critical Period After Stroke 

Study” (CPASS) found most improvements on functional outcome one year after stroke, 
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if intensive training was delivered between two and three months after stroke onset 

which is much later than most effective time windows in rodents.72  

Within the PHYS-STROKE cohort, no intervention effect was found on the blood 

biomarkers high-sensitive C-reactive protein, interleukin-6, tumor necrosis factor-alpha 

and fibrinogen as analyzed by Kirzinger et al.73 It could be possible that the exercise 

intervention had an effect on the healthy tissue surrounding the lesion. Here, 

neuroplastic or neurovascular remodeling could have occurred which might increase the 

volume of the surrounding tissue and subsequently squeezing the dead lesioned tissue 

and thus minimizing its volume. As part of the BAPTISe trial, together with Kufner et al 

we investigated the moderating effect of the intervention on vessel size and vessel 

density pre and post intervention through vessel size imaging as well as their change 

over time and could not identify any treatment effect.74 A neurovascular effect in the 

surrounding tissue or any protective effect on markers of inflammation therefore seems 

unlikely. Based on the current analyses and evidence from the literature, I would 

therefore conclude that the found effect is more likely to be due to chance and needs to 

be investigated further.  

 

5.2 Comparison with other studies: Safety endpoints 

Participants in our study showed a higher number of serious adverse events reported so 

far in any comparable exercise intervention trial. Neither of the referenced meta-

analyses on exercise interventions in stroke patients found an increased risk for 

adverse events.18,58,64 Also, a meta-analysis on adverse effects of exercise therapies 

comprising a large number of patients in several clinical populations did also not find a 

higher risk of SAE for patients in training groups.75 Exercise interventions were 

therefore considered safe within the stroke population. Still, all meta-analyses critized 

inconsistent and incomplete reporting of adverse events. Also AVERT and LEAPS did 

similarly to our study reported a higher number of adverse events in the experimental 

intervention group.66,67 In our trial we particularly found a higher number of recurrent 

strokes in the aerobic training group compared to none in the relaxation group during 

the intervention period. The early subacute phase after stroke is vulnerable for 

complications.76 Within the substudy BAPTISe, Müller et al found increased blood-brain 

barrier permeability in 75% of the patients illustrating the vulnerability of the brain up to 

the start of the intervention phase.77 
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Information on risk factors associated with adverse events in exercise interventions after 

stroke are limited. Until now, associations of comorbidities and other stroke related 

factors to adverse events in exercise intervention trials are not discussed in the 

literature. Some studies reported most frequent comorbidities and medication, but no 

risk factor analyses were conducted.39 Reporting of adverse events in exercise 

intervention trials was found to be poor. In the Cochrane Collaboration review on fitness 

training in stroke only seven out of 17 trials mentioned serious adverse events at all. Of 

those, only three studies actually reported the occurrence of any serious adverse event. 

In our risk factor analyses, we found a higher association of patients with pre-existing 

diabetes mellitus or atrial fibrillation with serious adverse events. Of note, risks for 

serious adverse events were comparable for patients without diabetes mellitus or atrial 

fibrillation in both intervention arms.  

So far, risks of aerobic training for adverse events in stroke patients with diabetes 

mellitus were not investigated. Current guidelines for physical activity in diabetic 

patients recommend to closely monitor levels of glycemia to prevent patients from 

exercising during phases of acute hyper- or hypoglycemia.78,79 A recent study found a 

lower cerebrovascular response to exercise in stroke patients with chronic 

hyperglycemia.80 However, if there is indeed a relation between the presence of hyper- 

or hypoglycemia and higher risk of SAE in patients undergoing aerobic training after 

stroke has not been conclusively shown, and cannot be determined for certain in our 

exploratory analysis. A detailed assessment of glycemic control in stroke patients using 

aerobic training should be conducted in future trials.  

Within our risk factor analysis we also found an associated higher risk of adverse events 

with aerobic training in patients with atrial fibrillation. In general, patients with atrial 

fibrillation demonstrate a high risk of stroke, and cardioembolic strokes tend to be larger 

compared to non-atrial fibrillation strokes.81–83 Little is known about feasibility of aerobic 

training in the stroke population with concomitant atrial fibrillation. Aerobic exercise is an 

established and safe non-pharmacological treatment for patients with atrial fibrillation84 

but evidence from large trials on safety in this population is still not available.85 High 

intensity aerobic exercise in patients with atrial fibrillation can be associated with cardiac 

distress.86 Slow progression in training intensity is recommended in guidelines for early 

cardiac rehabilitation.87 Subacute stroke patients with cardiac arrhythmias might benefit 

from similar slowly progressing training protocols.  
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Participants in the aerobic training group were at a higher risk for self-reported falls 

during the intervention period. Several other studies and meta-analyses observed an 

association of falls with exercise interventions in stroke patients.67,88 In a subsequent 

risk factor analysis of the LEAPS trial, individuals with severe walking impairments were 

at higher risks for falls and balance impairments were found to be predictive.89 The 

LEAPS trial classified patients with a gait speed of ≤ 0.4 m/s as severe walking 

impaired. The study population in our trial corresponds to this population. Therefore, our 

findings underpins the exposure to fall related adverse events in this population. In our 

trial we did not assess balance skills as the amount of assessments were already large 

and reasons for falls are multifactorial. Self-reported dizziness was found to be higher in 

the relaxation group. So far, no other exercise intervention trial reported this finding. 

Based on our data, higher self-reported dizziness in the relaxation group cannot be 

explained and need further assessment in future trials.  

 

5.3 Comparison with other studies: Training adherence and fidelity 

None of the studies applying aerobic treadmill based training in the subacute phase 

assessed fidelity and only some reported measures of training adherence.36,59,60,63 The 

PHYS-STROKE trial was not designed as a feasibility trial but measures were taken to 

assess how patients and therapists perceived the training intervention, how the training 

was delivered and how much the patients adhered to the intervention protocol. 

Currently, there is no strict consensus on how and what to assess in terms of treatment 

adherence and fidelity in stroke studies. An early assessment of treatment fidelity within 

the “Exercise Training for Hemiparetic Stroke Intervention Development Study” (The 

Treadmill Study) by Resnick et al applied a treatment implementation model by 

Lichtstein, Riedel and Grieve to address ‘delivery’, ‘receipt’ and ‘enactment’ of the 

treatment which were complimented with the domains ‘design’ and ‘training’.90,91 Design 

refers to the overall concept of the experimental and the control intervention, that they 

were different in the mode of exercise that was addressed and that no carryover 

between intervention arms occurred. While the Treadmill Study had difficulties in 

achieving fidelity as participants travelled together to the intervention site and trained 

together, participants of the PHYS-STROKE trial were not able to train independently 

within the inpatient setting. In addition, several clinics included only one patient at a time 

which prevented patients to verbally discuss contents or experiences of either of the 
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intervention arms. The domain ‘training’ refers to the training of the staff delivering the 

treatment. Investigators of The Treadmill Study were concerned of a drift in intervention 

fidelity due to a change in staff over the course of the five year duration of the study. 

Here, exercise physiologists were trained in the beginning of the study and further 

training was conducted onsite using a “see one, do one, teach one” model and 

accompanied by regular meetings with the principal investigators. While this is a 

preventive measure, no investigations were conducted to quantify any possible drift 

from the exercise protocol. With the questionnaire this was in part addressed within 

PHYS-STROKE. Motivation was high among the therapists and also among the patients 

as reported by the therapists. Still, therapists mostly would have preferred exercise 

testing to determine the required training heart rate and some requested further training 

on how to modulate training intensity. Therefore some drift might have occurred 

throughout the study which might have been prevented by even more or more detailed 

supervision. ‘Delivery’ addresses the amount of training that was actually delivered 

including the amount of time participants trained at the target heart rate. Within the first 

three months of The Treadmill Study participants trained for a similar duration with a 

median of 23 minutes. Also, in this study only 48% of the participants reached the 

targeted 60 to 70% of maximum heart rate until the end of the study even though 

intervention period lasted over a six months period. A similar response in slowly 

progressing to targeted training intensity has been expected and can also be seen in 

other subacute stroke cohorts.36,60 Of note, the effect seen in the secondary endpoints 

six minute walking distance and gait energy cost indicate that training was actually 

administered at an intensity that induced a training effect. ‘Receipt’ focuses on how the 

participant perceived the intervention, acquired new information and learned new 

behavior. In the outpatient setting of The Treadmill Study, coming to the intervention site 

was used as a proxy to address receipt of the intervention. Here, a qualitative 

assessment would be better suited within the clinical setting in which therapies are 

scheduled. Similar to PHYS-STROKE no assessment of patients perception beyond 

rating of exhaustion were performed. Lastly, ‘enactment’ refers to the behavioral change 

that might occur after the intervention period in the home setting and was neither 

addressed in this study nor in PHYS-STROKE. A more qualitative approach was used 

in the “Community-based rehabilitation training after stroke” (ReTrain) trial, in which 

interviews were conducted with participants.92  
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In general, the influence of therapist but also patient motivation on training success is 

an understudied field in stroke rehabilitation. Although the PHYS-STROKE trial did not 

quantify bias through training fidelity, a first approach was undertaken to address one 

important aspect of exercise interventions in the clinical setting which should be more 

formalized and considered in upcoming reporting guidelines of exercise intervention 

trials. 

 

5.4 Strength and limitations 

This is the first large randomized controlled phase III trial examining efficacy and 

feasibility of aerobic gait training in patients with moderate to severe subacute stroke 

which will inform clinical practice and future guidelines. High quality stroke recovery 

research from large phase III trials providing grade 1 evidence are desperately needed 

within the clinical field.93 With the results of this study, determinants for tolerability of 

aerobic gait training are provided which in the future might lead to more personalized 

training approaches in this patient group.  

Several limitations have to be considered when interpreting our results. PHYS-STROKE 

included a large variety of patients with heterogeneous strokes at different time points 

post stroke. Variations in stroke severity and recovery might be too broad to capture 

significant improvements and might have been solved by using stricter inclusion criteria 

or fixed time points. Even though influence of high variability in our population cannot be 

ruled out, subgroup analyses on the influence of stroke severity or time from stroke to 

start of intervention could not identify heterogeneous results. Further, participants in the 

aerobic training group were more severely affected although computerized 

randomization was used. Influence of worse baseline values were accounted for in the 

statistical analysis and it should therefore not have been dominant in our study. PHYS-

STROKE was not powered to detect differences in severe adverse events. Safety 

analyses are exploratory and should be investigated in future trials. Little information 

was gathered on pre-stroke activity and behavior which hampers analyses on risk 

factors, or on identification of responders to aerobic exercise. Pre-stroke behavioral 

information often relies on self-reports or information from relatives which are prone to 

recall bias. Still, future trials should incorporate rigorous assessment on such behavioral 

information. Assessment of training fidelity was not pre-specified and therefore not 

operationalized within the trial protocol. More rigorous assessment of training fidelity will 
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enhance judgement of risk of biases through e.g. modes of delivery. Still, PHYS-

STROKE was the first large multicenter aerobic exercise intervention trial to rigorously 

report treatment fidelity. 

 

5.5 Conclusions and future research 

The current dissertation investigated the effect of an aerobic gait training on maximal 

walking speed and Barthel index but could find no superiority compared to a relaxation 

intervention. Additionally, a higher risk in patients after moderate to severe strokes was 

found which should be considered in clinical practice and future trials. Training fidelity 

and adherence was moderate to good. Exploratory findings on sex differences and 

effects on lesion volume should be further investigated in future phase II trials while 

systematic reviews with meta-analysis might help to clarify the found association of 

higher risk of adverse events in patients with diabetes mellitus or atrial fibrillation. To 

conclude, based on these results an aerobic gait training in this population of 

moderately to severely affected stroke patients cannot be generally recommended in 

the early subacute phase after stroke. 
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7. Appendix 

Appendix 1: Search strategy 

Pubmed search terms: 

 

1. "Cerebral Hemorrhage"[MeSH] (35,677) 

2. "Intracranial Hemorrhages"[MeSH] (75,531) 

3. "Stroke"[MeSH] (151,957) 

4. "Brain Ischemia"[MeSH] (116,565) 

5. "Brain Infarction"[MeSH] (40,147) 

6. "Cerebral Infarction"[MeSH] (34,039) 

7. 1 OR 2 OR 3 OR 4 OR 5 OR 6 (263,686) 

8. Subacute (42,464) 

9. Early (1,731,973) 

10. 8 OR 9 (1,770,324) 

11. 7 AND 10 (28,212) 

12. "Exercise"[MeSH] (222,284) 

13. "Exercise Therapy"[MeSH] (57,556) 

14. "Physical Fitness"[MeSH] (33,837) 

15. 12 OR 13 OR 14 (276,565) 

16. Aerobic (553,811) 

17. 15 AND 16 (263,388) 

18. 11 AND 17 (576) 

19. 18 (Filters: Clinical Trial, Randomized Controlled Trial) (233) 

20. 19 (Filter: Date range 1999 – 2014) (130) 
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Appendix 2: Data safety monitoring board summary report
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12.  Lebenslauf 

 

Mein Lebenslauf wird aus datenschutzrechtlichen Gründen in der elektronischen 

Version meiner Arbeit nicht veröffentlicht.    
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