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For those 

who are ready on every call 

who save victims and lives 

who protect homes and property from fire 

those who are first in and last out. 

 

Thank you, firefighters! 
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1 Summary 

Background and Aim: Firefighters are a unique occupational group, given that they 

perform strenuous work in unpredictable emergency situations. Their physically-

demanding work requires high levels of fitness. The primary aim of this doctoral 

thesis is to determine the physical demands of firefighting and establish the 

relationship with important fitness variables. The secondary aim of the thesis is to 

find an exercise program that improves important fitness variables within a given 

exercise time on-duty. The research outcome should be a best practice 

recommendation for effective exercises to meet the physical job demands required 

by professional firefighting. In Study I, the aim is to quantify the physical demands 

of a simulated firefighting exercise and identify the relationship between firefighting 

performance and important endurance and strength parameters. The aim of Study 

II is to examine physiological responses to two different simulated firefighting 

exercises: one in extreme temperatures (300°) in a burning container and a standard 

firefighting exercise in temperate conditions (20-30°). Moreover, a second aim of 

Study II is to examine changes in the contribution of strength and endurance 

capacities to firefighting performance when the demands of the firefighting exercise 

change. The aim of Study III is to evaluate the effects of a 15-week endurance 

program for professional firefighters while exercising one hour on-duty by comparing 

the effects of a high-intensity interval training (HIIT) based on a polarized concept 

vs. more traditional continuous training. 

Participants and methods: In Study I, 41 professional male firefighters performed 

a maximum treadmill test, a battery of strength and endurance tests and a simulated 

firefighting exercise twice on four different days. Firefighting performance during the 

simulated exercise was evaluated by a simple time-strain-air depletion model (TSA) 
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taking the sum of z-transformed parameters of time to finish the exercise, strain in 

terms of mean heart rate and air depletion from the breathing apparatus. Multiple 

regression analysis based on the TSA model served to identify the most relevant 

physiological determinants for professional firefighting. In Study II, sixteen 

professional male firefighters performed a maximum treadmill test, strength testing, 

a standard simulated firefighting exercise without heat and flashovers and a 

firefighting exercise with a simulation of the flashover phenomenon in a burning 

container on four separate days. Firefighting performance was again evaluated by 

the TSA model and correlations were subsequently established between TSA-

based firefighting performance parameters and fitness variables representing 

strength and endurance. In Study III, the impact of a high-intensity interval training 

(HIIT) within a polarized training concept was compared to continuous endurance 

training (CT) within one hour exercising on-duty. Thirty professional firefighters were 

randomly assigned to two experimental (HIIT n=10; CT n=10) and one control (CON 

n=10) group. Key endurance parameters were assessed during a maximum 

treadmill test before (baseline-test) and after (post-test) a 15-week intervention. 

Results: In Study I, three main factors with a strong influence on firefighting 

performance were identified (70.1% of total explained variance): relative maximum 

oxygen uptake (VO2peak), the time during which the firefighter exercised below their 

individual ventilatory threshold 1 (VT1) and mean breathing frequency. In Study II, 

the physiological responses to firefighting in extreme temperatures were found to 

be significantly higher compared to the standard simulated firefighting exercise. A 

high level of relative VO2peak was clearly determined as the most important variable 

to complete firefighting exercises in both temperate and extreme environments. In 

Study III, the HIIT training within a polarized training concept improved key 
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endurance parameters such as VO2peak, VT1, respiratory compensation point (RCP) 

and time to exhaustion during treadmill running (TT) significantly more than 

continuous training within one hour exercising on-duty. 

Conclusion: Endurance in terms of VO2peak was established as an important 

prerequisite for firefighting in temperate and extreme conditions. However, for 

standard simulated firefighting exercises it is important to work below VT1. For 

firefighting exercises in extreme temperatures with smoke, poor visibility and 

unexpected flashovers, a high fitness level is required to keep the time spent above 

RCP as short as possible. Based on the results of this thesis, we recommend that 

professional firefighter incumbents take part in annual fitness screening to monitor 

important key endurance variables. Furthermore, we highly recommend that 

firefighters include HIIT and a polarized training concept in their endurance training 

because significant improvements can be achieved within one hour exercising on-

duty. 
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2 Zusammenfassung 

Hintergrund und Ziele: Die Arbeitstätigkeit von Einsatzkräften der Feuerwehr ist 

durch Aufgaben mit hoher körperlicher Belastung, Schichtarbeit und ständiger 

Einsatzbereitschaft charakterisiert. Besonders die Brandbekämpfung stellt dabei 

durch das Tragen von Schutzbekleidung und körperlich anstrengende Aufgaben 

unter teils extremen Umweltbedingungen hohe Anforderungen an das physische 

Level der Einsatzkräfte. Einsatzkräfte der Feuerwehr benötigen daher ein 

Mindestmaß an körperlicher Fitness um ihren Job sicher und effizient ausüben zu 

können. Primäres Ziel dieser Dissertationsarbeit war es, ein physisches 

Anforderungsprofil für Berufsfeuerwehrmänner zu erstellen und daraus wichtige 

Fitnessvariablen abzuleiten. Diese Fitnessvariablen sollen in einer regelmäßigen 

Leistungsdiagnostik kontrolliert werden. Dazu wurde in Studie I dieser Arbeit das 

Beanspruchungsprofil während einer simulierten Feuerwehrübung in moderater 

Umgebungstemperatur (20°-30°) untersucht und wichtige Ausdauer- und 

Kraftparameter als Voraussetzung für ein effizientes Absolvieren der Übung 

bestimmt. In Studie II wurden die physiologischen Anforderungen zweier 

unterschiedlicher simulierter Feuerwehrübungen miteinander verglichen: einer 

Feuerwehrübung in moderater Umgebungstemperatur (20°-30°) sowie einer 

Feuerwehrübung in extremer Umgebungstemperatur (bis zu 300°). Des Weiteren 

wurde untersucht, inwiefern sich wichtige Fitnessvariablen ändern, wenn sich die 

physiologischen Anforderungen eines simulierten Feuerwehreinsatzes verändern.  

Die Entwicklung eines Trainingsprogramms zur Verbesserung der zuvor 

determinierten wichtigsten Fitnessvariablen war sekundäres Ziel dieser 

Dissertationsarbeit. Dazu wurde in Studie III ein 15-wöchiges Ausdauerprogramm 

für Einsatzkräfte der Feuerwehr untersucht, die das Programm lediglich während 
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des einstündigen, tariflich festgelegten Dienstsports trainierten. Hier wurden die 

Effekte eines polarisierten Ausdauertrainings mit einem moderaten 

Ausdauertraining, das auch Schwellentraining beinhaltete, verglichen.      

Methoden: 41 Werkfeuerwehrmänner der Flughafen-Feuerwehr München nahmen 

an Studie I teil. An vier verschiedenen Testtagen absolvierten sie einen 

Ausbelastungstest mit Spiroergometrie am Laufband, eine Testbatterie hinsichtlich 

Kraft, Beweglichkeit und Gleichgewicht und je zweimal eine simulierte 

Feuerwehrübung. Die Leistung in dieser Feuerwehrübung wurde anhand eines 

Time-Strain-Air Depletion Models (TSA) beurteilt. Dazu wurden die z-

transformierten Parameter Übungszeit, durchschnittliche Herzfrequenz während 

der Übung sowie der Luftverbrauch aus dem Pressluftatmer nach Aufsummierung 

der einzelnen Variablen in einen gemeinsamen Score überführt (TSA-Score). In 

Studie II nahmen 16 Werkfeuerwehrmänner der Flughafen-Feuerwehr München 

teil. Der Ausbelastungstest mit Spiroergometrie am Laufband, die Kraft- und 

Beweglichkeitstestbatterie sowie die simulierte Feuerwehrübung wurden an 3 

verschiedenen Testtagen analog zu Studie I absolviert. Am 4. Testtag nahm jeder 

Proband an einer simulierten Feuerwehrübung unter extremen Temperaturen (bis 

zu 300°) in einem Brandübungscontainer teil. Die Leistung in den absolvierten 

simulierten Feuerwehrübungen wurde ebenfalls analog zu Studie I mit dem TSA-

Model sowie dem TSA-Score bewertet. In weiterer Folge wurde mithilfe von 

Korrelationen ermittelt, ob sich die Zusammenhänge zwischen den Anforderungen 

des simulierten Feuerwehreinsatzes und wichtigen Fitnessvariablen hinsichtlich 

Kraft und Ausdauer verändern, wenn sich die physiologischen Anforderungen der 

simulierten Feuerwehrübung verändern. In Studie III wurden die Effekte zweier 

unterschiedlicher Ausdauertrainingsmethoden mit einem 15-Wochen 
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Ausdauertrainingsprogramm verglichen. In einem randomisierten kontrollierten 

Testdesign absolvierten insgesamt 30 Werkfeuerwehrmänner der Flughafen-

Feuerwehr München entweder ein High-Intensity-Intervalltraining (HIIT) basierend 

auf einem polarisierten Trainingskonzept (n = 10) oder folgten einem moderaten 

Ausdauertraining (n=10). 10 weitere dienten als Kontrollgruppe. Jeweils vor 

(Baseline Test) und nach (Post-Training Test) dem 15-wöchigen Programm wurden 

folgende vier Ausdauerparameter kontrolliert: maximale Sauerstoffaufnahme 

(VO2peak), ventilatorische Schwelle 1 (VT1), respiratorischer Kompensationspunkt 

(RCP) sowie die maximale Laufbandzeit (TT).  

Ergebnisse: In Studie I wurden drei Faktoren mit großem Einfluss auf die Leistung 

während des simulierten Feuerwehreinsatzes festgestellt (70,1% 

Varianzaufklärung): relative maximale Sauerstoffaufnahme (VO2peak), die Zeit, die 

unter der 1. ventilatorischen Schwelle gearbeitet werden kann sowie die 

durchschnittliche Atemfrequenz. In Studie II wurde eine signifikant höhere 

physiologische Beanspruchung während der simulierten Feuerwehrübung in 

extremer Umgebungstemperatur im Vergleich zu moderater Umgebungstemperatur 

festgestellt. Erneut konnte hier ein hohes VO2peak-Level als wichtigste 

Voraussetzung sowohl für simulierte Feuerwehrübungen in moderaten als auch 

extremen Temperaturen festgelegt werden. Die Ergebnisse von Studie III zeigten, 

dass ein High-Intensity-Intervalltraining im Rahmen eines polarisierten 

Trainingskonzepts wichtige Schlüsselparameter im Ausdauerbereich (VO2peak, VT1, 

RCP, TT) signifikant mehr verbessert verglichen mit einem moderaten 

Ausdauertraining, das u.a. auch Schwellentraining beinhaltet.  

Schlussfolgerungen: Ein hohes VO2peak-Level ist die wichtigste Voraussetzung für 

das Absolvieren von Feuerwehrtätigkeiten, sowohl in moderaten als auch in 
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extremen Umgebungstemperaturen. Für Einsätze in moderaten 

Umgebungstemperaturen ist es wichtig, mit einer Herzfrequenz unter der 1. 

ventilatorischen Schwelle arbeiten zu können. Für Einsätze in extremen 

Umgebungstemperaturen mit Rauch, schlechter Sicht und unerwarteten Flashover-

Ereignissen ist ein hohes Level an Fitness erforderlich, um die Zeit, in der mit einer 

Herzrequenz über dem respiratorischen Kompensationspunkt gearbeitet wird, so 

gering wie möglich zu halten. Auf Basis der Ergebnisse dieser Dissertationsarbeit 

wird Berufsfeuerwehrmännern empfohlen, wichtige Ausdauerwerte in einer 

jährlichen Leistungsdiagnostik zu überprüfen. Hinsichtlich eines effektiven Trainings 

wird Einsatzkräften der Feuerwehr empfohlen, regelmäßig HIIT-Blöcke im Rahmen 

eines polarisierten Trainingskonzepts zu absolvieren, da mithilfe dieses 

Trainingsmodells signifikante Verbesserungen im Ausdauerbereich in nur einer 

Stunde verpflichtendem Dienstsport erzielt wurden.  
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3 Publication and submission record 

This present work is submitted as a cumulative thesis and is based on three 

research papers that have been accepted (or submitted) for publication: 

 

Paper I published in Scientific Reports (Impact Factor: 4.259) 

Windisch S., Seiberl W., Schwirtz A., Hahn D. (2017) Relationships between 

strength and endurance parameters and air depletion rates in professional 

firefighters. Scientific Reports 7:44590. doi: 10.1038/srep44590 

 

Paper II published in frontiers in Physiology (Impact Factor: 4.134) 

Windisch S., Seiberl W., Hahn D., Schwirtz A. (2017) Physiological 

responses to firefighting in extreme temperatures do not compare to 

firefighting in temperate conditions. Front. Physiol. 8:619. doi: 

10.3389/fphys.2017.00619 

 

Paper III submitted to Medicine & Science in Sports & Exercise (Impact Factor: 3.54) 

Windisch S., Hahn D., Schwirtz A., Seiberl W. (2017)  Exercising 1h on-duty: 

Polarized training is most effective for firefighters. Submitted  
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4 Introduction 

Firefighting is widely acknowledged as a strenuous and physically very demanding 

occupation taking place in a hazardous environment (Barnard and Duncan, 1975; 

Gledhill and Jamnik, 1992b). The safety of possible victims as well as the firefighters 

themselves hold crucial importance for successful job performance. Due to the 

unpredictability of situations and time constraints at an emergency scene, 

firefighters always have to be prepared to perform various physically-demanding 

tasks quickly, safely and efficiently. Therefore, it is important that the physical 

capacities of firefighters are commensurate with the demands of their occupation 

(Beck, Billing and Carr, 2015; Siddall et al., 2016). 

Due to the strenuous nature of their occupation, some fire brigades are considering 

guidelines for physical performance assessment and appropriate training programs 

(Williford et al., 1999; Siddall et al., 2016). While firefighters have strong physical 

performance requirements prior to being hired professionals, they often do not 

undergo a regular fitness check once the job recruitment has been completed. 

Sothmann and colleagues (2004) reported that 97% of all US fire departments 

require physical performance standards for hiring, although only 33% require annual 

fitness measurements for incumbents. Some national fire brigades (e.g. in 

Germany) use a periodically-simulated work task testing to check whether firefighter 

incumbents meet occupational performance standards (Committee for Firefighting 

Issues, Civil Protection and Civil Defense, 2002). The test is categorized as 

“passed” or “failed” afterwards, whereas no fitness parameters or other physical 

performance-determining variables are collected and evaluated. Furthermore, 

periodic medical surveillances – e.g. the G26.3 occupational health check in 
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Germany – solely provide information about the ability to work from a medical 

perspective. 

Given that most fire brigades currently have no periodic physical examinations after 

recruitment for firefighting incumbents, this results in little knowledge about the 

maintenance of physical fitness during the service years. As described by Williford 

et al. (1999) and Sothmann et al. (2004), successful and effective job performance 

has been shown to be dependent on a firefighter’s ability to perform strenuous work. 

If a firefighter is physically unable to perform his duty due to a poor fitness level, the 

risk of injuries, cardiac events and occupational accidents will increase for his fellow 

workers and himself (Cady et al., 1985; Kales et al., 2007; Siddall et al., 2016). 

Furthermore, an appropriate fitness level could help to prevent individual health 

complaints and minimize individual physical overload. 

Therefore, the periodic assessment of physical fitness in firefighter incumbents is 

an important objective to maintain employability as long as possible and incur 

financial losses due to early retirement or the possible consequences of an accident. 

Some national fire brigades (Siddall et al., 2016) have given consideration to 

recommendations concerning minimal levels of physical fitness. However, it is 

important that these fitness criteria must reflect the job demands. As a result, it is 

necessary to quantify physical relevant job demands and thoroughly assess the 

relationship between job performance and physical fitness. Despite numerous 

individual studies conducted on this field (e.g. Davis, Dotson and Laine, 1982; 

Williford et al., 1999; Rhea, Alvar and Gray, 2004; Michaelides et al., 2011; Lindberg 

et al., 2013; Lindberg, Oksa and Malm, 2014), the relationship between common 

fitness tests and firefighting job performance is not clear and inconsistent. 

Therefore, the purpose of this doctoral thesis was to examine the physiological 
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responses of firefighting in temperate conditions and under extreme temperatures 

to better understand the characteristics of firefighting in different environments. 

Furthermore, another purpose of this thesis was to ascertain whether the 

contribution of strength and endurance capacities changes when the demands of a 

firefighting exercise change. This approach results in a firefighting-specific job 

demands profile. Perhaps one of the most desirable outcomes of this research 

would be a clear picture of specific variables that can predict firefighting 

performance allowing a firefighter to complete his job tasks safely and effectively. 

Once the most important fitness variables related to firefighting performance in 

temperate and extreme conditions are identified, these variables could be monitored 

by conducting fitness tests regularly for firefighter incumbents. Furthermore, training 

programs can be designed more specifically to improve these identified important 

capacities and firefighting performance concurrently. Indeed, some national fire 

brigades require their firefighters to exercise on-duty to maintain an appropriate level 

of fitness to perform firefighting tasks. For instance, in Germany professional airport 

firefighters have to exercise for one hour while on-duty as part of the collective wage 

agreement (Committee for Firefighting Issues, Civil Protection and Civil Defense, 

2002). Thus, it is important that firefighters utilize training methods that effectively 

target the previously-defined specific variables and capacities within this exercise 

on-duty time. Although many studies recommend that firefighters maintain a high 

fitness level (Gledhill and Jamnik, 1992b; Siddall et al., 2016), only few studies 

provide data regarding the effect of appropriate exercise programs for firefighters 

(Roberts et al., 2002; Dennison et al., 2012). 

Based on the physical demands profile and relevant endurance capacities, a 

specific exercise programs for firefighters will be developed. This program should 
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contain individualized prescriptions to meet the needs of the individual firefighter to 

improve the capacities required for the job. The special challenge lies in designing 

an exercise program that effectively targets the defined specific capacities. By 

conducting this study as a third part of the doctoral research, it is expected to gain 

more detailed information on the extent of physiological adaptations possible within 

one hour exercising on-duty time. 

In conclusion, three studies will be part of this doctoral thesis to draw a physical job 

demands profile for professional firefighters, relate it to fitness tests and offer 

recommendations for best practice exercise programs. 
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5 Aims of the dissertation 

The primary aim of the present dissertation is to quantify the physical demands of 

firefighting and determine fitness tests accurately related to firefighting performance. 

The relationship between physical job demands and fitness parameters is 

ascertained by comparing the physiological responses of two simulated firefighting 

exercises to variables of strength and endurance by regression models or 

correlations. These tests could then be implemented as periodic physical fitness 

examinations for fire brigades. The secondary aim of this dissertation is to determine 

the effects of two different endurance exercise programs to improve previously 

established important endurance variables within a given exercise on-duty time. 

The specific aims of the studies are as follows: 

Study I 

(1) Quantifying the physical demands of a simulated firefighting exercise by a 

simple formula – the TSA score – taking into account completion time of the 

exercise, heart rate and air depletion rate. 

(2) Establishing the relationship between firefighting performance and highly 

standardized fitness measurements to identify the most relevant physical and 

physiological attributes to fulfill the job demands of a professional firefighter. 

Study II 

(1) Examining physiological responses to two different simulated firefighting 

exercises: a firefighting exercise with flashovers, smoke, poor visibility and 

extreme temperatures (300°) in a burning container and a standard 

firefighting exercise in temperate conditions (20-30°). 
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(2) Examining changes in the contribution of strength and endurance capacities 

to firefighting performance when the demands of the firefighting exercise 

change. 

Study III 

(1) Examining the effects of a 15-week endurance program for professional 

firefighters while exercising for one hour on-duty: comparing the effects of a 

high-intensity interval training based on a polarized concept vs. more 

traditional continuous training. 
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6 Current state of research 

The following chapter provides insights into the physical demands of firefighting and 

the relationship between firefighting performance and firefighting-specific fitness 

variables. Some points of this chapter are also overviewed in a review on the 

physical demands of firefighting and related fitness assessments, which is currently 

in progress. This review is planned to be submitted to the Journal Applied 

Ergonomics. 

6.1 Physical demands of firefighting 

Firefighters perform strenuous and physically-demanding work during their daily job 

routine: they climb stairs and ladders, pull hoses, search and rescue victims and 

carry heavy equipment in awkward positions (Barnard and Duncan, 1975; Gledhill 

and Jamnik, 1992a; Bilzon et al., 2001; Elsner and Kolkhorst, 2008; Smith, 2011; 

Phillips et al., 2012). Furthermore, they often perform these activities in extreme 

environments due to high ambient temperatures, smoke and poor visibility. During 

their work, firefighters also face time urgency and unpredictable situations in 

emergencies. Additionally, they usually wear personal protective gear and a self-

containing breathing apparatus to protect them against fire, smoke and high ambient 

temperatures. Besides the strain induced by the activities that they perform, the 

protective clothing adds an additional physical burden for the cardiovascular and 

muscular system (Dreger et al., 2006; Dorman and Havenith, 2009; Taylor et al., 

2012; Phillips et al., 2016). 

The combination of the aforementioned factors makes firefighting one of the most 

physically-demanding occupations that humans undertake (Smith, 2011), affecting 

the cardiovascular, muscular and thermoregulatory system. A huge number of 
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studies have attempted to determine the physical demands of firefighting in recent 

years (e.g. Barnard and Duncan 1975; Bilzon et al. 2001; Heimburg, Rasmussen 

and Medbö 2006; Elsner and Kolkhorst 2008, Taylor et al. 2012). Due to the nature 

of firefighting, measurements of physiologic responses such as oxygen uptake 

(VO2) or similar respiratory and cardiovascular parameters to live-fire work are 

difficult or even impossible. Therefore, experimental settings during real 

interventions solely provide information on parameters such as heart rate 

(Sothmann et al., 1992; Smith and Petruzzello, 1998; Bos et al., 2004). 

Consequently, the majority of scientific studies have used simulated firefighting 

tasks to quantify the workload of firefighting in terms of aerobic fitness, muscular 

strength and endurance (e.g. Williford et al. 1999; Bilzon et al., 2001; Rhea, Alvar 

and Gray et al., 2004; Heimburg, Rasmussen and Medbö, 2006; Elsner and 

Kolkhorst, 2008; Michaelides et al., 2011). 

6.1.1 Physiological Responses to live-fire and 24-hour shift work 

A limited number of studies have used experimental settings during real intervention 

in terms of investigating physical parameters during live-fire work and/or during a 

24-hour shift at a fire station. Sothmann et al. (1992) monitored the heart rate (HR) 

response to actual emergencies among ten firefighters and reported an average HR 

of 157 ± 8 beats per minute (bpm) over a period of 15 ± 7min, which represented 88 

± 6% of HRmax. By comparison, Bos et al. (2004) found that actual firefighting 

activities during 24-hour shifts were dominated by activities with a low to moderate 

energetic workload. During this experimental study, heart rate percentage (%HRR) 

was calculated for activities during the shift. Tasks connected with wearing the self-

contained breathing apparatus (SCBA) were found to be the most demanding tasks. 

Smith and Petruzzello (1998) offered evidence of high physiological strain during 
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live-fire work with stair climbing and victim rescue. Ten firefighters performed three 

consecutive trials of the same drill, whereby the mean heart rate increased from 164 

± 8 bpm (1st trials) to 179 ± 4 (2nd trials) and 184 ± 3 (3rd trials). 

6.1.2 Physical loads of simulated firefighting 

The physical loads of simulated firefighting have been determined by either 

performing a set of consecutive firefighting tasks without interruption (Williford et al., 

1999; Elsner and Kolkhorst, 2008; Sheaff et al., 2010; Perroni et al., 2010; 

Michaelides et al., 2011) or studying the physiological responses to single 

firefighting tasks (O’Connell et al. 1986; Rhea, Alvar, and Gray, 2004). The most 

common physical strain during performing simulated firefighting exercises averaged 

between 80% and 90% of heart rate maximum (Deakin et al., 1996; Del Sal et al., 

2009; Williams-Bell et al., 2009; Perroni et al., 2010; Dennison et al., 2012; Lord et 

al., 2012). Some studies have also offered evidence of average heart rates above 

90% of maximum heart rate (Sothmann et al., 1991; Schonfeld, Doerr, and 

Convertino et al., 1994). 

Some researchers have conducted direct measurements of maximum oxygen 

uptake (VO2) to characterize the metabolic demands of firefighting. The values 

reported from task-simulated testing ranged from 23 ml/min/kg for boundary cooling 

(Bilzon et al., 2001) to 47 ml/min/kg for a hose run (Siddall et al., 2016). Several 

authors have further offered evidence of a high physical strain above 80% of 

maximum relative oxygen uptake (VO2) during the completion of a simulated task 

circuit (Bilzon et al., 2001; Heimburg, Rasmussen, and Medbö, 2006; Perroni et al., 

2010). Others have reported values between 60% and 80% of relative maximal 

oxygen uptake (Sothmann et al., 1991; Elsner and Kolkhorst, 2008; Harvey et al., 
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2008). The most arduous tasks were stair climbing and victim rescue. Victim rescue 

required a VO2 of 29.3 ml/min/kg (70% of VO2max) in the study of Perroni et al. (2010) 

and 42.2 ml/min/kg in the study of Lemon and Hermiston (1977b). Holmer and 

Gavhed (2007) reported a VO2peak of 43.8 ml/min/kg for stair climbing. This value 

was in close agreement with those reported by Gledhill and Jamnik (1992b) and 

Siddall et al. (2016). 

6.2 Fitness assessments for firefighters 

Perhaps one of the most commonly-targeted outcomes of previous firefighter 

research was to build up a clear profile of specific variables that are closely related 

to firefighting performance (Davis, Dotson and Laine, 1982; Williford et al., 1999; 

Rhea, Alvar and Grey, 2004; Henderson, Berry and Matic, 2007; Williams-Bell et 

al., 2009; Michaelides et al., 2011; Calavalle et al., 2013; Lindberg, Oksa and Malm, 

2013; Lindberg et al., 2014). Therefore, the authors of the aforementioned studies 

conducted a combination of aerobic endurance and strength tests. The resulting 

fitness variables were subsequently related to firefighting performance variables by 

either identifying strong correlations or predicting firefighting performance by 

multiple regression. The identified contribution of important variables to the 

performance of firefighting tasks would enable firefighter trainers and instructors to 

concentrate exercise program efforts on those specific variables (Michaelides et al., 

2011). If important fitness variables were improved, this would then improve 

performance on the specific firefighting tasks, provided that they have been 

correlated accurately. 
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6.2.1 Relationship between firefighting tasks and fitness parameters 

To achieve this outcome, the vast majority of studies have conducted more than 

seven fitness tests regarding endurance and strength. The most commonly reported 

aerobic fitness tests were VO2max treadmill tests. The most frequently used tests for 

upper body limb strength measurements were hand grip strength (11 studies) and 

bench press (6 studies). Upper body muscular endurance was most commonly 

evaluated by push-ups (6 studies), bench press endurance (4 studies) as well as 

chin-ups (4 studies). Lower limb strength was mostly tested by squats (2 studies) or 

a leg extension test (2 studies). Squats and leg press were also the most frequently 

used fitness measurements for lower limb strength endurance (2 studies). Core 

strength endurance was mostly frequently assessed by sit-ups (8 studies). Flexibility 

testing was also part of many studies and tested by the Sit & Reach Test (5 studies). 

Four studies assessed anaerobic power. The most frequently used tests were a 

standing long jump and vertical jump. Tab. 1 provides a detailed overview of the 

combination of different tests used in all selected studies (see Tab. 1). 
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Tab. 1. Combination of fitness tests (aerobic, AE= anaerobic, muscular strength, 

muscular endurance, anPo = anaerobic power, Flex= flexibility, balance) used in 

selected studies 
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The most frequently investigated tasks were victim rescue (14 studies), stair/ladder 

climb (11 studies) and hose carry (11 studies). Tab. 2 provides an overview of the 

combinations of different firefighting tasks of the selected studies to make it clarify 

the fitness measurements to which they were related. 

Tab. 2. Combinations of different firefighting tasks and relationship analyses  between 

firefighting tasks and fitness variables  in the selected studies (Reg= Multiple 

Regression, PCA= Principal Component Analyses, SEM= Structural Equation 

Modeling) 
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parameters. The vast majority of studies (12 studies) used a task circuit with 

different firefighting tasks completed without interruption. Only three studies 

investigated single firefighting tasks (see also Tab. 2). 

The relationships between firefighting tasks and physical fitness measurements 

have been represented either in terms of single correlations between a specific 

fitness test and an operational tasks (e.g. Williford et al., 1999; Rhea, Alvar, and 

Gray, 2004; Michaelides et al., 2011) or a subset of tests predicting total completion 

time of a simulated circuit by multivariate regression analysis (Davis, Dotson, and 

Laine, 1982; Sothmann et al., 2004; Henderson, Berry, and Matic, et al. 2007; 

Harvey et al., 2008; Williams-Bell et al., 2009). Two studies (Harvey et al., 2014; 

Walker et al., 2014) reported fitness measurements in combination with simulated 

operational power testing as an analysis of differences between age groups or 

different samples (municipal vs. industrial firefighters). However, these studies did 

not present any correlations to establish the relationship between fitness and 

simulated work tasks. Calavalle et al. (2013) predicted performance with Principal 

Component Analyses. 
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Tab. 3. Correlations between aerobic, anaerobic fitness and flexibil ity measurements 

and performance in simulated firefighting work tasks. *Signif icant at p ≤  0.05, 

**Signif icant at p ≤  0.01 

 

The relationships between aerobic and anaerobic field measurements, 

anthropometric parameters and simulated work tasks are shown in Tab. 3. 

Anaerobic endurance in terms of a 400m run showed the strongest relationship to 

victim rescue (r = 0.81) and a moderate relationship to hose pull (r = 0.67) and stair 

climb (r = 0.63). Williford et al. (1999) offered evidence of small to moderate 

correlations of the 1.5 mile run to hose pull, victim rescue, stair climb, forcible entry 

and equipment hoist (r = 0.25 to r = 0.56). By contrast, Rhea, Alvar and Gray (2004) 

could not find any significant correlations between a 12-minute run (Cooper-Test) 

and various simulated firefighting tasks. Tab. 2 only shows weak relationships 

between firefighting and anthropometric parameters in terms of the percent of body 

fat and fat-free weight. In this respect, Williford et al. (1999) and Michaelides et al. 
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Hose pull -0,49* n.s. n.s. 0,67* n.s.

Rhea Rhea Williford Rhea Williford 

Victim 

drag/rescue
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(2011) could establish moderate correlations for equipment hoist (r = -0.54) and stair 

climb (r = -0.54). Both research groups could not offer any significant evidence of 

the relationship between work tasks and flexibility in terms of the sit and reach test. 

Lindberg et al. (2013) found stronger Spearman’s rank correlations (rs) between 

absolute VO2max (l*min-1) and firefighting tasks (rs= -0.70 to -0.79) than for VO2max 

expressed relative to body weight (rs= -0.46 to -0.58). An exception to this applies 

to the relationship between VO2max (ml/min/kg) and carrying equipment over terrain 

resulting in a strong correlation of rs= -0.74. By contrast, Harvey et al. (2008) found 

no significant correlations between absolute VO2max and completion time of a 

simulated task circuit. 
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Tab. 4. Correlations (Spearman ’s correlation r s) or structural equation models (SEM) 

between muscular strength tests and performance in simulated firefighting tasks. 

Publication year is only mentioned when authors had more than one publication on the 

same topic. *Signif icant p ≤  0.05; **Signif icant p ≤ 0.01; n.s. non-signif icant)  
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Correlations between muscular strength (Tab. 4) as well as muscular endurance 

(Tab. 5) and simulated job tasks show how predictive and related to job performance 

the different tests are. Muscular strength and endurance were divided into upper 

and lower limb strength and endurance measurements as well as explosive 

strength. 
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Tab. 5. Correlations (Spearman ’s correlation r s) between muscular endurance tests 

and performance in simulated firefighting tasks. Publication year is only mentioned 

when authors had more than one publication on the same topic.  *Signif icant p ≤ 0.05; 

**Signif icant p ≤ 0.01; n.s. non-signif icant)  
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The strongest correlations between completion time of the firefighting activities and 

muscular strength and endurance tests were found for Pulling, Rescue and 

Equipment hoist. Hose pull had the strongest correlations with the predicted one-

repetition maximum of bench press (r = -0.8; Rhea, Alvar, and Gray, 2004) and 

maximum hand grip strength (r = -0.85; Rhea, Alvar, and Gray, 2004 and r = -0.73; 

Lindberg, Oksa, and Malm, 2014). Moderate correlations for hose pull and rowing (r 

= -0.63 to r= 0.76) and hose pull and dips (r = -0.61) were also confirmed. As shown 

in Tab. 4, bench press endurance (r = -0.85), shoulder press (r = -0.75) and chin-

ups (r = -0.72) showed a strong relationship with hose pulling. Furthermore, the 

strongest correlations between stair/ladder climb and fitness assessments were 

reported for chin-ups (r = -0.76), dips (r = -0.75), bench press endurance (r = -0.73), 

shoulder press endurance (r = -0.73) and explosive strength in terms of a standing 

long jump (r = -0.72). Victim drag and rescue as an important firefighting task was 

strongly related to fitness measurements such as maximum hand grip strength (r = 

-0.79), the time to row 500 meters (r = -0.79), bench press endurance (r = -0.82) 

and standing broad jumps (r = -0.74). The strongest correlations of fitness tests 

corresponding with equipment hoist occurred for the predicted one-repetition 

maximum of bench press (r = -0.68) as well as bench press endurance (r = - 0.71). 

Pull-ups (r = 0.69), chin-ups (r = 0.69) and hand grip strength (r = -0.53) showed 

moderate relationships with demolition and forcible entry. 

Most studies have used field tests to establish the relationship between fitness 

measurements and work capacity (e.g. Williford et al., 1999; Rhea, Alvar, and Gray, 

2004; Michaelides et al., 2011). Lindberg, Oksa and Malm (2014) presented results 

of a study comparing laboratory to field tests when evaluating the work capacity of 

firefighters. Despite reporting strong correlations (Spearman’s rank correlation 
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coefficient rs > 0.7) for most laboratory tests of muscular strength and endurance, 

the authors found that isokinetic laboratory testing – as used in their study – was 

more suitable for sports than for evaluating work capacity. The field tests of their 

study also resulted in strong correlations and were described as being more 

adequate for job performance testing as they are simpler and save both time and 

costs. 

6.2.2 Recommended subsets of screening tests 

A study conducted by Henderson, Berry and Matic (2007) provided strong evidence 

of a decrease in firefighting performance for subjects with strength levels below the 

male 25th percentile of their sample. The authors established muscular strength 

(bench press, latissimus pull-down and grip strength) as the primary predictor for 

the effective execution of firefighting activity. Aerobic endurance – in terms of 

relative VO2max – represented only a subordinate parameter. Williford et al. (1999) 

investigated the relationship between firefighting tasks and physical fitness, finding 

a 1.5-mile run, fat-free weight and pull-ups to be the best predictors (R2= 0.73) for 

physical performance assessment in terms of stair climb, hoist, forcible entry, hose 

advance and victim rescue. According to Davis, Dotson and Laine (1982), maximal 

heart rate, sit-ups, grip strength, age and submaximal oxygen pulse represent a test 

battery of physical performance variables that best predicts the physical work 

capacity (R2= 0.63) of five sequentially-performed firefighting tasks of at least 7 

minutes’ duration (ladder extension, standpipe carry, hose pull, simulated rescue, 

simulated forcible entry). Furthermore, the authors defined the maximal aerobic 

capacity as a second factor accounting for the performance of the five mentioned 

tasks (R2= 0.39), especially for the chopping and simulated rescue tasks. Lean body 

weight, maximal heart rate, final treadmill grade, age and percent body fat best 
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predicted maximal aerobic capacity. Calavalle et al. (2013) conducted a Principal 

Component Analyses and found four main factors that influence firefighting 

performance: the capacity to carry extra load, body fat, age and fitness level. 

Investigating a battery of field tests to evaluate the aerobic capacity of firefighters, 

Lindberg et al. (2013) established the time to row 500 meters, the time to run 3000m 

relative to bodyweight (s*kg-1) and the percentage of maximal heart rate during 

treadmill walking as the most important tests. Furthermore, the same research 

group recommended maximal hand grip strength, bench press, chin-ups, dips, 

upright barbell row, standing broad jump and barbell shoulder press for evaluating 

firefighters’ work capacity in terms of muscular strength (Lindberg, Oksa, and Malm, 

2014). Harvey et al. (2008) reported peak work rate during an arm cycling exercise 

test as being the most relevant for the completion time of a modified Fire Fit Test 

(Deakin et al., 1996), but found only poor correlations for completion time and 

absolute as well as relative VO2max values. Williams-Bell et al. (2009) offered 

evidence of the relative maximum of oxygen uptake, body mass and hand grip 

strength being the most important factors for successful firefighting performance, 

accounting for more than 67% of variance in multiple regression analyses. The 

percentage of body fat was also demonstrated as a contributing factor to work 

capacity by Michaelides et al. (2011), in addition to abdominal isometric strength, 

push-ups and a step test (accounting for more than 60% of variance in the 

regression model). Sothmann et al. (2004) were the only research group to 

recommend a subset of screening tests for firefighters existing of both simulated 

work tasks and fitness measurements. The combination of test items such as a hose 

drag, high-rise pack, arm cranking and lifting accounted for 50% of the variance 

associated with the completion of a work task circuit. 
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6.3 Exercise programs for firefighters 

Several studies have shown that less fit firefighters perform firefighting tasks 

significantly slower than their physically fit counterparts (Sothmann et al., 2004; 

Dennison et al., 2012). As also stated by Storer (2014), suboptimal fitness might 

result in a mismatch with the high physical demands determined for firefighting job 

performance. One possibility to improve and maintain one’s fitness level is through 

participation in regular exercise, as proposed by several national fire associations 

(e.g. Committee for Firefighting Issues, Civil Protection and Civil Defense, 2002; 

Dennison et al., 2012). These national fire associations suggest that firefighters 

should participate in regular exercise programs while on-duty. As postulated by 

many researchers, endurance and strength training should be an integral part of 

firefighter training programs (e.g. Durand et al., 2011; Michaelides et al., 2011). 

When designing exercise programs for firefighters, exercise prescriptions need to 

address the unique and specific physiological demands of firefighting (Smith, 2011). 

These prescriptions should also include individual and progressive programs to 

meet the individual needs of low-fit to highly-trained firefighters (Smith, 2011). 

However, only a small number of studies have evaluated exercise training for 

firefighters (Brown et al., 1982; Roberts et al., 2002; Peterson et al., 2008; Dennison 

et al., 2012; Jahnke et al., 2014). While Dennison et al. (2012) and Peterson et al. 

(2008) investigated the effects of a strength exercise program, Brown et al. (1982), 

Roberts et al. (2002) and Jahnke et al. (2014) researched the impact of endurance 

training programs on selected endurance variables. A high level of endurance is 

deemed most important for firefighters’ work performance (Windisch et al., 2017a; 

Windisch et al., 2017b). Out of all endurance parameters, the relative VO2peak holds 
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fundamental importance for firefighting performance. One possible approach to 

promote endurance and especially VO2peak is high-intensity interval training (HIIT). 

Another exercise prescription for improving VO2peak would be continuous training 

(CT), which includes prolonged sessions of moderate-intensity exercise (e.g. ≥ 1 h 

at ∼65-75% of VO2peak) performed repeatedly for at least several weeks. This 

training improves VO2peak and alters substrate utilization during exercise, resulting 

in improved endurance capacity (Midgley, McNaughton and Wilkinson, 2006). 

Both CT and HIIT can increase endurance, although they considerably differ in the 

time needed for effective exercises with significant improvements in selected 

variables. HIIT has proven a time-efficient exercise paradigm that improves exercise 

performance to the same extent as CT (e.g. Burgomaster et al., 2005; Gibala et al., 

2006). This could be an important argument for including it in firefighters’ training. 

There is limited evidence of HIIT concepts in which firefighters are engaged (Brown 

et al., 1982; Roberts et al. 2002). Brown et al. (1982) found that an exercise program 

comprising 15-minute shuttle running on four days for 8 or 11 weeks improved 

VO2peak by around 16%. Roberts et al. (2002) reported even greater improvements 

(~28%) in VO2peak after a 16-week HIIT program. However, HIIT sessions were 

performed continuously for the 11 or 16 weeks in the mentioned studies. To date, 

there is no scientific evidence concerning how firefighters trained before or after 

these HIIT blocks. A periodization concept with varying low- and high- intensity as 

well as low- and high-volume periods is currently missing. 
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7 Study design 

 

Study Design Participants Outcome measures Data analysis 

I 
Experimental 
study design 

n = 41 
Professional 
male 
firefighters 

Physiological responses to a 
simulated firefighting exercise 
(heart rate, oxygen uptake, 
carbon dioxide output) 
 
Performance evaluation by the 
Time-Strain-Air Depletion Model 
(TSA score) 
 
Relationship to strength and 
endurance measurements 
 

Descriptive 
Statistics; 
Pearson 
Correlations; 
Multiple 
Regression 

II 
Experimental 
study design 

n = 16 
Professional 
male 
firefighters 

Comparison between 
physiological responses to two 
different firefighting exercises in 
a) temperate conditions and b) 
extreme conditions 
 
Performance evaluation by the 
Time-Strain-Air Depletion Model 
(TSA Score) 
 
Changes in important 
relationships to strength and 
endurance measurements due to 
firefighting in different 
environments 
 

Descriptive 
Statistics; 
Pearson 
Correlations; 
SPM 1D-
statistics 

III 

Randomized-
controlled pre-
post design 
study 

n = 30 
Professional 
male 
firefighters 

Impact of a polarized training 
concept compared to a 
continuous training concept on 
key endurance parameters in 
professional firefighters while 
exercising one hour on-duty 
 
Changes in maximum oxygen 
uptake, ventilatory threshold 1, 
respiratory compensation point 
and time to exhaustion during 
treadmill running 
 

Descriptive 
Statistics; 
One-way 
ANOVA; 
ANCOVA 
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8 Results 

8.1 Relationships between strength and endurance parameters and air 
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Summary and main results: 

This section provides a summary of the main results of Study I. For details regarding 

the methods, results, discussion and conclusions, please see the original 

manuscript in Appendix A. The primary aim of this study was to quantify the physical 

demands of a simulated firefighting circuit by a simple formula, the Time-Strain-Air 

Depletion Score (TSA score), taking into account the completion time of the 

exercise, heart rate and air depletion rate. Furthermore, a second aim of the study 

was to establish the relationship between job performance and endurance and 

strength fitness measurements to identify the most relevant physical attributes to 

fulfill the job demands of a professional firefighter. 

Forty-one professional firefighters (39 ± 9 yr, 179.6 ± 2.3 cm, 84.4 ± 9.2 kg, BMI 

26.1 ± 2.8 kg/m2) from Munich Airport participated in the test procedure. The 

subjects had a mean relative oxygen uptake of 45.0 ± 6.0 ml/min/kg. The total 

treadmill time to exhaustion averaged 10.5 ± 1.2 min with mean maximum heart 

rates of 181 ± 11 bpm. The total exercise time of the Respiratory Protection Exercise 

Standard (REPEstandard) averaged 801 ± 129 s (13.4 ± 2.2 min). The mean heart rate 

of the REPEstandard was 143.2 ± 12.1 beats per minute (bpm), which corresponded 

to 79.2 ± 6.6 % of maximum heart rate (HRmax) determined on the treadmill. The 

subjects spent 21.3 ± 24.3 % of total exercise time in Zone 1, 69.9 ± 25.1 % of time 

in Zone 2 and 8.8 ± 17.3 % in Zone 3. The mean air depletion from the air cylinder 

averaged 161.7 ± 28.7 bar. Overall, subjects consumed 54.1 ± 9.9% of the capacity 

of a nominal 30min cylinder. 

The exercise total time of the Respiratory Protection Exercise with Spirometry 

(REPEspirometry) averaged 797 ± 122 s (13.3 ± 2.0 min). The mean heart rate during 

the REPEspirometry was 144.3 ± 12.7 bpm, corresponding to 79.8 ± 7.3 % of HRmax. 
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Mean heart rates (p = .433) and exercise total time (p = .858) showed no significant 

differences between REPEstandard and REPEspirometry. The mean oxygen consumption 

for the whole REPEspirometry exercise was 2.13 ± 0.32 l/min. The two most demanding 

tasks required 38 ± 6 ml/min/kg over 20 seconds during orientation section crawling 

and 38 ± 5 ml/min/kg for the ladder climb. The mean minute ventilation during the 

whole exercise was 67.5 ± 13.1 l/min. Hoist showed the highest mean minute 

ventilation rate (74.5 ± 17.4 l/min). Furthermore, mean breathing volume values 

during the exercise were 2.08 ± 0.33 l and the mean breathing frequency was 

registered with 34.1 ± 4.8 breaths per minute. The respiratory exchange ratio (RER) 

averaged 1.08 ± 0.08 across the total exercise. 36.0 ± 21.7 % of total exercise time 

subjects had a RER < 1.0 and 64.0 ± 21.7 % of time a RER ≥ 1.0. 

Thirteen firefighters obtained a TSA score of -0.99 to +0.99 (average), nine 

firefighters a TSA score between -1 and -2 (above average) and six firefighters a 

score smaller than -2 (outstanding). Furthermore, six firefighters obtained a score 

between 1 and 2 (below average) and seven subjects a TSA score of more than 2 

(poor). It was assumed that the strain and duration of both exercises were 

comparable, as there was no significant difference between mean HR and the mean 

completion time of REPEstandard and REPEspirometry. Therefore, all REPEstandard and 

REPEspirometry variables were used in addition to variables from treadmill and 

muscular strength, flexibility and balance testing to find the most predictive 

parameters for firefighting by multiple regression. Based on the performance model, 

three main factors with a strong influence on firefighting performance were identified 

(70.1% of total explained variance): VO2peak, the time during which the firefighter 

exercised below their individual ventilatory threshold and the mean breathing 

frequency. 
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The results showed that outstanding performers had significantly higher VO2peak (p 

= .001) and significantly lower mean heart rates during REPE (p = .001) while 

completing the exercise faster (p = .001) compared to average, below average and 

poor performers. The outstanding performers were the only subjects performing the 

REPE parcours without spending any time in Zone 3 and showing the highest 

fraction of time spent in Zone 1. 
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Summary and main results: 

This section provides a summary of the main results of Study II. For details regarding 

the methods, results, discussion and conclusions, please see the original 

manuscript in Appendix B. The primary aim of this study was to examine 

physiological responses to two different simulated firefighting exercises: a 

firefighting exercise with flashovers, smoke, poor visibility and extreme 

temperatures (300°) in a burning container and a standard firefighting exercise in 

temperate conditions (20° - 30°). Furthermore, a second aim of the study was to 

ascertain whether the contribution of strength and endurance capacities to 

firefighting performance changes when the demands of the firefighting exercise 

change. 

Sixteen professional firefighters from Munich Airport took part in the study (39 ± 9 

yr, 176.9 ± 0.1 cm, 82.1 ± 7.6 kg, BMI 26.3 ± 2.4 kg/m2). Relative VO2peak averaged 

44.1 ± 5.8 ml/min/kg in the treadmill testing, with a mean HRmax of 182.4 ± 11.9 bpm. 

VT1 averaged at 2.12 ± 0.27 l/min (59.4 % VO2peak), and RCP averaged at 3.27 ± 

0.40 l/min (87.9 % VO2peak). Expressed as a percentage of HRmax, VT1 showed up 

at 70.3 ± 7.7 % HRmax and RCP at 91.1 ± 6.0 % HRmax. No significant difference (p 

= .899) could be found between the TSA scores of the SFE (0.07 ± 2.01) and FOT 

(0.00 ± 2.12). Mean HR was lower (p = .005) during SFE (145 ± 12 bpm) than during 

the FOT (155 ± 11 bpm). When the mean HR was given as a percentage of maximal 

HR, SFE averaged at 79.9 ± 6.9 % HRmax and FOT at 85.4 ± 5.2 % HRmax. 1D-SPM 

analyses showed that the HR trajectories of SFE and FOT were significantly 

different over long periods of time. The critical threshold of 3.656 was first exceeded 

within the first 10% of completion time, albeit only for 25 seconds. However, the 

second time the threshold was exceeded after 43% of the mean completion time. 
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From this point, the significant difference showed up until the end of the exercise. 

During SFE, subjects spent 24.6 ± 30.2 % of the time in Zone 1, 65.8 ± 28.1 % in 

Zone 2 and 9.7 ± 16.6 % in Zone 3. During FOT, subjects spent 16.3±12.8 % in 

Zone 1, 50.4 ± 13.2 % in Zone 2 and 33.3 ± 16.6 % in Zone 3. 

Out of all correlations, relative VO2peak showed the highest relation to mean HR 

during SFE (r = -.593) as well as FOT (r = -.693). Furthermore, firefighting 

performance in terms of TSA scores during the SFE was strongly correlated to the 

time that subjects spent in Zone 1 during this exercise (r = - .547). TSA scores of 

the FOT were strongly correlated to the time that subjects spent in Zone 3 during 

FOT (r = .587). 
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Summary and main results: 

This section provides a summary of the main results of Study III. For details 

regarding the methods, results, discussion and conclusions, please see the original 

manuscript in Appendix C. This study aimed to analyse the effects of a 15-week 

low-volume (1h/day sport on-duty) high-intensity interval-based (HIIT) exercise 

program as part of a polarized training concept (POL) on relative maximum oxygen 

uptake (VO2peak), ventilatory threshold 1 (VT1), respiratory compensation point 

(RCP) and time to exhaustion during treadmill running (TT) among professional 

firefighters, as well as comparing it with a continuous training (CT). 

The comparison of the four tested parameters revealed no significant between-

group differences at baseline (p > 0.05). After the post-test, POL differed 

significantly from CT and CON in all variables (p < 0.05). We found significant 

improvements (p < 0.001) for the POL-group in relative VO2peak (+5.4 ± 1.2 

ml/min/kg), VT1 (+5.0 ± 0.8 ml/min/kg), RCP (+6.2 ± 2.2ml/min/kg) and TT (+76         

± 19s). The CT group improved only in two parameters significantly: VT1 (+1.2 ± 0.3 

ml/min/kg, p = 0.003) and TT (+21 ± 9s, p = 0.029), while the CON group remained 

unchanged in all variables (p ≥ 0.05).  
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Abstract 

Purpose 

This study aimed to analyse the effects of a 15-week exercise program for 

professional firefighters exercising on-duty. A high intensity interval-based (HIIT) 

exercise program as part of a polarized training concept (POL) was compared to a 

continuous training (CT). The key outcome variables in terms of training effects were 

relative maximum oxygen uptake (VO2peak), ventilatory threshold 1 (VT1), respiratory 

compensation point (RCP) and time to exhaustion during treadmill running (TT). 

Methods 

Thirty professional firefighters were randomly assigned to two experimental (POL 

n=10; CT n=10) and one control (CON n=10) group. VO2peak, VT1, RCP and TT 

were assessed during a maximum treadmill test before (baseline-test) and after 

(post-test) a 15-week intervention (1h/day; 3 days/week). An ANCOVA was 

conducted to compare the effectiveness of the two exercise modes versus controls 

regarding VO2peak, VT1, RCP and TT. 

Results 

The comparison of the four tested parameters revealed no significant between-

group differences at baseline (p>0.05). After the post-test, POL differed significantly 

from CT and CON in all variables (p<0.05). We found significant improvements 

(p<0.001) for the POL-group in relative VO2peak (+5.4 ±1.2 ml/min/kg), VT1 (+5.0 

±0.8 ml/min/kg), RCP (+6.2 ± 2.2ml/min/kg) and TT (+76 ±19s). The CT group 

improved only in two parameters significantly: VT1 (+1.2 ±0.3 ml/min/kg, p=0.003) 

and TT (+21 ±9s, p=0.029), while the CON group remained unchanged in all 

variables (p≥0.05).  



Results 

72 
 

Conclusion 

The POL-exercise program led to greater improvements in all variables in 

professional firefighters, despite the reduction in overall training volume. We highly 

recommend firefighters to include HIIT and a polarized training concept into their 

endurance training as it turned out that important improvements can already be 

achieved within just one hour exercising on-duty.  
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Introduction 

Firefighting is a physically very demanding occupation challenging the 

cardiovascular capabilities of firemen (9, 23, 37). Many studies on the physical 

demands of firefighting pointed out that it is important to possess a high level of 

peak oxygen uptake (VO2peak) for firefighting performance (e.g. 17, 20, 33). Recent 

studies also showed VO2peak to be a primarily variable associated with the 

physiological demands of firefighting (38, 39). Furthermore, we found that substrate 

utilization during a simulated firefighting exercise and the level of ventilatory 

thresholds was performance determining for firefighting (39). Although many studies 

recommend firefighters to maintain a high level of relative VO2peak (17, 33) only few 

studies provide data regarding the effect of appropriate endurance exercise 

programs that can serve as recommendations on how to improve or maintain 

VO2peak (7, 29).  

In general, prolonged sessions of moderate-intensity exercise (e.g. ≥ 1 h at ∼65-

75% of VO2peak) performed repeatedly for at least several weeks, improve VO2peak 

and alter substrate utilization during exercise, resulting in improved endurance 

capacity (25). Besides this traditional approach, also known as “continuous training” 

(CT), literature emphasizes high-intensity interval training (HIIT) as another 

possibility to improve VO2peak and further endurance parameters (16, 21, 26, 32, 36). 

In contrast to continuous training, which is characterized by prolonged, continuous 

activity, HIIT is characterized by repeated bouts of short to moderate duration 

exercises (i.e. 15 seconds to 5 minutes) completed at an intensity that is greater 

than the individual lactate threshold (22). HIIT can be used in combination with low 

intensity high volume exercise in the concept of the so-called “Polarized training” 

(POL). The 80% (low intensity training) to 20% (HIIT) intensity distribution of POL 
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was originally derived from retro-perspective analysis of the intensity, duration and 

frequency distribution of the training load of well-trained athletes (e.g. 2, 11, 31, 34).  

Both CT and HIIT within the POL concept can increase endurance, however, they 

differ considerably in the time needed for physiological adaptations. HIIT has been 

shown to be a time-efficient exercise paradigm that improves exercise performance 

to the same extent as CT (e.g. 4, 15). This could be an important aspect in choosing 

an appropriate training method for professional firefighters on-duty. The general 

importance of exercising regularly has been recognized by several national fire 

brigades suggesting that firefighters participate in exercise training while on-duty. 

For instance, in Germany professional airport firefighters have to exercise one hour 

while on-duty as part of the collective wage agreement (6). In our previous studies 

(38, 39) we found that endurance parameters were stronger related to good 

firefighting performance than strength parameters. Thus, it is important that 

firefighters utilize training methods that effectively target the aerobic capacity in 

order to enhance endurance outcomes within this exercise on-duty time.  

To date, there have been no known attempts to compare the effects of different 

methods of endurance training (CT, POL) within a given mandatory exercise on-

duty time on adaptations in relative VO2peak, ventilatory threshold 1 (VT1), 

respiratory compensation point (RCP) and total time to exhaustion on the treadmill 

(TT) of professional firefighters. We selected these four variables as key endurance 

parameters based on our previous firefighting research (38, 39). Improvements for  

CT methods are expectable, as continuous training including threshold training has 

been shown to be an effective exercise method to improve endurance parameters 

like VO2peak (32). However, polarized training reduced to one hour exercising on-

duty has not been researched before in a group of sedentary or recreationally active 
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subjects similar to firefighters. In order to improve training concepts for professional 

firefighters exercising 1h on-duty time, our research aims to gain more detailed 

information which of the two exercise modes (CT vs. POL) has a greater impact on 

specific endurance parameters. We hypothesized that the POL training would lead 

to superior improvements compared with CT, as this has been shown in a previous 

study with professional athletes (34). 

Methods 

a. Study subjects 

Thirty healthy professional firefighters from Munich Airport volunteered for this 

research (38.4 ± 9.1 yr, 177.1 ± 0.1 cm, 84.1 ± 7.6 kg, BMI 26.6 ± 2.4 kg/m2). Mean 

service time of participants was 14 ± 5 years. Full written and verbal details about 

the study were provided. Informed written consent was obtained from all participants 

prior to testing. The ethic statement for this study was approved by the Dean of the 

Faculty of Sports and Health Sciences of the Technical University of Munich. All 

tests were conducted according to the Declaration of Helsinki. All participants were 

in possess of a valid G26.3 medical examination for operational fitness, a mandatory 

periodically medical health check for professional firefighters in Germany.   

b. Experimental program 

The experimental program consisted of 1) the baseline-test, 2) the 15-week exercise 

program, and 3) the post-training test. 

Treadmill test: 

Endurance variables were evaluated before the 15-week exercise programs 

(baseline-test) and again upon completion of training (post-test). Gas exchange 

(oxygen consumption - VO2, carbon dioxide output - VCO2) was measured breath-
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by-breath with the Cortex Metamax 3B (Cortex Biophysics GmbH, Germany). The 

incremental exercise test based on the Ellestad Protocol (8) was conducted on a 

motorized treadmill (Life Fitness, Integrity Series, Germany) to determine peak 

oxygen uptake (VO2peak), total time to exhaustion and heart rate maximum (HRmax). 

The test was terminated when subjects reached volitional fatigue and were not able 

to continue running. VO2peak and HRmax were taken as the highest 30s-average 

during the final minute of the test. In addition, based on the test, two thresholds were 

determined: ventilatory threshold 1 (VT1) and respiratory compensation point 

(RCP). The VT1 was determined from the V-slope method (1) in combination with 

the break point of the ventilatory equivalent for O2 against VO2 (27). The RCP was 

identified by the break points of the ventilatory equivalent for CO2 and the end tidal 

CO2 concentration against VO2 (27). VT1 indicates the first turnpoint of ventilation 

(VE) and ventilatory equivalent ratio for oxygen (VE/VO2) (35). On contrary, RCP 

indicates the maximal lactate steady state, equivalent to the second turn point for 

VE and VE/VO2. These two thresholds were then used to establish three 

physiological intensity zones that correspond to the heart rates at the following 

exercise intensities: HR below VT1 (zone 1), HR between VT1 and RCP (zone 2) 

and HR above RCP (zone 3). 

Exercise programs: 

Subjects were randomly assigned to two experimental groups each including ten 

participants (CT, POL). Ten additional subjects served as a control group. Each 

subject exercised one hour on-duty. Subjects worked 24h-shifts meaning they spent 

one day on-duty followed by one day off. Therefore, we determined three exercise 

days per week for every exercise group, including CON. The program for the CT 

group followed closely the ACSM exercise guidelines recommending an intensity 
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distribution of 46, 35, and 19% for zones 1, 2, and 3 (32). The POL group performed 

a relatively higher percentage of their total training volume in zone 1, below their 

individual VT1. They followed the so-called “polarized” training intensity distribution 

of 80-20% of exercise time for zones 1 and 3 (32). Training intensity was heart rate 

controlled. Subjects documented the number of training sessions and the reached 

training intensity goals in terms of heart rate and time in a diary.   

Continuous training (CT): 

The CT included three blocks, each lasting five weeks: Three weeks each including 

one low-intensity training (Low, HR < individual VT1), one training with HR between 

VT1 and RCP per week (fartlek training) and one training at the lactate threshold 

(LT), in total three sessions per week. Every training session was separated by one 

recovery day. After these three weeks, subjects performed two of the mentioned LT-

trainings and a fartlek training per week for additional two weeks (Figure 1). Each 

fartlek-session included varying changes in intensity between VT1 and RCP, and 

above RCP (1min with 5-10 HR beats/minute above RCP in the first block, 1.30min 

with 5-10 HR beats/minute above RCP in the second block and 2min with 5-10 HR 

beats/minute above RCP in the third block). The intervals exercised above RCP 

during the fartlek-session were separated by 4 minutes exercising between VT1 and 

RCP.  

High-intensity interval training as part of a polarized training concept (POL):  

Like the CT the POL included three blocks, each lasting five weeks: Three weeks of 

low intensity training in zone 1 followed by 2 weeks HIIT in zone 3. A low intensity 

week included three 45 to 60 min sessions, with the duration depending on the 

exercise: cycling for 60min or running for 45min. Two of the sessions in the low 
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intensity week included four to six maximal sprints of 8s separated by at least 5min. 

A HIIT week included three 30-40min HIIT-sessions each separated by at least 1 

day of recovery (Figure 1). All HIIT sessions included a 10min warm-up with HR 

below individual VT1, 3-5 HIIT intervals (cycling or running) with individual recovery 

and a 10min cool-down with HR below individual VT1. Each HIIT-week started by a 

session of short HIIT-intervals for adaptation purposes to the load of a HIIT-training. 

Each short HIIT lasted 45s with a work-rest ratio of 0.5 (90 s rest) and was repeated 

six times in the first micro cycle, seven times in the second micro cycle and eight 

times in the third micro cycle. After the short HIIT two long individualized HIITs at 

90-95% HRmax were conducted. The individual HIIT interval-length was determined 

according to the individual duration of time from VO2 crossing RCP until reaching 

VO2peak during treadmill testing. For example, if a subject ran 1:45min after crossing 

RCP until to total exhaustion, this time was taken to determine the individualized 

long-HIIT. The work-rest-ratio for all subjects was 0.66 (e.g. 1:49 min interval = 

2:45min active resting), resulting in individual resting times for each subject between 

the individualized intervals. The interval exercise volume in terms of interval 

repetitions became progressively more challenging starting with four interval 

repetitions in the first micro cycle, followed by five repetitions in the second micro 

cycle and six repetitions in the third micro cycle.  

Controls (CON):  

The control group was asked to maintain their normal unsupervised training without 

any specific or planned intervention. This means subjects participated regularly in 

their mandatory 1h exercise on-duty (3 times/week) where they used the cardio 

machines (cycle ergometer, treadmill, step machine) in the gym at the fire station 

for the one hour of exercising. Their endurance training was of no certain heart rate 
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intensity and participants in CON groups were not engaged in any sort of structured 

endurance exercise program.  

For comparison of the training load of POL and CT, we compared the total loads 

(intensity and volume) with Foster’s approach to the TRIMP concept as used in 

many studies to estimate the total exercise load (e.g. 13, 24, 11, 12). TRIMP stands 

for training impulse and offers a strategy for integrating the intensity of a training into 

a single term (the TRIMP score) that allows a systematic analysis approach to 

training (13). This method uses HR data during exercise to integrate both total 

volume and total intensity relative to the 3 intensity zones (zone 1, zone 2, zone 3). 

An exercise score in terms of TRIMP for each zone was then computed by 

multiplying the accumulated time spent in this zone by an intensity-weighted 

multiplier for the respective zone. 1 minute in zone 1 was given a score of 1 TRIMP, 

1 minute in zone 2 was given 2 TRIMPs and 1 minute in zone 3 was given a score 

of 3 TRIMPs. The total TRIMP score was then calculated by summing the results of 

the 3 zones. 

c. Statistical analyses: 

Statistical analyses were performed using the software program SPSS, version 23.0 

(Statistical Package for Social Science, Chicago, IL). All data exhibited a Gaussian 

distribution verified by the Shapiro - Wilk’s test and, accordingly, the values are 

presented as means ± SD. In all cases, p < 0.05 was taken as the level of 

significance. A one-way ANOVA model was used to test differences in baseline 

levels between the different exercise groups regarding VO2peak, VT1, RCP und TT. 

A one-way ANCOVA was conducted to compare the effectiveness of the three 

exercise modes regarding VO2peak, VT1, RCP and TT whilst controlling for the 

baseline level of each of the parameters. Estimated marginal means were calculated 
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within the ANCOVA to show the adjusted means (controlling for the covariate 

“baseline of each variable”) for each training group. To observe significant effects 

over time, paired t-tests within each group were carried out. A Bonferroni correction 

was used for multiple comparisons. Pearson product-moment correlations were 

used to determine if significant relationships existed between variables of interest. 

For all correlation analyses, the p-value was set at 0.05.  

Results 

Three subjects withdrew from the study (2 in CT, 1 in POL) due to loss of interest or 

an unrelated injury. Accordingly, results are based on nine participants in CT and 

eight participants in POL. All subjects of CON completed the baseline-test as well 

as the post-training test.  

We found no significant differences between the baseline levels of the three groups 

POL, CT and CON regarding relative VO2peak (p = 0.514), VT1 (p = 0.340), RCP (p 

= 0.563) and TT (p = 0.877). After the 15 weeks exercise program, there was a 

significant difference between the three groups POL, CT and CON in VO2peak (p < 

0.001), VT1 (p < 0.001), RCP (p < 0.001), and TT (p < 0.001).  

Relative VO2peak values averaged 48.8 ± 3.6 ml/min/kg (POL), 44.2 ± 3.5 ml/min/kg 

(CT) and 43.4 ± 3.5 ml/min/kg) in the post-test. Post hoc tests proved significant 

differences in VO2peak between POL and CT (p = 0.004) and POL and CON (p < 

0.001). Comparing the estimated marginal means after the 15 weeks-program the 

POL-group had the highest VO2peak (+6.1 ml/min/kg compared to CON), followed by 

the CTs (+ 2.2 ml/min/kg compared to CON). In relation to the baseline level, the 

POL-group was the only group improving VO2peak significantly from pre- to post-test 

(p < 0.001). 
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VT1 averaged at 31.0 ± 1.9 ml/min/kg (POL), 26.6 ± 1.4 ml/min/kg (CT) and 26.0 ± 

2.0 ml/min/kg (CON) after the 15 weeks-program. There was a significant difference 

in VT1 between POL and CT (p < 0.001) and POL and CON (p < 0.001), but no 

significant difference between CT and CON (p = 0.239). The estimated marginal 

means showed the highest VT1 for POL (+5.1 compared to CON), followed by CT 

(+1.3 ml/min/kg compared to CON). The POL (p < 0.001) and the CT (p = 0.003) 

group both improved VT1 significantly compared to the baseline level. No significant 

improvements were found for the controls between pre- and post-test (p = 0.560). 

Figure 2 displays relative VO2peak and VT1 data collected upon study entry and again 

following the 15-week exercise program. 

After the 15 weeks exercise program, RCP averaged at 45.8 ± 3.7 ml/min/kg (POL), 

40.0 ± 3.1 ml/min/kg (CT) and 39.9 ± 3.4 ml/min/kg (CON). There was a significant 

difference in RCP between POL and CT (p < 0.001) and POL and CON (p < 0.001), 

but none between CT and CON (p = 0.474). Estimated marginal means showed the 

highest RCP for POL (+6.9 ml/min/kg compared to CON, followed by CT (+5.3 

ml/min/kg compared to CON). In relation to the baseline level determined in the pre-

test, the POL-group was the only group improving RCP significantly from pre- to 

post-test (p < 0.001). 

TT averaged 691 ± 30s in the POL-group, 635 ± 43s in the CT-group and 616 ± 46s 

for CON. A significant difference in TT showed up between POL and CT (p = 0.004) 

and POL and CON (p < 0.001). Again there was no significant difference between 

CT and CON (p = 0.139). Estimated marginal means showed the highest TT for 

POL (+ 48s) followed by CT (+ 27s) compared to CON, respectively. The POL (p < 

0.001) and the CT (p =0.029) group both improved TT significantly compared to the 

baseline level. No significant improvements were found for the controls between 
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pre- and post-test (p = 0.508). Changes in RCP and TT between pre- and post-test 

are presented in Figure 3.  

The comparison of TRIMP scores of the POL- and the CT-group in this study 

showed that the total training load of the CT-group resulted in a higher TRIMP score 

(4213 ± 421 vs. 3111 ± 398  in the POL-group, p < 0.002). TRIMP scores of the two 

controlled exercise programs are shown in Figure 4. To get an overview over the 

intended TRIMP scores and the actually done exercises expressed in TRIMP 

scores, the executed exercise loads are shown in Figure 5. 

Discussion 

Previous studies emphasized periodic assessments of endurance parameters e.g. 

relative VO2peak in professional firefighters (17, 20, 33). It has also been shown that 

VO2peak and other key endurance parameters can be improved by either high-

intensity interval training as well as continuous training in elite and recreational 

athletes (e.g. 15, 26, 32). However, the main two questions prior to this study were: 

(1) is it possible for professional firefighters to improve selected endurance variables 

when performing a structured exercise program within 1h on-duty? (2) To what 

extent can the selected endurance variables be improved with the different exercise 

modes POL and CT?  

The most salient result of the present study is that POL improved relative VO2peak, 

VT1, RCP and TT significantly more than CT. Additionally, the major novel finding 

here is that these results were observed in a group of professional firefighters 

exercising on-duty for only one hour, three times per week.  

The polarized training had a positive effect on various aspects of endurance. Most 

importantly, relative VO2peak experienced large increases of 12.7 ± 4.2 %, thereby 
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exceeding the level of 46 ml/min/kg relative VO2peak, a minimum level we previously 

deemed appropriate for the performance of firefighting duties (38, 39). All subjects 

had an initial VO2peak lower than 45 ml/min/kg (POL: 43.3 ± 3.4; CT: 42.5 ± 3.6; CON: 

44.6 ± 4.9) and were classified as “healthy, but sedentary and not so active 

individuals” (22). After the intervention, the POL-group (48.8 ± 3.6 ml/min/kg) was 

the only group exceeding VO2peak of 46 ml/min/kg and therefore, they can be seen 

as “recreationally actives” (22). Only few studies reported effects of endurance 

exercise programs for firefighters exercising one hour on-duty. Roberts et al. (2002) 

induced an increase of 28% in relative VO2peak in a 16-week-exercise program for 

firefighter recruits. The intensity distribution was similar to the CT-group in our study. 

At first glance, the 28% increase in relative VO2peak may appear high. However, 

subjects in the study of Roberts et al. (2002) had a lower relative VO2peak (35 ± 7 

ml/min/kg) compared to the subjects in our study (43.5 ± 4.0 ml/min/kg) in the 

baseline test. The initial low VO2peak level may have affected the strong increase in 

VO2peak by their exercise program.  

Although there is less data on endurance training studies with firefighters, the 

literature contains a legion of HIIT studies on sedentary or recreationally active 

subjects, comparable to the subjects in the present study. Not surprisingly, similar 

increases in relative VO2peak and further endurance parameters have been noted in 

comparable studies (10, 14, 18, 21). In contrast to the present study, most of these 

studies observed these improvements within an intervention duration of 6-8 weeks 

of HIIT (14, 18, 21). Noteworthy, Esfandiari et al. (2014) found increases of relative 

VO2peak of +11% and therefore comparable to results of our study, but with only 6 

HIIT-sessions within 2 weeks. The difference to the present study is that our 

subjects followed a periodization of low- and high intensity training and the HIIT-
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blocks were part of the polarized exercise concept for this group. The increases in 

different parameters have been observed within 15 weeks of training. In total, 

participants performed 3 x 2 weeks of HIIT-training interspersed by 3 weeks of low 

intensity training. The improvements may have been already observable after the 

first HIIT-block within this periodization. However, as we conducted no interim tests 

within the 15 weeks, no information is available from what point in time significant 

improvements get obvious.   

Our study demonstrated that training above lactate threshold in combination with 

training below VT1, as done in POL, is more effective in enhancing endurance than 

training below or at the lactate threshold, if time for exercise is limited (3 x 1h per 

week). Applying the POL concept, the majority of training time (~80%) is below VT1, 

usually ending up in a high-volume low intensity training > 1h. Professional 

firefighters often have a mandatory hour to exercise while on-duty (e.g. 6). Here we 

altered the concept in our study as we restricted every training session, including 

the high-volume low-intensity part of the POL, to a maximum of 1h while maintaining 

the 80-20% distribution. The HIIT was the second part of the POL-training (~20%). 

HIIT is often conducted as a block of 5-15 sessions within a short period of time e.g. 

5-15 days (3, 5, 10). Many studies practice HIIT-training every day of the session 

block (e.g. 3, 28). However, Parra et al. (2000) showed that this method increased 

citrate synthase (CS) maximal activity but did not change anaerobic work capacity, 

possibly because of chronic fatigue induced by daily training. We also performed 

the sessions in blocks in the current study (6 sessions within 12-14 days), but with 

one rest day between every session to promote recovery and to avoid fatigue. In the 

context of on-duty training of professional firefighters sufficient recovery is of great 

importance since firefighters must maintain their ability to adequately respond to 
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emergencies. In contrast to previous studies (e.g. 3), we did not use fixed but 

individualized interval lengths for every subject for the long-HIIT sessions, based on 

a subject’s exercise time after crossing RCP in the preceding treadmill test. The 

main idea behind this individualized concept was to reduce the risk of overstraining 

individual participants on-duty. To our knowledge, no other study investigated 

individualized long-HIIT interval training, practiced in several microcycles within a 

polarized training concept and further research is needed to evaluate our concept.   

CT was also shown to improve relative VO2peak, lactate or ventilatory thresholds in 

moderately trained subjects (14). However, these findings can only partly be 

supported by our work, as improvements were only observed for VT1 and TT. It 

might be speculated that the training stimulus in our CT-concept was not high 

enough and greater volume of training (~4-5 sessions/week) is needed to improve 

relative VO2peak or RCP (19, 22). This indicates that a CT-model might not be able 

to provide an adequate stimulus for further adaptations within just one hour 

exercising on-duty. To achieve similar improvements comparable to the POL-group, 

it might be necessary to increase the frequency and to prolong duration of the CT 

sessions, however, this would outreach the time firefighters get to exercise on-duty. 

As the POL-group improved all selected key endurance variables (relative VO2peak, 

VT1, RCP and TT) significantly more than the CT-group, the questions arose 

whether this could be due to a higher total training load in the POL-group. However, 

the calculation of the TRIMP score showed that the total training load was higher in 

the CT-group. Therefore, a salient result of the present study was that, despite a 

higher total training load of the CT-group, the POL-group improved all selected 

endurance variables with significantly less exercise time and training load. The great 

majority of previous studies reported exercise effects based on the polarized 
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concept or similar concepts with a change of high- and low-intensity exercises for 

the very specific group of elite endurance athletes (e.g. 3, 30). To our best 

knowledge, we are the first study investigating whether the polarized training 

concept works for the occupation-specific group of moderately trained professional 

firefighters within an exercise time of 1h on-duty. Based on the findings of the current 

study, this modified polarized training concept as used in the current study could 

serve for structured long-term exercise planning in firefighters. Finally, the results of 

this study showed that systematic and individualized training periodization on a 

scientific basis and the selection of appropriate exercise modes goes beyond 

ensuring the sole opportunity of training on-duty. This is proven by the results of the 

CON-group which maintained their normal unsupervised endurance training without 

any specific or planned intervention. This means subjects participated regularly in 

their mandatory 1h exercise on-duty (3 days/week), but none was engaged in any 

sort of structured exercise program. For practical implications, the results of this 

study can be highly relevant for other occupational groups that have only a limited 

amount of time available but have to improve fitness through participation in a 

regular exercise program.  

Conclusions 

Our results suggest a particular advantage of the individualized polarized training 

concept. The polarized distribution of low-intensity and individualized high-intensity 

interval training can be considered superior to a continuous training with higher total 

training load mainly below or at lactate threshold. Given the difference in training 

volume, high-intensity interval training, as part of a polarized training concept, is a 

time-efficient strategy to induce great improvements in key endurance variables 

such as relative VO2peak, VT1, RCP and TT. Importantly, the results of this study 
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showed that endurance exercises without structured guidance showed no positive 

effects. This leads to the conclusion that a polarized training concept is the method 

of choice when there is a limited amount of time such as for firefighters or 

comparable jobs having the possibility to exercise one hour on-duty.  
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Figures 

 

Figure 1 – Micro-cycle (5 weeks) in an exercise program of 15 weeks (Repetition 

of every micro-cycle: 3x) of (A) continuous training (CT), (B) polarized high-

intensity interval training (HIIT) and (C) unstructured training of the control 

group (CT). (Abbreviations: Low, low intensity training (HR < VT1); LT, training 

intensity around the lactate threshold/respiratory compensation point (RCP); FL, 

fartlek) 
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Figure 2 – Changes in relative VO2peak (left) and VT1 (right) prior (Baseline) and 

following (post-Training) a 15-week exercise program. Values are means ± SD. 

*Significant differences between baseline and post-training test (p < 0.05)  

 

 

Figure 3 - Changes in VT1 (left) and anaerobic capacity (right) prior (Baseline) and 

following (post-training) a 15-week exercise program. Values are means ± SD. 

*Significant differences between baseline and post-training test (p < 0.05)  
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Figure 4 – Calculated TRIMP scores for CT and POL exercise programs. The 

TRIMP score is calculated based on the TRIMP concept, integrating exercise 

volume and intensity (see: Lucia et al., 2003) 

 

 

Figure 5 – Intended TRIMP scores for zone 1, zone 2 and zone 3 based on the 

exercise program plan and actually done TRIMP scores. Left: TRIMP scores 

intended and done for the continuous training. Right: TRIMP scores intended and 

done for the polarized training. 
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9 Discussion and research perspectives 

In the first part, this chapter provides a summary of the discussion of the key findings 

of the three conducted studies. Details can be found in the discussion parts of every 

paper in Appendix A, B and C. Furthermore, the limitations of the current research 

are discussed later in this chapter. Finally, this chapter provides an overview of 

future research perspectives based on the key findings of this dissertation. 

9.1 Discussion and summary of the main findings 

One of the main aims of this research was to quantify firefighting job demands in 

their various aspects. There is no doubt that firefighting is a very physically-

demanding occupation, as proven by previous studies in this field (Davis, Dotson 

and Laine, 1982; Bilzon et al., 2001; Heimburg, Rasmussen and Medbö, 2006; 

Elsner and Kolkhorst, 2008). In parts, the results of the current research have 

confirmed these earlier findings. Due to new comparisons made in the conducted 

studies (respiratory protection exercise with standard facial mask and SCBA vs. 

spirometry mask), it is possible to describe the physiological strain occurring during 

firefighting in further detail. Furthermore, the results of the dissertation describe – 

for the first time – firefighting performance as a combination of operating speed (time 

to complete a pre-defined circuit), physical strain and air depletion during simulated 

firefighting. 

The results of Study I demonstrate that performers of different TSA levels show 

significant differences in maximal endurance parameters, the capacity to work below 

their ventilatory threshold 1 and breathing variables. This is a strong argument that 

strong firefighting performance is associated with a good aerobic metabolism and 

thus confirms our initial hypothesis in this first study, namely that firefighters with 



Discussion and research perspectives 

98 
 

lower air depletion from the self-containing breathing apparatus, faster completion 

time and lower physical strain during the simulated firefighting exercise possess a 

higher aerobic fitness level in terms of VO2peak. Indeed, this can clearly be proven 

by a low TSA score, which can be seen as evidence of the usefulness of the newly-

developed firefighting performance formula. 

Out of all parameters that we measured, we identified the most important firefighting 

determinants for a simulated standard firefighting exercise in temperate conditions 

by means of multiple regression. We found a combination of laboratory (VO2peak) 

and occupation-specific parameters (breathing frequency and time spent in intensity 

Zone 1 during the simulated firefighting exercise) that beat predicted TSA score, 

accounting for 70% of the observed variance. 70% can be seen as a very good 

value for the observed variance, as it is one of the highest values observed for 

explaining firefighting performance by a combination of fitness variables. Other 

authors have found combinations of aerobic fitness and strength parameters 

accounting for variances between 40% and 70% (Davis, Dotson and Laine, 1982; 

Williford et al., 1999; Sothmann et al., 2004; Williams-Bell et al., 2009). The results 

of the multiple regression support the idea that aerobic fitness – in terms of VO2peak 

and the time spent in Zone 1 – considerably contributes to how fast (time) and 

effectively (low air depletion from SCBA and minimal physical strain) a firefighter 

can perform his tasks. 

One of the main aims of this dissertation was not only to determine the physical 

strain induced by simulated firefighting in temperate conditions (20° - 30°), but also 

to draw up a physical demands profile of a firefighting exercise when performing it 

in extreme conditions (up to 300°). The reason for this was that this firefighting 

exercise was much closer to a real live-fire scenario. In fact, most previous studies 
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have investigated firefighting in temperate conditions (e.g. Davis, Dotson and Laine, 

1982; Williford et al., 1999; Rhea, Alvar and Gray, 2004; Sothmann et al., 2004; 

Williams-Bell et al., 2009; Perroni et al., 2010). Both the simulated firefighting 

exercises conducted in Study I and Study II are state-of-the-art exercises for 

German firefighters (standard simulated firefighting exercise SFE vs. flashover 

training FOT). Thus, both trainings claim to represent firefighting job demands, 

which was the reason for choosing both exercises to draw up a detailed firefighting 

job demands profile. The physical demands of the standard firefighting exercise in 

terms of heart rates were considerably less compared to the training in extreme 

temperatures with smoke and unexpected flashovers. The mean HR in our studies 

(SFE: 79.0% HRmax; FOT: 85.4% HRmax) was in good accordance with the reported 

values from previous studies, ranging from 60% to 90% HRmax (Romet and Frim, 

1987; von Heimburg et al., 2006; Del Sal et al., 2009; Perroni et al., 2010). 

Furthermore, the time spent in the three physiological time zones significantly 

differed between the two exercises. During SFE, subjects worked for a longer time 

in Zone 1 compared to FOT (24.6 and 16.3% of completion time for SFE and FOT, 

respectively). Zone 1 represents the time during which subjects worked below 

ventilatory threshold 1, indicating a high percentage of aerobic metabolism. 

Firefighters spent most of the time in Zone 2 (SFE: 65.8%; FOT: 50.4%), which 

represents the time between VT1 and RCP, indicating mostly aerobic-anaerobic 

metabolism. In contrast to SFE (9.7%), during FOT subjects spent one-third (33.3%) 

of the completion time in Zone 3, indicating a HR above 90% HRmax. Heart rates 

above the individual RCP indicate that energy production could be strongly 

supported by anaerobic processes. 
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Based on this knowledge, the question emerges concerning how the relationship 

between firefighting performance in terms of the TSA score and various fitness 

parameters changes when the demands of the exercise change from a standard 

simulated exercise to a simulated exercise that is much closer to a real live scenario 

in an emergency. This research question has not previously been investigated and 

thus the investigation of this specific point was another main aim of the current 

research. 

The exploration of important relationships in this dissertation was similar to previous 

work on the topic (e.g., Williford et al., 1999; Rhea, Alvar and Gray, 2004; 

Michaelides et al., 2011). A changing sensitivity of performed tests to assess fitness 

variables for both exercises would subsequently mean that firefighters need different 

fitness prerequisites to perform the different exercises successfully. Although the 

two firefighting exercises in temperate and extreme conditions differed in their 

demands, substantial similarity between them was found, namely that a high relative 

VO2peak can be assumed to be the most important fitness prerequisite for good 

firefighting performance in both scenarios. Furthermore, the ability to work in specific 

physiological intensity zones was the second most important aspect of firefighting 

performance. However, notable differences were found between the demands of 

the exercises, as Zone 1 was strongly related to SFE and Zone 3 to FOT. 

The present findings hold particular relevance for the published relative VO2peak 

recommendations for firefighters, which vary between 39 and 45 ml/min/kg 

(O’Connell et al., 1986; Gledhill and Jamnik, 1992; Siddall et al., 2016). These 

studies recommended minimum values based on firefighting exercises without heat 

and additional stressors such as flashovers. Based on the results of the conducted 

studies (Study I and II), a slightly higher minimum VO2peak of 46 ml/min/kg is now 
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recommended as this value was identified for subjects showing at least average 

performance in terms of TSA scores in both studies. However, this recommended 

minimum value needs to be investigated in future studies to prove that it is a justified 

threshold. 

As the most important physical parameters for firefighting are now identified, it is 

highly recommended to conduct regular and standardized tests to monitor them. 

The identified variables can easily be tested in the laboratory, which allows for valid 

standardization and requires fewer resources compared to simulated firefighting 

exercises. Although many studies recommend firefighters to maintain e.g. a high 

level of relative VO2peak (Gledhill and Jamnik, 1992; Siddall et al. 2016), only few 

studies provide data regarding the effect of appropriate endurance exercise 

programs that can serve as recommendations concerning how to improve or 

maintain VO2peak (Roberts et al., 2002; Dennison et al., 2012). 

Therefore, in Study III we compared the effects of a 15-week endurance exercise 

program of polarized training to continuous training and the non-structured 

endurance training of a control group. The particular feature of this study was that 

firefighters exercised for only 1 hour while on-duty (3 times/week). The results 

suggest a particular advantage for high-intensity training within a polarized training 

concept. This exercise mode improved all investigated parameters (VO2peak, VT1, 

RCP and maximum treadmill time until exhaustion) significantly more than 

continuous training with a lot of training around the lactate threshold. These results 

show that systematic and individualized training periodization on a scientific basis 

and the selection of appropriate exercise modes goes beyond ensuring the sole 

opportunity of training on-duty. 
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9.2 Limitations of the current research 

This section will outline some methodological limitations of the current research that 

were partly considered in the conducted three studies. 

All simulated firefighting exercises carried out in this work were state-of-the-art 

exercises of German professional firefighters. Therefore, they were conducted in a 

standardized manner in accordance with the regulations (Committee for Firefighting 

Issues, Civil Protection and Civil Defense, 2002). The regulations also prescribed 

which tasks should be part of the exercise. It should be mentioned that victim search 

and victim rescue – which were part of a vast number of other simulated firefighting 

exercises (e.g. Lemon and Hermiston, 1977b; Davis, Dotson and Lane, 1982; Rhea, 

Alvar and Gray, 2004; Sothmann et al., 2004; Harvey, 2008; Perroni et al., 2010; 

Sheaff et al., 2010; Calavalle et al., 2013; Lindberg et al., 2013; Lindberg, Oksa and 

Malm, 2014) – were not part of the exercises conducted in the current work. With a 

relative VO2 of 42 ml/min/kg (e.g. Lemon and Hermiston, 1977b), victim search and 

rescue are some of the most demanding and commonly-occurring job tasks for 

firefighters. These tasks might significantly increase the physical strain induced by 

a firefighting exercise. This could have also happened in the current work if it had 

been part of the firefighting exercises. 

Measuring core temperature would provide more insights into what type of stress – 

physical demand or heat stress – had a stronger influence on heart rate responses. 

Together with the measurement of dehydration, this would be an important aspect 

when assessing thermophysiological responses of a flashover training similar to that 

conducted in this work (Study II). Unfortunately, there was no data available from 
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the present study. Measurements of core temperature were not accepted as a study 

method by Munich Airport, where all of the measurements were conducted. 

Finally, the subjects in this study were professional airport firefighters, whereby 

airport firefighting also involves very specific tasks such as aircraft fire protection. 

When determining the job demands of airport firefighters, it would be important to 

know what specific physical demands firefighters face at an airport. However, less 

is known about the physical work demands when firefighting an aircraft fire or 

responding to an emergency in relation with an aircraft. In order to quantify the 

physical demands of these specific tasks, they should be simulated in a specific 

exercise. For instance, some airports have a mock-up aircraft to provide adequate 

possibilities for firefighters to train different emergency scenarios in relation with 

aircrafts. This could also be used in future studies to determine the physical job 

demands of firefighting an aircraft fire. Here, the limitations of the present work move 

on to the next item, namely future research perspectives. 
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9.3 Research perspectives 

Based on the results of this thesis, several important research perspectives opened 

up for future studies (Fig. 1): 

 

Fig. 1. Flowchart of the aims of this doctoral thesis, investigated research questions 

and future research perspectives based on the results of the conducted studies  

 

9.3.1 Thermoregulatory responses to firefighting in extreme temperatures 

The results of this thesis highlight that the physiological responses to firefighting in 

temperate conditions significantly differ from firefighting in extreme conditions. As a 

result, we can conclude that the environmental conditions (high ambient 

temperature and radiant heat) during the flashover training might have had an 

impact on the physiological strain during the flashover training. It is difficult to 

establish whether the physiological strain was the result of the physical demands of 

the activities during the simulated firefighting exercise or the heat stress imposed by 

the environment, or a combination of both. Here, it is apparent that the high physical 
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strain imposed on firefighters during their job is multifactorial. Heavy personal 

protective clothing, physically-demanding work tasks, increasing body temperature, 

time pressure and emotional stress all combine to make many responses to 

emergencies physically very demanding. During the flashover training, heart rate 

was the only variable that we measured. When investigating firefighting in extreme 

temperatures, measuring core temperature and dehydration would provide further 

insights into the physiological responses to exercises in the heat. This will be an 

important point for future studies. Therefore, it is strongly recommended to conduct 

a flashover training – similar to the one in the current thesis – while measuring core 

temperature, sweat evaporation and dehydration. As already mentioned in the Study 

limitations section, this firefighting exercise could be conducted in an aircraft mock-

up to characterize the thermoregulatory responses specific to aircraft firefighting, 

which have not been investigated thus far. 

9.3.2 Physiological consequences of wearing protective clothing 

Wearing protective clothing is essential for firefighters as it affords protection from 

harmful exposures such as chemical hazards, fires, smoke, etc. (Barr, Gregson and 

Reilly, 2010). A typical firefighting ensemble (including SCBA) weighs ~25 kg. The 

total ensemble comprises boots, gloves, bunker pants, a coat and flash hood, while 

self-containing breathing apparatus is also worn during firefighting (SCBA) (Dorman 

and Havenith, 2009). The personal protective gear comprises an outer shell, 

moisture barrier and a thermal liner, with each layer having a specific purpose (Barr, 

Gregson and Reilly, 2010). Increases in perceived exertion and metabolic rate (2.4–

20.9%) when wearing personal protective garments compared to a control condition 

without personal protective clothing have been seen in previous studies, with 

increases above 10% being significant (Dorman and Havenith, 2009). Other 
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researchers have demonstrated that personal protective clothing and wearing a 

SCBA have a negative impact on the available individual VO2peak, reducing it by 17% 

(Dreger, Jones and Petersen, 2006) or even 27% (Perroni et al., 2008). 

Building on the previous recommendation to measure core temperature during 

simulated firefighting exercises in extreme environments, these measurements 

could also be used for testing different personal protective garments. Different 

garments might have different effects on thermoregulatory responses of firefighters 

to a flashover training. Accordingly, the physical strain induced by firefighting could 

change due to differences in protective garments. Very few studies have 

investigated the effects of the clothing on the physiological demands of firefighting 

in terms of heart rates and core temperature (e.g. Dorman and Havenith, 2009; 

Ljubicic et al., 2014). Among those studies to do so, limited garments have been 

tested and generally while either walking or stepping only or conducting some job 

relevant movements (lifting, pushing, pulling, etc.). Therefore, future studies should 

aim to quantify the effects of different personal protective garments on physiological 

responses to firefighting in extreme temperatures with a test setup close to a real 

live-fire scenario. 

9.3.3 Validation of the TSA score 

The results of this thesis describe – for the first time – firefighting performance as a 

combination of operating speed (time to complete the circuit), physical strain and air 

depletion during a simulated firefighting exercise (Windisch et al., 2017a; Windisch 

et al., 2017b). The reasons for selecting time for completion, heart rate and air 

depletion rates for the new firefighting performance formula – the TSA model 

resulting in a TSA score – were primarily based on the rational nature of firefighting. 
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When arriving at an emergency scene, firefighters have to work as quickly as 

possible to save lives or prevent the spread of fires. Furthermore, previous data has 

shown that less fit firefighters experience higher physiological strain near HR 

maximum, not being able to sustain operating speed and thus not being able to 

complete firefighting tasks successfully (Sothmann et al., 2014). Finally, firefighters 

can run out of air supply due to the limited amount of air compressed in the SCBA. 

Based on these considerations, each of the three factors is thought to be important, 

whereby all three parameters were included in the TSA firefighting performance 

formula. Since at present it is unknown which factor is the most important or whether 

one factor is more important than another, z-transformations were used to avoid an 

unintended weighting of one of the three parameters. In previous studies (Windisch 

et al., 2017a; Windisch et al., 2017b) fitness variables have been related accurately 

to firefighting performance. Thus, improving the variables should also improve a 

firefighter’s potential to perform firefighting tasks more efficiently. This could be re-

examined in a future study to validate the developed TSA score. Increased 

performance in identified important fitness variables should subsequently improve 

the TSA score determined from a simulated firefighting exercise. However, as 

previously stated (Windisch et al., 2017a), further research is needed to validate the 

model, as a variety of weighting options may even improve the predictability of 

firefighting performance. 

9.3.4 Long-term study on the impact of structured exercise programs on key fitness 

variables 

By investigating the effect of two different endurance training concepts, it has been 

shown that polarized training could be an effective endurance training concept for 
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firefighters. Within the 15-week program, it was possible to reach significant 

improvements in all selected key endurance parameters (VO2peak, VT1, RCP and 

time to exhaustion during treadmill running). In future studies, it would be interesting 

to explore how the polarized training concept changes the selected parameters 

when used over extended periods of time (e.g. several years). The changes could 

be documented by conducting periodically-performed treadmill testing, as 

recommended in the publications of this thesis (Windisch et al., 2017a; Windisch et 

al., 2017b). 
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10 Conclusions and implications for firefighters 

Based on the findings of this dissertation, it can be concluded that the most 

important (VO2peak) as well as changing fitness variables (exercising below individual 

VT 1 or above individual RCP) due to the demands of a firefighting scenario could 

be determined within this research. The results of this work also show that the TSA 

performance model can be applied for firefighting in temperate and extreme 

conditions (heat, smoke, poor visibility, flashovers) as the same kind of fitness 

parameters (i.e. endurance) were sensitive to predicting performance. From all 

variables researched in the current studies, relative VO2peak was found to be the 

primary physiological variable related to the different aspects of firefighting, 

strengthening the plea to consider endurance as the most important prerequisite for 

firefighting. For practical application, it is strongly recommended that firefighters 

sustain a high level of relative VO2peak, VT1 and RCP. A polarized distribution of low-

intensity and individualized high-intensity interval training can be considered 

superior to a higher total training load mainly below or at the lactate threshold. Given 

the difference in training volume, high-intensity interval training as part of a polarized 

training concept is a time-efficient strategy to induce strong improvements in 

important key endurance variables such as relative VO2peak, VT1, RCP, etc. 

Particularly, it should be considered that this training concept is more effective than 

traditional continuous training when there is a limited amount of time, such as for 

firefighters or comparable jobs with the possibility to exercise for one hour on-duty. 

Finally, the effects of the exercise program conducted in Study III clearly show that 

a structured exercise program on a scientific basis offers the almost unique 

possibility to significantly improve endurance when exercising for only one hour on-

duty. 
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10.1 Implications for firefighters 

One of the aims of this doctoral research was to offer recommendations concerning 

which combination of fitness tests would be useful to evaluate a firefighter’s job 

performance. It is apparent that high endurance capacities are deemed important 

for firefighters’ work performance, as highlighted in previous work (e.g. Lemon and 

Hermiston, 1977; Gledhill and Jamnik, 1992b; Bilzon et al., 2001; Heimburg, 

Rasmussen and Medbö, 2006; Siddall et al., 2016). It has now been confirmed by 

the studies conducted in the current thesis (Windisch et al., 2017a; Windisch et al, 

2017b). In contrast to previously-conducted research, the two published studies of 

this thesis (Windisch et al., 2017a; Windisch et al., 2017b) have compared the 

changing contribution of endurance and strength capacities to different firefighting 

environments for the first time. These studies emphasize the importance of a high 

endurance level. The higher the demands of firefighting, the higher the endurance 

level required to complete firefighting tasks safely and without physical overload. 

Endurance capacities can easily be tested by laboratory tests such a maximum 

treadmill test, etc. In turn, as we correlated them accurately with firefighting 

performance, job performance could be predicted by the means of these laboratory 

tests. 

In Germany, an applied firefighting field test – the standard simulated firefighting 

exercise as conducted in this doctoral research – has been used for more than a 

decade to check whether firefighter incumbents meet occupational performance 

standards (Committee for Firefighting Issues, Civil Protection and Civil Defense, 

2002). The categorization into “passed” and “failed” only refers to the amount of air 

depletion and does not include any proposed time limits or maximum heart rates. If 

the firefighter passes the exercise without running out of air supply from the SCBA, 
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his categorization is “passed”. We found that a mean relative VO2 of 25 ± 3 

ml/min/kg is also sufficient to pass this exercise successfully. This is considerably 

less than our proposed minimum VO2 threshold of 46 ml/min/kg to complete 

firefighting exercises in extreme temperatures safely. The physical demands of the 

standard simulated firefighting exercise have never previously been related to 

various fitness measurements. The current research has shown that the demands 

of this firefighting exercise were only moderately related to the demands of more 

realistic scenarios such as a flashover training. Moreover, this exercise is not 

suitable for checking a firefighter’s fitness level, neither for endurance nor strength 

issues. Therefore, a re-examination of the mandatory use of the standard simulated 

firefighting exercise in terms of possibilities and limitations is recommended. The 

medical examination in terms of the G26.3 health check should be maintained, 

serving mainly as a physical check from a medical perspective to fulfill the job as a 

firefighter (e.g. lung function test, eye test, hearing test, exercise electrocardiogram). 

However, based on the new considerations resulting from this doctoral thesis, a 

periodically-performed fitness screening for firefighter incumbents should also be 

established. We strongly recommend the implementation of an annually-conducted 

treadmill test to determine important endurance parameters such as VO2peak, VT1, 

RCP, etc. Maintaining the recommended minimum levels could help firefighters to 

avoid physical overload. Neither medical health checks (e.g. the G26.3 health 

check) nor the standard firefighting exercise can provide information on these 

specific and important variables for firefighters. 

As one of the main differences between our study and previous research 

(Henderson, Berry and Matic, 2007; Rhea, Alvar and Gray, 2004; Michaelides et al., 

2011; Lindberg, Oksa and Malm, 2014), we could not identify any strength 
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parameters as performance-determining prerequisites for firefighting performance. 

This is surprising given that the characteristics of typical firefighting tasks such as 

carrying heavy equipment or rescue victims or chopping or running hoses require 

the intense use of upper body muscular strength. Furthermore, firefighters 

frequently perform tasks in awkward and injury-prone positions that exacerbate their 

chance of incurring a musculoskeletal injury (Michaelides et al., 2011). Although 

muscular strength and flexibility in this study did not show significant relevance for 

the predictive power of job demands, both should be essential components of 

firefighting training to reduce the risk of job injuries. 
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Fig. 1. Flowchart of the aims of this doctoral thesis, investigated research questions 

and future research perspectives based on the results of the conducted studies 
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Tab. 1. Combination of fitness tests (aerobic, AE= anaerobic, muscular strength, 

muscular endurance, anPo = anaerobic power, Flex= flexibility, balance) used in 

selected studies 

 

Tab. 2. Combinations of different firefighting tasks and relationship analyses 

between firefighting tasks and fitness variables in the selected studies (Reg= 

Multiple Regression, PCA= Principal Component Analyses, SEM= Structural 

Equation Modeling) 

 

Tab. 3. Correlations between aerobic, anaerobic fitness and flexibility 

measurements and performance in simulated firefighting work tasks. *Significant at 

p ≤ 0.05, **Significant at p ≤ 0.01 

 

Tab. 4. Correlations (Spearmans correlation rs) or structural equation models (SEM) 

between muscular strength tests and performance in simulated firefighting tasks. 

Publication year is only mentioned when authors had more than one publication on 

the same topic. *Significant p ≤ 0.05; **Significant p ≤ 0.01; n.s. non significant) 

 

Tab. 5. Correlations (Spearmans correlation rs) between muscular endurance tests 

and performance in simulated firefighting tasks. Publication year is only mentioned 

when authors had more than one publication on the same topic. *Significant p ≤ 

0.05; **Significant p ≤ 0.01; n.s. non significant) 
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