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ABSTRACT 

BACKGROUND: Endurance training involves the manipulation of intensity, duration and 

frequency. In addition, it is usual among athletes to manipulate the design of high intensity 

interval training (HIT), i.e. whether the intervals are performed with short or long duration of 

bouts. 

 

PURPOSE: To compare the effects of short and long HIT conducted with the same total 

accumulated duration on physiological- and performance parameters during a 4-week training 

period.  

 

METHODS: Twenty-six well-trained cyclists (30±9 yr, peak oxygen uptake (VO2peak) 64±6 

mL·kg-1·min-1) were randomly assigned into three training groups; long interval group (LI) 

(n=8), short interval group 1 (SI1) (n=9) and short interval group 2 (SI2) (n=9). All groups 

conducted HIT sessions three times per week for 4 weeks interspersed with high volume of 

low intensity training (LIT). The HIT sessions were performed as 4x8-min (32-min 

accumulated HIT duration), 4x(12x40/20-sec) (32-min accumulated HIT duration excluding 

interval recovery bouts) and 4x(8x40/20-sec) (32-min accumulated HIT duration including 

interval recovery bouts), in LI, SI1 and SI2 groups, respectively.  

 

RESULTS: There were no significant differences between groups in any physiological- or 

performance outcomes after 4 weeks of intensified training. All groups significantly improved 

mean power during 40-min all-out (Power40min) and peak power output during incremental 

test to exhaustion (PPO) from pre- to post-test (P<0.05). Further, both SI1 and LI improved 

significantly in VO2peak (P<0.05).  

 

CONCLUSION: The present study demonstrates that there are no differences between 

aerobic short or long high intensity interval training with the same accumulated HIT duration 

(i.e. 32 min) during a 4-week training period. 

 

KEY WORDS: Cycling, endurance performance, intermittent exercise, maximal oxygen 

consumption, physiological adaptions, well-trained athletes 
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SAMMENDRAG 

BAKGRUNN: Utholdenhetstrening består av manipulering av belastningsvariablene 

intensitet, varighet og frekvens. I tillegg er det vanlig blant utøvere å manipulere økt-design 

på høyintensiv intervalltrening (HIT), dvs. om intervaller skal gjennomføres med kort eller 

lang lengde på dragene. 

 

HENSIKT: Sammenligne effekten av kort og lang HIT utført med lik total akkumulert 

varighet på fysiologiske parametere og prestasjonsparametere i løpet av en 4-ukers 

treningsperiode. 

 

METODE: Tjue-seks godt trente syklister (30±9 alder, peak oksygen opptak (VO2peak) 64±6 

mL·kg-1·min-1) ble tilfeldig fordelt i tre treningsgrupper; langintervallgruppe (LI) (n=8), 

kortintervallgruppe 1 (KI1) (n=9) og kortintervallgruppe 2 (KI2) (n=9). Alle gruppene 

gjennomførte tre HIT økter per uke i 4 uker med innslag av høyt volum av lavintensiv trening 

(LIT). HIT øktene ble gjennomført som 4x8-min (32-min akkumulert varighet på HIT), 

4x12x40/20-sec (32-min akkumulert varighet på HIT, ekskludert intervallpauser) og 

4x8x40/20-sec (32-min akkumulert varighet på HIT, inkludert intervallpauser), i henholdsvis 

LI, SI1 og SI2.  

 

RESULTATER: Det var ingen signifikante forskjeller mellom gruppene i noen målte 

fysiologiske parametere eller prestasjonsparametere etter 4 uker med intensivert trening. Alle 

gruppene forbedret gjennomsnittswatt i løpet av 40 minutters prestasjonstest (Power40min) og 

høyeste målte watt i løpet av trinnvis test til utmattelse (PPO) fra pre- til post-test (P<0.05). 

Både KI1 og LI hadde en signifikant forbedring i VO2peak (P<0.05).  

 

KONKLUSJON: Denne studien viser at det er ingen forskjeller mellom aerob kort- og lang 

høyintensiv intervalltrening med lik akkumulert varighet (dvs. 32 min) i løpet av en 4-ukers 

treningsperiode.  

 

NØKKELORD: Fysiologisk adaptasjoner, godt trente utøvere, intervall trening, maksimalt 

oksygenopptak, utholdenhetsprestasjon  
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Delimitation of the thesis  

The following section (Part 1) consists of theory, method and methodological discussion. The 

paper (Part 2) consists of method, results, discussion regarding results and conclusion. Due to 

word limitation in the following section (Part 1) results, discussion regarding results and 

conclusion are excluded.  

 

The authors of this master thesis have contributed equally to the final product. 
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1.0  Introduction 

The importance of large amounts of training to perform at a high level in endurance sports is 

well documented among elite athletes (Fiskerstrand & Seiler, 2004; Seiler, 2010; Stöggl & 

Sperlich, 2015; Tønnessen et al., 2014; Zapico et al., 2007). It is also well documented that 

both low intensity training (LIT), moderate intensity training (MIT) and high intensity 

training (HIT) should be included in the overall training efforts (Fiskerstrand & Seiler, 2004; 

Laursen, 2010; Stöggl & Sperlich, 2015). Based on both descriptive and experimental studies 

it seems that a general intensity distribution of ~80% LIT and ~20% MIT/HIT is optimal for 

achieving a high level in different endurance sports (Billat, Demarle, Slawinski, Paiva, & 

Koralsztein, 2001; Esteve-Lanao, Foster, Seiler, & Lucia, 2007; Neal et al., 2013; Seiler & 

Kjerland, 2006; Seiler & Tønnessen, 2009; Steinacker, Lormes, Lehmann, & Altenburg, 

1998).  

 

HIT has been reported to have a positive effect on the aerobic endurance among both elite 

athletes and recreational athletes (Laursen, 2010; Midgley, McNaughton, & Wilkinson, 2006; 

Stöggl & Sperlich, 2015). Experimental studies have shown improved performance and 

physiological adaptions by increasing the number of HIT sessions from zero or one per week 

to two or three sessions per week in studies lasting 3-12 weeks (Franch, Madsen, Djurhuus, & 

Pedersen, 1998; Helgerud et al., 2007; Rønnestad, Hansen, Vegge, Tønnessen, & 

Slettaløkken, 2015; Seiler, Jøranson, Olesen, & Hetlelid, 2013; Stepto, Hawley, Dennis, & 

Hopkins, 1999; Sylta et al., 2016). A recent study also shows how different endurance 

parameters stagnate after only four weeks of HIT training during a 12-week training 

intervention (Sylta et al., 2017). Therefore, in certain experimental designs a 4-week 

intervention period will probably be sufficient to achieve the desired effect.  

 

Although there is general agreement that HIT is an important part of the overall training, it is 

unclear how to best organize the HIT intervals. The adaptions of endurance performance seem 

to depend on both the intensity and the accumulated duration of the HIT sessions. Studies 

have recently demonstrated that a slight reduction in intensity in combination with increased 

accumulated work duration may be beneficial for improving aerobic endurance adaptions in 

well-trained cyclists and cross-country skiers (Sandbakk, Sandbakk, Ettema, & Welde, 2013; 

Seiler et al., 2013; Sylta et al., 2017).   
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In addition to manipulate the load variables, i.e. intensity and accumulated duration, it is usual 

among athletes to manipulate the design of HIT sessions, i.e. whether the intervals are 

performed with short or long duration of bouts (Billat, 2001). Only a few studies have 

compared the effects of aerobic short intervals (SI) and long intervals (LI) with approximately 

the same total training load (Franch et al., 1998; Helgerud et al., 2007; Rønnestad et al., 2015; 

Stepto et al., 1999). Helgerud et al. (2007) found no differences between the two designs of 

HIT. However, other studies have found different improvements between SI and LI designs 

(Franch et al., 1998; Rønnestad et al., 2015; Stepto et al., 1999). In the study by Franch et al. 

(1998) and Stepto et al. (1999) the LI design was found to be superior to the SI design. These 

two studies are contradictory to Rønnestad et al. (2015) who compared SI and LI with the 

same accumulated duration (i.e. 19.5 vs. 20 min). In that study it was found that SI resulted in 

the greatest improvement compared with LIs. 

 

To our knowledge it is only Rønnestad et al. (2015) who have compared SI and LI with 

approximately the same accumulated duration of intervals, and simultaneously found the 

greatest improvement in the SI design. However, in that study the total HIT duration was only 

~20 min, and it has been demonstrated that HIT sessions with a total duration of 30-45 min 

combined with a small reduction in intensity is more effective than 10 to 16 min with 

somewhat higher intensity (Sandbakk et al., 2013; Seiler et al., 2013). Hence, more research is 

therefore needed comparing SI and LI designs with >30 min accumulated HIT duration. 

 

Therefore, the aim of this study was to compare the effects of aerobic SI and LI training, 

including equal accumulated HIT duration, during a 4-week intervention period, conducted as 

4x8-min with 2-min recovery periods, 4x(12x40/20-sec) with 2-min recovery periods and 

4x(8x40/20-sec) with 2-min recovery periods, in different physiological- and performance 

parameters among well-trained cyclists. 
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1.1 Research question and null-hypothesis 

Research question 

Are there differences between SI and LI training, with equal accumulated HIT duration, 

during a 4-week intervention period, conducted as 4x8-min with 2-min recovery periods, 

4x(12x40/20-sec) with 2-min recovery periods and 4x(8x40/20-sec) with 2-min recovery 

periods, in different physiological- and performance parameters among well-trained cyclists? 

 

Null-hypothesis 

This study’s null hypotheses is the following: 

 There are no differences in physiological- or performance parameters between aerobic 

SI and LI training. 
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2.0 Theory 

2.1 Physiological factors influencing endurance performance 

Endurance can be defined as “the capacity to sustain a given velocity or power output for the 

longest possible time” (Jones & Carter, 2000). Endurance exercise training results in great 

adaptions of the cardiorespiratory and neuromuscular systems that increase both the oxygen 

delivery capacity to the working muscles and the oxygen consumption, which in turn seems to 

induce an improvement in endurance performance (Hawley, 1995; Jones & Carter, 2000). 

There are four key parameters of aerobic fitness that are considered most important and that 

an athlete therefore wants to influence by training. The physiological factors maximal oxygen 

uptake (VO2max), lactate threshold (LT), work economy and fractional utilization rate of 

VO2max (% VO2max) have all proved to be affected by different types of endurance training 

(Carl Foster & Lucia, 2007; Jones & Carter, 2000; Sjodin & Svedenhag, 1985; Sparling, 

1984). 

 

2.1.1 Maximal oxygen uptake (VO2max)  

VO2max is often defined as “the maximum amount of oxygen that can be absorbed and 

consumed per unit of time” (Hill, 1922), and is often considered as the best indicator of a 

person’s aerobic capacity (Golden & Vaccaro, 1984; Midgley & Mc Naughton, 2006; Saltin 

& Astrand, 1967). Studies have reported a good correlation between VO2max-values and 

performance in endurance sports (Billat, Demarle, et al., 2001; Esfarjani & Laursen, 2007; C 

Foster, Costill, Daniels, & Fink, 1978; Saltin & Astrand, 1967). Experimental studies 

examining the effect of different HIT prescription (both short and long duration) have shown 

increased VO2max after only 4-12 weeks of training in different sports (Esfarjani & Laursen, 

2007; Franch et al., 1998; Helgerud et al., 2007; Rønnestad et al., 2015; Sandbakk et al., 

2013; Seiler et al., 2013; Sylta et al., 2017). Although VO2max is a prerequisite for achieving 

good performance, it is not a sufficient precaution to be best (Impellizzeri, Marcora, 

Rampinini, Mognoni, & Sassi, 2005; Sjodin & Svedenhag, 1985). For instance, Sjodin and 

Svedenhag (1985) reported that marathon runners with approximately equal running capacity 

have shown considerable variation in VO2max, indicating that other factors than VO2max also 

seem to be of importance to a person’s maximum performance.  
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2.1.2 Fractional utilization of VO2max 

Fractional utilization of VO2max  (%VO2max) refers to “the percentage of an athlete’s VO2max 

that can be utilized at a specified speed or work rate” (Hawley, 1995). Due to methodological 

challenges of measuring the utilization rate during competition, the fractional utilization at 

lactate threshold (%VO2max@LT) is often used as an indirect measure of an athlete’s 

utilization rate (Impellizzeri et al., 2005). Well-trained athletes usually have a higher 

utilization rate than less well-trained (Jones & Carter, 2000). Indeed, it has been reported that 

high-level marathon runners may sustain an average %VO2max at 80-85 %, whereas marathon 

runners on a lower level may sustain an average %VO2max at 60-70 % during a marathon 

(Bassett & Howley, 2000; Sjodin & Svedenhag, 1985). An experimental study by Sylta et al. 

(2016) also found a significant increase in % VO2peak at 4mM in a group of well-trained 

cyclists after a 12-week training period. 

 

In order to achieve good performance in aerobic endurance, it is desirable to work as close to 

VO2max as possible. A study by Coyle et al. (1991) demonstrated that elite national cyclists 

with similar VO2max values (i.e. 69 ml·kg-1·min-1) were able to sustain 90 %VO2max for the 

duration of a 40-km time-trial compared to 86 % for good provincial riders. The greater % 

VO2max from the elite cyclists permitted them to ride considerably faster over the 40 km time-

trial compared to the good riders. Moreover, a study by Impellizzeri et al. (2005) reported a 

significant correlation between %VO2max@LT and performance in a group of elite cyclists. 

No correlation between VO2max and performance was found in this study. Equivalent 

correlation between %VO2max and performance has also been found in marathon runners 

(Sjodin & Svedenhag, 1985).  

 

2.1.3 Work economy 

In addition to a high VO2max and % VO2max it is important to have good work economy. Work 

economy refers to “the oxygen uptake required at a given exercise intensity” (Jones & Carter, 

2000). Improvement in the work economy indicates lower oxygen uptake (VO2) (measured in 

ml·kg-1·min-1) for a given absolute running speed or power output and may result in higher 

speed or power output with the same oxygen uptake (Hawley, 1995; Lucia et al., 2006; 

Svedenhag, 1995). The work economy is often referred to as gross efficiency (GE) 

(Sandbakk, Holmberg, Leirdal, & Ettema, 2010). 

 



Theory 

 

   
 

6 

Studies have demonstrated a positive correlation between the work economy and performance 

in endurance sports (Lucia et al., 2006; Sjodin & Svedenhag, 1985). Indeed, it has been 

reported that in a group of marathon runners with approximately the same VO2max and % 

VO2max, the best group showed a significantly better work economy compared to the other 

groups (Scrimgeour, Noakes, Adams, & Myburgh, 1986). Based on previous studies it may 

also appear that a low VO2max can be compensated by great work economy (Londeree, 1986; 

Morgan et al., 1995). However, there are also studies that have reported no correlation 

between work economy and performance (Farrell, Wilmore, Coyle, Billing, & Costill, 1979; 

Noakes, Myburgh, & Schall, 1990). It should be mentioned that top class athletes in a study 

by Billat et al. (2001) have proved to be less efficient than their high level counterparts. 

Moreover, a study also suggests that athletes with a high weakly training volume may 

experience better efficiency (Sjodin & Svedenhag, 1985). It has also been suggested that it 

takes longer time to improve the work economy than VO2max (Jones, 1998). Experimental 

studies have reported improved work economy after 6-8 weeks of HIT (Franch et al., 1998; 

Helgerud et al., 2007). An athlete’s work economy depends on several factors such as 

anthropometric, physiological and metabolic factors as well as biomechanical and technical 

factors. Further, an athlete’s technique may also affect the work economy (Jones & Carter, 

2000).  

 

2.1.4 Lactate threshold (LT) 

The velocity (power output) at lactate threshold (vLT), i.e. the highest intensity area with 

steady state between lactate production and lactate elimination, has proven to be an important 

factor for performance (Coyle, Coggan, Hopper, & Walters, 1988; Sjodin & Svedenhag, 

1985). The term ‘lactate threshold’ is much debated, and different methods are being used to 

calculate this (Hawley, 1995). Often a fixed value of 4mMol.L-1 is used to reflect changes in 

velocity or power output (Bentley, McNaughton, & Batterham, 2001; Foxdal, Sjödin, Sjödin, 

& Östman, 1994). 

 

With sufficient training containing both LIT and HIT a rightward shift of the LT curve to a 

higher velocity or power output may occur, meaning that one can work at a higher velocity or 

power output without further accumulation of lactate (Jones & Carter, 2000). It has been 

suggested that training at intensities close to or slightly above the LT may be important in 

eliciting improvement in this parameter (Carte, Jones, & Doust, 1999; Henritze, Weltman, 

Schurrer, & Barlow, 1985; Keith, Jacobs, & McLellan, 1992). Experimental studies 
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examining the effect of different HIT prescriptions have reported significant increases in 

power output corresponding to 4 mMol·L-1 [la-] (Power4mM) (Rønnestad et al., 2015; Seiler et 

al., 2013; Sylta et al., 2017).   

 

2.2 Training organization influencing endurance performance 

Both LIT and HIT are important parts of the training of endurance athletes (Seiler, 2010; 

Tønnessen et al., 2014), and the intention of endurance training is, among other factors, to 

achieve physiological adaptions in order to increase the endurance performance (Hawley, 

1995; Jones & Carter, 2000). Based on both descriptive and experimental studies it seems that 

a general intensity distribution of approximately 80 % LIT and 20 % MIT/HIT is optimal in 

order to induce long-term training adaptions among endurance athletes (Billat et al., 2001; 

Esteve-Lanao et al., 2007; Neal et al., 2013; Seiler & Kjerland, 2006; Seiler & Tønnessen, 

2009; Steinacker et al., 1998). This 80/20-rule has by Seiler and Kjerland (2006) been named 

a polarized training model where the largest share of training is LIT, combined with a small 

proportion of MIT and a somewhat higher proportion of HIT. Other research, however, has 

suggested a pyramidal intensity distribution to achieve superior endurance adaptions (Stöggl 

& Sperlich, 2015). This is an intensity distribution characterized by large amounts of LIT, a 

moderate amount of MIT and a small proportion of HIT. Regardless, further research 

regarding the optimal training intensity distribution is needed.  

  

For well-trained athletes already performing a high training volume it does not appear that an 

increase in training volume will result in further improvement in endurance performance and 

physiological parameters. For these athletes it will therefore be important to supplement with 

HIT sessions in addition to the high volume of training (Laursen & Jenkins, 2002; Seiler & 

Tønnessen, 2009).  

 

2.2.1 High intensity training  

Training at high intensity has for a long time been an important part of the overall training 

picture for both elite athletes and athletes on a lower level in order to improve aerobic 

endurance (Billat, 2001; Laursen, 2010; Laursen & Jenkins, 2002). In the 1960’s, Swedish 

physiologists led by Per Åstrand started to investigate the effects of different work durations 

and recovery ratios to intermittent high intensity exercise (Åstrand, Åstrand, Christensen, & 

Hedman, 1960). Their work laid the foundation for interval training to this date. In the same 

decade, Åstrand & Rodahl wrote the following quotation:   
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“It is an important but unsolved question which type of training is most effective: to maintain 

a level representing 90 percent of the maximal oxygen uptake for 40 min, or to tax 100 

percent of the oxygen uptake capacity for 16 min” (Åstrand & Rodahl, 1986).  

 

In the literature, the terms HIT and high intensity interval training (HIIT) are often used 

interchangeably. It the present thesis the term HIT will be used as both high intensity training 

and high intensity interval training. HIT can be performed in different forms and is today one 

of the most effective methods for improving physiological factors and performance in 

endurance athletes (Buchheit & Laursen, 2013; Laursen & Jenkins, 2002). HIT is often 

performed as repeated bouts of high-intensity exercise (equal or superior to maximal lactate 

steady-state velocity), interspersed with a period of either LIT or complete recovery between 

each repetition (Laursen, 2010). The purpose of HIT is to repeatedly stress the physiological 

systems used during a specific endurance-type exercise to a greater extent than that which is 

actually required during the activity (Buchheit & Laursen, 2013; Laursen, 2010). According 

to a review by Buchheit and Laursen (2013) there is reason to believe that one should spend 

several minutes above 90 % of VO2max each interval session in order to achieve both central 

and peripheral adaptions. Two HIT sessions per week seem to be sufficient to induce 

physiological adaptions and improvements in performance among endurance athletes without 

causing a too high impact of stress on the body (Seiler, 2010).  

 

Despite the fact that there is general agreement that HIT is an important part of the overall 

training, it is unclear how this part of the training should be organized in order to optimize the 

training effects. Achieving such clarity and agreement is important to ensure optimal 

performance and training adaptions and to prevent overtraining (Stöggl & Sperlich, 2015). 

Buchheit and Laursen (2013) suggest that HIT consists of the manipulation of up to nine 

variables. This includes the work interval intensity and duration, the relief interval intensity 

and duration, the exercise modality, the number of repetitions and series, and finally the 

between-series recovery duration and intensity. The manipulation of any of these variables 

may affect the acute physiological responses to HIT.  

 

2.2.2 Intensity and duration of HIT 

Based on previous research, the adaptions of endurance performance seem to depend on both 

the intensity and the accumulated duration of the HIT sessions. Helgerud et al. (2007) found, 
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for example, that intervals with a total duration between 10-16 min at 90-95 % of maximum 

heart rate (HRmax) were more effective than 25 min at 85 % HRmax with three sessions a week. 

However, other studies have shown that intervals two to three times a week with a total 

duration of 30-45 min at 90 % of HRmax resulted in better adaptions than intervals with a total 

duration of 10-16 min at 90-95 % of HRmax (Sandbakk et al., 2013; Seiler et al., 2013; Sylta et 

al., 2017). This indicates that a slight reduction in intensity in combination with increased 

accumulated duration may be beneficial. Based on this, it seems that an intensity at 90 % of 

HRmax with a total duration of 30-45 min per session two to three times a week is beneficial 

for the development of key performance parameters in endurance sports. The bases of 

comparison in the mentioned studies have all been HIT training conducted as continuous 

work or long intervals (> 3 min per bout). Interesting, these findings are in harmony with the 

quotation above from Åstrand & Rodahl (1986).  

 

2.2.3 Short and long interval training  

The manipulation of the load variables intensity and accumulated duration of HIT seems to be 

important among athletes (Seiler, 2010; Seiler & Tønnessen, 2009). However, athletes also 

manipulate the design of the HIT-sessions (Billat, 2001). Suggested by Tschakert & Hofmann 

(2013) HIT can roughly be divided into longer work intervals of   3-5 min at relatively high 

exercise intensity or into shorter work intervals  15-45 sec at even higher exercise intensity. 

Studies examining the effects of HIT in cyclists have also used longer work intervals than 3-5 

min (i.e. between 8 and 16 minutes) (Sandbakk et al., 2013; Seiler et al., 2013; Stepto et al., 

1999; Sylta et al., 2017). Training intensities above 90 % of VO2max are recommended in 

order to achieve optimal training stimulus (Buchheit & Laursen, 2013; Thevenet, Tardieu-

Berger, Berthoin, & Prioux, 2007). Furthermore, it has been assumed that the advantage of the 

short intervals (< 60 seconds) is that it can extend the time spent at training intensities above 

90 % of VO2max (Billat et al., 2001; Gorostiaga, Walter, Foster, & Hickson, 1991). Moreover, 

it may provide higher mean power output, higher exercise intensity performed near or at 

velocities associated with VO2max (vVO2max) and higher lactate concentrations [la-], which 

may result in larger training stimuli and improved neuromuscular adaption as well as 

mitochondrial production and buffering capacity (Buchheit & Laursen, 2013; Rønnestad et 

al., 2015).  
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2.2.4 Work over recovery ratio 

Experimental studies examining the effects of SI training have used different fixed work over 

recovery ratios (2:1, 1:1, 1:2) with 2:1 and 1:1 as the most frequently reported ratio (Billat, 

Slawinksi, et al., 2001; Helgerud et al., 2007; Laursen & Jenkins, 2002; Rozenek, Funato, 

Kubo, Hoshikawa, & Matsuo, 2007; Rønnestad et al., 2015). A 4:1 work : recovery ratio has 

been reported to be an upper limit for some individuals in the initial phases of HIT (Rozenek 

et al., 2007). It has been demonstrated that a work : recovery ratio of 2:1 induces more time 

spent above 90 % of VO2max than a 1:1 ratio (Rozenek et al., 2007), probably due to a longer 

time to achieve 90 % of VO2max in combination with the micro recovery periods. This appears 

to produce responses that may benefit aerobic as well as anaerobic energy system 

development (Rozenek et al., 2007). In addition, the micro recovery between each interval 

allows the athletes to achieve a long accumulated duration of each series.  

 

2.3 Experimental studies of aerobic short or long interval training  

Experimental studies have examined the effects of aerobic SI training (Gorostiaga et al., 1991; 

Gunnarsson & Bangsbo, 2012) and LI training (Lindsay et al., 1996; Sandbakk et al., 2013; 

Seiler et al., 2013; Stepto et al., 1999; Sylta et al., 2017; Westgarth-Taylor et al., 1997; 

Weston et al., 1996) and found physiological and performance improvements. 

 

To the best of our knowledge only a few studies have investigated the effects of only aerobic 

SI training (Table 1). Gorostiaga et al. (1991) reported significant improvements in VO2max 

and maximal exercise intensity (MEC) in untrained cyclists performing SI as 30-sec work/30-

sec rest in 20 min, three times per week for eight consecutive weeks. Further, Gunnarsson & 

Bangsbo (2012) reported significant improvements in VO2max and performance in a 1500-m 

and 5-km run after assigning 10 runners into a HIT group performing 3-4x5 min running 

interspersed by 2 min recovery. Each 5 min bout consisted of five 1 min intervals divided into 

30s – 20s – 10s at an intensity corresponding to <30%, <40% and 90-100% of maximal 

intensity, respectively.  

 

The characteristics of studies that have examined the effects of LI training show that 

accumulating >30 min of HIT induces great endurance adaptions (Table 2). Both Lindsay et 

al. (1996), Westgarth-Taylor et al. (1997) and Weston et al. (1996) found significant 

improvements in mean power during 40-km all-out trial (Power40km) after a 4- to 6-week 

intervention period with 1-2 LI sessions per week conducted as 6-9x5 min at 80 % of peak 
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power output (PPO). Moreover, Weston et al. (1996) also observed an increased muscle 

buffering capacity following this LI prescription. However, small sample size, absence from 

control group and only 1-2 HIT sessions each week increase the limitations in these studies. 

On the other hand, both Sandbakk et al. (2013), Seiler et al. (2013) and Sylta et al. (2017) also 

found endurance adaptions when performing different forms of LI training and 

simultaneously found the greatest improvements when accumulating >30 min of HIT. This is 

approximately the same accumulated duration as Lindsay et al. (1996), Westgarth-Taylor et 

al. (1997) and Weston et al. (1996).  

 

Table 1. Experimental studies examining the effects of aerobic SI training. 

Study Sport/level Design Quantification 

of intensity  

Intervention 

period 

Outcome 

Gorostiaga et 
al. (1991) 

Cycling 
n=12 

Untrained 

G1: CG 
G2: 30-sec work/30-sec rest 

in 20 min 

 vVO2max 

 

G1:50 % 
vVO2max 

G2: 100 % 

vVO2max 

8 weeks, 3 
HIT/week 

G2:↑VO2max, ↑MEC  

Gunnarsson 
and Bangsbo 

(2012) 

Running 
n=18 

Moderate-

trained 

G1: CG 
G2: 10-20-30-sec in 5 min x 

3-4 

 

% MI 
 

<30%, <60%, 

and >90% of 
MI  

7 weeks, 3 
HIT/week 

G2: ↑VO2max, ↑1.500-m and ↑5-
km run  

CG = control group; G = group; % MI = per cent of maximal intensity; VO2max = maximal oxygen uptake; 

vVO2maks = velocity at VO2max; MEC = maximum exercise intensity; HIT = high intensity training; ↑ = 

significant increase; n = number of participants 
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Table 2. Experimental studies examining the effects of aerobic LI training. 

Study Sport/level Design Quantification 

of intensity  

Intervention 

period 

Outcome 

Lindsay et al. 

(1996) 

Cycling 

n=8 
Well-

trained 

G1: 6-8x5-min, r=1 min % PPO 

 
G1: 80 % 

4 weeks, in 

total 6 HIT 

↑Power40km 

 

Weston et al. 

(1996)  

Cycling 

n=6 
Well-

trained 

G1: 6-8x5-min, r=1 min % PPO 

 
G1: 80% 

4 weeks, in 

total 4 HIT 

↑Power40km, ↑β 

Westgarth-

Taylor et al. 
(1997)  

Cycling 

n=8 
Well-

trained 

G1: 6-9x5-min, r=1 min % PPO 

 
G1: 80 % 

6 weeks, in 

total 12 HIT. 

↑Power40km, Wattpeak 

Swart et al. 

(2005) 

Cycling 

n=21 
Well-

trained 

CG: 

G1:8x4-min, r=90sec 
G2: 8x4-min, r=90sec 

% PPO and 

HR@%PPO 
 

G1: 80 % PPO 

G2: HR@80% 
PPO 

4 weeks, 

2/week 

G1: ↑ Power40km 

Sandbakk et 

al. (2013) 

Cross-

country- 

skiing  
n=21 

National 

level 

G1: 2 extra LIT/week 

G2: 2-4 min bouts, 15-20-

min tot. 
G3: 5-10-min bouts, 40-45- 

min tot.  

% HRmax 

 

G1: 65-74 % 
G2: 94 % 

G3: 91 % 

 
 

8 weeks, 2 

HIT/week 

G2: ↑VO2max 

 

G3: ↑7 km hill run, ↑12 km RS, 
↑VO2max, . 

 

 
 

Seiler et al. 

(2013) 

Cycling 

n=35 

Moderate-
trained 

G1: LIT 

G2: 4x16-min, r=2 min 

G3: 4x8-min, r=2 min 
G4: 4x4-min, r=2 min 

% HRmax 

 

G1: LIT 
G2: 88 % 

G3: 90 % 

G4: 94 % 

7 weeks 

2 HIT/week  

G2: ↑VO2peak, ↑Wattpeak, ↑TT80, 

↑Power4mMol 

 
G3: ↑VO2peak, ↑Wattpeak 

↑TT80,↑Power4mM 

 
G4: ↑Wattpeak ↑TT80,↑Power4mMol  

 

G3 ↑VO2peak compared to G2 and 
G4 

 

G3 tendency to ↑Wattpeak, ↑TT80, 
↑Power4mMol compared to G2 and 

G4 

 

Sylta et al. 
(2017) 

 

 

Cycling 
n=43 

Well-

trained  
 

G1: 4x16-min, r=2 min 
G2: 4x4-min, r=2 min  

 

 

% HRmax 
 

G1: 86 % 

G2: 89 % 

4 weeks, 2-3 
HIT/week 

G1 greater adaptions in 

Power4mM and 𝑉O2peak compared 
to G2. 

CG = control group; G = group; β = buffering capacity; VO2max = maximal oxygen uptake; VO2peak = peak 

oxygen uptake; Power4mM = workload corresponding to 4 mMol·L-1 [la-]; Power40min = mean power during 40-

min-all-out trial; Power40km = mean power during 40-km-all-out trial; Wattpeak = peak watt; LIT = low intensity 

training; HIT = high intensity training; PPO = peak power output; HR@%PPO = heart rate at % of peak power 

output; TT80% = time to exhaustion 80 % of Wmax; % HRmax = maximal heart rate; RS = roller-ski-skating; r = 

recovery periods; ↑ = significant increase; n = number of participants 

 

2.4 Experimental studies comparing aerobic SI and LI training 

A few studies have compared the effects of short and long intervals performed as aerobic 

endurance training with approximately the same total training load (Table 3) (Franch et al., 

1998; Helgerud et al., 2007; Rønnestad et al., 2015; Stepto et al., 1999). Helgerud et al. 

(2007) found no difference between SI and LI. They compared interval sessions (3 sessions 

per week over 8 weeks) performed as 4x4 min at 90-95% of HRmax with 47 repetitions of 
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15/15-sec intervals at 90-95% of HRmax. The results showed that HIT performed as both SI 

and LI resulted in a significant increase of VO2max and running efficiency (RE). However, 

there are methodological limitations in this study. Low levels of participants and intervention 

groups matched for total energy consumptions (isoenergetic) may explain why there was no 

difference between the SI and LI training.  

 

Other studies, however, have found different improvements between SI and LI (Franch et al., 

1998; Rønnestad et al., 2015; Stepto et al., 1999). Franch et al. (1998) compared intervals 

performed as 30-40 repetitions of 15/15-sec interval at 92 % of HRmax with 4-6x4 min at 94 % 

of HRmax. The results showed that HIT performed as LI had a significantly greater 

improvement on VO2max and RE than HIT performed as SI. The total duration of the HIT 

sessions in the LI group was longer than the duration of the HIT sessions in the SI group. This 

may explain why HIT conducted as LI showed greater improvements. Stepto et al. (1999) also 

found superior adaptions in the LI design (8x4-min) compared to the SI design (12x60-sec). 

However, the intervention period lasted only 3 weeks, including 2 HIT sessions per week, 

with only four cyclists in each group.  

 

In a study by Rønnestad et al. (2015), on the other hand, it was found that HIT performed as 

SI resulted in the greatest improvement in both physiological- and performance parameters 

compared with LI. In this study, SI, performed as repetitions of 30/15-sec for 9,5 min x 3, was 

compared with LI performed as 4x5-min. The last three studies show contradictory findings. 

In the study by Rønnestad et al. (2015) the total duration of the SI is similar to the LI, 

respectively 19.5 and 20 min, if the recovery periods of 15 seconds are not counted in the total 

work duration. However, the recovery periods of 15 seconds are short, and it is reasonable to 

assume that the heart rate (HR) will not drop that much during those seconds. This may have 

resulted in a greater cardiac output during the workouts in the SI group. If the recovery 

periods are included in the total work, however, the total duration of the SI is longer 

compared to the LI. This may explain why the SI group showed the best results. Another 

weakness of the study by Rønnestad et al. (2015) is that they did not have any control croup. 

Results from these three studies are contradictory to Helgerud et al. (2007) who found 

approximately identical results between SI and LI. Methodological differences such as 

different duration of the intervention period, different number of HIT sessions, different 

sports and different work : recovery ratio may explain the contradictory findings.  
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Table 3. Experimental studies comparing aerobic SI training and LI training. 

Study Sport/lev

el 

Design Quantification 

of intensity  

Interventio

n period 

Outcome 

Franch et al. 

(1998) 

 

Running 

n=36 
Moderate-

trained  

G1: LIT 20-30 min 

G2: LI 4-6x4 min, r=2 min 
G3: SI (15x15) sec x 30-40 

% HRmax 

G1: 93 % 
G2: 94% 

G3: 92 % 

6 week, 3 

HIT/week 

G1: ↑VO2maks, ↑vVO2maks, ↑RE, 

utmattelsestest 
 

G2: ↑VO2maks, ↑vVO2maks, ↑RE, 

utmattelsestest 
 

G3: ↑VO2maks, ↑vVO2maks, ↑TE  

 
LI greater improvment on VO2max 

and RE than SI. 

Stepto et al. 

(1999)  

Cycling  

n=20  
Well-

trained 

G1: 12x30-sec, r=4.5 min  

G2: 12x60-sec, r=4 min  
G3: 12x2-min, r=3 min  

G4: 8x4-min, r=1.5 min  

G5: 4x8-min, r=1 min  

% PPO  

G1: 175 %  
G2: 100 %  

G3: 90 %  

G4: 85 %  
G5: 80 %  

3 weeks, 2 

HIT/week 

G1: ↑Power40min, ↑PPO 

G4: ↑Power40min, ↑PPO 

Helgerud et al. 

(2007) 

Running 

n=40 

Moderate-
trained 

G1: LIT 45-min  

G2: THT 24-min  

G3: 15/15-sec x 47 
G4: 4x4-min, r=3 min  

 

 

% HRmax 

 

G1: 70 % 
G2: 85 % 

G3: 90-95 % 

G4: 90-95 % 

8 weeks, 

3HIT/week  

G1: ↑RE 

G2: ↑RE 

G3: ↑ VO2max, ↑RE  
G4: ↑ VO2max, ↑RE 

 

Rønnestad et al. 
(2015) 

Cycling  
n=20 

Well-

trained 

G1: SI 30/15-sec in 9.5 min x 
3 

G2: LI 4x5-min, p=2min  

 

Isoeffort  10 weeks, 2 
HIT/week 

 

G1: ↑VO2maks, Wmax, Power30s 
↑Power4mMol, ↑Power40min 

 

G2: ↑Power40min 

 

G1 larger relative increase in 

VO2max, Wmax, Power30s and 
tendency in Power4mMol, 

compared to G2 

G = group; SI = short interval; LI = long interval; VO2max = maximal oxygen uptake; VO2peak = peak oxygen 

uptake; vVO2maks = velocity at VO2max; PPO = peak power output; RE = running economy; Power4mM = 

workload corresponding to 4 mMol·L-1 [la-]; Power40min = mean power during 40-min-all-out trial; TE = test to 

exhaustion; LIT = low intensity training; THT = threshold training; HIT = high intensity training; % HRmax = 

maximal heart rate; r = recovery periods; n = number of participants; ↑ = significant increase  

 

Other studies have also compared the effects of SI and LI training (Stepto et al., 1999; 

Laursen et al., 2002; Laursen et al., 2005; Esfarjani & Laursen, 2007; Inoue et al., 2016). 

However, with the combination of higher work intensity and longer recovery periods up to 4.5 

min, these studies represent a more anaerobic approach, defined as sprint interval training, 

and may therefore not be comparable to the presented studies. 
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3.0 Methods  
This master thesis was conducted as a randomized intervention study where three matched 

training groups completed a 4-week training period consisting of high volume of LIT in 

addition to three HIT sessions each week. Training groups differed in HIT session structure 

(short vs. long interval duration), and were compared in relation to changes in physiological- 

and performance parameters pre- and post- intervention period. 

 

3.1 Subjects 

Thirty cyclists (28 male, 2 female) were recruited through local clubs and announcements in 

social media. They were all active on a regional level and had experience with competing in 

road cycling. The following initial inclusion criteria were used to assess whether the cyclists 

should be included: (1) male < 40 years, (2) peak oxygen uptake (𝑉 ̇O2peak) > 60 ml.kg-1.min-1, 

(3) training volume >3 sessions per week (within cycling) and (4) absence of disease and 

injuries. Exclusion criteria were: (1) disease/injuries and (2) frequent absence of HIT sessions 

during the period. The physical baseline characteristics of the cyclists are presented in Table 4 

and according to Jeukendrup, Craig, & Hawley (2000) all groups were categorized as well 

trained. The cyclists were randomly assigned into three training groups; long interval group 

(LI), short interval group 1 (SI1) and short interval group 2 (SI2) according to the aim of the 

study.  

 

Two cyclists from the LI group (1 male and 1 female) and one cyclist from the SI1 group did 

not complete the study because of illness and injuries. Further, one cyclist from the SI2 group 

was excluded from the final analysis due to irregular attendance at HIT-sessions. One cyclist 

from the SI1 group had to extend the intervention period by one week due to illness in the 

middle of the intervention period, while one cyclist in the LI group had to delay the post-test 

by one week due to illness post intervention (Figure 1). Due to suspicion of measurement 

errors in the incremental test to exhaustion for one cyclist in the LI group in the pre-test we 

used his familiarization test as a starting point.  
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Figure 1. Recruitment of cyclists, dropouts and exclusion in the study. LI group = long interval group, SI1 = 

short interval group 1 and SI2 =short interval group 2, n = number of cyclists. 

 

3.2 Pre-intervention period (familiarization and de-training) 

Initially, the cyclists were invited to an information meeting where all details about the project 

were given. They also learned how to use the training diary and the Polar V400 for HR 

monitoring. The cyclists completed a 5-week familiarization and de-training period. In this 

period the cyclists were only allowed to perform one HIT session each week and freely 

chosen LIT (ad libitum). During the first two familiarization weeks the cyclists completed a 

lab-test and a 40 min all-out trial (Power40min). The next weeks the cyclists were familiarized 

with interval sessions included in the intervention period. Pre-testing was performed at the 

end of the pre-intervention period. The cyclists were then randomized into one of the three 

Recruitment, Kristiansand area, Norway 

Well-trained cyclists 

Recruited n=30 

Training intervention, 4 weeks 

Included in the analysis n=26 

Dropout n=2 Dropout n=1 

SI2 group n=10 SI1 group n=10 LI group n=10 

SI1 group n=9 SI2 group n=9 LI group n=8 

Excluded due to irregular attendance n=1 
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interval groups (LI, SI1 and SI2), matched for (1) age, (2) VO2peak and (3) Power40min (Table 

4).  

Table 4. Descriptive data of cyclists at randomization.  

  
Total              

(n=26) 

LI 

(n=8) 

SI1 

(n=9) 

SI2 

(n=9) 

Age 

 
29.9 ± 9.1 27.9 ± 8.9 30.4 ± 9.2 31.2 ± 9.8 

Weight (kg) 

 
74.5 ± 7.6 77.3 ± 7.1 73.7 ± 9.0 72.9 ± 6.4 

Hight (cm) 179 ± 5.9 180 ± 5.3 179 ± 7.8 179 ± 4.6 

VO2peak (ml·kg-1·min-1) 63.8 ± 6.3 64 ± 6.7 62.9 ± 5.5 64.5 ± 7.3 

Values are presented as mean ± standard deviation (SD). LI = long interval; SI1 = short interval 1; SI2 = short 

interval 2; VO2peak = Peak oxygen uptake; n = number of cyclists, 

 

3.3 Training intervention 

The training intervention was performed from early November to early December (4 weeks). 

In this period the cyclists were allowed to perform ad libitum LIT in addition to HIT sessions 

that were determined to each group. The cyclists completed 12 supervised HIT sessions 

during the training intervention period, i.e. three HIT sessions per week with at least 48 hours 

between each HIT-session (Figure 2). 
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Pre-test  

week 6 

 

                                                     

 

 

 

  

 

 

 

 

Figure 2: Study overview. Week 1-2; Familiarization to lab test (submaximal incremental test, incremental test to exhaustion and 30 s all-out Wingate test) and 40 min-all-out 

trial (Power40min). Week 3-5; Familiarization to HIT sessions (4x8x40/20-sec and 4x12x40/20-sec). Week 6; Pre-test (test day 1 and test day 2) followed by randomization (R) 

into long interval (LI), short interval 1 (SI1) and short interval 2 (SI2). Week 7-10; Intervention period. Week 11; Post-test (test day 1 and test day 2). 

Familiarization 1 

week 1-2 

Post-test 

week 11 

Intervention period 

week 7-10 

 

Lab test 

Power40min 

 

 

LI 

3 HIT per week: 

4x8-min 

 SI1 

3 HIT per week: 

4x(12x40/20-sec) 

 
SI2 

3 HIT per week: 

4x(8x40/20-sec) 

 

Familiarization 2 

week 3-5 

 

HIT sessions 

 

 

Test day 1 

(Lab test) 

 

Test day 2 

(Power40min) 

 

Test day 1 

(Lab test) 

 

Test day 2 

(Power40min) 

R 
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3.3.1 HIT sessions 

The cyclists followed one of three intervention groups with the same accumulated HIT 

duration;  

 LI – 4x8-min intervals with 2-min recovery periods 

 SI1 –  4x(12x40/20-sec) intervals with 2-min recovery periods 

 SI2 – 4x(8x40/20-sec) intervals with 2-min recovery periods 

 

The same accumulated duration of these three interval groups means that the total interval 

time is the same for each group. I.e.: 

 4x8-min = 32 min 

 4x(12x40/20-sec) = 32 min if the 20-sec recovery is not included in the total time of 

HIT 

 4x(8x40/20-sec) = 32 min if the 20-sec recovery is included in the total time of HIT 

 

All HIT sessions were performed as supervised group interval training sessions. Each HIT 

session started with an individual 20-30 minutes’ warm up at low intensity (55-70% HRmax) 

interspersed by freely chosen progressive sprints. All HIT sessions were programmed in the 

rollers via the software. For all groups the power output during the recovery periods was 50 % 

of the power output used during work intervals. The cyclists in all groups were instructed to 

perform each interval session at their maximal sustainable intensity (isoeffort) (Seiler et al., 

2013). Each session ended with 15-20 minutes’ cool down (55-70% HRmax). All HIT sessions 

were supervised and performed in groups on the University of Agder’s (UiA) premises at 

Spicheren fitness center in Kristiansand. The sessions were performed Mondays, Wednesdays 

and Fridays at the same time of day throughout the 4-week intervention period.  

 

HIT sessions were performed on the cyclists` own bikes mounted on electromagnetic rollers. 

The rollers were connected to a PC that controlled the rollers via a software. The cyclists were 

able to adjust the load electronically with ± 2-3 W precision. They got continuous feedback 

on power output and mean power, HR and remaining interval time through a TV connected to 

the software. Mean power, mean HR (HRmean) and peak HR (HRpeak) and rate of perceived 

exertion (RPE) using Borg`s 6-20 scale (Borg, 1982) were recorded by the test leaders after 

each interval bouts in the LI group and every 12th or 8th minute bouts for SI1 and SI2 group, 

respectively. After the warm-up all rollers were calibrated using a standardized “roll-down 
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resistance” procedure prescribed by the producer in order to quantify deck ergometer wheel 

resistance. The resistance was calibrated to 3.0 lb ± 0,10 lb in all HIT sessions. The 

calibration value was saved on the control module that was mounted on a rack beside each 

cyclist and used for workload calculations during the HIT sessions. Air pressure in the tires 

was standardized to 6.0 Bar prior to each HIT session.  

 

In total, 165 blood samples (~6 per cyclist) from the fingertip were taken during the HIT 

sessions in the intervention period in order to measure the blood [la-]. In the LI group, blood 

samples were taken at the end of the 3rd and 4th interval bout. In both SI groups blood samples 

were taken at the end of the 3rd and 4th 8 minute or 12 minute interval bout.  

 

3.3.2 Training diary 

All training during the whole period was recorded in a training diary by each cyclist. The 

cyclists registered the following variables for each training session: (1) activity form duration 

(“cycling”, “another endurance training” “strength/mobility”), (2) duration in each endurance 

zone (Session Goal/Time In Zone (SG/TIZ)) (Sylta, Tønnessen, & Seiler, 2014), (3) perceived 

exertion (1-10) 30 min post exercise (sRPE) and (4) overall feeling (1-10). They were also 

instructed to write a comment for each training session. The cyclists delivered the diary online 

at the end of each week.  

 

3.4 Test procedure  

In addition to the familiarization test, the cyclists completed two test periods during the 

participation in this project. The pre-test was performed the week before the intervention 

period, while the post-test was performed at least 2-5 days after the last interval session for 

each cyclist. The test period lasted two days (test day 1 and test day 2) including at least 48 

hours’ recovery between each of the two test days to ensure sufficient recovery and optimal 

performance. The cyclists were not allowed to perform any kind of intense exercise the day 

before each of the two test days. Furthermore, the cyclists were also instructed to consume the 

same type of meal and avoid consumption of products containing caffeine during the 2.5 

hours preceding testing. The same test leaders supervised all tests, and strong verbal 

encouragement was given to ensure maximal effort. Test day 1 is illustrated in Figure 3.  
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3.4.1 Test day 1 

Submaximal incremental test 

The first test day was preceded by a submaximal incremental test. The test started with the 

cyclists completing 5 minutes’ submaximal bouts with increasing work load in order to 

identify the workload corresponding to 4 mMol·L-1 [la-] (Power4mM). The cyclists started with 

5 minutes’ cycling at 125 W. The workload increased by 50 W every 5 minutes. If the blood 

[la-] exceeded 3 mMol·L-1, the power output was increased by 25 W. The test was terminated 

when [la-] reached ≥ 4 mMol·L-1. VO2, HR and respiratory exchange ratio (RER) were 

measured during the last 2.5 minutes on each bout. Further, [la-] was measured after 4.5 

minutes at each workload. The RPE was recorded at the end of each 5 minutes’ bout, using 

Borgs’ 6-20 RPE scale. Power and VO2 corresponding to 4 mMol·L-1 [la-] were identified 

after making a power-lactate curve based on [la-] and VO2 at each workload (Newell et al., 

2007). Energy expenditure was calculated using gross VO2 from the workloads 125, 175 and 

225 W and GE was further calculated using the method of Coyle, Sidossis, Horowitz, & Beltz 

(1992).  

 

Incremental test to exhaustion 

After 10 minutes’ active recovery the cyclists conducted an incremental test to exhaustion to 

quantify: (1) VO2peak, (2) PPO, (3) HRpeak and (4) peak blood lactate concentration [la-
peak]. 

The test started with one minute of cycling at a power output corresponding to 3 W/kg 

(rounded down to nearest 50 W). The power output increased by 25 W every minute until 

voluntary exhaustion. The test leaders gave strong verbal encouragement during the test to 

ensure maximal effort and optimal performance. Mean power during the last minute decided 

the cyclists’ PPO. VO2 was measured every 30 seconds. The average of the two highest VO2 

measurements determined the cyclists’ VO2peak. [la
-
peak] was measured one minute after the 

test was completed. In addition, HRpeak was recorded after termination of the test. Objective 

criteria such as plateau of the oxygen uptake, HR ≥ 95 % of known HRmax, RER ≥ 1.10 and 

[la-] ≥ 8.0 mMol·L-1 were used to ensure that VO2max was reached. To estimate fractional 

utilization of VO2peak, the VO2 corresponding to 4 mMol·L-1, was calculated as percentage of 

VO2peak (%VO2peak@4mM). 

 

30 s all-out Wingate test 

After the incremental test to exhaustion, the cyclists got another 10 minutes’ recovery before 

they completed a 30 s all-out Wingate test to determine (1) peak power (PP) and (2) mean 
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power during 30 seconds (Power30s). The test started with the cyclists pedaling seated, at a 

frequency of 120 RMP for 20 seconds with a resistance of 120 W, including a 3 seconds’ 

countdown before a braking resistance, equivalent to 0.7 Nm.kg-1 body mass (Lode 

Excalibur), was applied to the wheel and remained constant throughout the subsequent 30 

seconds of the test. The cyclists were instructed to pedal with maximal effort and remain 

standing throughout the 30 s all-out.  

 

Figure 3.  Study protocol (test day 1). The first test day started with a submaximal 5-min steps incremental test 

to identify the workload corresponding to 4 mMol·L-1 [la-] (Power4Mm) and gross efficiency (GE). After 10-min 

recovery, an incremental test to exhaustion was performed to quantify (1) peak oxygen uptake (VO2peak), (2) 

peak power output (PPO), (3) peak heart rate (HRpeak) and (4) peak blood lactate concentration [la-
peak]. After 

another 10-min recovery, the cyclists completed a 30 s-all-out Wingate test to determine (1) Peak power (PP) 

and (2) mean power output during 30 s all-out (Power30s). Published after permission (Sylta et al., 2016). 

  

3.4.2 Test day 2 

40-min-all-out trial (Power40min) 

The second test day consisted of a Power40min. The test was performed in groups on the 

cyclists’ own bikes that were mounted on electromagnetic rollers ergometers with a fan 

circulating air around the cyclists. The test started with an individual 20-30 min warm-up. 

Thereafter, the cyclists were instructed to cycle at the highest possible mean power during 40-

min. The cyclists were blinded during the test, i.e. they were not able to see HR and power 

output. However, they were allowed to see the remaining time. The test was performed 

seated, but the cyclists were allowed to stand if needed. Mean power, HRmean, HRpeak, RPE 

and [la-] were recorded by the test leaders at the end of the test.  
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3.5 Instruments 

All tests on test day 1 were performed on the same cycle ergometer, Lode Excalibur Sport 

(Lode B. V., Groningen, Nederland). Each cyclist was able to adjust the bike as desired which 

included handlebar position, saddle height and distance between tip of the saddle and the 

bottom bracket. After the pre-test the bike position for each cyclist was saved and they were 

able to resume the same position at the post-test. All tests were performed under similar 

environment conditions (17-22°C) and were attempted to be performed at the same time of 

day (± 2h).  

 

VO2 during test day 1 was measured using Oxycon Pro™ with mixing chamber and 30 s 

sampling time (Oxycon, Jaeger GmbH, Hoechberg, Germany). Gas sensors were calibrated 

via an automated process using certified calibration gases of known concentrations before 

every test. The flow turbine (Triple V, Erich Jaeger) was calibrated using a 3L calibration 

syringe (5530 series; Hans Rudolph, Kansas, MO, USA). Blood [la-] during all tests and HIT 

sessions were analyzed using a stationary lactate analyzer (EKF BIOSEN, EKF diagnostic, 

Cardiff, UK). HR was measured using Polar V400 (Polar Elektro Oy, Kempele, Finland).  

All HIT sessions and test day 2 were performed on the cyclists` own bikes mounted 

Computrainer LabTM
 ergometers (Race Mate, Seattle, WA, USA). The Computrainer LabTM 

ergometers were connected to a PC that controlled the Computrainers via a software 

(PerfPRO Studio Hartware Technologies). 

 

The training diary was made by the test leaders using Microsoft Excel 2016 (Microsoft 

Corporation, Redmond, Washington, USA).  

 

3.6 Statistics 

Data were analyzed using SPSS 24.0 (SPSS Inc, Chicago, IL, USA) and are presented as 

mean ± standard deviation. Tables and figures were made using Microsoft Word, Microsoft 

Excel 2016 (Microsoft Corporation, Redmond, Washington, USA) and GraphPad Prism 7 

(GraphPad Software, Inc., 7825 Fay Avenue, La Jolla, CA 92037, USA). Baseline and 

training characteristics within the groups and differences among the groups in Power40min, 

PPO, VO2peak, Power4mM, GE and %VO2peak@4mM were compared using a one-way 

between groups analysis of variance (ANOVA) with Bonferroni post-hoc test. A General 

Linear Model (GLM) repeated measures model (ANOVA) was used to compare the 

percentage change in power output within the groups from week to week during the 
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intervention period. Absolute changes in physiological responses and performance responses 

pre- to post- intervention were compared in all groups using a paired sample t-test. Effect size 

(ES) was calculated in order to identify trends according to the criteria from Cohen’s d 

(0.2=small, 0.5=medium, 0.8=large). All analyses resulting in P ≤ 0.05 were considered 

statistically significant. 
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4.0 Methodological discussion 

Methodological challenges arise in connection with scientific research. To minimize the error 

sources and to ensure high quality of the research it is desirable that the work performed is 

valid and reliable. In this context validity refers to the extent in which the test or instrument 

measures what it is supposed to measure. The validity of the test also depends on the 

reliability of the measurements or the instrument, that is whether they are accurate (Polit & 

Beck, 2014). 

 

4.1 Design 

In the present study a structured randomized design was used. An advantage of this kind of 

design is that the selection of cyclists to the various groups occurs randomly (Polit & Beck, 

2014; Thomas, Silverman, & Nelson, 2015). Further, before the random selection the cyclists 

in the current study were stratified by age, VO2peak and Power40min in order to obtain 

homogeneous groups (Thomas et al., 2015). A disadvantage using this type of design is the 

lack of a control group used in a randomized controlled trial (RCT), which is considered the 

“gold standard” method for intervention studies (Polit & Beck, 2014; Thomas et al., 2015). 

Due to possible challenges by recruiting cyclists to a control group, we instead chose to 

include three intervention groups. In order to increase the strength of the design this study was 

divided into different phases. 

 

4.1.1 The familiarization and de-training phase 

The study was preceded by a 5 weeks’ familiarization and de-training period where the 

cyclists were familiarized with HIT sessions and test protocols. The cyclists were only 

allowed to perform one HIT session each week in addition to ad libitium LIT. The aim of this 

period was to prevent the “pace” learning ability concerning the repeating performance of the 

HIT sessions and test protocol in the intervention period, and to make sure that the cyclists 

had the same amount of HIT sessions prior to the start of intervention. It is also conceivable 

that the results of the pre- and post-test are more comparable when familiarization and de-

training period are added. This approach has been used in recent studies examining the effects 

of HIT (Sylta et al., 2016; Sylta et al., 2017).That being said, the potential to achieve 

improvements in endurance performance after an intervention period focusing on HIT is 

larger when no HIT sessions has been performed during the prior 1-2 months (Seiler et al., 

2013).  
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4.1.2 The intervention phase 

The present intervention period lasted only 4 weeks. This is somewhat contradictory to other 

studies focusing on HIT lasting 6-12 weeks (Franch et al., 1998; Helgerud et al., 2007; 

Rønnestad et al., 2015; Sandbakk et al., 2013; Seiler et al., 2013; Sylta et al., 2016). Due to 

limitations in time in this master thesis, we choose 4 weeks. That being said, however, a 

recent study by Sylta et al. (2016) shows that endurance parameters stagnate after 4 weeks of 

training, supporting the view that a 4 weeks’ intervention period may be sufficient to achieve 

endurance adaptions.  

 

To compensate for the short intervention period, compared to other studies, we included three 

HIT sessions per week. Forty-eight hours’ recovery between each HIT session was 

determined in an attempt to promote recovery and to facilitate physiological and performance 

adaptions. Importantly, a high amount of HIT may lead to overtraining and decreased 

functional capacity (Seiler, 2010). In fact, Billat, Flechet, Petit, Muriaux, and Koralsztein 

(1999) found that well-trained athletes who performed three HIT sessions per week for 4 

weeks developed signs indicative of overtraining. Two HIT sessions per week seem to be 

sufficient for physiological and performance adaptions without inducing symptoms of 

overtraining (Seiler, 2010). Three HIT sessions per week may have been a too great burden 

for some cyclists and may have resulted in a decreased performance during the intervention 

period in the present study. However, the compliance was almost 100 % and the power output 

in the HIT sessions increased throughout the intervention period, indicating that the muscles 

of the cyclists seemed to have recovered well before workouts throughout the intervention 

period. Indeed, the cyclists were recommended to enter a period of low training load after 

completing this project, and therefore there is reason to believe that a short period of high 

amounts of HIT will not induce overtraining.  

 

4.1.3 Test-phase 

Each test period consisted of two test-days with minimum 48 hours in-between. A minimum 

of 48 hours of rest between each test day as well as each HIT sessions seem to be sufficient in 

order to promote recovery (Parra, Cadefau, Rodas, Amigo, & Cusso, 2000). The cyclists were 

further allowed to choose which day they wanted to test as long as they followed the 

instructions of minimum 48 hours between the two test days. Therefore, it is reasonable to 

assume that the cyclists were recovered between the two test days.  
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4.2 Study sample  

The present study recruited 30 well-trained cyclists (28 male and 2 female) from the regional 

area in Kristiansand, Norway. Four cyclists out of 30 were eliminated from the final analysis. 

To increase the external validity of a study it is important with a high statistical power. 

Statistical power may be achieved in different ways. A large N is considered essential to 

increase the statistical power (Polit & Beck, 2014). Although four cyclists were eliminated 

from this study, the number of cyclists in each intervention group are acceptable and about 

equal or higher compared to other studies examining the effects of SI- or LI training (Franch 

et al., 1998; Helgerud et al., 2007; Rønnestad et al., 2015; Stepto et al., 1999) and the effects 

of HIT in general (Sandbakk et al., 2013; Seiler et al., 2013). In those studies, the number of 

participants in each intervention group are between 4 and 12. Whether our results can be 

generalized based on this sample size and on the fact that we had no control group is 

uncertain.  

 

Initially, one of the inclusion criteria was male only. This was later changed to include also 

females. Based on previous studies demonstrating that the physiological impact of endurance 

training is not gender specific (Kohrt et al., 1991; Skinner et al., 2001), there was no reason to 

exclude female from this study.  

 

4.3 Measurements 

Both physiological and performance tests are today widely used tools for athletes at both high 

level and lower level to measure the progress and effectiveness of a training period. Testing is 

also widely used in sport science to assess the impact of different intervention studies or for 

measuring the prevalence of a phenomenon. Testing is an “objective” method for measuring 

different variables, and several factors must be considered to ensure valid and reliable 

measurements (Thomas et al., 2015).  

 

In the present study, necessary precautions were done to increase both the reliability and the 

validity of all measurements and to prevent different elements influencing the variables. Well-

established and objective measuring methods were used in this study (Lode Excalibur, 

Oxycon Pro, EKF Biosen C-line and Computrainer LabTM). The calibrations were done before 

each test and HIT sessions according to procedures prescribed by the manufacturers. The 

same test leaders supervised all tests and HIT sessions throughout the period, and clear 

instructions were given during the workouts. Furthermore, as an important part of the 
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accuracy and the verifiability the cyclists were instructed to enter the tests and HIT sessions 

according to a written guidance given beforehand by the test leaders. The test procedures were 

also put into order so that they would not affect the variables.  

 

4.3.1 Testing equipment – test day 1 

In studies where submaximal and maximal oxygen uptake are evaluated before and after an 

intervention, stability on the instrument is important. In the present study the Oxycon Pro 

mixing chamber was used for VO2 measuring both in the incremental test to exhaustion and in 

the submaximal incremental test. With a margin error of 3 %, Foss & Hallen (2005) 

demonstrated that the Oxycon Pro mixing chamber is a very accurate system for measuring 

oxygen uptake which was important for the stability of the VO2 measurements during this 

project. The accuracy of the Oxycon Pro has also been shown in a study by Rietjens, Kuipers, 

Kester, & Keizer (2001). The Oxycon Pro was also brought to maintenance prior to the pre-

test in order to ensure accurate and stable measurements.  

 

Lode Excalibur used on the lab-test are considered the “gold standard” (Earnest, Wharton, 

Church, & Lucia, 2005) and are commonly used in several experimental studies (Gibala et al., 

2006; Laursen, Shing, Peake, Coombes, & Jenkins, 2005; Rønnestad et al., 2015; Sylta et al., 

2016; Talanian, Galloway, Heigenhauser, Bonen, & Spriet, 2007). Earnest et al. (2005) 

investigated the test-retest reliability on the Lode Excalibur and found no significant 

differences, which strengthens the accuracy of this ergometer. Further, the adjustment 

possibilities described in section 3.5 in the method, which were saved for each cyclist at the 

familiarization test, ensured that the cyclists kept the same bike position pre- and post-test. 

Due to identical positions in pre- and post-test, it is fair to assume that this may induce higher 

reliability.  

 

The EKF Biosen C-line for lactate analyses has widely been used in previous studies (Glaister 

et al., 2009; Hauser, Bartsch, Baumgärtel, & Schulz, 2013; Santtila, Keijo, Laura, & Heikki, 

2008). To the authors’ knowledge, there are no studies which have been validating the EFK 

Biosen C-line and compared it to other lactate analyzers.  

 

4.3.2 Testing equipment – test day 2/HIT sessions 

A number of factors were identified as potential measuring errors. The equipment was 

therefore controlled regularly, and the procedure was standardized in order to increase both 
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the reliability and the validity on test day 2 and during all HIT sessions. The cyclists were 

therefore assigned a personal roller throughout the experiment in order to prevent possible 

differences in power output that might occur between the rollers. Further, the cyclists used 

their own personal bike and were instructed to use a roller tire. The tire pressure was 

standardized to 6.0 BAR. In a study by Davison, Corbett, & Ansley (2009) they showed that 

the calibration pressure dropped significantly during a warm-up on the Computrainer Lab 

ergometer, which was also used in the current study. In order to ensure stable power output 

values all rollers in the present study were calibrated to 3.00 lbs and re-calibrated before start 

according to the manufacturer. 

 

4.3.3 Test protocol  

Submaximal incremental test 

Measuring the blood lactate accumulation during an incremental exercise test is commonly 

used in sport to evaluate the effects of training and to predict performance. In the current 

study a submaximal incremental test was conducted to identify the workload at fixed blood 

lactate concentrations of 4 mMol·L-1 to see the change from pre-test to post-test. When using 

a method like this a number of factors may affect the blood lactate-intensity relationship. Both 

the duration of each step, techniques associated with blood collection, handling and analysis 

as well as environmental and athlete conditions during tests, such as temperature, altitude, 

circadian rhythms, nutritional status or other subject attributes, are all factors that have been 

identified to affect the lactate response to exercise and were therefore necessary to control if 

valid data were to be collected (Bentley et al., 2001; Buckley, Bourdon, & Woolford, 2003; 

Dassonville et al., 1998; Fink, Costill, & Van Handel, 1975; Maassen & Busse, 1989).   

 

A number of studies have shown that incremental stage duration can affect the blood lactate 

response curve where longer stage duration may lead to lower exercise intensity 

corresponding to a maximal lactate steady state (Bentley et al., 2001; Foxdal, Sjödin, & 

Sjödin, 1996; Freund et al., 1989; Stockhausen, Grathwohl, Bürklin, Spranz, & Keul, 1997). 

Studies also suggest that duration periods of at least 5 to 8 min are necessary to attain steady-

state lactate concentrations (Foxdal et al., 1994; Rieu, Miladi, Ferry, & Duvallet, 1989; 

Stegmann & Kindermann, 1982), and it is possible that shorter work duration than 5 min may 

overpredict a given exercise intensity. In the present study we used a 5 minutes’ work 

duration in the submaximal incremental test both in the pre- and post-test, and there is reason 

to believe that this duration is adequate to attain a steady state lactate concentration for the 
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fixed 4 mMol·L-1. Furthermore, the test leaders also standardized blood sampling site, 

treatment procedure and analyze method in order to get comparable results between pre- and 

post-test. For example, studies have reported different blood lactate levels measured at 

different locations on the body (Dassonville et al., 1998; Feliu et al., 1999) and therefore in 

this study blood samples were consistently taken from the fingertip in both test periods.  

 

The same lactate analyzer (Biosen C-line) was also used throughout the project, as some 

studies have documented different result values using different analyzers from the same 

samples (Buckley et al., 2003; Medbø, Mamen, Holt Olsen, & Evertsen, 2000). High ambient 

temperatures is another factor that may induce increased blood lactate concentrations (Fink et 

al., 1975; MacDougall, Reddan, Layton, & Dempsey, 1974), and the temperature in the 

present study was therefore tried to be standardized between 18 and 22°C.  

  

Based on a study from Madsen & Lohberg (1987) it is recommended that blood lactate-

intensity profiles should be conducted at the same time of the day that athletes normally train, 

because circadian rhythms have been reported to affect the blood lactate-intensity 

relationship. Further, an athlete’s nutritional status may also create problems when using the 

fixed method for determination of intensity at a given lactate concentration. In fact, the blood 

lactate concentrations appear to decrease at any given intensity when muscle glycogen stores 

are depleted and therefore may overestimate endurance capacity when using this method 

(Hughes, Turner, & Brooks, 1982; Maassen & Busse, 1989). The cyclists in this study were 

therefore instructed to have a similar preparation before each test to avoid possible sources of 

error. However, the fact that several cyclists in this study were working full time and had 

family responsibilities may have affected the preparations prior to test. 

 

Incremental test to exhaustion  

The incremental test to exhaustion was conducted 10 min after the submaximal incremental 

test. A disadvantage of having the submaximal incremental test before the incremental test to 

exhaustion may be that the cyclists were tired and therefore could not perform with maximum 

effort to reach VO2max and their maximum PPO. The incremental test to exhaustion in the 

present study increased with 25 W per minute to exhaustion. Regardless of the rate of work 

increase during ramp testing it is suggested by Amann, Subudhi, & Foster (2004) that VO2max 

is substantially the same during incremental ergometer testing. This corresponds to other 

studies (Davis et al., 1981; Pierce, Hahn, Davie, & Lawton, 1999; Whipp, Davis, Torres, & 
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Wasserman, 1981), supporting that the present protocol may be acceptable to use. However, 

as described in the method we used several criteria to secure that VO2max was attained. 

Because some cyclists did not achieve the criteria for VO2max, the term VO2peak was used.  

 

30s Wingate test 

The Wingate protocol has been widely used as a part of the physiological test battery in 

experimental studies (Rønnestad et al., 2015; Sylta et al., 2016; Weber, Chia, & Inbar, 2006). 

The cyclists did a familiarization test before the pre-test as recommended by Barfield, Sells, 

Rowe, & Hannigan-Downs (2002). The cyclists were several times told about the details of 

the protocol and encouraged verbally throughout the test. The Wingate test has in previous 

studies been performed seated (Collomp et al., 2005; Patton, Murphy, & Frederick, 1985). 

However, the cyclists in this study did a standing Wingate test, which can be more natural for 

cyclists (Reiser, Maines, Eisenmann, & Wilkinson, 2002).  

 

4.3.4 Training diary 

The cyclists in this study recorded all training in a training diary throughout the period (a total 

of 11 weeks). The data were closely supervised throughout the study by the project leaders 

and were further used for analyzes. A study by Sylta, Tønnessen, & Seiler (2014a) 

investigated whether elite athletes in endurance sports reported their training accurately. The 

authors concluded that they self-reported their training data accurately. However, the 

credibility and the validity of the reported training diary can always be questioned, especially 

among moderately trained athletes (Borresen & Lambert, 2006) and among athletes with less 

experience with training diaries. Unreported observation in this study may indicate that 

cyclists who had previous experience with training diaries reported more accurate diaries 

compared to those with less experience. However, there is still reason to assume that the 

cyclists have registered training data by the guidance provided by the project leaders. The 

cyclists learned how to use the diary at the information meeting prior to start of the project. 

The cyclists also received a mail with a description of the training diary and examples of a 

completed diary.  

 

4.4 Strengths and limitations  

The main strengths in the present study was the structured randomized design and the 

homogenous group. Further, the compliance in this study was ~100 %. Prior to the 

intervention period, there was a 5-week familiarization period to familiarize cyclists with the 
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test procedures and the HIT sessions. The 5-week familiarization period also served to ensure 

a steady state training baseline prior to the intervention period. All HIT sessions were 

supervised by the same test leaders throughout the period, and the cyclists recorded all 

training in a training diary during the whole project. Therefore we managed to have rigorous 

monitoring of all training variables. We further increased the strength of this study by using 

several well-established objective measured methods, where the incremental test to 

exhaustion is considered the gold standard for measuring VO2max, and the same equipment 

was used during the whole period. In addition, all equipment used in this project were 

calibrated prior to use according to manufacturer in order to avoid erroneous measurements. 

Furthermore, this study had a relatively high number of participants were the cyclists were 

considered well trained. Another strength of this study was that the cyclists used the same 

cycle ergometer roller during all HIT sessions during the intervention period and on the 

Power40min test both in the pre- and post-test. To the best of our knowledge, this is the only 

study comparing SI and LI training with the same accumulated duration >30 min.  

  

However, there are limitations in this study. For instance, despite homogeneous groups the 

level of the cyclists varied. Several cyclists had a great experience with cycling prior to this 

study while some had less experience. This was also reflected in the training hours where the 

variations between the cyclists were substantial. In addition, there was also a gap in age where 

the youngest cyclists were 17 years and the oldest 45 years. Another possible limitation in the 

current study was the short time frame of only 4 weeks. This may be a too short period to 

induce further increase in both physiological parameters and performance parameters. 

Further, three HIT sessions per week may also have been a too great burden for some cyclists. 

Another limitation of this study was lack of a control group. It should also be mentioned that 

none of the cyclists had familiarization to the 4x8-min interval due to limit of time.  
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5.0 Ethics 

This study was performed on healthy well-trained cyclists. All cyclists received written 

information prior to the study, explaining that the study involved testing to exhaustion, 

requirements regarding attendance on tests and HIT sessions throughout the period as well as 

being well prepared prior to all kind of workouts, all of which could cause some discomfort. 

The study was approved by the ethics committee of the Faculty for Health and Sport Science, 

University of Agder, and the Norwegian Center for Research Data (NSD). The cyclists were 

informed that they could at any time withdraw from the study without giving any reason. All 

the cyclists provided informed written consent before participation. The cyclists had the full 

right to look into their own test results. The collected data were anonymized and can be used 

for publications in journals, education purposes and congresses. The data were stored 

anonymized on password protected computers and hard drives, and will be stored for 10 years 

after completing this study.  
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ABSTRACT 34 

PURPOSE: To compare the effects of short and long high intensity interval training (HIT) 35 

conducted with the same total accumulated duration on physiological- and performance 36 

parameters during a 4-week training period.  37 

METHODS: Twenty-six well-trained cyclists (30±9 yr, peak oxygen uptake (VO2peak) 64±6 38 

mL·kg-1·min-1) were randomly assigned into three training groups; long interval group (LI) 39 

(n=8), short interval group 1 (SI1) (n=9) and short interval group 2 (SI2) (n=9). All groups 40 

conducted HIT sessions three times per week for 4-weeks interspersed with high volume of 41 

low intensity training (LIT). The HIT sessions were performed as 4x8-min (32-min 42 

accumulated HIT duration), 4x(12x40/20-sec) (32-min accumulated HIT duration excluding 43 

interval recovery bouts) and 4x(8x40/20-sec) (32-min accumulated HIT duration including 44 

interval recovery bouts), in LI, SI1 and SI2 groups, respectively. All HIT sessions were 45 

performed as supervised group interval training.  46 

RESULTS: There were no significant differences between groups in any physiological- or 47 

performance outcomes after 4 weeks of intensified training. All groups significantly improved 48 

mean power during 40-min all-out (Power40min) and peak power output during incremental 49 

test to exhaustion (PPO) from pre- to post-test (P<0.05). Further, both SI1 and LI improved 50 

significantly in VO2peak (P<0.05).  51 

CONCLUSION: The present study demonstrates that there are no differences between 52 

aerobic short or long high intensity interval training with the same accumulated HIT duration 53 

(i.e. 32 min) during a 4-week training period. 54 

KEY WORDS: Cycling, endurance performance, intermittent exercise, maximal oxygen 55 

consumption, physiological adaptions, well-trained athletes 56 

  57 

INTRODUCTION 58 

Studies among elite athletes have documented the importance of large amounts of training 59 

volume in order to perform at a high level in endurance sports (9, 26, 32, 37, 40). It is also 60 

well documented that both low intensity training (LIT), moderate intensity training (MIT) and 61 

high intensity training (HIT) should be included in the overall training efforts (9, 15, 32). 62 

Based on both descriptive and experimental studies it seems that a general intensity 63 

distribution of ~80% LIT and ~20% MIT/HIT is optimal for achieving a high level in 64 

different endurance sports (3, 8, 22, 28-30). However, Seiler & Kjerland (28) have nuanced 65 

the 80/20-rule, and suggests that well-trained endurance athletes follows a so-called polarized 66 

training model where the largest share of training is LIT, combined with a small proportion of 67 



 

  
  

MIT and a somewhat higher proportion of HIT. On the other hand, in a review by Stöggl & 68 

Sperlich (32) there has been suggested a pyramidal intensity distribution among well-trained 69 

endurance athletes. This is an intensity distribution characterized by large amounts of LIT, a 70 

moderate amount of MIT and a small proportion of HIT. 71 

 72 

It is well documented that HIT has a positive effect on the aerobic endurance among both elite 73 

athletes and recreational athletes (15, 21, 32). Experimental studies have shown improved 74 

performance and physiological adaptions by increasing the number of HIT sessions from zero 75 

or one per week to two or three sessions per week in studies lasting 3-12 weeks (10, 12, 24, 76 

27, 31, 34). A recent study also shows how different endurance parameters stagnate after only 77 

four weeks of HIT training during a 12-week training intervention (35). In light of this, in 78 

certain experimental designs a 4-week intervention period will probably be sufficient to 79 

achieve the desired effect.  80 

 81 

Despite the fact that there is general agreement that HIT is an important part of the overall 82 

training, it is unclear how this part of the training should be organized in order to optimize the 83 

training effects. The adaptions of endurance performance seem to depend on both the 84 

intensity and the accumulated duration of the HIT sessions. Studies have recently 85 

demonstrated that a slight reduction in intensity in combination with increased accumulated 86 

work duration may be beneficial for improving aerobic endurance adaptions in well-trained 87 

cyclists and cross-country skiers (25, 27, 35).   88 

 89 

In addition to manipulate the load variables, i.e. intensity and accumulated duration, it is usual 90 

among athletes to manipulate the design of HIT sessions, i.e. whether the intervals are 91 

performed with short or long duration of bouts (2). Only a few studies have compared the 92 

effects of aerobic short intervals (SI) and long intervals (LI) with approximately the same 93 

total training load (10, 12, 24, 31). Helgerud et al. (12) compared interval sessions performed 94 

as 4x4-min at 90-95% of maximum heart rate (HRmax) with 47 repetitions of 15/15-sec 95 

intervals at 90-95% of HRmax and found no differences between the two designs of HIT. 96 

However, other studies have found different improvements between SI and LI designs (10, 97 

24, 31).   98 

 99 

Franch et al. (10) compared SI performed as 15/15-sec intervals with LI performed as 4-6x4-100 

min. The results demonstrate that the LI group had significantly greater improvement than the 101 



 

  
  

SI group. However, the total work duration was longer in the LI group. Stepto et al. (31) also 102 

found superior adaptions in the LI group (8x4-min) compared to the SI group (12x60-sec). 103 

These two studies are contradictory to Rønnestad et al. (24) who compared SI (30/15-sec) and 104 

LI (4x5-min) with the same accumulated duration (i.e. 19.5 vs. 20 min). In that study it was 105 

found that SI resulted in the greatest improvement in both physiological- and performance 106 

parameters compared with LI.  107 

 108 

To our knowledge it is only Rønnestad et al. (24) who have compared SI and LI with 109 

approximately the same accumulated duration of intervals, and simultaneously found the 110 

greatest improvement in the SI design. However, in that study the total HIT duration was only 111 

~20 min, and it has been demonstrated that HIT sessions with a total duration of 30-45 min 112 

combined with a small reduction in intensity is more effective than 10 to 16 min with 113 

somewhat higher intensity (25, 27). Hence, more research is therefore needed comparing SI 114 

and LI designs with >30 min accumulated HIT duration. 115 

  116 

Therefore, the aim of this study was to compare the effects of SI and LI training, including 117 

equal accumulated HIT duration, during a 4-week intervention period, conducted as 4x8-min 118 

with 2-min recovery periods, 4x(12x40/20-sec) with 2-min recovery periods and 4x(8x40/20-119 

sec) with 2-min recovery periods, in different physiological- and performance parameters 120 

among well-trained cyclists. 121 

 122 

METHODS 123 

This study was conducted as a randomized intervention study where three matched training 124 

groups completed a 4-week training period consisting of high volume of LIT in addition to 125 

three HIT sessions each week. Training groups differed in HIT session structure (short vs. 126 

long interval duration), and were compared in relation to changes in physiological- and 127 

performance parameters pre- and post- intervention period. 128 

 129 

Subjects 130 

Thirty cyclists (28 male, 2 female) were recruited through local clubs and announcements in 131 

social media. They were all active on a regional level and had experience with competing in 132 

road cycling. The following initial inclusion criteria were used to assess whether the cyclists 133 

should be included: (1) male < 40 years, (2) peak oxygen uptake (𝑉O2peak) > 60 ml.kg-1.min-1, 134 

(3) training volume >3 sessions per week (within cycling) and (4) absence of disease and 135 



 

  
  

injuries. Exclusion criteria were: (1) disease/injuries and (2) frequent absence of HIT sessions 136 

during the period. The physical baseline characteristics of the cyclists were age: 30±9 yr; 137 

weight: 75±8 kg; VO2peak: 64±6 mL·kg-1·min-1, and according to Jeukendrup et al. (14) all 138 

groups were categorized as well trained. The cyclists were randomly assigned into three 139 

training groups; long interval group (LI), short interval group 1 (SI1) and short interval group 140 

2 (SI2) according to the aim of the study.  141 

 142 

Two cyclists from the LI group (1 male and 1 female) and one cyclist from the SI1 group did 143 

not complete the study because of illness and injuries. Further, one cyclist from the SI2 group 144 

was excluded from the final analysis due to irregular attendance at HIT-sessions. One cyclist 145 

from the SI1 group had to extend the intervention period by one week due to illness in the 146 

middle of the intervention period, while one cyclist in the LI group had to delay the post-test 147 

by one week due to illness post intervention. Due to suspicion of measurement errors in the 148 

incremental test to exhaustion for one cyclist in the LI group in the pre-test we used his 149 

familiarization test as a starting point. The study was approved by the ethics committee of the 150 

Faculty for Health and Sport Science, University of Agder, and the Norwegian Center for 151 

Research Data (NSD). All the cyclists provided informed written consent prior to 152 

participation. 153 

 154 

Pre-intervention period (familiarization and de-training) 155 

Initially, the cyclists were invited to an information meeting where all details about the project 156 

were given. They also learned how to use the training diary and the Polar V400 for heart rate 157 

(HR) monitoring. The cyclists completed a 5-week familiarization and de-training period. In 158 

this period the cyclists were only allowed to perform one HIT session each week and freely 159 

chosen LIT (ad libitum). During the first two familiarization weeks the cyclists completed a 160 

lab-test and a 40 min all-out trial (Power40min). The next weeks the cyclists were familiarized 161 

with interval sessions included in the intervention period. Pre-testing was performed at the 162 

end of the pre-intervention period. The cyclists were then randomized into one of the three 163 

interval groups (LI, SI1 and SI2), matched for (1) age, (2) VO2peak and (3) Power40min.  164 

 165 

Training intervention 166 

The training intervention was performed from early November to early December (4 weeks). 167 

In this period the cyclists were allowed to perform ad libitum LIT in addition to HIT sessions 168 

that were determined to each group. The cyclists completed 12 supervised HIT sessions 169 



 

  
  

during the training intervention period, i.e. three HIT sessions per week with at least 48 hours 170 

between each HIT session (Figure 1).  171 

 172 

Insert Figure 1 here 173 

 174 

HIT sessions 175 

The cyclists followed one of three intervention groups with the same accumulated HIT 176 

duration;  177 

 LI – 4x8-min intervals with 2-min recovery periods 178 

 SI1 –  4x(12x40/20-sec) intervals with 2-min recovery periods 179 

 SI2 – 4x(8x40/20-sec) intervals with 2-min recovery periods 180 

 181 

The same accumulated duration of these three interval groups means that the total interval 182 

time is the same for each group. I.e.: 183 

 4x8-min = 32 min 184 

 4x(12x40/20-sec) = 32 min if the 20-sec recovery is not included in the total time of 185 

HIT 186 

 4x(8x40/20-sec) = 32 min if the 20-sec recovery is included in the total time of HIT 187 

 188 

All HIT sessions were performed as supervised group interval training sessions. Each HIT 189 

session started with an individual 20-30 minutes’ warm up at low intensity (55-70% HRmax) 190 

interspersed by freely chosen progressive sprints. All HIT sessions were programmed in the 191 

rollers via the software. For all groups the power output during the recovery periods was 50 % 192 

of the power output used during work intervals. The cyclists in all groups were instructed to 193 

perform each interval session at their maximal sustainable intensity (isoeffort) (27). Each 194 

session ended with 15-20 minutes’ cool down (55-70% HRmax). The sessions were performed 195 

Mondays, Wednesdays and Fridays at the same time of day throughout the 4-week 196 

intervention period. 197 

 198 

HIT sessions were performed on the cyclists` own bikes mounted on electromagnetic rollers. 199 

The rollers were connected to a PC that controlled the rollers via a software. The cyclists were 200 

able to adjust the load electronically with ± 2-3 W precision. They got continuous feedback 201 

on power output and mean power, HR and remaining interval time through a TV connected to 202 



 

  
  

the software. Mean power, mean HR (HRmean) and peak HR (HRpeak) and rate of perceived 203 

exertion (RPE) using Borg`s 6-20 scale were recorded by the test leaders after each interval 204 

bouts in the LI group and every 12th or 8th minute bouts for SI1 and SI2 group, respectively. 205 

After the warm-up all rollers were calibrated using a standardized “roll-down resistance” 206 

procedure prescribed by the producer in order to quantify deck ergometer wheel resistance. 207 

The resistance was calibrated to 3.0 lb ± 0,10 lb in all HIT sessions. The calibration value was 208 

saved on the control module that was mounted on a rack beside each cyclist and used for 209 

workload calculations during the HIT sessions. Air pressure in the tires was standardized to 210 

6.0 Bar prior to each HIT session.  211 

 212 

In total, 165 blood samples (~6 per cyclist) from the fingertip were taken during the HIT 213 

sessions in the intervention period in order to measure the blood lactate concentration [la-]. In 214 

the LI group, blood samples were taken at the end of the 3rd and 4th interval bout. In both SI 215 

groups blood samples were taken at the end of the 3rd and 4th 8 minute or 12 minute interval 216 

bout.  217 

 218 

Training diary 219 

All training during the whole period was recorded in a training diary by each cyclist. The 220 

cyclists registered the following variables for each training session: (1) activity form duration 221 

(“cycling”, “another endurance training” “strength/mobility”), (2) duration in each endurance 222 

zone (Session Goal/Time In Zone (SG/TIZ)) (36), (3) perceived exertion (1-10) 30 min post 223 

exercise (sRPE) and (4) overall feeling (1-10). They were also instructed to write a comment 224 

for each training session. The cyclists delivered the diary online at the end of each week.  225 

 226 

Test procedure  227 

In addition to the familiarization test, the cyclists completed two test periods during the 228 

participation in this project. The pre-test was performed the week before the intervention 229 

period, while the post-test was performed at least 2-5 days after the last interval session for 230 

each cyclist. The test period lasted two days (test day 1 and test day 2) including at least 48 231 

hours’ recovery between each of the two test days to ensure sufficient recovery and optimal 232 

performance. The cyclists were not allowed to perform any kind of intense exercise the day 233 

before each of the two test days. Furthermore, the cyclists were also instructed to consume the 234 

same type of meal and avoid consumption of products containing caffeine during the 2.5 235 



 

  
  

hours preceding testing. The same test leaders supervised all tests, and strong verbal 236 

encouragement was given to ensure maximal effort.  237 

 238 

Test day 1 239 

Submaximal incremental test 240 

The first test day was preceded by a submaximal incremental test. The test started with the 241 

cyclists completing 5 minutes’ submaximal bouts with increasing work load in order to 242 

identify the workload corresponding to 4 mMol·L-1 [la-]  (Power4mM). The cyclists started 243 

with 5 minutes’ cycling at 125 W. The workload increased by 50 W every 5 minutes. If the 244 

blood [la-] exceeded 3 mMol·L-1, the power output was increased by 25 W. The test was 245 

terminated when [la-] reached ≥ 4 mMol·L-1. Oxygen uptake (VO2), HR and respiratory 246 

exchange ratio (RER) were measured during the last 2.5 minutes on each bout. Further, [la-] 247 

was measured after 4.5 minutes at each workload. The RPE was recorded at the end of each 5 248 

minutes’ bout, using Borgs’ 6-20 RPE scale. Power and VO2 corresponding to 4 mMol·L-1 249 

[la-] were identified after making a power-lactate curve based on [la-] and VO2 at each 250 

workload (23). Energy expenditure was calculated using gross VO2 from the workloads 125, 251 

175 and 225 W and gross efficiency (GE) was further calculated using the method of Coyle et 252 

al. (6). 253 

 254 

Incremental test to exhaustion 255 

After 10 minutes’ active recovery the cyclists conducted an incremental test to exhaustion to 256 

quantify: (1) VO2peak, (2) peak power output (PPO), (3) HRpeak and (4) peak blood lactate 257 

concentration [la-
peak]. The test started with one minute of cycling at a power output 258 

corresponding to 3 W/kg (rounded down to nearest 50 W). The power output increased by 25 259 

W every minute until voluntary exhaustion. The test leaders gave strong verbal 260 

encouragement during the test to ensure maximal effort and optimal performance. Mean 261 

power during the last minute decided the cyclists’ PPO. VO2 was measured every 30 seconds. 262 

The average of the two highest VO2 measurements determined the cyclists’ VO2peak. [la
-
peak] 263 

was measured one minute after the test was completed. In addition, HRpeak was recorded after 264 

termination of the test. Objective criteria such as plateau of the oxygen uptake, HR ≥ 95 % of 265 

known HRmax, RER ≥ 1.10 and [la-] ≥ 8.0 mMol·L-1 were used to ensure that VO2max was 266 

reached. To estimate fractional utilization of VO2peak, the VO2 corresponding to 4 mMol·L-1, 267 

was calculated as percentage of VO2peak (%VO2peak@4mM).  268 

 269 



 

  
  

30 s all-out Wingate test 270 

After the incremental test to exhaustion, the cyclists got another 10 minutes’ recovery before 271 

they completed a 30 s all-out Wingate test to determine (1) peak power (PP) and (2) mean 272 

power during 30 seconds (Power30s). The test started with the cyclists pedaling seated, at a 273 

frequency of 120 RMP for 20 seconds with a resistance of 120 W, including a 3 seconds’ 274 

countdown before a braking resistance, equivalent to 0.7 Nm.kg-1 body mass (Lode 275 

Excalibur), was applied to the wheel and remained constant throughout the subsequent 30 276 

seconds of the test. The cyclists were instructed to pedal with maximal effort and remain 277 

standing throughout the 30 s all-out.  278 

 279 

Test day 2 280 

40-min-all-out trial (Power40min) 281 

The second test day consisted of a Power40min. The test was performed in groups on the 282 

cyclists’ own bikes that were mounted on electromagnetic rollers ergometers with a fan 283 

circulating air around the cyclists. The test started with an individual 20-30 min warm-up. 284 

Thereafter, the cyclists were instructed to cycle at the highest possible mean power during 40-285 

min. The cyclists were blinded during the test, i.e. they were not able to see HR and power 286 

output. However, they were allowed to see the remaining time. The test was performed 287 

seated, but the cyclists were allowed to stand if needed. Mean power, HRmean, HRpeak, RPE 288 

and [la-] were recorded by the test leaders at the end of the test.  289 

 290 

Instruments and materials 291 

All tests on test day 1 were performed on the same cycle ergometer, Lode Excalibur Sport 292 

(Lode B. V., Groningen, Nederland). Each cyclist was able to adjust the bike as desired which 293 

included handlebar position, saddle height and distance between tip of the saddle and the 294 

bottom bracket. After the pre-test the bike position for each cyclist was saved and they were 295 

able to resume the same position at the post-test. All tests were performed under similar 296 

environment conditions (17-22°C) and were attempted to be performed at the same time of 297 

day (± 2h).  298 

 299 

VO2 during test day 1 was measured using Oxycon Pro™ with mixing chamber and 30 s 300 

sampling time (Oxycon, Jaeger GmbH, Hoechberg, Germany). Gas sensors were calibrated 301 

via an automated process using certified calibration gases of known concentrations before 302 

every test. The flow turbine (Triple V, Erich Jaeger) was calibrated using a 3L calibration 303 



 

  
  

syringe (5530 series; Hans Rudolph, Kansas, MO, USA). Blood [la-] during all tests and HIT 304 

sessions were analyzed using a stationary lactate analyzer (EKF BIOSEN, EKF diagnostic, 305 

Cardiff, UK). HR was measured using Polar V400 (Polar Elektro Oy, Kempele, Finland).  306 

 307 

All HIT sessions and test day 2 were performed on the cyclists` own bikes mounted 308 

Computrainer LabTM
 ergometers (Race Mate, Seattle, WA, USA). The Computrainer LabTM 309 

ergometers were connected to a PC that controlled the Computrainers via a software 310 

(PerfPRO Studio Hartware Technologies). 311 

 312 

The training diary was made by the test leaders using Microsoft Excel 2016 (Microsoft 313 

Corporation, Redmond, Washington, USA).  314 

 315 

Statistical analyses  316 

Data were analyzed using SPSS 24.0 (SPSS Inc, Chicago, IL, USA) and are presented as 317 

mean ± standard deviation. Tables and figures were made using Microsoft Word, Microsoft 318 

Excel 2016 (Microsoft Corporation, Redmond, Washington, USA) and GraphPad Prism 7 319 

(GraphPad Software, Inc., 7825 Fay Avenue, La Jolla, CA 92037, USA). Baseline and 320 

training characteristics within the groups and differences among the groups in Power40min, 321 

PPO, VO2peak, Power4mM, GE and %VO2peak@4mM were compared using a one-way 322 

between groups analysis of variance (ANOVA) with Bonferroni post-hoc test. A General 323 

Linear Model (GLM) repeated measures model (ANOVA) was used to compare the 324 

percentage change in power output within the groups from week to week during the 325 

intervention period. Absolute changes in physiological responses and performance responses 326 

pre- to post- intervention were compared in all groups using a paired sample t-test. Effect size 327 

(ES) was calculated in order to identify trends according to the criteria from Cohen’s d 328 

(0.2=small, 0.5=medium, 0.8=large). All analyses resulting in P ≤ 0.05 were considered 329 

statistically significant. 330 

 331 

RESULTS 332 

Weekly training characteristics 333 

Weekly training characteristics during the pre-intervention period and the intervention period 334 

for the three groups are presented in Table 1. HIT sessions/week increased significantly in all 335 

groups from pre-intervention period to intervention period (P<0.05), while specific training 336 

(cycling) increased significantly in the LI group (P<0.05). Total training volume and 337 



 

  
  

endurance training, however, remained unchanged during the same period. There were no 338 

significant differences among groups in any training variables measured as mean during both 339 

the pre-intervention period and the intervention period.  340 

 341 

Insert Table 1 here 342 

 343 

Physiological- and perceptual responses during HIT 344 

Mean physiological- and perceptual responses during 12 HIT sessions in all 26 cyclists are 345 

presented in Table 2. Mean power (W·kg-1) during the interval sessions was significantly 346 

higher in SI2 compared to LI (P<0.05). PPO (%) was significantly higher in SI2 compared to 347 

both LI and SI1 (P<0.05). SI1 and SI2 showed a significantly higher Power40min (%) and 348 

Power4mM (%) compared to LI (P<0.05). There were no significant differences between 349 

groups in blood [la-] at the end of interval lap 3 and 4, HR (mean and peak), RPE and sRPE. 350 

Further, there were no significant differences in total compliance (number of completed 351 

interval sessions) among the groups. 352 

 353 

Insert Table 2 here 354 

 355 

Evolution in power output during interval sessions 356 

Evolution in power output during the HIT sessions are presented in Figure 2. During the 357 

training period, the maximal percentage increase in mean power output from baseline was 358 

11.7 %, 11.6 % and 7.8 % in SI1, SI2 and LI, respectively (P<0.05). Maximal percentage 359 

increase was reached at the last HIT session for each group. There were no significant 360 

differences between the groups. 361 

 362 

Insert Figure 2 here 363 

 364 

Physiological and performance changes pre- and post intervention 365 

Physiological and performance test results of the pre- and post intervention are presented in 366 

Table 3. All training groups improved significantly in Power40min and PPO (P<0.05). VO2peak 367 

increased significantly in the LI and SI1 group (P<0.05), while it was unchanged in the SI2 368 

group. Power4mM, %VO2peak@4mM and GE did not have a significant increase in any of the 369 

training groups. The same pattern occurred in PP and Power30s. Body mass remained stable 370 

pre- to post intervention. 371 



 

  
  

 372 

Insert Table 3 here 373 

 374 

Differences in physiological- and performance parameters between groups  375 

95% confidence intervals (95% CI) for change in Power40min, PPO, VO2peak. Power4mM, GE 376 

and %VO2peak@4mM are presented in Figure 3 (A-F). As shown in Figure 3 there are no 377 

significant differences between groups in any parameters. However, ES analysis revealed a 378 

large effect of SI1 compared with SI2 (ES = 0.98) and a medium effect of LI compared with 379 

SI2 (ES = 0.65) in VO2peak (ml·kg-1·min-1). ES analysis also shows a large effect of SI2 380 

compared with LI (ES = 0.88), a medium effect of SI1 compared with LI (ES = 0.56) in 381 

%VO2peak@4mM and a medium effect of SI1 compared with both LI and SI2 (ES = 0.62 and 382 

0.74, respectively) in GE.  383 

 384 

Insert Figure 3 here 385 

 386 

DISCUSSION 387 

The present study demonstrates that there are no differences between aerobic short or long 388 

high intensity interval training with the same accumulated HIT duration (i.e. 32 min). The 389 

present study also demonstrates that performing HIT as both short and long intervals induces 390 

significant improvements in Power40min, PPO and VO2peak during only 4 weeks of intensified 391 

training.  392 

 393 

The main finding in the present study is that there are no differences when performing aerobic 394 

high intensity interval sessions as short or long interval bout duration with the same 395 

accumulated HIT duration. The different groups were matched based on effort. In practice, 396 

this means that the cyclists followed the same recipe, indicating that all intervals should be 397 

performed with the maximum sustainable effort (isoeffort) that could be tolerated through all 398 

the intervals. This approach has previously been suggested to be closer to how athletes 399 

actually train than an isoenergetic approach, where interventions are matched for total work 400 

(12, 27). Prior to start of the project, we wanted the groups to be as equal as possible. They 401 

should only differ in HIT structure (SI and LI). Based on physiological and perceptual 402 

responses, the groups showed approximately equal RPE, sRPE, HRmean, HRmax and [la-] 403 

values during the HIT sessions (Table 2). Further, the power output (W) during the HIT 404 

sessions between the groups was also non-significant, except SI2 who had a significantly 405 



 

  
  

higher power output (W·kg-1) compared to LI. Based on these characteristics, there is reason 406 

to assume that the groups have been too equal during the intervention period. This may have 407 

been an important reason for the non-significant differences in the physiological- and 408 

performance parameters between the groups.  409 

 410 

The present intervention period lasted only 4 weeks, whereas other comparable studies lasted 411 

6-10 weeks (10, 12, 24). The intervention period may have been too short to induce sufficient 412 

training stimulus and thus create a difference between the SI and LI. However, a recent study 413 

by Sylta et al. (34) showed that HIT performed during the initial 4 weeks of a 12-week 414 

training period appeared to have larger impact on specific performance outcomes than what 415 

occurred later in the training period. Moreover, the cyclists in the present study also 416 

performed 12 HIT sessions during the intervention period which is more or approximately 417 

equal to other studies examining the effects of HIT (19, 27, 31, 33, 35, 38, 39).  418 

 419 

Even though there were no significant differences between the groups, we found a large ES in 420 

VO2peak when comparing SI1 with SI2. A potential contributor to this may be that the 421 

accumulated duration in the SI1 group was longer than the LI and the SI2 group, if the 20 sec 422 

recovery periods are included in the total work duration, as studies have recently 423 

demonstrated the advantage of a slight reduction in intensity in combination with increased 424 

accumulated duration when performing HIT (25, 27, 35). On the other hand, this was the only 425 

parameter that showed a difference in ES between the groups and simultaneously increased 426 

significantly from pre to post test. Therefore, it is fair to assume that this may have been a 427 

coincidence.  428 

 429 

The main finding in the present study corroborates with Helgerud et al. (12) who also found 430 

no differences between the SI and LI design. However, there are methodological differences 431 

as Helgerud et al. (12) matched the groups on total work, while the present study used effort 432 

matching of the groups with the same accumulated HIT duration. In addition, the number of 433 

HIT sessions per week as well as the intervention period were different. Subjects in Helgerud 434 

et al. (12) were recreational level subjects while the subjects in the present study were 435 

considered well-trained.   436 

 437 

The present findings are contradictory to other studies who have found differences between 438 

the aerobic SI and LI design (10, 24, 31). In the study by Franch et al. (10) they found that the 439 



 

  
  

LI design had a significantly greater improvement on VO2max and running economy (RE) 440 

compared with the SI design. However, the accumulated duration in the LI group was 441 

somewhat longer compared to the SI group and may have caused larger stimulus in the LI 442 

group. It should also be mentioned that the cyclists in that study were on a recreational level 443 

and therefore on a lower level than the cyclists in the current study. In addition, Stepto et al. 444 

(31) also found superior adaptions in the LI design (8x4-min) compared to the SI design 445 

(12x60-sec). However, the intervention period lasted only 3 weeks, including 2 HIT sessions 446 

per week, with only four cyclists in each group.  447 

 448 

Rønnestad et al. (24) have also reported differences between aerobic SI and LI. In that study it 449 

was found that performing HIT as SI induced superior training adaptions on several 450 

physiological- and performance parameters compared with performing HIT as LI. The 451 

accumulated duration of the LI and SI was similar, 20 and 19.5 min, respectively. However, 452 

the micro recovery periods of 15 seconds in the SI group are short, and it is reasonable to 453 

assume that the HR will not drop significantly during those seconds. Therefore, a high cardiac 454 

output may sustain throughout the micro recovery periods. Unreported observation in the 455 

present study supports this assumption that the HR was high during the micro recovery 456 

periods. This may have resulted in greater physiological stress in the SI group. However, if 457 

the micro recovery periods are included in the total work, the total duration of the SI may be 458 

longer compared to the LI (28 vs 20 min). This may explain why the SI group showed the best 459 

results.  460 

 461 

In accordance with the study by Rønnestad et al. (24), the accumulated duration of both the SI 462 

and the LI in the present study was equal. Unlike Rønnestad et al. (24), we wanted the 463 

manipulation of the SI to be twofold, i.e where the micro recovery period was included in the 464 

total work duration in one group and not in the other. Therefore, two SI groups were included 465 

in the present study. Despite this, none of the SI groups differed significantly in 466 

physiological- and performance parameters compared to the LI group.  467 

 468 

As opposed to the present study, the SI group in the study by Rønnestad et al. (24) performed 469 

the HIT sessions with a significantly higher power output than the LI group, which may have 470 

led to superior stimulus on the cardiovascular and neuromuscular system. This may also have 471 

been an important reason for the superior effect in the SI group. In the current study, on the 472 

other hand, the accumulated duration was 32 min, and there is reason to believe that the 473 



 

  
  

accumulated duration was too long to induce a significant difference in power output (W) 474 

between the groups during the HIT sessions. This may further have been an important reason 475 

why there were no significant differences between the groups.  476 

 477 

To the best of our knowledge, only limited research comparing aerobic SI and LI training 478 

exists. However, in addition to aerobic SI and LI training, research has revealed that repeated 479 

supramaximal sprint interval training (SIT) may be equally effective for eliciting 480 

improvements in endurance performance (13, 17, 18, 31). Indeed, Stepto et al. (31) found that 481 

improvements in PPO and Power40min were the same after performing either SIT, conducted 482 

as 12x30-sec 175 % PPO, or aerobic HIT, conducted as 8x4-min 85 % PPO. Other studies 483 

have also reported improvements after approximately similar SIT protocol used in the study 484 

by Stepto et al. (31) (5, 7, 11, 13, 20). It has been suggested that an important contributor to 485 

the improvement in endurance performance following SIT may have been accompanied by an 486 

increase in muscle buffering capacity and oxidative enzyme capacity (1).  487 

 488 

The second main finding in the present study is that after only 4 weeks of intensified training, 489 

including 12 HIT sessions, both physiological (VO2peak) and performance (Power40min and 490 

PPO) parameters increase when performing SI and LI. These responses are consistent with 491 

other studies investigating the effect of HIT over similar time frames (19, 33, 39), or after 492 

longer interventions (10, 12, 24, 25, 27, 35, 38) involving recreational to elite athletes. No 493 

changes occurred in GE and %VO2peak@4mM. This is probably due to the fact that the stimuli 494 

from short-term HIT are more effective in inducing central cardiovascular adaptions (17). 495 

 496 

Practical applications 497 

HIT is a commonly used method for achieving enhancement in endurance performance in 498 

well-trained athletes (2, 4, 15, 16). However, it is unclear how this part of the training should 499 

be organized in order to optimize the training effects. It is usual among athletes to manipulate 500 

the design of HIT sessions, i.e. whether the intervals are performed with short or long 501 

duration of bouts (2). The present study demonstrates that performing aerobic SI and LI 502 

training during a 4-week training period with an accumulated duration of 32 min results in 503 

increased performance and physiological adaptions. There were no differences between SI 504 

and LI. However, this topic has revealed little attention in literature, and future studies 505 

comparing SI and LI training with the same accumulated duration >30 min are needed, also 506 

on a larger sample size and during a longer time frame than the present study.  507 



 

  
  

 508 

CONCLUSION  509 

The present study demonstrates that there are no differences between aerobic short or long 510 

high intensity interval training with the same accumulated HIT duration (i.e. 32 min) during a 511 

4-week training period. The present study also demonstrates that performing HIT as both SI 512 

and LI induces significant improvements in physiological- (VO2peak) and performance 513 

(Power40min and PPO) parameters.  514 
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 637 

FIGURE LEGENDS 638 

 639 

FIGURE 1: Study overview. Week 1-2; Familiarization to lab-test (submaximal incremental 640 

test, incremental test to exhaustion and 30 s all-out Wingate test) and 40 min-all-out trial 641 

(Power40min). Week 3-5; Familiarization to HIT sessions (4x8x40/20-sec and 4x12x40/20-642 



 

  
  

sec). Week 6; Pre-test (test day 1 and test day 2) followed by randomization (R) into long 643 

interval (LI), short interval 1 (SI1) and short interval 2 (SI2). Week 7-10; Intervention period. 644 

Week 11; Post-test (test day 1 and test day 2).  645 

 646 

FIGURE 2. Percentage change in power output during the long interval sessions (LI), short 647 

interval sessions 1 (SI1) and short interval sessions 2 (SI2) during the 4-week intervention 648 

period. *Larger than week 2 and 3 in the SI1 group (P<0.05). #Larger than week 2 and 3 in the 649 

SI2 group (P<0.05). $Larger than week 2 and 3 in the LI group (P<0.05). €Tendency to larger 650 

than week 1 in the SI2 group (P=0.07). Note: Week 1 = baseline when comparing weeks. HIT 651 

session 1 = baseline when comparing HIT sessions.  652 

 653 

FIGURE 3. 95% confidence intervals (95% CI) for relative change after a 4-week training 654 

period (Pre-Post) in A) Power40min, B) PPO, C) VO2peak, D) Power4mM E) GE and F) 655 

%VO2peak@4mM, in long interval (LI) (N=8), short interval 1 (SI1) (N=9) and short interval 2 656 

(SI2) (N=9) intervention groups. Each marker* indicates one cyclist. Power40min = Mean 657 

power during 40-min all-out trial, PPO = Peak Power Output, VO2peak = Peak oxygen uptake 658 

and Power4mM = Power corresponding to 4 mMol·L-1 lactate, GE = Gross Efficiency, 659 

%VO2peak@4mM = Percent peak oxygen uptake corresponding to 4mMol·L-1 lactate 660 

 661 



 

  
  

Table 1: Weekly training characteristics during the pre-intervention period (PIP) and the intervention period (IP) in 26 cyclists, randomized to 1 

long interval (LI), short interval 1 (SI1) and short interval 2 (SI2). Values are mean ± SD. 2 

 

Total  

(N=26) 

LI  

(N=8) 

SI1  

(N=9) 

SI2  

(N=9) 

  PIP IP PIP IP PIP IP PIP IP 

Training volume (h.wk-1) 8.1 ± 3,6 8.8 ± 4.0 8.8 ± 5.6 10.0 ± 5.7 7.9 ± 2.8 8.1 ± 3.2 7.8 ± 2.3 8.4 ± 3.1 

Endurance (h.wk-1) 7.2 ± 3.1 8.0 ± 3.2 7.5 ± 4.4 8.7 ± 4.3 7.0 ± 2.8 7.6 ± 2.9 7.0 ± 2.1 7.7 ± 2.6 

Specific training (h.wk-1) 4.6 ± 2.8 6.0 ± 2.5* 4.3 ± 3.6 6.4 ± 4.0* 4.8 ± 2.3 5.8 ± 0.9 4.7 ± 2.7 6.0 ± 2.1 

HIT session/week 1.3 ± 0.2 3.0 ± 0.1* 1.3 ± 0.1 3.0 ± 0.1* 1.3 ± 0.2 3.0 ± 0.1* 1.3 ± 0.3 3.1 ± 0.2* 

*P<0.05 3 

 4 



 

  
  

Table 2. Physiological and perceptual responses from HIT sessions during the 4 weeks’ 1 

intervention period. 2 

  
LI     

(n=8) 

SI1 

(n=9) 

SI2  

(n=9) 

Complience % HIT sessions 

 
99 ± 2.9 99.1 ± 2.8 100 ± 0.0 

Power (W)£ 

 
287 ± 26.8 290 ± 25.8  311 ± 32.7 

Power (W·kg-1) £ 

 
3.7 ± 0.5 4.0 ± 0.3 4.3 ± 0.6* 

Percent of Peak Power Output (%)£ 70 ± 2.9 74 ± 2.9 78 ± 4.0*§ 

 

Percent of Power40min (%)£ 
104 ± 3.5 111 ± 3.3* 115 ± 5.2* 

 

Percent of 4mM lactate power (%)£ 
104 ± 5.9 113 ± 6.5* 116 ± 6.3* 

 

Blood lactate (mMol·L-1) interval lap 3 
6.2 ± 1.2 6.0 ± 1.0 7.6 ± 1.8 

 

Blood lactate (mMol·L-1) interval lap 4 
8.1 ± 1.4 7.2 ± 2.0 9.3 ± 2.2 

 

Interval lap HRmean (%HRpeak)£ 
86 ± 1.7 86 ± 3.3 87 ± 1.4 

 

Interval lap HRpeak (%HRpeak)£ 
90 ± 1.3 90 ± 2.9 91 ± 1.2 

 

RPE (6-20)£ 
16.8 ± 0.7 16.7 ± 0.3 16.8 ± 0.3 

 

sRPE 30 min post session (1-10) 
 8.8 ± 0.9 8.7 ± 0.8  8.7 ± 0.5  

All values are presented as mean ± standard deviation of 12 HIT sessions in 26 cyclists. 3 

Compliance is calculated as percent of the total HIT sessions described (12 sessions per 4 

cyclist). £All values of power, mean/peak heart rate (HR) and rate of perceived exertion (RPE) 5 

were calculated as the mean of 4 interval laps. Session RPE (sRPE) was recorded 30 min after 6 

each HIT session. In total, 165 lactate samples were collected at the end of interval lap 3 and 7 

4 (~6 per cyclist). *Significantly larger than LI. §Significantly larger than SI1.  8 

 9 



 

  
  

Table 3. Pre to post changes in physiological- and performance parameters during the 4 weeks’ intervention period. All values are mean ± SD. 1 

  
LI  

(n=8) 

SI1  

(n=9) 

SI2 

(n=9) 

  Pre Post Pre Post Pre Post 

Body composition       

Body mass (kg) 77.3 ± 7.1 77.6 ± 7.1  73.7 ± 9.0 73.8 ± 9.5 72.9 ± 6.4 72.5 ± 6.2 

       

Performance       

Power40min (W) 267 ± 24.4 286 ± 21.8* 251 ± 24.9 271 ± 24.2* 259 ± 29.1 274 ± 27.9* 

PPO (W) 405 ± 37.4 424 ± 32.8* 386 ± 32.7 403 ± 37.4* 392 ± 39.9 408 ± 34.8* 

  
     

Aerobic 
 

     

VO2peak (ml·kg-1·min-1) 64 ± 6.7 65.8 ± 7.5* 62.9 ± 5.5 65.4 ± 6.0* 64.5 ± 7.3 65.0 ± 7.4 

VO2peak (L·min-1) 4.9 ± 0.4 5.1 ± 0.4* 4.6 ± 0.4 4.8 ± 0.5* 4.7 ± 0.5 4.7 ± 0.4 

Power4mM (W) 273 ± 27.8 277 ± 31.4 256 ± 29.8 259 ± 25.8 263 ± 19.7 270 ± 19.5 

%VO2peak@4mM (%) 80.4 ± 4.7 77.8 ± 5.6 78.1 ± 3.9 78.3 ± 5.3 78.8 ± 5.8 81.0 ± 4.5 

GE (%) 18.2 ± 0.8 18.4 ± 1.1 19.1 ± 0.9 18.8 ± 1.3 19.0 ± 0.6 19.3 ± 0.7 

       
Anaerobic 

      
PP (W) 1223 ± 180.8 1234 ± 154.9  1055 ± 251.7 1053 ± 265.7 1099 ± 150.0 1102 ± 95.1 

Power30s (W) 744 ± 84.6 745 ± 76.1 639 ± 67.7 641 ± 68.5 651 ± 42.0 649 ± 54.6 

Power40min = Mean power during 40-min all-out trial, PPO = Peak Power Output, VO2peak = Peak oxygen uptake, Power4mM = Power 2 

corresponding to 4 mMol·L-1 lactate, %VO2peak@4mM = Percent peak oxygen uptake corresponding to 4mMol·L-1 lactate, GE = 3 

Gross Efficiency, PP = Peak Power, Power30s = Mean power during 30 s all-out test.  4 

* P<0.05 5 
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Part 3: 

 

Appendix 

 
Contents: 

 

Appendix 1: Information sheet to participants / Decleration of consent  

Appendix 2: NSD approval 

Appendix 3: Preparation instructions for test-day 1 

Appendix 4: Training diary (screenshot form Microsoft Excel) 

Appendix 5: Polar M400 Heart-rate monitor user instructions 
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