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Abstract 

 

Training intensity, and its distribution within a training program, is a key variable in positively or 

negatively influencing athletic performance, through varying physiological adaptations stemming from 

different training intensities. However, experimental research investigating physiological adaptations 

to various training intensity distributions is scarce. As such, the purpose of this study was to examine 

the performance and peripheral adaptations to a polarized (POL) and a threshold (THR) training 

intervention in trained cyclists. 

Seventeen trained road and mountain bike cyclists, including men (n = 13) and women (n = 4), aged 

between 19 and 49 years, participated in this study. This study followed a pre-post design, with a 

random assignment of participants into two experimental groups: a POL or a THR training group. The 

pre- and post-tests included a ramp incremental test to exhaustion and a 30-s Wingate test, with 

concurrent cardiorespiratory, muscle oxygenation, power, heart rate, and blood lactate data collection. 

The intervention consisted of six weeks of polarized (80/0/20% in zone 1/2/3) or threshold (45/55/0% 

in zone 1/2/3) training.  

The findings of the present study indicate that both POL and THR training stimulate improvements in 

power output over a 6-week training period. There were no significant group*time interactions observed 

for any measured variable (p > 0.05), however, effect sizes were calculated to investigate the magnitude 

of differences after the training intervention. Both THR and POL displayed improvements in power 

output at LT2, and PPO, however the effect size was numerically greater after THR than POL training 

(ES = 0.54, 0.29). It was also found that the effect size of muscle oxygen utilization was greater after 

POL than THR at LT1, LT2, PPO, and after the 30-s Wingate (ES = 0.72, 0.91, 0.74, 1.76). The 

magnitude of change in VO2max was larger for POL than THR (5.9% vs. 1.1% improvement, 

respectively; ES = 0.40). The THR group showed a greater numerical increase in effect size, compared 

to POL in anaerobic capacity and explosive power (ES = 0.34, 0.40). A moderate and a small numerical 

increase was observed in effect size in exercise economy at LT2 and PPO in THR, but not in POL (p > 

0.05, ES = 1.11, 0.45). 

It is suggested that the observed improvement in power output at LT2 and PPO in the POL group may 

be attributed to peripheral aerobic adaptations, as indicated by an increase in O2 utilization and VO2max. 

Secondly, it is suggested that glycolytic adaptations may contribute to the improvement in power output 

at LT2 and PPO in the THR group, as reflected by a decrease in VO2/W, along with increases in 

anaerobic capacity and explosive power. Over a 6-week period, neither POL nor THR appeared to be 

superior for improving endurance performance, but they may induce different adaptations.  
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Opsomming 

 

Oefenintensiteit, en die verspreiding daarvan binne 'n oefenprogram, is 'n sleutelveranderlike wat 

atletiese prestasie positief of negatief beïnvloe. Die uitkoms word bewerkstellig deur wisselende 

fisiologiese aanpassings in respons op verskillende oefenintensiteite. Nietemin is eksperimentele 

navorsing, wat die fisiologiese aanpassings in respons op verskillende oefenintensiteitsverspreidings 

ondersoek, skaars. Dus was die doel van hierdie studie om die prestasie en perifere fisiologiese 

aanpassings, in respons op 'n gepolariseerde (POL) en 'n drempel (THR) oefenintervensie, in geoefende 

fietsryers te ondersoek. 

Sewentien geoefende pad- en bergfietsryers, insluitend mans (n = 13) en vroue (n = 4), tussen die 

ouderdom van 19 en 49 jaar, het aan die studie deelgeneem. Hierdie studie het 'n voor-en-na-intervensie 

ontwerp gevolg, met 'n lukrake toewysing van deelnemers aan twee eksperimentele groepe: 'n POL- of 

'n THR-oefengroep. Die voor- en na-toetse het 'n geggradeerde oefentoets tot uitputting en 'n 30-s 

Wingate-toets ingesluit, met gelyktydige kardiorespiratoriese-, spieroksigenasie-, kraguitset-, 

hartspoed- en bloedlaktaat data-insameling. Die intervensie het ses weke geduur en het bestaan uit 

gepolariseerde (80/0/20% in sone 1/2/3) of drempel (45/55/0% in sone 1/2/3) inoefening. 

Die bevindinge van hierdie studie dui daarop dat beide POL- en THR-inoefening verbeterings in 

kraguitset oor 'n 6-weke oefenperiode stimuleer. Daar was geen beduidende groep*tyd-interaksies vir 

enige gemete veranderlike waargeneem nie (p > 0.05) nie, maar effekgroottes is bereken om die grootte 

van verskille na die oefen intervensie te ondersoek. Beide THR- en POL-groepe het verbeterings in 

kraguitset by LT2 en PPO getoon, maar die effekgrootte was numeries groter na THR as na POL-

inoefening (EG = 0.54, 0.29). Daar is ook gevind dat die effekgrootte van spieroksigenasie na POL 

groter was as na THR by LT1, LT2, PPO en na die 30-s Wingate (EG = 0.72, 0.91, 0.74, 1.76). Die 

grootte van verandering in VO2maks was groter vir POL as vir THR (5.9% vs. 1.1% verbetering, 

onderskeidelik; EG = 0.40). Die THR-groep het 'n groter numeriese toename in effekgrootte getoon in 

anaërobiese kapasiteit en eksplosiewe krag in vergelyking met POL (EG = 0.34, 0.40). 'n Matige en 'n 

klein toename, onderskeidelik, is waargeneem in oefenekonomie by LT2 en PPO in THR, maar nie in 

POL nie (p > 0.05, EG = 1.11, 0.45). 

Dit word voorgestel dat die waargenome verbetering in kraguitset by LT2 en PPO in die POL-groep 

toegeskryf kan word aan perifere aërobiese aanpassings, soos aangedui deur 'n toename in O2-benutting 

en VO2maks. Tweedens word gesuggereer dat glikolitiese aanpassings moontlik bydra tot die 

verbetering in kraguitset by LT2 en PPO in die THR-groep, soos weerspieël deur 'n afname in VO2/W, 

tesame met toenames in anaërobiese kapasiteit en eksplosiewe krag. Oor 'n 6-weke tydperk blyk dit dat 

nie POL óf THR meer voordelig is vir die verbetering van uithouvermoë prestasie nie, maar hulle mag 

verskillende aanpassings induseer.  
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Glossary 

 

(a-v) O2difference - arteriovenous oxygen difference 

ATP   - adenosine triphosphate 

CMJ   - countermovement jump 

EMG   - electromyographic amplitude 

ES   - effect size 

Fatmax   - maximal fat oxidation rate 

h   - hour 

HHb   - deoxygenated hemoglobin 

HR   - heart rate 

HVLIT   - high-volume low-intensity training 

kg   - kilogram 

L   - litre 

LT1   - lactate threshold 1 / aerobic threshold 

LT2   - lactate threshold 2 / anaerobic threshold 

MCT1   - monocarboxylate transporter 1 

MCT4   -   monocarboxylate transporter 4 

min   - minute 

mL   - millilitre 

MLSS   - maximal lactate steady state 

mmol   - millimole 

MVC   - maximal voluntary contraction 

NIRS   - near-infrared spectroscopy 

O2   - oxygen 

O2Hb   - oxygenated hemoglobin 
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p   - p-value 

PO   - power output 

POL   - polarized 

PPO   - peak power output 

PYR   - pyramidal 

R   - Pearson correlation coefficient 

R2   - coefficient of determination 

RFD   - rate of force development 

RMR   - resting metabolic rate 

RQ   - respiratory quotient 

SD   - standard deviation 

SJ   - squat jump 

SmO2   -  muscle oxygen saturation 

THR   - threshold 

TID   -  training intensity distribution 

TTE   - time to exhaustion 

vLT1   - velocity at lactate threshold 1 

VO2max  - maximal oxygen uptake 

VT1   - ventilatory threshold 1 

VT2   - ventilatory threshold 2 

W   - watt 

Z2/Z2/Z3  - zone 1 / zone 2 / zone 3 

1RM   - 1 repetition maximum  

µL   -  microlitre 
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Chapter 1 – Introduction. This chapter contains the background information and problem statement, as 

well as the aims and hypotheses of the study.  

 

Chapter 2 – Literature review. Article one: "Physiological and Endurance Sport Performance 

Adaptations to Polarized and Threshold Training: A Review”. The purpose of this chapter was to collect 

and summarize the existing literature relating to training intensity distributions and their physiological 

and performance outcomes. A second purpose was to provide a rationale why investigating muscle 

oxygenation adaptations to various training intensity distributions will contribute to our understanding 

of the spectrum of peripheral muscle adaptations to exercise training. 

 

Chapter 3 – Methodology. This chapter explains the study design, participant information, methods for 

data collection, information about the training intervention, ethics, and statistical analysis. 

 

Chapter 4 – Results and Discussion. Article two: "Performance and Physiological Adaptations to a Six-

Week Polarized and Threshold Training Intervention in Trained Cyclists". The focus of this article was 

to describe the physiological and performance adaptations to a six-week polarized or training 

intervention in trained cyclists. 

 

Chapter 5 – Conclusion. This chapter includes a summary of the main findings of the study, a review 

of the hypotheses, the practical applications of the findings, limitations of the study, and suggestions 

for future research. 
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Chapter 1 Problem Statement 

 

Background 

A comprehensive understanding of the optimal training intensity distribution (TID) can be of 

paramount importance for athletes and coaches striving to optimize athletic performance. TIDs refer to 

three distinct training zones: zone 1, below the aerobic threshold (< LT1); zone 2, between the aerobic 

and anaerobic thresholds (between LT1 and LT2); and zone 3, above the anaerobic threshold (> LT2) 

(Seiler and Kjerland, 2006). The aerobic threshold can be defined as the threshold above which the 

body predominantly relies on carbohydrate as a substrate for ATP production; this threshold is also 

commonly referred to as LT1, or VT1. The anaerobic threshold can be defined as the threshold above 

which the lactate production is in excess of the lactate clearance rate. Above this intensity the oxygen 

independent pathways are becoming more active in the total ATP production. As such, the term 

'anaerobic threshold' is slightly misleading as the muscle is not deficient in oxygen, but rather more 

reliant on oxygen independent pathways. This threshold is also commonly referred to as maximum 

lactate steady state, onset of blood lactate accumulation, LT2, VT2, or oxygen independent threshold. 

Though it should be noted that these thresholds may fall at marginally different intensities, due to 

different measurement methods. In the present thesis the aerobic and anaerobic thresholds will be 

referred to as LT1 and LT2. 

Among endurance athletes, two distinct TID models have been identified (Esteve-Lanao et al., 

2005). Firstly, a polarized training model (POL) (Foster et al., 2007; Muñoz et al., 2014) which is 

characterized by a large proportion of training time in zone 1 (~ 80% of training time), supplemented 

with zone 3 training (~ 20% of training time). Notably, this model allocates limited- or no time to the 

intermediate (zone 2) intensity paradigm. The second TID model commonly used is a threshold training 

model (THR) (Enoksen et al., 2011; Tjelta and Enoksen, 2010). This training model comprises a large 

proportion of volume in the intermediate zone 2 intensity (~ 55%), with most- to all other training 

performed in the low intensity zone 2 (~ 45%). 

Previous research has shown that adopting a POL training model for endurance athletes may 

be optimal due to the large volume of lower intensity work, while maintaining a sufficient stimulus of 

high-intensity work. The lower intensity zone 1 training has been found to affect mostly aerobic 

adaptations, such as a decrease in carbohydrate oxidation and plasma lactate concentration at the same 

absolute work rate, and enhanced ability of the working muscle to generate ATP aerobically (Laursen, 

2010; Westgarth-Taylor et al., 1997). Typically, high intensity zone 3 training facilitates improvements 

in maximal aerobic capacity (VO2max) by increasing cellular stress, as found by Weston et al. (2014) 

(Weston et al., 2014). 
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THR training is very specific to most endurance race events. Due to the aerobic nature of 

endurance events, athletes spend most competition time in the intermediate zone 2 (Muñoz et al., 2013). 

Training according to a THR distribution has been observed to improve an athlete's velocity at the 

anaerobic threshold (LT2), and as such improve endurance performance through improved average pace 

during the race (Evertsen et al., 2001; Kenneally et al., 2018). A THR training program has also been 

found to induce adaptations in the oxidative metabolism of muscle cells (Faude et al., 2009). 

Different training intensities have been found to elicit distinct physiological responses 

(MacInnis and Gibala, 2017). From prior research this seems to extend to both POL and THR training 

approaches. Among practitioners and researchers alike there is a debate as to which TID model may be 

superior in maximizing physiological adaptations, as well as performance.  

Adaptations to exercise training can be broadly categorized as either central or peripheral, based 

on where the adaptation occurs in the body (Gibala and MacInnis, 2022). Central adaptations refer to 

cardiovascular and circulatory changes, whereas peripheral adaptations refer to muscular changes 

(Hellsten and Nyberg, 2011). Central adaptations are the physiological adaptations associated with 

oxygen delivery to the working muscles, while peripheral adaptations are concerned with oxygen 

utilization in the working muscles. Different exercise programs can cause varying physiological 

adaptations, despite similar performance outcomes (Daussin et al., 2007). To boost performance, 

athletes could therefore adapt their training throughout their season or career, to maintain performance, 

but keep applying a novel stimulus. 

One way to assess peripheral adaptations is through near-infrared spectroscopy (NIRS). NIRS 

measures tissue oxygenation status non-invasively by near-infrared light being absorbed and reflected 

differently by oxygenated and deoxygenated hemoglobin and myoglobin (O2Hb and HHb). O2Hb and 

HHb can be used to determine muscle oxygen saturation (SmO2) using the following equation 

(Feldmann and Erlacher, 2021; Myers C, 2020):  

𝑆𝑚𝑂2 =
𝑂2𝐻𝑏

𝑂2𝐻𝑏 + 𝐻𝐻𝑏
× 100. 

Conversion of O2Hb to HHb, in other words a decrease in SmO2, is indicative of oxygen 

utilization of the muscle. Changes in the O2 utilization of the muscle have been found to be largely due 

to adaptations in muscle capillary networks, and mitochondrial respiratory capacity (Ryan et al., 2013). 

Strong correlations have been found between a decrease in SmO2 during incremental exercise at 

exhaustion, and VO2max (Shibuya and Tanaka, 2003). Utilizing NIRS to assess peripheral adaptations 

after different TIDs may aid in quantifying changes that can boost endurance performance. 
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Problem Statement 

To date, only a few studies have reported on the performance and physiological adaptations in 

response to the two training models and the findings from these studies are not conclusive. Notably, 

there has been no investigation on how muscle oxygenation is affected by polarized or threshold 

exercise training.  

The purpose of this study was to broaden our understanding of the underlying physiological 

adaptations and changes in performance markers associated with POL and THR training in cycling. The 

findings of this study can be used as a guideline for competitive athletes and coaches on how they 

should train to optimally enhance their performance. Understanding how an individuals' body adapts to 

specific types of training can help prevent athletes from doing ineffective training which may hamper 

training progress, or from over-training which will negatively affect performance. The findings of this 

study will also help exercise physiologists understand how different training strategies impact 

physiological adaptations.  

  

Research aims 

1. To determine the magnitude of changes in power output, aerobic capacity, anaerobic capacity, 

and muscle oxygenation following a 6-week POL and THR training intervention in trained 

cyclists. 

2. To determine the relationship between the changes in muscle oxygenation markers, and 

changes in performance indicators following a 6-week POL and THR training intervention in 

trained cyclists. 

 

Hypotheses 

H1: A THR training intervention will lead to a higher workload at a sub-maximal exercise intensity, 

compared to a POL training model. Ghosh (2004) found decreases in O2 cost, lactate accumulation and 

depletion of glycogen at a given exercise intensity, after THR training (Ghosh, 2004). This was 

hypothesized to result in an improvement in submaximal exercise intensity. 
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H2: There will be no difference in change in aerobic capacity between the training interventions. Treff 

et al. (2017) compared a POL and a pyramidal (PYR) training intensity distribution over an 11-week 

training period and found no significant change in VO2max between training models (Treff et al., 2017). 

 

H3: A THR training model will lead to greater improvements in anaerobic capacity, compared to a POL 

training model. Pérez et al. (2020) found that runners could better maintain maximum force 

development following 12-weeks of THR training, compared to POL training (Pérez et al., 2020). 

 

H4: A POL training intervention will elicit greater muscle oxygenation adaptations than a threshold 

training model. Egan & Zierath (2013) observed that cellular stress occurs in proportion to exercise 

intensity, and that there is evidence that higher intensity exercise elicits a greater metabolic signal in 

the active muscles compared to moderate intensity exercise(Egan and Zierath, 2013). 

 

H5: A THR training model will improve exercise economy (VO2/W) more than a POL training model. 

Stöggl & Sperlich (2014) found an improvement in work economy at a sub-maximal intensity favoring 

THR training over POL training (Stöggl and Sperlich, 2014). 

 

H6: There will be positive correlations between changes in muscle oxygenation and changes in markers 

of endurance performance. Shibuya & Tanaka (2003) observed a significant relationship between SmO2 

at aerobic exhaustion and VO2max (Shibuya and Tanaka, 2003). 

 

Variables 

The variables of the study are presented in Table 1.1. 
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Table 1.1 - Variables of the study.  

Independent Training intensity distribution, namely:  

• Polarized training (80 / 0 / 20 % in zone 1 / 2 / 3) 

• Threshold training (45 / 55 / 0 % in zone 1 / 2 / 3) 

Dependent •  Markers of aerobic endurance performance: 

o Power output at LT1 

o Power output at LT2 

o PPO 

o Absolute and relative VO2max 

o HRmax 

o VO2 at LT1 

o VO2 at LT2 

o VO2 at PPO 

• Anaerobic performance: 

o 30-s Wingate PPO 

o 30-s Wingate mean PO 

o 30-s Wingate minimum PO 

o Explosive power (time to reach PPO) 

o Anaerobic capacity (total power produced as a function of time and 

body weight) 

o Fatigue index (percentage decline in power output over 30-s) 

• Muscle oxygenation: 

o Relative O2Hb and HHb, absolute SmO2 at LT1 

o Relative O2Hb and HHb, absolute SmO2 at LT2 

o Relative O2Hb and HHb, absolute SmO2 at PPO 

o Relative O2Hb and HHb, absolute SmO2 after 30-s Wingate 

Control  None 

 

 

Assumptions 

It was assumed that participants were motivated to take part in the study, and that they would 

perform the tests and the prescribed training to the best of their ability.  

Participants were asked to follow certain rules before the testing session: no exercise for 24-h, 

no caffeine for 12-h, and no food for 2-h preceding the testing session. It was assumed that the 

participants followed these guidelines as there are no reliable objective way their compliance could be 

assessed. 
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Regarding the training intervention and the data collection, it was assumed that six weeks of 

training for approximately 9.5-h per week according to a POL or a THR training model will be enough 

to elicit a statistically significant change in performance and muscle oxygenation variables. 

The NIRS device only measures the muscle oxygenation of a small portion of the Vastus 

Lateralis muscle below the probe. It was assumed that this would be an accurate representation of the 

active muscles. 

It was assumed that all equipment will produce reliable data during testing after daily 

calibration according to the manufacturer's specifications. 
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Chapter 2 Literature Review 

 

Introduction to Article 

The literature review of the present study is presented in a review article format. 

The article, titled "Physiological and Endurance Sport Performance Adaptations to Polarized and 

Threshold Training: A Review," aims to summarize the existing literature relating to TIDs and the 

ensuing physiological and performance adaptations. Second, the aim was to provide a rationale for the 

investigation of muscle oxygenation adaptations to various TIDs. 

The article was written in accordance with the author's guidelines of the Journal of Strength & 

Conditioning Research (Addendum A). The JSCR referencing style was applied.  

[For convenience, the tables are included in the text, and are numbered according to the chapter in this 

thesis. In the submitted manuscript, these will be placed at the end of the document.] 
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Abstract  

 

The objective of this review was to compare the effects of various training intensity distribution models 

on endurance sport performance and the associated physiological adaptations. 

The literature search was conducted on June 30th, 2023. Studies were selected if they comprised 

endurance-trained athletes, analysis of training intensity distribution, included a polarized (POL) and/or 

a threshold (THR) training group, and assessed either internal or external measurements of endurance 

performance. Twenty studies were included in the review: twelve with performance outcome measures 

and eight with physiological outcome measures. It was found that a larger body of evidence favors a 

high-volume, low-intensity training (HVLIT) model, or a POL training model, over a THR or pyramidal 

(PYR) training model for performance outcomes. There is consensus that a high volume of training at 

a low intensity is key for endurance sports performance. However, there is still uncertainty regarding 

the optimal distribution of zone 2 and zone 3 training for optimal endurance adaptations. Experimental 

studies report desirable adaptations resulting from both zone 2 and zone 3 training. Zone 3 training 

seems optimal for improving VO2max, and increasing power/speed at a given intensity, while zone 2 

training seems beneficial for maintaining muscular strength and enhancing exercise economy. Current 

research suggests that a high volume of zone 1 training, along with a nuanced approach to higher 

intensity training that embraces the desired adaptations specific to each individual, may be the best 

strategy for athletic success. 

 

 

Keywords: Polarized training; threshold training; pyramidal training; aerobic performance. 
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Introduction 

In endurance sports, exercise training can be defined as purposeful physical activity aimed at 

improving the structure or function of physiological systems (38). The underlying principle is that the 

athlete's body responds to a training stimulus, with the goal of maximizing adaptations while 

minimizing the risk of overload and injury. Endurance training primarily focuses on enhancing 

cardiovascular fitness, increasing muscle capillarization, improving mitochondrial density, and 

optimizing fat utilization to improve energy efficiency and enable athletes to sustain higher intensities 

for longer durations (29). The training stimulus can be manipulated by altering three principal 

components, namely, exercise intensity, exercise duration, and exercise frequency (3). Appropriate 

manipulation of these variables is key, as altering each variable has an impact on metabolic, 

cardiopulmonary and/or neuromuscular responses.  

To guide our understanding and prescription of exercise intensity, duration, and frequency, 

different intensity zones have been described. These zones are based on physiological markers, such as 

the lactate threshold, ventilatory threshold, percentage of maximum heart rate, or subjective factors, 

such as a rating of perceived exertion (39). Much of the existing literature on training intensity 

distribution (TID) refers to a 3-zone model, which utilizes measurable thresholds, such as the aerobic 

and anaerobic lactate thresholds (LT1 and LT2) or the ventilatory and respiratory compensation 

thresholds (VT1 and VT2), to define the three intensity zones (26). Various terms are used to refer to 

the three zones, however, they all represent similar physiological markers that reflect the utilization of 

different energy systems: zone 1, characterized by exercise intensity at or below the aerobic threshold; 

zone 2, encompassing intensities between the aerobic and anaerobic thresholds; and zone 3, 

representing exercise intensities at or above the anaerobic threshold (5). These zones serve as valuable 

markers for determining appropriate training intensities and targeting specific physiological systems 

during training sessions. Some coaches or practitioners prefer to use a five-zone training model. This 

distinguishes intensities within the three-zone model; zone 1 and zone 2 are both below the aerobic 

threshold, but are used for active recovery and endurance training, respectively. Zone 3 is used as 

threshold training between the aerobic and anaerobic threshold. Zone 4 and zone 5 are both supra-
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anaerobic threshold, with zone 4 focusing on the VO2max high-intensity, and zone 5 focusing on 

anaerobic power training. The five-zone model uses the same physiological thresholds but divides the 

zones into sub-categories in order to more specifically apply a training stimulus (44). 

Training intensity, and its distribution within a specific micro- or mesocycle of a training 

program, has been identified as a key variable that can be manipulated to affect markers of performance 

(31). However, it turns out that TIDs are a hotly disputed topic among researchers, sport scientists, and 

coaches (39). Manipulating the distribution between the three (or five) training zones changes the 

relative demands put on the metabolic pathways. In response to this given training stress, the rate at 

which adaptations occur, and the type of adaptations, may differ (51).  

In practice, it seems that athletes use a wide range of training intensity distributions (TIDs) 

(43). However, among endurance athletes, two TIDs are predominantly used: a polarized training model 

(POL) and a threshold training model (THR). A POL TID consists of elevated percentages of time in 

the high intensity zone 3 and low intensity zone 1, with limited or no training time spent in zone 2. 

Broadly speaking a POL training model would be designed as Z1 > Z3 > Z2 (50). Traditionally a 

polarized TID distributes intensity as roughly 80% zone 1, 20% zone 3, and minimal time spent in zone 

2 (34). Thus, this model combines high-volume endurance training and a small amount of high intensity 

training (43). A THR training model would be designed as Z2 > Z1 > Z3. As an example, in a traditional 

threshold program, intensity is distributed roughly as 40% zone 1, 50% zone 2, and 10% zone 3 (50). 

Pyramidal training (PYR) is like threshold training in that there is a large focus on zone 2 training. 

However, traditionally a PYR training model would be designed as Z1>Z2>Z3 (50). The difference 

between PYR and THR being the volume of zone 1 training relative to zone 2 training. Some literature 

groups pyramidal (PYR) and THR training together, because of the focus on the zone 2 intensity.  

Despite the ongoing debate regarding the optimal TID for endurance performance, there is a 

consensus that different TIDs, and hence different stimuli, result in distinct physiological adaptations 

(37). There is supportive data for optimal performance after both POL and THR TIDs, however, Foster 

et al. (2022) contend that many underlying physiological mechanisms that affect performance changes 

remain to be determined (13). Consequently, it is plausible that there is no single ideal TID and that 
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different TIDs are optimal for eliciting specific adaptations. Therefore, it may be important to 

investigate not only performance outcomes arising from various TIDs, but to also delve into the 

underlying physiological mechanisms that drive the observed changes in performance. Such insights 

may offer practitioners with useful information to more effectively periodize athlete's training 

programs.  

In current literature focusing on the differences between a POL and a THR TID model, there is 

a scarcity of research comparing the performance and physiological improvements of each training 

model simultaneously. The aims of this review were to (a) summarize the changes in endurance sport 

performance, and (b) describe our current understanding of the underlying physiological adaptations 

following a polarized and threshold TID. 

 

Methods 

An online search using PubMed and Web of Science was conducted on June 30th, 2020. The 

following keywords with Boolean operators were used: "Training intensity distribution AND (polarized 

training OR threshold training OR pyramidal training)". These are widely used terms for these types of 

endurance training. However, if relevant studies have used other terminology, these will have been 

omitted. Studies were included if the following criteria were met; (a) articles written in the English 

language; (b) they included endurance-trained athletes (studies with sprint athletes were excluded); (c) 

included an analysis of training intensity distribution as observational reports, case studies, or 

interventions; (d) contained a polarized training and/or a threshold training group, and (d) assessed 

either internal (e.g., VO2max) or external (e.g., 10-km running performance) measurements of 

endurance sport performance.  

Figure 1 illustrates the steps followed to identify publications for this analysis. From 233 

records found, 38 duplicates were removed, and 195 titles and abstracts were screened. A further 161 

publications were excluded, based on the titles or abstracts not covering the required topics. Thirty-four 
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full-text articles met the broad inclusion criteria, but on further inspection, only 20 studies met all the 

inclusion criteria for qualitative analysis (8–12,14,18,19,30,32–35,39–43,47,49) (Figure 1). 

 

 

Figure 2.1 - Flow diagram of the literature search. 

 

Results 

The 20 studies that met the inclusion criteria are presented in tables organized by the dependent 

variable of interest (physiological adaptations and performance outcomes). Studies that compared TIDs 

and performance outcome measures are summarized in Table 2.1. Studies that compared TIDs and 

various physiological adaptations are summarized in Table 2.2. 
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Table 2.1 - Study characteristics with performance outcome measures. 

Study Sport 

Sample 

Size 

(M/F/U) 

Intervention 

Groups 
Level Outcome Results Supports 

Seiler et al. 

(2004) 
XC Skiing 11 (11/0) Observational Well-trained TID 

75% zone 1, 8% zone 2, 17% 

zone 3. 
POL 

Esteve-Lanao et 

al. (2005) 
Running 8 (U) Observational Well-trained TID 

time in zone 1 vs 4.175-km race: 

r = -0.79, p = 0.06; and 10.130-

km race: r = -0.97, p = 0.008. 

HVLIT 

Foster et al. 

(2007) 
Running 20 (20/0) 

POL 

PYR 
Sub-elite 

Race 

performance 

POL > PYR for 10.4-km race: 

157 ± 13 s vs -121.5 ± 7.1 s, p = 

0.03 

POL 

Guellich et al. 

(2009) 
Rowing 36 (36/0) Observational World-class 

TID & Race 

Performance 

Emphasis on zone 1 (95% zone 1 

throughout season). 
HVLIT 

Guellich et al. 

(2010) 
Cycling 51 (51/0) Observational Junior elite 

Peak aerobic 

power 

Most improved athletes 

performed highest volume in 

zone 1: 3722 ± 724 min vs 3128 

± 310 min, p < 0.01; and least 

volume in zone 2: 244 ± 103 min 

vs 442 ± 107 min, p < 0.01. 

POL 

Tjelta & 

Enoksen (2010) 
Running 4 (4/0) Observational Junior elite 

TID & Race 

performance 

78.3% zone 1, 19.6% zone 2, 

2.1% zone 3, during preparation 

period. 

PYR 

Enoksen et al. 

(2011) 
Running 6 (3/3) Observational Elite 

TID & Race 

performance 

80% in zone 1, 20% zone 2, and 

almost no zone 3 training. 
PYR 

Stellingwerff 

(2012) 
Running 3 (3/0) Observational Elite TID 

74% in zone 1, 11% in zone 2, 

15% in zone 3. 
POL 

Muñoz et al. 

(2014) 
Running 30 (U) 

POL 

THR 
Recreational 

Race 

performance 

5.0% POL vs 3.6% THR 

improvement in 10-km race: p = 

0.226. 

N 

Muñoz et al. 

(2014) 
Triathlon 9 (6/3) Observational Recreational 

Race 

Performance 

training time in zone 1 vs 

Ironman race time: r = -0.919, p = 

0.40; training time in zone 2 vs 

Ironman race time: r = 0.939, p = 

0.001. 

HVLIT 

Manzi et al. 

(2015) 
Running 7 (7/0) Observational Recreational 

TID & Race 

performance 

time in zone 1 vs vLT1: r = 0.88, 

p < 0.01; vLT1 vs marathon time; 

r = -0.83, p < 0.01 

HVLIT 

Sellés-Pérez et 

al. (2019) 
Triathlon 18 (18/0) 

POL  

PYR 
Recreational 

Race 

Performance 

POL: time in zone 2 vs 1.9-km 

swim time: r = -0.616, p< 0.05; 

and 90-km cycling time: r = -

0.536, p < 0.05. 

PYR: time in zone 2 vs 21.1-km 

running time: r = -0.513, p < 

0.05; and half Ironman race time: 

r = -0.526, p < 0.05. 

PYR 

M, male; F, female; U, unspecified; PPO, peak power output; POL, polarised; PYR, pyramidal; THR, 

threshold; N, neither; TID, training intensity distribution; HVLIT, high volume low intensity training; 

vLT1, velocity at LT1. 
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Table 2.2 - Study characteristics with physiological adaptation measures. 

Study Sport 
Sample Size 

(M/F/U) 

Intervention 

Groups 
Level 

Outcome 

Measures 
Results Supports 

Evertsen et al. 

(2001) 

Cross-country 

skiing 
20 (11/9) 

Moderate (POL) 

High intensity 

(THR) 

Elite 

LT 

[MCT1] 

[MCT4]  

↑ Speed at LT2 for THR (p = 

0.003), but not for POL (p = 

0.54). 

No change in MCT1 for 

THR (p = 0.30), but ↓ for 

POL (p=0.01). No change in 

MCT4 in either group (p > 

0.10). 

THR 

Seiler et al. (2007) Running 17 (17/0) 

Below VT1 short 

Below VT1 long 

At VT2 

Above VT2 

Trained and 

highly trained 
ANS recovery 

Improved HRV recovery 

with exercise below VT1 

compared with exercise 

between VT1 and VT2, or 

above VT2 (p < 0.05) 

POL 

Neal et al. (2013) Cycling 12 (12/0) 
POL 

THR 
Well-trained 

TTE 

LT 

[MCT1] 

[MCT4] 

POL > THR for PPO (p < 

0.05), LT2 (p < 0.05), and 

TTE (p < 0.05). No change 

in mitochondrial enzyme 

activity and MCT1 in either 

group. 

POL 

Stöggl et al. (2014) 

Mixed 

endurance 

sports 

48 (U) 

POL 

HIIT 

THR 

HVLIT 

Competitive 

Exercise 

economy 

LT 

TTE 

VO2max 

THR > POL for economy (p 

< 0.05) 

POL > THR for VO2max (p 

< 0.001), TTE (p < 0.001), 

PPO (p < 0.01), LT2 (p < 

0.01) 

POL 

Treff et al. (2017) Rowers 14 (14/0) 
POL 

PYR 
Elite 

LT 

2000 m 

ergometer test 

VO2max 

No difference in 2000-m 

ergometer test, VO2max, or 

LT between POL and PYR 

(p > 0.05) 

N 

Festa et al. (2020) Running 38 (31/7) 
POL 

THR 
Recreational 

CMJ 

Exercise 

economy 

LT 

SJ 

VO2max 

1RM estimation  

No differences in any 

measured variable between 

POL and THR (p > 0.05) 

N 

Pérez et al. (2020) Running 20 (U) 
POL 

THR 
Recreational 

EMG 

Fat metabolism 

MVC 

RFD 

POL ↓ RFD (p < 0.001), 

THR no change (p > 0.05). 

THR ↑ EMG (p = 0.02) 

THR 

Filipas et al. (2021) Running 60 (60/0) 

PYR 

POL 

PYRPOL 

POLPYR 

Well-trained 

LT 

5 km race 

performance 

VO2max 

PYRPOL largest 

improvements in VO2max (p 

< 0.0001), vLT1 (p < 

0.0001), vLT2 (p < 0.0001), 

and 5-km race performance 

(p = 0.0001), compared to 

POL, PYR, or POLPYR. 

PYRPOL 

M, male; F, female; U, unspecified; VO2max, absolute maximal oxygen uptake; performance, 

umbrella term for different performance tests (20-min all out run, 40 km time trial, time to exhaustion 

at 95% PPO, etc.); LT, lactate thresholds; TTE, time to exhaustion; [MCT1], concentration of 

monocarboxylate transporter 1; [MCT4], concentration of monocarboxylate transporter 4; 1RM, 1 

repetition maximum leg press; SJ, squat jump; CMJ, countermovement jump; RMR, resting metabolic 

rate; Fatmax, maximal fat oxidation rate; RFD, isometric rate of force development; MVC, maximal 

voluntary contraction; EMG, electromyographic amplitude; POL, polarized; THR, threshold; HVLIT, 

high volume low intensity training; N, neither. 

 

 

It is apparent from the literature that high performance athletes and coaches see value in both 

polarized and threshold training. Several retrospective observational studies exploring the volume and 

TID of world-class athletes have been published, citing the performance advantage of training sessions 
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at- or just below the anaerobic threshold (or LT2) (4,45,46,48). Conversely, other retrospective 

observational studies looking at world-class athletes emphasize the importance of a polarized TID that 

does not include any zone 2 training on performance (18,36,39). 

 

Performance Outcomes to POL and THR 

Muñoz et al. (2014) compared the effects of POL and THR training on 30 recreational runners 

who were randomly assigned to either training intervention (33). Participants completed a 10-km race 

before and after the respective training intervention. Both groups improved their 10-km race times 

significantly (39.3 ± 4.9 min to 37.3 ± 4.7 for POL, p < 0.001; and 39.4 ± 3.9 to 38.0 ± 4.4 for THR, p 

< 0.001); however, no statistically significant differences were observed between the two groups (p = 

0.226). Interestingly, when the impact of training volume was analysed, it was found that those who 

engaged in higher total training volumes (the POL group) showed greater performance improvements 

(p = 0.038).  

These findings are in line with those of Esteve-Lanao et al. (2005), Guellich et al. (2010), 

Muñoz et al. (2014) and Manzi et al. (2015) who studied high-volume low-intensity training (HVLIT) 

in runners, cyclists, triathletes, and runners, and with Seiler et al. (2004), Foster et al. (2007), and 

Stellingwerff (2012) who investigated POL training in XC-skiers, and runners (9,14,18,30,32,39,42). 

In all studies, a three-zone intensity model was established, and participants' TID was determined during 

a specific period of their overall training program. The researchers of the HVLIT studies reported 

significant associations between total time spent in zone 1 and the magnitude of performance increase 

(r = -0.79, p = 0.06; r = 0.88, p < 0.01; r = -0.92, p < 0.01; p < 0.01). They also observed that world 

class rowers exhibit a constant and large emphasis on low intensity zone 1 training. Elite XC-skiers and 

elite marathon runners follow a POL approach and studies reported improved race performance 

following 5 months of POL training, compared with training focussed on zone 2 intensity (p = 0.03). In 

contrast to the HVLIT approach, the latter three studies (Seiler et al., 2004; Foster et al., 2007; 

Stellingwerff, 2012) adopted a more polarized training program, characterized by the same focus on 
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substantial low-intensity zone 1 training, as well as a significant emphasis on high-intensity zone 3 

training.   

 

In contrast, Tjelta & Enoksen (2010), Enoksen et al. (2011), and Sellés-Pérez et al. (2019) 

presented findings that challenge the high intensity zone 3 focus inherent to a polarized training 

approach (8,41,47). These studies explored the training characteristics of elite junior cross-country 

runners, elite senior long-distance runners, and amateur half-Ironman athletes, respectively. The first 

two studies reported the athletes trained at a high total volume at low intensities (65-82% HRmax), with 

an emphasis on some training near to- or at the anaerobic threshold (between LT1 and LT2) (i.e., zone 

2). This is typical of a pyramidal TID, and similar to a THR TID. The rationale behind this approach is 

that athletes can sustain higher training volumes because of the limited inclusion of zone 3 work, 

arguing that type of training would favour changes in oxygen transportation and improved economy of 

movement. Sellés-Pérez et al. (2019) investigated the effect of 20-weeks of polarized or pyramidal 

training on half-Ironman race performance in amateur triathletes. They reported significant inverse 

relations between total training time spent in zone 2 and the race time (r = -0.526, p < 0.05).  

 

Physiological Adaptations to POL and THR 

Seiler et al. (2007) investigated the impact of TIDs on autonomic nervous system (ANS) 

recovery in runners (40). Notably, performance outcomes were not assessed as part of this study. The 

findings revealed that the first ventilatory threshold (VT1) may serve as a binary threshold for ANS 

recovery, showing that the magnitude of intensity above VT1 did not further affect ANS recovery. 

Exercise below VT1 showed significantly quicker heart rate variability (HRV) recovery than after 

exercise between VT1 and VT2 (p < 0.05). There was no difference in HRV recovery time between 

exercise at VT2 and exercise above VT2 (p > 0.05). Therefore, it was argued that when performing 

higher intensity training above VT1, it would be beneficial to prioritize high-intensity zone 3 training 
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over zone 2 training. Such an approach would maximize the adaptive signalling response compared to 

zone 2 training, while maintaining a similar stress response to zone 2 training.  

Two studies investigated the impact of POL and THR training interventions on exercise 

economy (11,43). Exercise economy refers to the energy demand required to achieve a specific velocity 

or power output and plays a role in endurance sports performance (25). Stöggl et al. (2014) reported an 

improved exercise economy following a THR training intervention, while no significant change was 

observed following the POL training intervention (p < 0.05) (43). Conversely, Festa et al. (2020) found 

that both POL and THR training interventions resulted in an enhanced exercise economy (ES = 0.4, p 

< 0.05 in POL. ES = 0.6, p < 0.05 in THR); however, no statistically significant differences were found 

between the two TID groups (p > 0.05) (11).  

Another important aspect of endurance performance lies in the capacity to metabolize fatty 

acids over carbohydrates. Hetlelid et al. (2015) reported that well-trained athletes exhibited 

approximately threefold higher fatty acid metabolism during a high-intensity interval session compared 

to recreationally trained athletes (22). Pérez et al. (2020) found that fat metabolism increased similarly 

following 12 weeks of POL and THR training in ultrarunners (35). The percentage fat that contributed 

to the output at LT1 rose by 7.5% after POL training (p = 0.171) and by 1.0% after THR training (p = 

0.867), however, the between-group difference was not statistically significant (p > 0.05).  

Endurance performance is also affected by VO2max, which refers to the maximal rate of oxygen 

uptake by an individual, as measured during a progressive exercise test to exhaustion. Studies by 

Evertsen et al. (2001), Stöggl et al. (2014), Treff et al. (2017), Festa et al. (2020), and Filipas et al. 

(2021) reported on changes in VO2max in response to POL and THR training (10–12,43,48). Stöggl et 

al. (2014) observed significant increases in VO2max following a POL training intervention, but no 

significant changes after a THR training intervention (11.7 ± 8.4%, p < 0.001 after POL vs. -4.1 ± 6.7%, 

p > 0.05) (43). Conversely, Evertsen et al. (2001), Treff et al. (2017), Festa et al. (2020), and Filipas et 

al. (2021) did not find any significant differences in VO2max between POL and THR training 

interventions (10–12,49). Treff et al. (2001) and Filipas et al. (2021) found improvements between 0.6% 

and 2.1% after both training interventions, but no difference in the training effect between groups (p > 
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0.05) (12,49). Festa et al. (2020) found a small increase in VO2max of 0.6 mL·min·kg-1 (ES = 0.1) after 

POL (and a small decrease of -0.5 mL·min·kg- (ES = 0.1) after PYR. Again, the between-group 

difference in the training response was not statistically significant (11).  

Neal et al. (2013) and Evertsen et al. (2001) explored specific peripheral adaptations with POL 

and THR training, namely mitochondrial enzyme activity, monocarboxylate transporter (MCT) 1 and 4 

expression and lactate threshold (10,34). MCT1 and MCT4 are transmembrane transport proteins 

responsible for the transport of lactate out of and into cells, respectively. Given the aerobic nature of 

endurance training, one expects an increase in MCT1. However, Evertsen et al. (2001) reported no 

changes in MCT1 expression after the THR training intervention (p = 0.32), and a decrease in MCT1 

expression following the POL training intervention (p = 0.04) (10). The training response differed 

significantly between the two groups (p < 0.05). Additionally, they found that MCT4 expression 

remained unchanged after both training interventions (p > 0.10). In contrast, Neal et al. (2013) observed 

no changes in MCT1 following either TID intervention (12 ± 13% after POL vs 10 ± 13% after THR, 

p > 0.05) (34). However, they found that MCT4, along with markers of endurance performance, 

increased for both TID interventions, with a greater increase observed after POL training (MCT4: 133 

± 56% after POL vs 80 ± 41% after THR, p > 0.05; LT2: 18 ± 18 W after POL vs 4 ± 31 W after THR, 

p < 0.05; PPO: 27 ± 18 W after POL vs 9 ± 17 W after THR, p < 0.05).  

Filipas et al. (2021) conducted a study in which they not only compared POL and PYR training 

interventions, but also investigated the effects of consecutive interventions (12). The study involved 16-

weeks of POL training, 16-weeks of PYR training, as well as two sequential interventions, namely 8-

weeks of POL followed by 8-weeks of PYR training (POLPYR), and 8-weeks of PYR training followed 

by 8-weeks of POL training (PYRPOL). They reported that the PYRPOL intervention induced 

significantly greater improvements in various performance and physiological parameters compared to 

the other training models. Changes included VO2max (3% improvement, ES = 0.40), velocity at LT1 

(1.7% improvement, ES = 0.22), velocity at LT2 (1.5% improvement, ES = 0.22) and 5-km running 

performance (1.5% improvement, ES = 0.28). These findings illustrate the potential benefits of 

combining TIDs at different stages in an athlete's preparation.  
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Discussion 

A significant challenge in investigating TIDs is the limited involvement of elite athletes in 

intervention-based research studies. The training arrangements of elite athletes are often dictated by 

federations or coaches, which restricts their willingness or availability to report or modify their habitual 

training methodologies for research. Due to the already high fitness levels of elite athletes, introducing 

novel training programs may not elicit performance enhancements. Consequently, most studies 

focusing on TID in elite endurance athletes primarily rely on a retrospective analysis of athletes' 

training, with race performance as the primary outcome measure, rather than physiological changes (7 

studies on elite athletes, compared to 5 studies on recreational athletes, with several n = 1 studies on 

elite athletes not included in this review, looking at performance outcomes; only 2 experimental studies 

on elite athletes, compared to 6 studies on recreational athletes).  

 

The synthesis of the twelve studies in Table 2.1 focused on the comparison of different TIDs 

on performance outcomes. All studies reported improvements in performance, but notably, nine out of 

twelve studies found greater performance enhancements after POL or HVLIT training methods 

(9,14,18,19,30,32,33,39,42). The other three studies advocated a training approach that included 

training time in zone 2 (8,41,47). The consensus among studies is that a high total training volume, and 

a high volume of training performed in zone 1 plays a key role in endurance performance. On the 

contrary, there were conflicting findings regarding the optimal volume of zone 2 required, compared to 

zone 3 training. Four studies advocated for a POL training model, opposed to three studies advocating 

for a THR or PYR training model. Training, according to a HVLIT or a POL approach, was 

hypothesized to induce greater improvements in VO2max and systemic adaptations when compared to 

a more zone 2 focused training program. Training, according to a PYR approach, was hypothesized to 

improve oxygen transport and exercise economy. However, because of the observational nature of these 

studies, limited physiological data are available to substantiate the claims supporting either zone 2 or 

zone 3 training.   
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The primary aim of the eight experimental studies presented in Table 2.2 was to compare the 

changes in both performance and physiological adaptations after different TIDs. Overall, findings were 

mixed regarding the physiological adaptations associated with specific TIDs and inconclusive whether 

one TID is superior to another.  

  The key factors that limit endurance performance have long been recognised, namely maximal 

oxygen consumption (VO2max), lactate threshold, and exercise economy (6,24,28). The Fick equation, 

which states that VO2 is a product of cardiac output and arteriovenous oxygen difference, is classically 

interpreted to distinguish between "central" and "peripheral" adaptations. Central adaptations can be 

defined as physiological adaptations associated with improved oxygen delivery to the working muscles. 

In endurance exercise lasting longer than ~75 s, most of the energy used is yielded by aerobic 

metabolism (15). Thus, having an improved O2 delivery to the working muscle, in other words, a greater 

cardiac output, is desirable. Peripheral adaptations are concerned with the oxygen utilization of the 

working muscle. The phenotype of human skeletal muscle is highly responsive to training (17). Local 

muscular adaptations, such as mitochondrial biogenesis and capillary density, aid in the transport and 

utilization of oxygen to yield aerobically formed ATP. These adaptations are critical in delaying the 

onset of muscle fatigue and improvement in performance during prolonged aerobic exercise (25). It has 

long been established that brief, intense exercise can increase VO2max (27). It has also been observed 

that cellular stress occurs in proportion to exercise intensity (7). Some argue that as zone 2 and zone 3 

training cause similar ANS responses, athletes should prioritize zone 3 training to maximize the 

adaptive response to increase aerobic adaptation. However, in the studies presented in Table 2.2, there 

was only slim evidence that VO2max increased to a greater extent after POL than THR. 

 

An individual's lactate threshold is the highest exercise intensity at which lactate production 

and lactate clearance are in balance (2). The lactate threshold has been observed to be strongly correlated 

to endurance performance (16,47). Lactate production comes as a by-product of glycolytic respiration, 
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which is an energy system that rapidly produces energy. The rapid energy production associated with 

glycolytic respiration is especially desirable at high exercise intensities, that have a greater total energy 

demand. Many endurance events require tactical pace changes, often above the lactate threshold. These 

pace changes require additional anaerobic energy to produce the desired output. Having an inadequately 

developed glycolytic system may thus compromise the speed required for these pace changes. As such, 

a sufficiently developed glycolytic system has been found essential to produce a high rate of ATP 

generation from glycolysis, and thus having the physiological capacity to metabolize glycogen is 

important for endurance athletes (2,20,21,48). Depending on the athlete's target event, they should have 

a sufficiently, but not over-developed glycolytic system, to maximize energy output for the duration of 

the event, without too many negative effects of fatigue-inducing metabolites associated with glycolytic 

respiration. However, as shown by the inconclusive results of the studies investigating MCT1 and 

MCT4, both of which play a key role in lactate transport in- and out of cells, the effects of POL and 

THR on glycolytic capacity are not yet established. 

 

The slim evidence suggesting that exercise economy increases to a greater extent after THR 

than POL may serve as an indicator of substrate utilization for energy production. In both studies 

investigating running economy after POL and THR training, the THR training group used less O2 at the 

same workload, i.e. had better exercise economy. This may show either improved mechanical 

efficiency, or a greater contribution from oxygen-independent metabolic pathways. This would be in 

line with previous findings showing an inverse relationship between muscle oxidative capacity and 

exercise economy; improved exercise economy seems to compensate for a lower aerobic capacity (23). 

However, the physiological basis by which these adaptations take place is still under debate. Therefore, 

it cannot be said with certainty that THR training improves glycolytic capacity and/or exercise 

economy. 
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A consensus on a single TID for optimal physiological adaptations is yet to be reached. In 

investigating responses to different TIDs, it has become apparent that certain physiological adaptations 

appear to be better achieved through a POL  training approach, while others are more enhanced after a 

threshold training approach. Maximizing adaptive signalling, increasing VO2max, and increasing PPO 

may be more effectively achieved through a POL training approach, whereas maintaining muscular 

strength and the enhancement of exercise economy may be better facilitated by a THR training 

approach.  

It is evident that different TIDs have varying effects on physiological responses, potentially 

leading to different performance outcomes among individuals. Hence, incorporating different TIDs 

during different phases of an annual periodization may prove beneficial, to optimize the stimuli required 

to keep improving. As demonstrated by Filipas et al. (2021), adopting a pyramidal-into-polarized 

training approach may be a beneficial strategy, as it combines benefits from the combination of the 

distinct advantages and disadvantages of certain TIDs (10). An approach that embraces the nuances of 

different TIDs, rather than focusing on one singular TID, may prove most effective in enhancing an 

athlete's performance.  

 

The challenge found in all research studies investigating TIDs is the quantification of exercise 

time-in-intensity-zone. Various metrics are employed to assess external workload (i.e., velocity, pace, 

power, distance), as well as internal workload (i.e., %HRmax, %VO2max, lactate thresholds, ventilatory 

thresholds). There is some discrepancy among all these variables, putting the thresholds between zone 

1 and zone 2, and zone 2 and zone 3 at slightly different relative intensities. Additionally, the 

classification of training sessions can be based on either time-in-zone or session goal, both of which 

yield different total durations spent in a particular intensity zone. The discrepancy arises from the 

inherent time lag between external workload and physiological response.  

A challenge faced by retrospective studies analysing TID and race performance lies in their 

reliance on non-experimental approaches. Such studies offer valuable insights into the associations 
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between TID and race performance. However, in the absence of a TID group for direct comparison and 

the lack of physiological data to substantiate conclusions, caution must be exercised when applying 

findings to a broader athlete population.  

A challenge with experimental studies investigating TIDs and physiological outcomes is the 

limited availability of research in this area. There remains a scarcity of studies that have specifically 

examined the physiological adaptations associated with different TIDs. Among the existing studies that 

have explored physiological outcomes of TIDs, a diversity of outcome variables has been assessed, 

making it difficult to establish consistent findings across the literature. The studies that have 

investigated similar physiological outcome variables have often yielded inconclusive or sometimes 

conflicting results. The varying methodologies, definitions, participant characteristics, training 

interventions, and outcome measures all contribute to the complexity of synthesizing the findings.  

 

Future research could focus on exploring the intricate physiological adaptations occurring in 

response to different TIDs. Using the rapidly evolving technologies in sports medicine and health 

sciences, there may be exciting opportunity to investigate certain discrepancies from novel perspectives. 

Advancing our understanding of the performance- as well as the physiological outcomes resulting from 

various TIDs holds significant potential in supporting coaches and athletes in designing well-balanced 

and effective training programs. 

 

Practical Applications 

The prevailing trend from the studies analysed here, both observational and experimental alike, 

generally suggests that a high volume of low-intensity training might be a critical component in 

optimizing endurance sports performance. However, the optimal distribution between zone 2 and zone 

3 training remains inconclusive, with diverging findings between observational and experimental 

investigations. Observational studies advocate prioritizing zone 3 work, while experimental studies 

report beneficial adaptations to both zone 2 and zone 3 training. It seems that POL is effective for 

Stellenbosch University https://scholar.sun.ac.za



 

 
 

25 

maximizing adaptive signaling, improving VO2max, and increasing power/speed at a given intensity, 

whereas THR is more effective for maintaining muscular strength and enhancing exercise economy. 

Combining training models to suit individual needs may prove most ideal, as observed in the study by 

Filipas et al. (2021). 

With diverging adaptations to different TIDs, it may prove beneficial to train focusing on 

desired physiological adaptations, rather than short-term performance increases. A nuanced approach 

with different TIDs at different times from a target event supports the development of an athlete's unique 

physiology and may aid in optimizing athletic performance and promoting long-term athletic success.  
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Chapter 3 Methodology 

 

Study Design 

This study followed a pre-post experimental design, with a random assignment of participants 

into two experimental groups: a threshold (THR) or a polarized (POL) training group. Following the 

familiarization session and baseline testing, participants were randomly allocated to the two training 

groups for a six-week POL or THR training program. The researcher was not blinded to the training 

program for each cyclist, as this was not practically possible. Following completion of the six-week 

training intervention, participants were re-tested, and results were compared to baseline data. 

 

Participants 

Seventeen healthy individuals, comprising trained cyclists (13 men, 4 women), were recruited 

from the local cycling community, the local triathlon club, social media, and through word-of-mouth 

referrals. The required sample size was calculated with G*Power 3 and based on the relative oxygenated 

hemoglobin and relative deoxygenated hemoglobin (∆O2Hb and ∆HHb) results of Pramkratok et al. 

(2022) (Faul et al., 2007; Pramkratok et al., 2022). It was calculated that 7 to 10 pairs of participants 

would be needed to detect a statistically significant difference in the outcome variables between the two 

training methods (ES = 0.8, 95% power, and 5% level of significance). 

 

Inclusion Criteria 

Participants were included if they: 

• were between 18-49 years old;  

• had been training consistently for >2 years prior to entry into the study;  

• trained 6-10 hours per week for at least the previous 6 months.;  

• men: had a relative peak power output (PPO) of at least 3.60 W/kg, or an absolute PPO of at least 

280 W (Pauw et al., 2013);  

• or: had a relative VO2max of at least 45.0 mL·min-1·kg-1, or an absolute VO2max of at least 3.4 

L/min;  

• women: had a relative PPO of at least 3.0 W/kg, or an absolute PPO of at least 170 W (Decroix et 

al., 2015);  
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• or: had a relative VO2max of at least 37.0 mL·min-1·kg-1, or an absolute VO2max of at least 2.2 

L·min-1.   

 

Exclusion Criteria 

Participants were excluded if they:  

• suffered from a recurring injury which had not fully recovered, or they were taking medication 

which might lead to anomalies in the training responses during the time of the study 

(recommendation letter from a physician was required with a recurring injury to be considered for 

the study);  

• had a skinfold thickness on the belly of the Vastus Lateralis that exceeds 17 mm. This was to 

ensure that the near-infrared spectroscopy (NIRS) probes were placed at the required distance from 

each other for valid readings (Myers C, 2020);  

• performed strenuous exercise 24 hours before the laboratory test visits. On the day of each test, 

the participant was required to abstain from alcohol and caffeine for 12 hours pre-test and not 

consume food three to four hours before. Water could be consumed in moderation;  

• missed three or more laboratory training sessions during the six-week intervention;  

• missed five or more zone 1 rides during the six-week training intervention;  

• were taking any kind of anticoagulant medicine during the time of the study. 

 

Place of study 

All familiarization, physiological performance tests, and weekly interval training sessions were 

conducted in the Sport Physiology Laboratory in the Department of Sport Science, Stellenbosch 

University. During the six-week intervention, participants performed one intensity-controlled interval 

session per week in the laboratory and under the supervision of the researcher. Participants completed 

all the other rides during the intervention period on their own, while they controlled exercise intensity 

using either heart rate or power. These sessions were overseen and analyzed remotely by the researcher, 

using TrainingPeaks (TrainingPeaks, Louisville, USA). 
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Procedures 

The experimental period lasted 8 weeks from the initial familiarization test to the final post-

intervention test. It comprised a familiarization test and a baseline test in the laboratory in week one, 

followed by six weeks of the prescribed training, and one post-intervention testing session (Figure 3.1).  

 

 

Figure 3.1 - Study design schematic detailing the timeline for the testing period and the training 

intervention period. 

 

During the familiarization session, the participants completed a physical activity readiness 

questionnaire (Addendum B) and an informed consent form (Addendum C). The testing procedures 

were explained, anthropometric measures were taken, and finally participants performed the exercise 

test. This familiarization test was terminated at a submaximal level, namely 210 W for men and 140 W 

for women. Participants then also performed a 30-s Wingate sprint, at an all-out effort. 

Once volunteers were found eligible to participate, they were randomly divided into either the 

POL group, or the THR group, with an online randomization program (randomizer.org). Prior to the 

second testing session participants were asked to consume a meal two hours before the testing session, 

avoid caffeine intake, and refrain from exercise on the day preceding the testing session. During the 

second visit participants' body mass, stature, and body fat percentage were measured. Participants then 

performed the complete pre-intervention test, which consisted of an incremental VO2max test to 

exhaustion, and a 30-s Wingate sprint, with concurrent cardio-respiratory, blood lactate and NIRS 
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measurements. Post-intervention testing was performed following the six-week training intervention 

period, using the same testing protocols. 

All exercise tests were performed on the Velotron Dynafit Pro (RacerMate, Seattle, USA), 

while the laboratory interval sessions were performed on the participant's own bike which was mounted 

to a Cyclus2 ergometer (RBM elektronik-automation GmbH, Leipzig, Germany).  

 

Anthropometric Measurements 

The anthropometrical measurements comprised stature (standing height), body mass and 3 

skinfolds. These measurements were used to determine the participant's percentage body fat.  

Stature was defined as the perpendicular distance between the transverse planes of the vertex 

and the inferior aspects of the feet (Stewart et al., 2011). The stretch stature method was used. Stature 

was measured using a sliding stadiometer (Seca, Germany). The participants were asked to stand 

barefoot on the scale with their heels together. Participants were asked to have their heels, buttocks 

and upper part of the back touching the scale, and their head in a Frankfort position. The participants 

were asked to take a deep breath while the headboard was firmly pressed down on the vertex, 

compressing the hair as much as possible. The measurement was then taken to the nearest 0.1 

centimetre.  

Body mass was measured using a calibrated electronic scale (SECA 813, Hamburg, Germany) 

recorded to the nearest 0.1kg. Participants were asked to stand barefoot in the middle of the scale, 

distributing their weight uniformly on both legs. They were clothed in minimal and lightweight cycling 

attire.  

The BodyMetrix BX2000 (Hosand Technologies, Verbania) ultrasound instrument was used 

to estimate the percentage of body fat, fat mass, and fat-free mass. The device used the Jackson and 

Pollock 3-site protocol to assess body composition (Jackson et al., 1980; Jackson and Pollock, 1978). 

The estimations for men were based on the chest, abdominal, and thigh skinfolds, while for women it 

was based on the triceps, suprailiac, and the thigh skinfolds. 

 

Cardio-Respiratory Measurements 

Participants' cardio-respiratory parameters were measured throughout the incremental test to 

exhaustion. Heart rate was measured through telemetry from a chest-based heart rate strap (Garmin 
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International Inc., Olathe, USA). Chest straps have been found to produce high reliability and validity 

for measuring heart rate (Pasadyn et al., 2019). Ventilation data was measured using the Cosmed K5 

metabolic analyser (Cosmed, Rome, Italy).  

The raw data were recorded in Cosmed Omnia (Cosmed, Rome, Italy) in a breath-by-breath 

fashion. Data was filtered to a time average of 0.1 Hz and exported to Excel for further analysis. 

Before the commencement of each exercise test, the Cosmed K5 was calibrated. The sampling 

line would first be connected to the scrubber, followed by the reference gas. Gas analysers were 

calibrated to 16% O2, 4% CO2, and balance N2. Finally, the flowmeter was calibrated with a 3 L syringe 

and different stroke rates. 

 

Capillary Blood lactate Measurements  

Finger prick blood lactate concentration samples were taken before the start of the VO2max 

test, and 30-s before the end of each completed workload. Samples were continuously taken until the 

lactate concentration was equal to- or above 4 mmol·L-1. A final sample was taken as soon as possible 

after the termination of the test.  

Blood samples were taken from participants' annular finger. The participants' finger was 

cleaned with an alcohol swab and then pricked with an Accu-Check Softclix (Roche Holding AG, 

Basel, Switzerland). The first droplet of blood was wiped away and the second droplet of blood was 

drawn into the capillary tube of the Lactate Pro 2 meter (Arkray, Kyoto, Japan). The reliability and 

validity of the Lactate Pro 2 meter has previously been determined (CV = 3.3%, limits of agreement ± 

0.3 mmol·L−1 for blood lactate ≤ 4.0 mmol·L−1) (Crotty et al., 2021). 

 

Muscle Oxygenation Measurements (NIRS) 

Near-infrared spectroscopy (NIRS) is a non-invasive technology capable of measuring in vivo 

oxidative metabolism in human tissue (Myers C, 2020). NIRS technology depends on near infrared 

light (650-1000 nm) penetrating human tissue and being absorbed or scattered by different compounds. 

Typically, O2Hb and HHb reflect near-infrared light at 760 and 850 nm wavelengths, respectively. 

Together, these are used to determine muscle oxygenation saturation (SmO2) as indicated in the 

following formula (Myers et al., 2018): 
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𝑆𝑚𝑂2 =
𝑂2𝐻𝑏

𝑂2𝐻𝑏 + 𝐻𝐻𝑏
× 100 

The PortaMon NIRS device (Artinis Medical Systems BV, Elst, the Netherlands, 

www.artinis.com) was used to detect relative changes in O2Hb, HHb, and SmO2 of the Vastus Lateralis 

of the right leg of each participant. The reliability and validity of this device and accompanying 

software have been determined previously  (Desanlis et al., 2022). This device uses three light 

transmitters and one receiver, emitting near-infrared light at three different depths into the tissue.  

NIRS data was recorded during the entire test, from the 5 min passive rest phase, through the 

8 min warm-up, VO2max test, 8 min active recovery, 30-s Wingate, and 5 min cool-down. The NIRS 

device was attached firmly, but without constriction, to the skin on the belly of the Vastus Lateralis in 

a longitudinal direction on the midpoint between the inguinal fold and the patella. The device was 

secured using a Velcro strap around the leg and covered by the participants' cycling shorts. This both 

secured the device and stopped outside light from interfering with the NIRS light sensors. 

Before commencing the warmup, participants underwent a 5 min complete rest period, which 

was used to determine a baseline level of O2Hb and HHb. Levels were set to an arbitrary zero, 

according to this 5-minute complete rest period. Once participants began the active warm-up, a fan 

was switched on and positioned in front of them, to ensure the surface temperature of the skin did not 

get too hot and affect the reading capability of the NIRS system. 

The raw data were recorded in OxySoft (Artinis Medical Systems BV, Elst, the Netherlands, 

www.artinis.com) at 10 Hz. Before exporting from OxySoft, O2Hb and HHb were set to an arbitrary 

zero according to the 5 min passive rest. Data were then filtered to a time average of 0.1 Hz and 

exported to Excel. If the tissue saturation index (TSI) fit factor, a variable representing measurement 

quality from absorption from the three light transmitters was consistently above 98% the three 

measurements were averaged for O2Hb and HHb. These values, along with SmO2, were then used for 

further analysis. 

 

Pre and Post Intervention Tests 

Participants performed an incremental cycling test to exhaustion to determine their maximal 

aerobic capacity (VO2max), and power output at different intensity zones, as well as a 30-s Wingate 

to establish anaerobic markers of performance. Participants' aerobic capacity test results were used to 

determine training zones.  
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All testing was conducted in the laboratory with an ambient temperature between 20o C and 

22o C. To standardize the participants' metabolic states during the testing sessions, they were asked to 

not eat within two hours prior to testing, to avoid caffeine 12 hours prior to testing, and to avoid 

vigorous activities (RPE above 12 on the Borg scale) at least 24 hours before testing. 

The exercise test was performed on the Velotron Dynafit Pro (RacerMate, Seattle, USA). The 

metabolic data were collected using the Cosmed K5 (Cosmed, Rome, Italy) metabolic analyser. Heart 

rate was measured through telemetry via a Garmin heart rate monitor (Garmin International Inc., 

Olathe, USA). The blood samples were analysed using a Lactate Pro 2 (Arkray, Kyoto, Japan). NIRS 

was measured using the PortaMon NIRS device (Artinis Medical Systems BV, Elst, the Netherlands, 

www.artinis.com). 

Participants started the test with a 5 min passive rest to calibrate the NIRS equipment. They 

then performed an 8 min warm-up at 80 W and a cadence between 80-100 rpm. After this warm-up, 

the Cosmed face mask was fitted. Participants then started the incremental exercise test. For men, the 

incremental exercise test started at 120 W for one minute, after which power increased by 30 W every 

2.5 minutes, until exhaustion. For women, the test started at 80 W, after which power increased by 30 

W every 2.5 minutes, until exhaustion. Participants were asked to keep the cadence between 80-100 

rpm throughout the test. In the last 30 s of each stage, a capillary blood sample (0.3 µl) was taken from 

a finger and analysed for blood lactate concentration. The intensity was increased until participants 

reached exhaustion or could not maintain the cadence at or above 80 rpm.  

The American College of Sports Medicine (ACSM) outlined the VO2max test termination 

criteria to ensure maximal responses from participants (McArdle et al., 2010). These criteria include 

(1) the VO2 does not increase by more than 150 mL per successive workload; (2) a respiratory quotient 

(R- value) equal or above 1.15 is reached; or (3) the heart rate is more than 90% of the age-predicted 

maximal heart rate. Any of these criteria, in combination with the participant indicating they were 

exhausted, constituted a maximal incremental test.  

Participants' peak aerobic power output was calculated from the time they lasted in their final 

power stage, using the following equation (Michalik et al., 2019): 

𝑃𝑃𝑂 = 𝑊𝑓 + (𝑡 × 𝐷−1 × 𝑃) 

Where 𝑊𝑓 is the value of the final completed workload, 𝑡 was the time (s) of the final uncompleted 

load, 𝐷 was the duration (s) of every stage, and 𝑃 was the difference in power between loads (W). 
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The Cosmed face mask was then removed, and participants had an 8 min active recovery 

period pedalling at 80 W at a cadence between 80-100 rpm. They then completed a 30 s all-out Wingate 

sprint. The Wingate software calculated participants' peak power output, mean power output, minimum 

power output, explosive power, anaerobic capacity, anaerobic power, fatigue index, and total work 

done. The testing concluded with a 5 min active recovery cool down pedalling at 80 W at a cadence 

between 80 – 100 rpm. 

 

Training Interventions 

Both interventions lasted six weeks, with two interval sessions per week for the POL group 

and three interval sessions for the THR group. Participants performed one higher intensity session per 

week in the laboratory under supervision of the researcher, to ensure that the correct intensity stimulus 

was achieved. These interval sessions were supplemented with sub-ventilatory threshold, low intensity 

rides. The intensity was individualized according to participants' pre-intervention exercise test results. 

The THR and POL training programs were matched for total riding time, namely 9.5 h total 

per week. Training intensity distribution (TID) was calculated for each rider using a hybrid session-

goal/time-in-zone approach (Sylta et al., 2014). As with previous intervention studies, the aim of the 

POL group was to achieve 80% of training time in zone 1 and 20% of training time in zone 3, with no 

zone 2 training time. The aim for the THR group was to achieve 45% of training time in zone 1 and 

55% of training time in zone 2, with no zone 3 training time. Both training interventions were self-

developed, but closely resemble those used in previous intervention studies done in trained cyclists 

(Addendum D; Addendum E) (Neal et al., 2012; Stöggl and Sperlich, 2014). Training intensity was 

prescribed in relation to the participants measured LT1 and LT2 power output and corresponding heart 

rate values obtained from the pre-intervention aerobic capacity test. Training zone calculation was 

based on the measured blood lactate response during the incremental exercise test. Lactate-E 2.0 

Software (Department of Mathematics, National University of Ireland, Galway) was used to calculate 

participants' power at 2 and 4 mmol·L-1 blood lactate concentration. This software fits a lactate curve, 

based on measured lactate values at various work rates during the incremental step test. It then uses 

inverse prediction to calculate the work rates corresponding to the curves' 2 and 4 mmo'·L-1 markers. 

The reliability and validity of this software have been previously established (Newell et al., 2007). The 

heart rate corresponding to a participant's power output at 2 mmol·L-1 and 4 mmol·L-1 blood lactate 

concentration was used to identify the threshold between zone 1 and zone 2 (LT1) and between zone 

2 and zone 3 (LT2). These thresholds were used to prescribe starting exercise intensity for the six-

week training intervention.  
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Participants performed one weekly session in the laboratory under the supervision of the 

researcher. Participants completed the remaining training sessions independently, sharing their power 

and/or heart rate data with the researcher via TrainingPeaks. The polarized groups' zone 3 intervals in 

the polarized training approach were done at 110% of LT2 power. If the mean peak HR, mean 

minimum HR, and RPE decreased over two consecutive interval training sessions, then the power 

output for the intervals would be increased by 5 W to maintain a correct training stimulus. The 

threshold groups' zone 2 intervals were done at the power output or heart rate halfway between 

participants' respective LT1 and LT2 power. During the weekly laboratory training sessions, exercise 

intensity was monitored based on blood lactate concentration samples taken during the session. The 

target range was set between 3.0 and 3.5 mmol·L-1. Participants' power output was adjusted 

accordingly. 

For the zone 1 rides, participants' heart rates were capped at a value corresponding to their 

LT1. Participants were asked to stay below this heart rate cap for the duration of their zone 1 training 

sessions. Participants shared the heart rate data with the researcher, via TrainingPeaks software. This 

heart rate data was not used in the data analysis and was exclusively for exercise intensity control. 

 

Ethical aspects 

Ethical clearance was obtained from The Stellenbosch University Health Research Ethics 

Committee (HREC) (S22/05/091). All testing and laboratory procedures were performed in accordance 

with the Declaration of Helsinki. The tests and measurements in the study were standard cycle 

performance tests that are routinely done in high performance laboratories. The reliability and validity, 

as well as the safety of the tests, have been determined (Gore et al., 2000). 

 

Statistical analysis  

Statistical analysis was conducted using SPSS version 29 software (IBM, Armonk, NY) and 

using Excel (Microsoft Office 2022). For all body composition-, incremental exercise test-, and 

Wingate test data, normality was assumed. For the NIRS data, a Kolmogorov-Smirnov test for 

normality was performed and confirmed that this data was normally distributed (K-S test statistic (D) 

of 0.23779).    

A repeated measures ANOVA (2 x 2) was used to compare the performance and physiological 

adaptation measures between training-intensity distribution models (POL and THR) and changes over 
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time (pre- to post-training). Main effects (model and time), and interaction effects for the performance 

and physiological adaptation measures were reported. Bonferroni post hoc analysis was undertaken 

where significant main effects were obtained. Two-sample independent t-tests were used to determine 

whether statistically significant changes occurred between groups, and to determine the qualitative 

significance of the differences. In all cases, statistical significance was set at P < 0.05.  

Descriptive statistics are presented as means ± SD and Cohen`s effect size (ES) ± 95% 

confidence interval (CI). Quantitative interpretation of the ES values was based on Cohen (1988). 

Effect sizes up to 0.20 were interpreted as a trivial difference, between 0.20 and 0.60 were interpreted 

as small, between 0.60 and 1.20 a moderate effect size, ES between 1.20 and 2.00 were regarded a 

large difference, ES between 2.00 and 4.00 were interpreted as very large, and ES > 4.00 as an 

extremely large difference. Effect sizes were included to compare the magnitude of change in 

performance and physiological adaptation. Simple linear regression was used to test the relationship 

between SmO2 and VO2max, and to test if changes in SmO2 significantly predicted the changes in 

markers of endurance performance. Interpretation of correlation values was based on Schober et al. 

(2018).  
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Chapter 4 Results and Discussion 

 

Introduction to Article 

The results and discussion of the present study are presented in article format. 

The article, titled "Performance and Physiological Adaptations to a Six-Week Polarized and Threshold 

Training Intervention in Trained Cyclists" aims to answer the research questions through an original 

investigation into the effect of different TIDs on performance and physiological adaptations in cyclists. 

The article was written in accordance with the author's guidelines of the Journal of Applied Physiology 

(Addendum F). The American Physiological Society referencing style was applied. 

[For convenience, the tables and figures are included in the text. They are numbered according to the 

chapter in this thesis. For submission, the tables and figures will be moved to the end of the document.] 
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Abstract 

 

The aim of this study was to investigate the effects of six weeks polarized (POL) and (THR) training on 

markers of endurance performance and physiological adaptations. In a pre-post experimental design 

with a random assignment into two experimental groups, 17 trained cyclists (VO2max 50.0 ± 8.6 

mL·min-1·kg-1) completed six weeks of POL (80/0/20% in zone 1/2/3) or THR (45/55/0%) training. An 

incremental step test and a 30-s Wingate test were performed. Muscle oxygenation data was collected 

via near-infrared spectroscopy (NIRS). Power output, blood lactate concentration, ventilation, and 

heart rate data were also assessed. Training intensity during the intervention was power and/or heart 

rate controlled. Both groups showed similar improvements in power at LT1 (p = 0.800), LT2 (p = 0.289), 

and PPO (p = 0.567). No changes in VO2max were observed following training (p = 0.240). Qualitatively, 

meaningful changes were observed in SmO2 at all measured intensities, favouring POL over THR (p = 

0.073, ES = 0.72 at LT1; p = 0.067, ES = 0.91 at LT2; p = 0.147, ES = 0.74 at PPO). A significant qualitative 

change was observed in SmO2 after Wingate, favouring POL over THR (p < 0.001, ES = 1.76). 

Qualitatively, meaningful changes were observed in work economy at LT2 and PPO favouring THR over 

POL (p = 0.195, ES = 1.11 at LT2; p = 0.156, ES = 0.45 at PPO). Both POL and THR are effective at 

improving power output over six weeks of training. Measures of SmO2 suggest peripheral adaptations 

after POL.  

 

 

New & Noteworthy 

After six weeks of polarized and threshold training, both groups significantly improved in power 

output at LT1, LT2, and PPO. In the polarized group, this is likely because of increases in muscle oxygen 

saturation (SmO2). In the threshold group, the improvement in power output is likely because of 

improvements in anaerobic capacity and exercise economy. SmO2 correlates strongly with VO2max, 

but pre-to-post change in SmO2 is not an accurate predictor of endurance performance. 

 

Keywords: Exercise; peripheral adaptation; polarized training; threshold training; training intensity 

distribution.  
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Introduction 

 

Understanding the performance and physiological outcomes of varied training intensity distributions 

(TIDs) is required to help coaches and athletes in developing individualized training regimens that will 

promote the athlete's performance, his/her potential, and longevity in the sport. However, the 

optimal training intensity, and its distribution over weeks of training, is a topic of healthy debate 

among researchers, sport scientists, and coaches alike (1–3). Much of this disagreement stems from 

qualitative analysis observing elite athletes performing various TIDs, and from different methods to 

quantify time-in-zones (4–6).  

 

To guide our understanding of different exercise intensities, distinct intensity zones have been 

identified according to a 3-zone model or a 5-zone model. Much of the literature refers to a 3-zone 

model, which uses measurable physiological thresholds (1, 3, 7). Zone 1 is characterized by exercise 

intensity at or below the aerobic threshold; zone 2 encompasses intensities between the aerobic and 

anaerobic thresholds; and zone 3 represents exercise intensities at or above the anaerobic threshold 

(8). Some literature refers to a 5-zone model, though this refers to the same physiological thresholds 

as a 3-zone model, but additionally separates the magnitude of low- and high-intensity training (8, 5, 

9).   

 

Among endurance athletes, two TIDs are predominantly used: a polarized (POL) training model and a 

threshold (THR) training model. A POL TID involves higher proportions of time spent in the low-

intensity zone 1 ( ̴80%) and high-intensity zone 3 ( ̴20%), while minimizing or excluding training time 

in zone 2 (3,8). This model thus combines extensive basic endurance training with intensive high-

intensity training (7). A THR TID involves a large focus on the intermediate, between thresholds zone 

2 (55%) and low-intensity zone 1 (45%), with minimal training time dedicated to the high-intensity 

zone 3 (31). 

 

Adaptations to POL and THR 

Several studies investigated performance and physiological changes to POL and THR TIDs (10–13). 

Some studies focusing on TIDs rely on a retrospective analysis of athletes' training, with race 

performance as the primary outcome measure (1, 14–22). Such studies offer valuable insight into the 
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association between TIDs and endurance performance, however, in the absence of a comparative 

group, and the lack of physiological data and including small sample sizes, caution is necessary when 

extrapolating findings to a broader range of athletes, or different sport codes.  

The collective findings of many published studies are the importance of a large proportion of training 

volume performed in zone 1 to enhance endurance performance (15, 23, 24). Significant associations 

have been reported between total volume spent in zone 1, and the magnitude of performance 

increase. E.g., Muñoz et al. (2014) reported an inverse correlation between total time in zone 1 and 

performance time in triathletes competing in an Ironman triathlon (r = -0.92) (16, 17, 23, 25, 26). On 

the contrary, most observational studies advocate the importance of zone 3 work, citing greater 

adaptations when compared to a more zone 2 focused training program (14, 21, 23, 26, 28). 

 

Only a few studies investigated the effect of various TIDs on physiological adaptations and they lack 

agreement on which TID, if any, leads to optimal physiological adaptations (7, 10, 12, 26–30). Certain 

physiological adaptations appear to be better achieved through a POL training approach, while others 

are more enhanced after a THR training approach. For instance, muscular strength adaptations have 

been found to be better maintained after a THR training approach (18), while autonomic nervous 

system recovery seems to favour a POL training approach (27). Evertsen et al. (2001) has found greater 

monocarboxylate transporter (MCT) 1 expression and no change in MCT4 after a THR training 

approach, while Neal et al. (2012) found no change in MCT1 and more favorable MCT4 adaptations 

after a POL training approach (10, 28). Stöggl et al. (2014) observed a significant increase in VO2max 

following a POL training intervention over a THR training intervention, whereas other studies did not 

find any significant differences in VO2max between POL and THR training interventions (7, 12, 29). 

Consequently, it is evident that different TIDs exert varying effects on both performance and 

physiological outcomes. Studies investigating performance outcomes seem to favor a POL training 

approach. However, consensus regarding underlying physiological adaptations after various TIDs 

remains elusive.   

 

Central vs peripheral adaptations 

Physiological adaptations to exercise training are generally categorized as central (concerned with 

enhancing O2 delivery to active muscles) and peripheral (concerned with enhancing O2 utilization by 

the active muscle) (32). Central and peripheral adaptations do not function independently and rather 

refer to the physical location of the adaptation (33). Central adaptations are mainly accomplished 
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through changes in cardiac output, while peripheral adaptations are characterized by changes in the 

O2 extraction of working muscles, through changes in the arterial-mixed venous O2 difference (a-vO2 

difference). The largest increases in maximal aerobic capacity (VO2max) have been found after high-

intensity (zone 3) intervals were done at a workload near to- or at the individual VO2max (34). Changes 

in O2 utilization of exercising muscles primarily stem from changes in muscle capillary networks, and 

mitochondrial respiratory capacity (35, 36). There is limited evidence to suggest that increases in 

mitochondrial content are superior after high-intensity exercise training, compared to threshold 

training (37). The effect of exercise intensity on muscle capillary density is similarly understudied (39). 

As such, NIRS-based assessments of muscle oxygen saturation (SmO2) can detect peripheral 

adaptations in trained muscles. Strong correlations have been found between SmO2 during 

incremental exercise at exhaustion, and VO2max (38). A decrease in SmO2 is an indicator of increased 

muscle O2 utilization relative to O2 supply, while a greater decrease in SmO2 in response to training 

would signify improvements in a-vO2 difference (35). 

 

To our knowledge, no study explored changes in muscle O2 utilization after threshold training or 

compared the effect of different TIDs on central and peripheral adaptations. Therefore, the purpose 

of this study was to use NIRS technology to compare the physiological responses of trained cyclists to 

a six-week POL and THR training intervention. We hypothesized that the POL training intervention 

would elicit greater muscle oxygenation adaptations through heightened metabolic signalling 

stemming from the higher exercise intensity (39, 40). Additionally, we hypothesized that the THR 

training intervention may cause an improved submaximal exercise economy, because of the 

substantial volume of training performed at sub-threshold intensity (7). 

 

Materials and Methods 

Participants   

Seventeen healthy and trained cyclists (13 male, 4 female) between 18 and 49 years old took part in 

the study. All participants had a minimum of 2 years of training experience when they signed up for 

the study. While most participants were road cyclists, some also engaged in mountain biking as part 

of their training regimen. The study protocol was approved by the institutional Health Research Ethics 

Committee (HREC) (S22/05/091), following the guidelines of the Declaration of Helsinki. Written 

informed consent was obtained from all participants prior to testing. 
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Study Design 

This study followed a pre-post experimental design, with a random assignment of participants into 

two experimental groups: a threshold (THR) intervention group and a polarized (POL) intervention 

group. All participants were in the study for 8-weeks. The study started with a familiarization session 

and baseline testing during the first week. Subsequently, participants underwent a six-week training 

intervention period. The POL training-intensity distribution was 80% Z1, 0% Z2, 20% Z3 and the THR 

training-intensity distribution was 45% Z1, 55% Z2, 0% Z3. The post testing was conducted three days 

after the last training session for each participant. The study was undertaken in the late summer and 

autumn months (January–May), after most of the South African races and events ended.  

 

The inclusion criteria required male participants to have a relative PPO of at least 3.6 W/kg, or an 

absolute PPO of at least 280 W; or had a relative VO2max of at least 45.0 mL·min-1·kg-1, or an absolute 

VO2max of at least 3.4 L·min-1. Female participants were included if they had a relative PPO of at least 

3.0 W/kg, or an absolute PPO of at least 170 W; or had a relative VO2max of at least 37.0 mL·min-1·kg-

1, or an absolute VO2max of at least 2.2 L/min. These criteria were in line with guidelines to classify 

subject groups as recreationally trained and trained (41, 42). All participants were between 18 and 49 

years old, had been training consistently for >2 years prior to entry into the study, and had trained 6-

10 hr per week for at least 6-months prior to the start of the study. 

 

Performance Testing 

During the first laboratory session, participants completed a physical activity readiness questionnaire, 

training history questionnaire, and an informed consent form. The testing procedures were explained, 

and participants performed a few stages of the incremental exercise test to familiarize themselves 

with the test protocol. Participants then also performed a 30-s Wingate at an all-out effort. 

Prior to the second testing session, participants were asked to consume their final meal two hours 

before the testing session, avoid caffeine intake, and refrain from exercise on the day preceding the 

testing session. They were also asked to abstain from any exercise on the day preceding the test. 

During the second visit, participants' body mass, stature, and body fat percentage were measured. 

Body mass was measured using a calibrated electronic scale (SECA 813, Hamburg, Germany) recorded 

at the nearest 0.1 kg. Stature was measured using a sliding stadiometer (Seca, Germany). The 

BodyMetrix BX2000 (Hosand Technologies srl, Verbania) ultrasound instrument was used to estimate 

the percentage of body fat, fat mass and fat-free mass. 
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Figure 4.1 - Testing protocol schematic detailing the protocol, and concurrent measurements. 

 

The exercise test began with a 5-min period of passive rest to calibrate the NIRS equipment and 

establish a baseline level of O2Hb and HHb. A fan was switched on and positioned in front of the cyclist 

to ensure the surface temperature of the skin did not get too hot and affect the reading capability of 

the NIRS system. Following a warm-up period of 8 min at 80 W, participants were fitted with a face 

mask and the incremental test started. For male participants, the test started at 120 W for one minute, 

after which the power increased by 30 W every 2.5 min until exhaustion. For female participants, the 

test started at 80 W, after which the power increasing by 30 W every 2.5 min until exhaustion. 

Participants were asked to keep a cadence between 80-100 rpm throughout the test. In the last 30 s 

of each stage, a capillary blood sample (0.3 µL) was taken from the finger and analysed for blood 

lactate concentration. The intensity was increased until volitional exhaustion was achieved to assess 

the peak power output (PPO), heart rate (HR), blood lactate, as well as the power output and HR at 2 

mmol·L-1 (LT1) and 4 mmol·L-1 (LT2). 

Following the incremental exercise test, the face mask was removed, and participants underwent an 

8-min active recovery period, pedalling at 80 W at a cadence between 80 and 100 rpm. Subsequently, 

a 30-s all-out Wingate sprint was performed to establish markers of anaerobic capacity. The testing 

concluded with a 5-min active recovery cool down, pedalling at 80 W at a cadence between 80 and 

100 rpm.  

The exercise test was conducted using a Velotron Dynafit Pro (RacerMate, Seattle, USA) stationary 

bike. Capillary blood lactate concentration was measured via finger prick using a Lactate Pro 2 meter 

(Arkray, Kyoto, Japan). Participants' training zones were based on the collected blood lactate samples. 

Lactate-E 2.0 Software (Department of Mathematics, National University of Ireland, Galway) was used 

to calculate each cyclist's power output at 2 mmol·L-1 and 4 mmol·L-1 blood [lactate]. The reliability 

and validity of this software have been previously established (43). Heart rate was measured through 

telemetry from a chest-based heart rate strap (Garmin International Inc., Olathe, USA). Metabolic data 
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were measured using the Cosmed K5 metabolic analyser, recorded in breath-by-breath fashion, but 

exported to a time average of 0.1 Hz (Cosmed, Rome, Italy).   

 

NIRS 

Muscle oxygenation was measured via NIRS, which is an estimate of the in vivo metabolism in human 

tissues and an indicator of O2 uptake in the local muscle (44). Measurements were made using the 

Artinis PortaMon (PortaMon, Artinis Medical Systems, Elst, www.artinis.com). This device measures 

oxygenated hemoglobin (O2Hb) and deoxygenated hemoglobin (HHb). These are relative values, but 

together can measure the absolute local oxygenation in the tissue beneath the sensor (SmO2), using 

the following equation (44, 55): 

𝑆𝑚𝑂2 =
𝑂2𝐻𝑏

𝑂2𝐻𝑏 + 𝐻𝐻𝑏
× 100. 

 

The NIRS device was attached firmly, but without constriction, to the skin on the belly of the Vastus 

Lateralis in a longitudinal direction on the midpoint between the inguinal fold and the patella. The 

device was secured using a Velcro strap around the leg and covered by the participants' cycling shorts, 

which both secured the device and stopped outside light from interfering with the NIRS light sensors. 

 

Outcome Variables 

A list with all measured variables, and an explanation and/or formula can be seen in Table 4.1.  
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Table 4.1 - Dependent variables and their explanation and calculation. 

 Dependent Variable Explanation Calculation 

LT1 (W) Power output at 2 mmol·L-1 blood [lactate] Using Lactate-E 2.0 software 

LT2 (W)   Power output at 4 mmol·L-1 blood [lactate] Using Lactate-E 2.0 software 

PPO (W)   Power output at volitional exhaustion PPO = Wf + [(t × D-1 × P)] 

Wingate PPO (W) Peak power during Wingate Using VeloTron Wingate 1.0.2 software 

Wingate MPO (W) Mean power during Wingate Using VeloTron Wingate 1.0.2 software 

Wingate Min. PO (W) Minimum power during Wingate Using VeloTron Wingate 1.0.2 software 

SmO2 Muscle oxygen saturation SmO2 = [O2Hb] / ( [O2Hb] + [HHb] ) × 100 

VO2max (ml·kg-1·min-1)   Maximal oxygen uptake Highest measured 10 s time average 

Fractional Utilization (%) Sustainable percentage of VO2max Percentage VO2max at LT2 

Explosive Power (W·s-1) Time to reach peak power Using VeloTron Wingate 1.0.2 software 

Anaerobic Capacity (W/kg) Total work during test duration, per kg of body weight Using VeloTron Wingate 1.0.2 software 

Economy (VO2/W) Absolute oxygen uptake per watt produced Economy = VO2 / W 

LT1, lactate threshold 1; LT2, lactate threshold 2; PPO, peak power output; MPO, mean power output; 
Min. PO, minimum power output; Wf, power at final completed workload; t, time; D, duration of every 
stage; P, difference in power between loads; SmO2, muscle oxygen saturation; O2Hb, oxygenated 
hemoglobin; HHb, deoxygenated hemoglobin; VO2, volume of oxygen; W, watts. 

 

Training interventions  

Following the completion of baseline testing, participants were randomly assigned to either a POL or 

THR training group. The interventions included two or three intensity interval training sessions for the 

POL and THR groups, respectively. These interval sessions were supplemented with additional zone 1 

rides for both groups. The prescribed training intensity distribution was calculated using a hybrid 

session-goal/time-in-zone approach (5). The aim for the POL group was to spend 80% of training time 

in zone 1, and 20% of training time to include zone 3 intervals, with no training time allocated to zone 

2. The THR group aimed to allocate 45% of the training time to zone 1 and 55% to include zone 2 

intervals, with no time spent in zone 3. One weekly training session was conducted in the laboratory 

and under the supervision of the researcher for intensity monitoring purposes. Participants completed 

the remaining training sessions independently, sharing their heart rate data with the researcher. In 

the POL group, zone 3 intervals were performed at 110% of LT2 power. If the mean peak HR, and mean 

minimum HR decreased over two consecutive interval training sessions, the target power output for 

the intervals would be increased by 5 W to maintain a sufficient training stimulus. For the THR group, 

zone 2 intervals were performed at a power output halfway between LT1 power and LT2 power. In 

this group, intensity was monitored based on blood lactate concentration samples collected during 

the laboratory interval sessions, with the target range set between 3.0 and 3.5 mmol·L-1 blood 

[lactate]. If required, the power output was adjusted accordingly. For the zone 1 rides, all the 

participants were capped at a heart rate corresponding to their LT1 power output. The two training 
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interventions were matched for total training stress; a number that considers the intensity, as well as 

the duration of a training session (TrainingPeaks, Louisville, CO). Participants would be excluded if they 

did not fulfil the required intervention adherence; they should not have missed five or more zone 1 or 

independent interval rides during the six-week training intervention, and they should not have missed 

one or more laboratory sessions during the six-week training intervention. 

Laboratory exercise sessions were conducted using participants' own bikes mounted on a Cyclus2 

ergometer (RBM elektronik-automation GmbH, Leipzig, Germany). Independent training sessions 

were completed on their own bikes.  

 

Statistical analyses  

Statistical analysis was conducted using SPSS version 29 (IBM, Armonk, NY) and using Excel (Microsoft 

Office 2022). For all body composition, incremental exercise test, and Wingate test, normality was 

assumed. For NIRS data, a Kolmogorov-Smirnov test for normality was performed and confirmed that 

this data was normally distributed (K-S test Statistic (D) of 0.23779).     

A repeated measures ANOVA (2 x 2) compared the performance and physiological adaptation 

measures between training-intensity distribution models (POL and THR) and over time (pre- to post-

training). Main effects (model and time), and interaction effects for the performance and physiological 

adaptation measures were reported. Bonferroni post hoc analysis was undertaken where significant 

main effects were obtained. Two-sample t-tests were used to determine whether statistically 

significant changes occurred between groups, and to determine the qualitative significance of the 

differences. In all cases, statistical significance was set at P < 0.05.   

Descriptive statistics are presented as means ± SD and Cohen`s effect size (ES) ± 95% confidence 

interval (CI). Quantitative interpretation of the ES values was based on Cohen (1988) (45). Effect sizes 

were included to compare the magnitude of change in performance and physiological adaptation. 

Simple linear regression was used to test the relationship between SmO2 and VO2max, and to test if 

changes in SmO2 in response to training significantly predicted the change in markers of endurance 

performance. Interpretation of correlation values was based on Schober et al. (2018) (46).  
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Results 

Participants and Training  

Seventeen participants were found eligible to participate in- and completed the study. The 

participants were randomly split into the POL and the THR training group (POL = 8; THR = 9). Male and 

female participants were grouped together, as all female data fell within the minimum to maximum 

range of the male participants. There were equal number of women (n = 2) in both groups. 

 

There were no statistically significant differences in physical characteristics between the two groups 

(P > 0.05) (Table 4.2). The cyclists' body fat percentage ranged from 9.5% to 22.8%, with one outlier 

(32%) in the POL group. There were no statistically significant changes in body mass or body fat 

percentage in either group (P > 0.05). 

 

Table 4.2 - Descriptive characteristics of participants 

 Dependent Variable Total POL THR p-value ES (95% CI) Qualitative difference 

n  17 8 9    

Age (yrs)  31.4 ± 10.94 31.1 ± 10.33 31.7 ± 12.07 0.910 0.06 Trivial 

Height (cm)  174.3 ± 8.10 172.5 ± 7.91 175.9 ± 8.39 0.410 0.41 Small 

Mass (kg)  77.2 ± 12.98 76.4 ± 13.46 77.9 ± 13.32 0.822 0.11 Trivial 

Body fat (%)  16.0 ± 7.66 16.1 ± 7.83 15.8 ± 7.98 0.936 0.04 Trivial 

Values are means (± SD). POL, polarized; THR, threshold. 

 

Total training volume was significantly higher for POL than for THR 54.4 ± 3.69 h vs. 45.9 ± 6.67 h, 

respectively (Table 4.3; P < 0.05). However, because of the difference in intensity distribution, there 

was no statistically significant difference in training stress. There were statistically significant between-

group differences for time spent in zone 1 (P < 0.001), zone 2 (P < 0.001), and zone 3 (P < 0.001). All 

participants completed the six-week training intervention within the required six weeks, and 

according to the set adherence limits. 
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Table 4.3 - Between-group comparison in training intensity distribution during the study 
intervention. 

 Dependent Variable POL THR P-value ES (95% CI) Qualitative Significance 

Zone 1 (min)  2208.6 ± 533.32 953.2 ± 373.92 0.006 1.57 Large 

Zone 2 (min)  308.8 ± 282.08 1724.6 ± 353.22 <0.001 2.73 Very Large 

Zone 3 (min)  744.1 ± 127.36 75.6 ± 80.22 <0.001 4.43 Extremely Large 

Total training time (hr)  54.4 ± 3.69 45.9 ± 6.67 <0.001 6.28 Extremely Large 

TSS  2927.0 ± 496.32 2405.6 ± 623.67 0.078 0.93 Moderate 

Values are means (± SD). POL, polarized training intervention; THR, threshold training TSS, training 
stress score.   

 

The percentage of time spent in each training-intensity zone (zone1:zone2:zone3) was 67:10:23 for 

POL and  35:63:2 for THR (Figure 3). Both training programs were close to the intended 80:0:20 for 

POL and 45:55:0 for THR.  

 

Figure 4.2 - Percentage of total time spent in zone 1 (<LT1), zone 2 (between LT1 and LT2), and zone 
3 (>LT2), during six weeks of polarized or threshold training. 

 

Power 

A post-test statistical power analysis was conducted. The analysis revealed a posteriori calculated 

power of 87%, assuming an alpha level of 0.05. The power calculation was based on the Time*Group 

interaction effect sizes for the NIRS data. These results indicate that the present study had an 

acceptable statistical power. 
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Aerobic and Anaerobic Power Output 

Table 4.4 shows the changes in power output at specific markers of endurance performance. There 

was a main effect over time for LT1, LT2, and PPO after both POL and THR training interventions (P < 

0.05). There was no interaction effect between time and training model for any power output metrics. 

The mean changes in power output at LT1, LT2, and PPO were higher in THR, but not significantly 

different from POL. Improvements at LT1 were 21.0 ± 30.13 W after THR compared to 17.6 ± 22.88 W 

after POL (p = 0.800, ES = 0.004). Improvements at LT2 were 20.3 ± 22.82 W after THR compared to 

9.6 ± 16.27 W after POL (p = 0.289, ES = 0.075). Improvements at PPO were 18.7 ± 15.86 W after THR 

compared to 14.8 ± 10.89 W after POL (p = 0.567, ES = 0.022). The magnitude of differences in LT1 

between groups was deemed trivial (ES = 0.13). The magnitude of difference in LT2 and PPO between 

groups was deemed small, and also favoring THR over POL (ES = 0.54, ES = 0.29, for LT2 and PPO, 

respectively). 

Changes in anaerobic capacity are also shown in Table 4.4. There were no main effects for time or 

training model for PPO, mean PO, or minimum PO (P > 0.05). Absolute changes in PPO were 24.9 ± 

91.52 W after POL and 8.8 ± 66.25 W after THR (p = 0.681, ES = 0.012). Improvements in mean PO 

were 4.6 ± 35.82 W after POL and 6.4 ± 27.53 after THR (p = 0.907, ES = 0.001). Both groups had a 

lower minimum PO, namely –25 ± 77.24 W after POL and –25.8 ± 64.01 after THR (P = 0.982, ES = 

0.000). There was a small meaningful increase in PPO for POL over THR (ES = 0.20), and trivial 

differences between groups in mean PO and minimum PO (ES = 0.06, 0.01, respectively). 

 

Table 4.4 - Power output corresponding to the aerobic threshold (LT1), anaerobic threshold (LT2), 
and PPO before (Pre) and after (Post) the 6-week training interventions. 

Dependent Variable POL THR Significance 

Pre Post Change Pre Post Change Time Time x group ES of 

change 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD p-value p-value 

LT1 (W) 184.5 ± 53.15 202.1 ± 39.18 17.6 ± 22.88 179.9 ± 51.05 200.9 ± 38.37 21.0 ± 30.13 0.010 0.800 0.13 

LT2 (W)   236.0 ± 46.28 245.6 ± 44.51 9.6 ± 16.27 237.8 ± 44.76 258.1 ± 40.32 20.3 ± 22.82 0.008 0.289 0.54 

PPO (W)   302.1 ± 61.37 316.9 ± 63.07 14.8 ± 10.89 315.4 ± 57.19 334.1 ± 60.58 18.7 ± 15.86 0.000 0.567 0.29 

Wingate PPO (W) 982.4 ± 196.67 1007.3 ± 195.3 24.9 ± 91.52 958.9 ± 231.69 967.7 ± 217.15 8.8 ± 66.25 0.395 0.681 0.20 

Wingate MPO (W) 722.5 ± 189.77 727.1 ± 190.7 4.6 ± 35.82 789.7 ± 156.21 796.1 ± 155.39 6.4 ± 27.53 0.483 0.907 0.06 

Wingate Min. PO (W) 524.0 ± 143.52 499.0 ± 164.24 -25.0 ± 77.24 612.9 ± 131.69 587.1 ± 115.9 -25.8 ± 64.01 0.159 0.982 0.01 

Values are means (±SD) and change values are means. POL, polarized training intervention; THR, 
threshold training intervention; LT1, power output at LT1; LT2, power output at LT2; PPO, peak power 
output during maximal aerobic test; Wingate PPO, peak power output during 30-s Wingate; Wingate 
MPO, mean power output during 30-s Wingate; Wingate Min. PO, minimum power output during 30-
s Wingate. 
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Aerobic and Anaerobic Adaptations 

Table 4.5 depicts aerobic and anaerobic markers of endurance adaptations within and between 

groups. There were no main effects over time or training model for VO2max, fractional utilization of 

oxygen uptake (VO2) at LT2, explosive power, anaerobic capacity, resting lactate, or maximal lactate 

(P > 0.05). Absolute changes in VO2max and fractional utilization at LT2 were larger after POL than 

THR, whereas absolute changes in explosive power and anaerobic capacity were larger after THR than 

POL. The magnitude of change in VO2max, explosive power, and anaerobic capacity between groups 

were small (ES = 0.40, 0.40, and 0.34, respectively), while the change in fractional utilization at LT2 

between groups was moderate (ES = 0.62). The magnitude of change in resting lactate and maximal 

lactate was trivial (ES = 0.12, 0.09, respectively). There were no significant interaction effects for any 

of these variables. 

 

Table 4.5 - VO2max, fractional utilization of oxygen at LT2, explosive power, and anaerobic capacity 
after 6-week training interventions. 

Dependent Variable POL THR Significance 

Pre Post Change Pre Post Change Time Time x 

group 

ES of 

change 

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD p-value p-value 

VO2max (ml·kg-1·min-1)   49.0 ± 9.41 51.9 ± 8.17 2.9 ± 6.29 50.9 ± 8.21 51.4 ± 5.36 0.6 ± 5.27 0.240 0.421 0.40 

Fractional Utilization (%) 82.4 ± 6.17 85.5 ± 6.57 3.1 ± 9.13 85.7 ± 7.14 84.1 ± 5.69 -1.6 ± 5.50 0.671 0.215 0.62 

Explosive Power (W·s-1) 1.6 ± 1.47 1.7 ± 1.66 0.1 ± 0.45 4.4 ± 3.15 3.6 ± 3.18 -0.8 ± 3.30 0.564 0.435 0.40 

Anaerobic Capacity (W/kg) 9.6 ± 1.93 9.6 ± 2.22 -0.0 ± 0.60 10.1 ± 1.19 10.3 ± 1.36 0.2 ± 0.36 0.555 0.489 0.34 

Resting lactate (mmol·L-1) 1.68 ± 0.53 1.53 ± 0.49 -0.15 ± 0.51 1.40 ± 0.21 1.56 ± 0.34 0.16 ± 0.28 0.979 0.171 0.12 

Max. lactate (mmol·L-1) 13.7 ± 5.2 13.3 ± 3.7 -0.44 ± 3.05 14.6 ± 4.2 14.5 ± 3.8 -0.10 ± 3.86 0.757 0.846 0.09 

Values are means (±SD) and change values are means. POL, polarized training intervention; THR, 

threshold training intervention; Fractional Utilization, percentage VO2max at LT2. 

 

Muscle Oxygen Saturation (SmO2) 

There were no main effects over time or with the training-intensity distribution model on SmO2 at any 

significant threshold or intensity (LT1, LT2, PPO, or Wingate) (P>0.05) (Figure 3). However, the increase 

in O2 utilization (demonstrated by the decrease in SmO2) at LT1 (Figure 3, A), LT2 (Figure 3, B), PPO 

(Figure 3, C), and after the Wingate (Figure 3, D) was greater in POL than in THR (LT1: -7.5 ± 11.78% 

vs. -0.9 ± 5.38%, ES = 0.72; LT2: –8.5 ± 11.97% vs. -0.7 ± 5.37%, ES = 0.91; PPO: –8.8 ± 16.58% vs. 0.1 ± 

3.72, ES = 0.74; Wingate: –9.2 ± 16.93% vs. 2.8 ± 8.48%, ES = 1.76). Notably, there are two high-

responders in the POL group, who showed a decrease in SmO2 of > 1 SD. However, without these two 
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participants, the increase in O2 utilization still showed a larger practically significant effect size in POL 

than THR (LT1: -1.3 ± 2.65% vs. -0.9 ± 5.38%, ES = 0.09; LT2: -2.5 ± 4.09% vs. -0.7 ± 5.37%, ES = 0.38; 

PPO: -3.4 ± 6.94% vs. 0.1 ± 3.72, ES = 0.62; Wingate: -3.74 ± 7.75% vs. 2.8 ± 8.48%, ES = 0.80). These 

values showed moderate meaningful improvements in LT1, LT2, and PPO in SmO2 after POL compared 

to THR, and a large improvement after POL compared to THR after the 30-s Wingate. 

Among both groups, there was large individual variation in SmO2 adaptation at all levels. However, in 

the POL group, 5 out of 8 participants improved at all measured intensities, compared to 1 out of 9 

participants in the THR group. In the POL group, 4 out of 8 participants improved more than the total 

group average at three or more measured intensities, compared to 1 out of 9 participants. 

 

 

Figure 4.3 - Mean (±SD) pre and post total muscle oxygen saturation values at LT1 (A), LT2 (B), PPO 
(C), and after 30-s Wingate (D), after both POL and THR training interventions. 

SmO2, muscle oxygen saturation; POL, polarized training intervention; THR, threshold training 
intervention; Pre, pre-intervention; Post, post-intervention. 
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Exercise economy (VO2 / W) 

There were no main effects over time, or with the training-intensity distribution model for exercise 

economy at any significant threshold or intensity (P > 0.05) (Figure 5). However, THR showed a larger 

absolute improvement in exercise economy than POL at all measured intensities. Trivial differences in 

changed scores were observed between groups at LT1 for POL (-1.1 ± 2.72 mL/W) and THR (-0.8 ± 2.11 

mL/W) (p = 0.848, ES = 0.09) (Figure 5, A). The mean change in exercise economy at LT2 between 

groups was significant (p = 0.034) (Figure 5, B). The magnitude of difference between groups was 

deemed large at LT2 (0.4 ± 2.11 mL/W after POL, -1.4 ± 0.82 mL/W after THR; ES = 1.11). The between-

group difference at peak intensity was small (-0.2 ± 1.44 mL/W after POL, -0.7 ± 1.06 mL/W after THR; 

p = 0.368; ES = 0.45) (Figure 5, C). No interaction effect between time and training model was observed 

at any intensity. 

 

Figure 4.4 - Mean (± SD) exercise economy corresponding to the aerobic threshold (LT1) (A), 
anaerobic threshold (LT2) (B), and PPO (C) before (Pre) and after (Post) the training interventions. 

VO2/W, exercise economy; POL, polarized training intervention; THR, threshold training intervention; 
Pre, pre-intervention; Post, post-intervention. 
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Relationship between Muscle Oxygenation (SmO2) and Performance Indicators 

A strong negative correlation was found between post-test SmO2 and VO2max across both groups (r = 

0.56, R2 = 0.31) (Figure 5); participants with higher VO2max values showed lower SmO2 at PPO values. 

 

 

Figure 4.5 - Relationship between post-intervention SmO2 and relative VO2max among participants. 

 

 

Table 4.6 shows that changes in SmO2 following the interventions were not statistically significantly 

associated with changes in LT1, LT2, PPO, VO2max, VO2/W at LT1, VO2/W at LT2, VO2/W at PPO, 

Wingate PPO, or Wingate MPO (P > 0.05). Moderate effect sizes were observed between change in 

SmO2 and power at LT1 and LT2. A large effect size was observed between the changes in SmO2 and 

PPO. A trivial effect size was observed between the changes in SmO2 and VO2/W at LT1. Small effect 

sizes were observed between SmO2 and all other variables. 

 

 

 

 

30

35

40

45

50

55

60

65

30 35 40 45 50 55 60 65

Sm
O

2
(%

)

VO2max (mL·kg-1·min-1)

POL

THR

Stellenbosch University https://scholar.sun.ac.za



 

 
 

59 

Table 4.6 - Correlation coefficient (r), coefficient of determination (R2), standard error of estimate, P-
value, and effect size between change in SmO2 and change in various indicators of endurance 
performance. 

Dependent Variable r R2 Standard Error of Estimate P-value ES 

LT1 0.136 0.019 14.441 0.617 1.06 

LT2 0.244 -0.059 14.127 0.346 1.04 

PPO 0.255 -0.065 14.086 0.324 1.42 

Rel. VO2max 0.179 -0.032 14.331 0.492 0.42 

VO2/W @ LT1 0.316 0.100 13.820 0.216 0.19 

VO2/W @ LT2 0.316 0.100 13.821 0.217 0.23 

VO2/W @ PPO 0.032 -0.001 14.559 0.904 0.24 

Wingate PPO 0.048 0.002 14.549 0.854 0.35 

Wingate MPO 0.211 0.044 14.239 0.417 0.35 

LT1, power output at LT1; LT2, power output at LT2; PPO, peak power output during maximal aerobic 
test; Rel. VO2max, relative maximum rate of oxygen uptake; VO2/W @ LT1, exercise economy at LT1; 
VO2/W @ LT2, exercise economy at LT2; VO2/W @ PPO, exercise economy at PPO; Wingate PPO, 
peak power output during 30-s Wingate; Wingate MPO, mean power output during 30-s Wingate. 

 

 

Discussion 

Previous research has identified polarized and threshold training to be prominent TIDs among 

endurance athletes. Prior investigations have highlighted enhanced performance benefits from 

adopting a polarized training approach, while other studies have underscored physiological benefits 

from implementing a threshold training approach (10, 16). The purpose of the present study was to 

compare performance and physiological responses to a six-week POL and THR training intervention. 

The findings showed there were no interaction effects for any of the measured variables; thus, 

statistically, the POL and THR training interventions are equally beneficial.  

In the present study, the training volume was matched between the two intervention groups. All 

participants were within the protocol adherence limits. However, the THR training group trained 

10.9% less hours than the POL group. In terms of total training stress, the difference is not significant, 

but the THR group achieved 12.6% less training stress than the POL group. Several studies have noted 

the relation between total training time and endurance sport performance (15, 24). It is feasible that 

this difference may have affected the outcome measures of the present study, however, this cannot 

be said with certainty. Secondly, because of the relatively small sample size of 17 participants, and 

substantial variation among participants, the statistical power may have been affected. Hence, effect 

sizes were calculated throughout, in order to show the magnitude of differences between groups. 
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The main findings of this study were that over a 6-week training period, there were (1) no statistically 

significant pre-to-post changes between groups for SmO2 at any significant threshold or intensity, 

though the magnitude of change was larger for POL than THR, (2) THR and POL training yielded similar 

improvements in power at each significant threshold or intensity, though the numerical effect sizes of 

power at LT1, LT2, and PPO were larger for THR than POL, (3) neither group displayed statistically 

significant changes in VO2max, though a numerically greater effect size was observed for POL than 

THR, (4) no statistically significant changes were observed in explosive power and anaerobic capacity 

but the effect sizes were numerically greater after THR than POL, (5) moderate and small effect sizes 

were observed in exercise economy at LT2 and PPO, respectively, favouring THR over POL and (6) the 

change in SmO2 following training was not a significant predictor of markers of endurance 

performance. 

 

It is widely believed that three primary factors play a key role in endurance performance, namely, 

VO2max, lactate threshold, and exercise economy (47). The interaction of VO2max and lactate 

threshold represent the interplay between aerobic and anaerobic metabolism at a given output, while 

exercise economy reflects the speed or power that can be generated at a given metabolic cost. The 

improvements in cycling performance in response to the training interventions observed in both 

groups should be attributed to improvements in VO2max, lactate threshold, and/or exercise economy. 

Neither group showed a statistically significant change in VO2max, though the POL group showed a 

greater change over the THR group (5.9% vs. 1.1%, respectively). Previous literature has found that 4 

to 6 weeks of aerobic and interval training elicits significant improvement in VO2max in habitually 

active people (48, 49). The participants in this study had a higher pre-intervention training level than 

those in other literature, and as such may have had lesser capacity for further increases.  However, 

the findings that POL displayed a larger improvement than THR is in line with the findings of Stöggl 

and Sperlich (2014), who found that POL training showed the greatest increase in VO2max over a 9-

week training period, compared to THR, high-volume training, and high-intensity interval training (7). 

The higher intensity at- or near the individual VO2max, associated with POL training, may be more 

effective for enhancing VO2max compared to THR, because of the enhanced adaptive signalling 

compared to zone 2 training (50). 

 

Improvements in VO2 uptake are a function of changes in cardiac output (CO) and arteriovenous O2 

difference. While we cannot speculate to what extent adaptations in CO were made, we did measure 
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SmO2 which is a measure of arteriovenous O2 difference. We observed greater numerical effect sizes 

in SmO2 at every measured marker of intensity in the POL group, compared to the THR group. This is 

a new finding that has not yet been shown by previous literature. This new finding suggests that there 

may have been increases in muscle capillary networks and/or mitochondrial respiratory capacities, 

leading to the observed improved O2 utilization. A decrease in SmO2 would indicate more O2 utilization 

relative to O2 supply. Thus, a decrease in SmO2 would signify an increase in O2 utilization by the active 

muscles. This may be supported by the correlation between SmO2 and VO2max, which found that 31% 

of variance in VO2max is explained by SmO2. This is in line with previous findings that found 

correlations between improved muscle O2 extraction and higher VO2max values (38, 51, 52). A key 

factor in endurance race performance is fatigue resistance (53). To improve fatigue resistance, it is 

imperative that an athlete maintains adequate O2 supply to match O2 demand (54). As such, a lower 

SmO2 has been found to cause improvements in power output (55). In the present study, this is also 

shown by the relation between change in SmO2 and change in power output. Pre-to-post training 

intervention change in SmO2 did not significantly correlate with any other metrics of endurance 

performance, but change in power output at LT1, LT2, and PPO showed moderate qualitative 

correlations to change in SmO2: athletes who showed the most improvement in SmO2 showed larger 

improvements in power output. 

 

In the present study, intramuscular changes were not assessed directly, so the changes in SmO2 cannot 

be attributed to a specific adaptation. Typically, improvements in peripheral adaptations to exercise 

are largely due to skeletal muscle capillarization, increased mitochondrial density or capacity, and 

increased oxidative enzyme function (35, 56, 57). Gibala et al. (2018) observed that exercise intensity 

plays a key role in improvements in physiological markers of endurance performance (40). High 

intensity (zone 3) activity was found to activate signalling cascades linked to mitochondrial biogenesis, 

through a heightened AMPK and MAPK response. It could be proposed that a POL training model may 

cause peripheral adaptations, through enhancements in mitochondrial density or capacity, increased 

skeletal muscle capillarization, or increased oxidative capacity. The practically meaningful 

improvement in SmO2 would suggest increased muscle O2 utilization and would be consistent with 

previous findings that suggest improved peripheral adaptations following high intensity (zone 3) 

training. On the contrary, the THR training group showed negligible changes in SmO2 at LT1, LT2, PPO 

and after Wingate, implying that there may be lesser peripheral adaptations than after a POL training 

intervention. 
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Improvements in aerobic peripheral adaptations would imply that a larger fraction of the total power 

output may be produced through aerobic respiration (58). This may also be reflected by the moderate 

increase in fractional utilization at LT2 observed in the POL group. Fractional utilisation reflects the O2 

uptake relative to an individual's VO2max. As the fractional utilisation increases at a given exercise 

intensity, more O2 is taken up. This means that a larger proportion of power produced at this intensity 

comes from O2 derived ATP. Hence, the increase in power output at all markers in the POL group may 

be caused by aerobic adaptations. In the THR group, however, the VO2max, SmO2, and fractional 

utilization only showed trivial change. This would suggest that the improvement in power output 

observed in the THR group was not related to changes in O2 uptake and/or utilization. Thus, in the THR 

group, the improvement in power output at the different markers may be caused by systems other 

than VO2 uptake or usage. 

 

The improvement in power output in the THR group could be attributed to improvements in either 

the lactate threshold or the exercise economy. An individual's lactate threshold is affected by both 

their anaerobic- and their aerobic capacity. Anaerobic capacity plays a role in the aerobic power as 

the glycolytic capacity provides part of the total energy output (59). The total energy contribution 

during endurance events comes largely from aerobic metabolism, but the substrate metabolized 

depends heavily on the intensity and duration of the effort (60). The total contribution of glycolysis 

and lipolysis in aerobic respiration has been estimated to be similar after around 3 to 5 hours (61). 

Athletes competing in shorter events would benefit from increased glycolysis, and athletes competing 

in longer events would benefit from increased lipolysis. Most of the THR training was broken into 

intervals ranging from 7 to 15 minutes at the threshold intensity. At this intensity and duration, an 

individual is largely dependent on glycolysis for ATP production. It could be feasible to attribute at 

least part of the improvement of power output to an improvement in the glycolytic system. This may 

also be reflected by the small meaningful enhancement of anaerobic capacity and explosive power in 

the THR group, as glycolytic activity has been found to play a key role in explosive activities (62). The 

finding that THR training may improve glycolytic capacity is in line with findings that THR training 

affects lactate clearance, rather than production: it does not cause an athlete to produce more power 

aerobically, but rather aids in lactate shuttling (63). 

 

Where an individual's VO2max and lactate threshold interact to determine the rate and duration of 

energy production, their economy determines the output that can be achieved with that given amount 

of energy (64). Previously, an inverse relationship has been established between VO2max and exercise 
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economy in runners and cyclists: athletes with high VO2max values have a lower exercise economy 

(65). The exact reason for this has not yet been determined, but some suggest that individuals with 

higher VO2max values also have a higher lipid oxidation rate, which requires more O2 than 

carbohydrate oxidation. Thus, more oxygen would be required to overcome a given workload (66). In 

the present study, VO2/W did not change significantly at LT1, LT2, or PPO, but a moderate and a small 

improvement was observed in VO2/W at LT2 and PPO in the THR group, respectively. This would be in 

line with prior studies, which found significant improvements in exercise economy following a THR 

training intervention (7, 12). This improvement in exercise economy may thus reflect increased 

glycolysis or decreased lipid oxidation. 

 

Conclusion 

The findings of the present study on the performance and physiological effects of POL and THR training 

interventions have showed no significant differences between the two TIDs over a 6-week training 

period in trained cyclists. Both POL and THR training groups showed a similar improvement in power 

output after 6 weeks of training. No significant different physiological adaptations were measured 

between the groups. Perhaps the high-intensity component of the POL training group stimulated more 

aerobic peripheral adaptations, as shown by the practically meaningful enhancement of SmO2, 

VO2max, and fractional utilization. On the contrary, the zone 2 training intensity may have stimulated 

more glycolytic adaptations in the THR group. The data reported in this study appear to support the 

findings of prior literature that a THR training program improves exercise economy. 

These findings may be of interest to practitioners, coaches, or athletes: The results from this research 

suggest that individuals with a lower aerobic capacity may benefit from a more polarized training 

approach, as this may elicit greater improvements in performance through aerobic adaptations. 

Individuals with lesser developed glycolytic capacity may benefit from a threshold training approach, 

as this may lead to improvements in performance through more anaerobic adaptations. However, 

despite these arguments, the evidence here is limited and should be approached with caution. Large 

randomized controlled trials could provide more definitive evidence to support these notions. 

 

Previous research has established that decreased SmO2 is correlated with improved VO2max and 

power output, and as such may be an indicator of endurance performance. The present study has 

found a large variety of individual responses in muscle oxygenation to training stimuli. This would 

suggest that SmO2 is a trainable physiological quality, but that some individuals may be better 
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predisposed to short term peripheral adaptations. Even though peripheral adaptations after POL 

training seemed to improve to a greater extent than after THR training, there were individuals in both 

groups that improved and deteriorated. Future research should investigate individual predisposition 

to training intensity models. 

 

This study has some limitations. Notably, the present study lacked sufficient power for hypothesis 

testing (n = 17), and data showed large inter-personal variation (e.g., 18-49 years old, male and female 

participants), which over the short 6-week period may have increased the possibility of a type II 

statistical error. Second, there was a non-significant, but large difference in total training stress 

between training groups. Hence, effect sizes were calculated as this metric is not dependent on 

sample size and gives a better indication of practically meaningful changes and differences. These 

insights may provide some preliminary evidence regarding the central and peripheral adaptations and 

performance adaptations to POL and THR training interventions. Future work in larger-scale studies 

may help to verify some findings of this study. 

 

It has become clear that both POL and THR training interventions caused meaningful improvements 

in power output at every significant threshold or intensity. However, the physiology by which these 

improvements came about is different between groups. It has become clear that both POL and THR 

training philosophies have their own respective strengths and weaknesses. By delving deeper into 

these adaptations, researchers can contribute valuable insights to coaches and athletes regarding the 

optimization of training for individual needs, athletic performance, and long-term success.  
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Chapter 5 Conclusion 

 

Various training intensity distribution (TID) models have arisen to optimize adaptation and 

maximize performance. A broad body of literature exists on the performance outcomes of varying TIDs. 

However, there is a lack of experimental research investigating the physiological adaptations of POL 

and THR training models. This may interest competitive athletes and coaches, and to exercise 

physiologists in comprehending the physiological adaptations to different training methods.  

The present study aimed to determine the magnitude of change in power output, aerobic 

capacity, anaerobic capacity, and muscle oxygenation following a 6-week polarized and threshold 

training intervention in trained cyclists. Second, the study aimed to determine the relationship between 

the changes in muscle oxygenation markers and changes in performance indicators following a 6-week 

polarized and threshold training intervention in trained cyclists. Aerobic, anaerobic, and muscle 

oxygenation adaptations were measured before- and after a 6-week POL or THR training intervention, 

using an incremental exercise test, a 30-s Wingate, and concurrent NIRS measurements. 

 

Main findings 

A summary of the main findings is presented in table 5.1. 

The findings of the study show that both THR and POL training methods stimulate 

improvements in power output at LT2 and PPO, but that a THR training program stimulates larger 

numerical power output adaptations over a 6-week training period, compared to POL. The THR training 

program may be optimal for promoting improvements in markers of endurance performance mainly 

through glycolytic adaptations, whereas a POL training program favors improvement in markers of 

endurance performance primarily through aerobic adaptations. 

 

These findings underscore the importance of an optimal training intensity distribution to elicit 

specific adaptations. Tailoring a training program according to an athlete's current physiology and the 

optimal physiological profile for their target event could prove valuable in fine-tuning an athlete's 

performance potential. Coaches can be encouraged to prescribe a high volume of zone 1 training for 

athletes in all endurance sports. It is also recommended that before prescribing higher intensity training, 

coaches should first identify athlete's weaknesses. Higher intensity sessions should then be prescribed 

accordingly. For athletes desiring aerobic adaptations, a polarized training intensity distribution model 

may be optimal. For athletes desiring glycolytic or exercise economy adaptations, training according to 

a threshold training intensity distribution model may be better suited.  
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Table 5.1 - Summary of the adaptations to 6 weeks' POL or THR training. 

Dependent Variable Outcome 

LT1 Similar improvement in both groups (p = 0.010, ES = 0.13) 

LT2 Similar improvement in both groups (p = 0.008) 

Small meaningful improvement in THR over POL (ES = 0.54) 

PPO Similar improvement in both groups (p < 0.001)  

Small meaningful improvement in THR over POL (ES = 0.29) 

Wingate PPO Trivial changes in both groups (p = 0.483)  

Small meaningful improvement in POL over THR (ES = 0.20) 

SmO2 at LT1 Trivial changes in both groups (p = 0.073)  

Moderate meaningful improvement in POL over THR (ES = 0.72) 

SmO2 at LT2 Trivial changes in both groups (p = 0.067)  

Moderate meaningful improvement in POL over THR (ES = 0.91) 

SmO2 at PPO Trivial changes in both groups (p = 0.147)  

Moderate meaningful improvement in POL over THR (ES = 0.74) 

SmO2 after Wingate Significant changes in both groups (p < 0.001) 

Large meaningful improvement in POL over THR (ES = 1.76). 

VO2max Trivial changes in both groups (p = 0.240)  

Small meaningful improvement in POL over THR (ES = 0.40) 

Fractional UtilizationLT2 Trivial changes in both groups (p = 0.671) 

Moderate meaningful improvement in POL over THR (ES = 0.62) 

Explosive power Trivial changes in both groups (p = 0.564)  

Small meaningful improvement in THR over POL (ES = 0.40) 

Economy at LT2 Trivial changes in both groups (p = 0.195) 

Moderate meaningful improvement in THR over POL (ES = 1.11) 

Economy at PPO Trivial changes in both groups (p = 0.156) 

Small meaningful improvement in THR over POL (ES = 0.45) 

Relationship between SmO2 

and markers of performance 

No relationship was found between change in SmO2 and change in 

markers of endurance performance. 
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Aims and Hypotheses 

H1: A THR training intervention will lead to a higher workload at a sub-maximal exercise intensity, 

compared to a POL training model. 

A small meaningful improvement in power output at LT2 and PPO was observed, favoring THR over 

POL. Based on these observations, this hypothesis is accepted. 

 

H2: There will be no difference in change in aerobic capacity between training interventions.  

Small meaningful improvements in absolute- and relative VO2max after POL training, but not THR 

training, were observed. Based on these findings, the hypothesis is accepted.  

 

H3: A threshold training model may lead to greater improvements in anaerobic capacity compared to 

a polarized training model. 

The small qualitative improvement in explosive power and anaerobic capacity observed after THR 

training, but not after POL training, indicates improved anaerobic capacity. Based on these findings, 

this hypothesis is accepted. 

 

H4: A polarized training intervention will elicit greater muscle oxygenation adaptations than a 

threshold training model. 

The POL group showed moderate and large meaningful differences in SmO2 at all measured intensities 

after the training intervention, whereas the THR group showed trivial changes. Based on these findings, 

the hypothesis is accepted. 

 

H5: A THR training model will improve exercise economy (VO2/W) more than a POL training model. 

The magnitude of increase in VO2/W was greater after THR than after POL at LT1, LT2, and PPO. 

Based on these findings, the hypothesis is accepted. 
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H6: There will be positive correlations between changes in muscle oxygenation and changes in markers 

of endurance performance. 

Post-intervention peak aerobic SmO2 correlated strongly with post-intervention VO2max. However, 

changes in peak aerobic SmO2 did not correlate with changes in any other markers of endurance 

performance. Based on these findings, the hypothesis is rejected.  

 

Limitations 

The group of participants in the current study was homogeneous in athletic performance; all 

participants fit in to the 'trained' category of endurance sports (Decroix et al., 2015; Pauw et al., 2013). 

However, the age range of 18-49 yrs, and the participant group comprising mixed sexes, may have 

caused larger standard deviations than the statistical power would have indicated. It may have limited 

the statistical power of the study.  

Secondly, the study only included trained cyclists. On top of this, there was high and low 

responders to the training stimulus. Therefore, the findings cannot be extrapolated to other athlete 

populations or sport codes. 

Thirdly, the training intervention used in this study only lasted 6 weeks. Therefore, it is 

unknown whether a longer training intervention may have affected the type- or magnitude of 

adaptations observed. 

This study may be regarded as an exploratory study paving the way for more research in this 

area of physiological adaptations to various TIDs. 

 

Future studies 

Being the first study to investigate the muscle oxygenation adaptations to a POL and THR 

training program, more research is needed to validate these findings. This study found preliminary 

evidence of the peripheral adaptations to both POL and THR training. Future studies could use different 

methods to confirm these findings. (E.g., the notion that THR training improves anaerobic capacity may 

be confirmed through the use of muscle biopsies identifying metabolic adaptations, or muscle fiber type 

shifting). 
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Future research should examine the adaptations observed in this study in different athletic 

populations (e.g., an elite athlete population) or sports (e.g., runners, or rowers). 

The present study found large individual peripheral responses to both TIDs. Future studies 

could investigate individual predisposition to respond to certain training intensity stimuli (e.g., athletes 

with better maximal aerobic capacity may benefit more from THR training as it may stimulate a 

potentially under-trained part of their physiology). Incorporating sex as a variable of adaptation to 

different TIDs may be important. There is evidence that female athletes derive a larger proportion of 

total energy from fat oxidation, whereas male athletes derive more from carbohydrate oxidation (Horton 

et al., 1998). Physiological responses to different TIDs may differ between sexes. It would be valuable 

to conduct sex comparisons in response to different TIDs, as this may aid in enabling optimal training 

methods, ultimately promoting athletic success in all humans. 
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Addendum B – Physical Activity Readiness Questionnaire 
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Addendum C – Informed Consent Form   

   

TITLE OF RESEARCH PROJECT:   

Muscle Oxygenation and Performance Adaptations in Trained Cyclists Following a Polarized and 
Threshold Training Intervention   

DETAILS OF PRINCIPAL INVESTIGATOR (PI):   

Title, first name, surname:    
Mr Colin Fleming   Ethics reference number:   

25263   
   

Full postal address:    
Department Sport Science, Stellenbosch University, Private Bag X1, 
Matieland, Stellenbosch, 7601   

PI Contact number:   
0797607149   

   

We would like to invite you to take part in a research project. Please take some time to read 
the information presented here, which will explain the details of this project. Please ask the 
principal investigator any questions about any part of this project that you do not fully 
understand. It is particularly important that you are completely satisfied that you clearly 
understand what this research entails and how you could be involved. Also, your participation 
is entirely voluntary, and you are free to decline to participate. In other words, you may 
choose to take part, or you may choose not to take part. Nothing bad will come of it if you say 
no: it will not affect you negatively in any way whatsoever. Refusal to participate will involve 
no penalty or loss of benefits or reduction in the level of care to which you are otherwise 
entitled. You are also free to withdraw from the study at any point, even if you do agree to 
take part initially.   
The Health Research Ethics Committee at Stellenbosch University has approved this study. 
The study will be conducted according to the ethical guidelines and principles of the 
international Declaration of Helsinki, the South African Guidelines for Good Clinical Practice 
(2006), the Medical Research Council (MRC) Ethical Guidelines for Research (2002), and the 
Department of Health Ethics in Health Research: Principles, Processes and Studies (2015).   
   
What is this research study all about?   

- The purpose of the study is to broaden our understanding of the physiological 
adaptations to polarized and threshold training in cycling. This may aid coaches and 
cyclists to improve their training programs and optimize the training periodization 
throughout a training and racing season.   

- If you agree to take part in the study and the screening procedure indicate that you are 
eligible, you will be invited to attend the first procedures in the laboratory, which will 
last roughly an hour. Your height, weight, and body metrics will be measured. You will 
then perform an incrementally increasing workload test, followed by a 30-second all-
out test, to familiarize yourself with the tests. During your second visit, you will 
complete this incrementally increasing workload test, followed by the 30-second all-
out test again, this time whilst different measurements will be taken. For the next six 
weeks you will complete either a polarized or threshold training program. This will 
require ~9.5 hours of cycling per week and involve two or three cycling training 
sessions. One of these weekly sessions will be performed in the Sport Physiology 
Laboratory under supervision. Each training session in the laboratory will last between 
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60-75 minutes. On other days you will be asked to ride under your own supervision. 
After the six-week training program you will be asked to return to the laboratory to 
undergo an incrementally increasing workload test and a 30-second all-out test again.  

   
   
For all training sessions you will be asked to wear a chest heart rate monitor. You will not be 
allowed to consume any carbohydrate / nutrition during the pre- and post-tests.   
The study will be conducted in the Sport Physiology Laboratory in the Department of Sport 
Science. The total duration of the study will be roughly 8 weeks. You will be expected to give 
a maximal effort for the two tests. Additionally, your own personal bike and cycling kit should 
accompany you the laboratory. At the end of the testing period, you will be provided with a 
report containing your test results.   
   
Procedures of the familiarization, and pre/post-intervention tests  
During the testing session you will be required to have a near infrared spectroscopy (NIRS) 
device attached to your side-upper leg. This is approximately 3cm wide, 8cm long, and 1.5cm 
thick, and will not constrict your movement. You will also be required to wear a face mask 
which measures your oxygen and carbon dioxide inspiration and expiration. This mask will 
cover your nose and mouth but will not obstruct, or aid, your breathing.  
During the familiarization you will not be required to wear the NIRS or the face mask.  
At the start of the test only the NIRS device will be applied for the warm-up. You will start the 
test with a 5-minute passive rest period. You will then perform a 10-minute warm up at 80 
watts (W), at a cadence of between 80-100 rotations per minute (rpm). If desired, you can 
have a drink of water after the warm-up. Then the face mask will be fitted.   
The incremental exercise test will start at 120 W, will increase to 150 W 60 seconds after that, 
and thereafter it will increase by 30 W every 2.5 minutes. In the last 30 seconds of each stage 
a blood sample will be taken, by fingerprick. You will be required to keep the cadence between 
80-100 rpm, until exhaustion and you are no longer able to maintain the cadence above 80 
rpm. At this point, the test will be terminated. You will then undergo a 5-minute active recovery 
period by pedalling against 80 W at a cadence of choice. You will then complete a 30-second 
all-out effort. After this effort you will undergo another 5-minute active recovery period against 
80 W at a cadence of your choice.   
  
Why do we invite you to participate?   
You are invited to take part in this study because you have indicated your interest in the 
research project by responding voluntarily to the invitation and you meet the inclusion criteria 
for the study. The inclusion criteria stipulate that you are a recreationally trained road cyclist 
or mountain bike rider, actively participating in deliberate cycling exercise.  
 
 
  

What will your responsibilities be?   
We ask that you complete all questionnaires honestly and that you follow the instructions of 
the researchers during all phases of the testing procedures. You will also be asked to give 
your best efforts during the cycle ergometer tests. In case of not adhering to the pre-testing 
procedures (see the list below), we ask that you please inform the researcher.    
   
Important pre-testing procedures:    

1. eat your last meal / snack at least 3 hours before your testing;    
2. avoid caffeine-containing drinks and alcohol ingestion at least 12 hours before 
testing;    
3. avoid vigorous activities – perceived exertion above 12 (out of 20) - or any 
unaccustomed exercise at least 24 hours before testing;    
4. stay well hydrated prior to testing.   
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Will you benefit from taking part in this research?   
You will receive a full written report (via email) of your test results from the researcher. 
Additionally, you will receive a voucher for a maximal aerobic capacity (VO2max) and body 
composition test, at a later stage. You will also receive a summary (via email) of the main 
findings of the study once the study has been completed.    
If required, you may request a reimbursement of travel expenses for up to 500 ZAR.  

   
Are there any risks involved in your taking part in this research?   
There will be minimal risks involved in the study. However, you may experience dizziness, 
fainting, and discomfort during the different cycling tests and training sessions. However, the 
testing and training will not differ significantly from your usual training. The blood and lactate 
blood sampling will be done by non-invasive procedures, by means of a fingerprick, and will 
not exceed 2mL per test. Gloves, alcohol swabs and hermitically sterilized needles will be 
used, all sent for incineration post testing in a biohazard collection bin.   
To minimize potential risks as much as possible, the procedure will be thoroughly explained 
to you, and the test or training will be stopped immediately if you indicate to stop, or if the 
primary researcher detects any unusual behavioural responses. You will also be phoned six 
hours post-test to confirm your well-being.  
  
Even though it is unlikely, what will happen if you get injured somehow because you 
took part in this research study?   
Stellenbosch University will provide comprehensive no-fault insurance and will pay for any 
medical costs that came about during laboratory exercise sessions due to you taking part in 
the research study. You will not need to prove that the researcher was at fault.   
Should you complete any training sessions outside the laboratory, these will not fall under 
Stellenbosch University insurance, and they will be at your own risk, as these sessions are 
not part of the project.   
  
Will you be paid to take part in this study and are there any costs involved?   
You will not have to pay for anything. If required, you may request a reimbursement of travel 
expenses for up to 500 ZAR.  
   
Is there anything else that you should know or do?   
Raw exercise test and NIRS data collected during this study could potentially be used for 
future studies. This data will be completely anonymous. Additionally, the results from the study 
would be published in relevant national or international academic journals. Only group data 
and related statistics will be reported, and no participants will be identifiable in these 
publications.  
If you have any questions or concerns about the study or procedures, please feel free to 
contact Colin Fleming [079 760 7149; 26364255@sun.ac.za] and/or the supervisor Prof 
Elmarie Terblanche [082 707 6501; et2@sun.ac.za]. You may phone the Health Research 
Ethics Committee at 021 938 9677/9819 if there still is something that the researchers have 
not explained to you, or if you have a complaint. You will receive a copy of this information 
and consent form for you to keep safe.   
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Declaration by participant   

   
By signing below, I …………………………………...…………. agree to take part in a research study 
entitled "Muscle Oxygenation and Performance Adaptations in Trained Cyclists Following a Polarized 
and Threshold Training Intervention."   
   
I declare that:   

• I have read this information and consent form, or it was read to me, and it is written in 
a language in which I am fluent and with which I am comfortable.   
• I have had a chance to ask questions and I am satisfied that all my questions have 
been answered.   
• I understand that taking part in this study is voluntary, and I have not been pressurised 
to take part.   
• I may choose to leave the study at any time and nothing bad will come of it – I will not 
be penalised or prejudiced in any way.   
• I may be asked to leave the study before it has finished, if the study doctor or researcher 
feels it is in my best interests, or if I do not follow the study plan that we have agreed on.   

   
Signed at (place) ......................…........…………….. on (date) …………....……….. 2023.   
   
 ............................................................................     ..........................................................................   

Signature of participant   
   
   
Declaration by investigator   

Signature of witness   

I (name) ……………………………………………...……… declare that:   
   

• I explained the information in this document in a simple and clear manner to   
…………………………………..   

• I encouraged him/her to ask questions and took enough time to answer them.   
• I am satisfied that he/she completely understands all aspects of the research, as 
discussed above.   
• I did/did not use an interpreter. (If an interpreter is used then the interpreter must sign 
the declaration below.)   

   
Signed at (place) ......................…........……………... on (date) …………....………... 2023.   
   
 ............................................................................     ..........................................................................   

Signature of investigator   Signature of witness   
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Permission to have all anonymous data shared with journals:   
Please carefully read the statements below (or have them read to you) and think about your choice. 
No matter what you decide, it will not affect whether you can be in the research study, or your routine 
health care.  
When this study is completed, we would like to publish the results in academic journals. Most journals 
require us to share your anonymous raw exercise test and NIRS data with them before they publish 
the results. Therefore, we would like to obtain your permission to have your anonymous data shared 
with journals.  
  
Permission for sharing anonymous raw data with other investigators:  
Please carefully read the statements below (or have them read to you) and think about your choice. 
No matter what you decide, it will not affect whether you can be in the research study, or your routine 
health care.  
In order to do the research, we have discussed, we must collect and store exercise and NIRS data. 
Once we have completed the data collection, we would like to store your exercise and NIRS data. 
Other investigators, in- and outside Stellenbosch University, can ask to use this data in future 
research. To protect your privacy, we will replace your name with a unique, anonymous, study 
number. We will only use this code for your data. We will do our best to keep the code private. It is 
however always possible that someone could find out about your name, but this is very unlikely to 
happen. Therefore, we would like to ask for your permission to share your exercise and NIRS data 
with other investigators.  
  
Tick the option you choose for anonymous data sharing with journals:  
I agree to have my anonymous data shared with journals during publication of results of this study   

 Signature _______________  
OR  
I do not agree to have my anonymous data shared with journals during publication of results of this 
study  

 Signature _______________  
  
Tick the option you choose for sharing anonymous exercise and NIRS data with other 
investigators:  
My anonymous data may be shared with other investigators for further analysis and future research  

 Signature _______________  
OR  
I do not want my anonymous data to be shared with other investigators  

 Signature _______________  
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Addendum D – Polarized Training Intervention 

 

 
Abbreviations: 
 
W/U - warm up 
Z1 - zone 1 (<LT1) 
Z2 -  zone 2 (between LT1 and LT2) 
Z3 - zone 1 (>LT2) 
C/D - cool down 
min. -  minutes 
s -  second 
max.  -  maximal   
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Addendum E – Threshold Training Intervention 

 

Abbreviations: 
 
W/U - warm up 
Z1 - zone 1 (<LT1) 
Z2 -  zone 2 (between LT1 and LT2) 
Z3 - zone 1 (>LT2) 
C/D - cool down 
min. -  minutes 
s -  second 
max.  -  maximal  
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Addendum F – Journal of Applied Physiology Author Guidelines  

Author's guidelines of the Journal of Applied Physiology can be found online at 

https://journals.physiology.org/manuscript-prep  
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