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Abstract - English  

Background: Cycling popularity generally increases for both recreational and competitive 

purposes, with a lot of technical and biomechanical improvements following this evolution. To 

support this, profound analysis of kinematic variables is useful focusing on performance 

enhancement. 

Objective: This study aims to map out correlations between biomechanical kinematics and 

performance parameters (and vice versa), seen in a sample of recreational cyclists.   

Study design: Cross-sectional study with collection of qualitative and quantitative data. 

Methods: 73 amateur road cyclists participated in this study. Firstly, participants were briefed 

and prepared before static and functional joint trials were executed. Then, the participants 

were subjected to a progressively increasing capacity test until exertion. During the test, 

infrared reflective markers were used to capture 3D data. Finally, to evaluate core stability, 

prone planking until exertion was executed. Statistical analysis was performed for primary and 

secondary outcome measures between condition 3 (highest effort = end of test) and condition 

1 (lowest effort = beginning of test). 

Results: This sample (67 men and 6 women (45,3 ± 11,3 years, 1,794 ± 0,073 m, 76,87 ± 

10,07 kg, mean BMI 23,79 ± 2,39 kg/m2)) displayed significant and non-significant results 

between highest effort and lowest effort, both interpretable. Significant correlations between 

ankle dorsiflexion ROM and power output, hip adduction/knee adduction/knee external 

rotation and heart rate, prone planking and power output are shown. Fatigue occurring during 

the protocol had an impact on flexion postures.  

Conclusion: This study showed that certain biomechanics do have an impact on performance. 

Clinical relevance of the results must be kept in mind. Core stability is an essential part in 

achieving an optimal cycling performance. 

  

Keywords: biomechanics, core stability, cycling, exertion, performance  
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Abstract - Dutch 

Achtergrond: De populariteit van fietsen, zowel recreatief als competitief neemt toe, met tal 

van technische en biomechanische verbeteringen die deze evolutie volgen. Om dit te 

ondersteunen is een grondige analyse van kinematische variabelen nuttig in het kader van 

prestatieverbetering. 

Doelstelling: De correlaties tussen biomechanische kinematica en prestatie parameters (en 

omgekeerd) in een steekproef van recreatieve wielrenners onderzoeken.  

Onderzoeksdesign: Cross-sectioneel onderzoek met verzameling van kwalitatieve en 

kwantitatieve data. 

Methodes: 73 recreatieve baanwielrenners namen deel. Eerst werden de participanten 

gebriefd en voorbereid, alvorens statische en functionele metingen betreffende 

gewrichtsmobiliteit uit te voeren. Vervolgens werden de participanten aan een progressieve 

uithoudingstest tot uitputting onderworpen. 3D-data werd gedurende dit protocol verzameld 

met behulp van infrarood reflectieve markers. Het onderzoek werd afgesloten met een 

voorwaartse plankhouding test, waarbij de deelnemers deze positie zo lang mogelijk moesten 

aanhouden. Het doel van deze aanvullende test was om de mate van rompstabiliteit te 

kwantificeren. Statistische analyse werd uitgevoerd voor primaire en secundaire 

uitkomstmaten tussen conditie 3 (zwaarst = einde van de test) en conditie 1 (lichtst = begin 

van de test). 

Resultaten: Deze steekproef (67 mannen en 6 vrouwen (45,3 ± 11,3 jaar, 1,794 ± 0,073 m, 

76,87 ± 10,07 kg, BMI 23,79 ± 2,39 kg/m2)) toonde significante en niet-significante resultaten, 

beide interpreteerbaar, wanneer conditie 3 en 1 met elkaar vergeleken werd. Correlaties 

tussen enkel dorsiflexie en maximale krachtlevering, heup adductie/knie adductie/knie 

uitwendige rotatie en hartslag, planking tijd en krachtlevering worden getoond. De optredende 

vermoeidheid doorheen het protocol toonde een impact op flexie posturen. 

Conclusie: Bepaalde biomechanische veranderingen hebben wel degelijk een invloed op 

prestatie. Klinische relevantie van de bevindingen moet in het achterhoofd gehouden worden. 

Rompstabiliteit is een essentieel onderdeel om een optimale fietsprestatie te bereiken. 

 

Trefwoorden: biomechanica, rompstabiliteit, fietsen, uitputting, prestatie 
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Introduction  

Since cycling is a popular sport among different populations with different goals, extensive 

research about biomechanical analysis of cycling and its characteristics can be found in 

contemporary literature. From young to old and in recreational or competitive context, 

practitioners want to know the best method to achieve optimal performance. The meaning of 

performance in the cycling community depends on the aim of the bicyclist: for one, 

performance signifies being the fastest to cover a certain distance (e.g. a competition), while 

for the other, performance is more about comfort and pleasure during the ride. A recent study 

of Bini et al., 2016 examined potential differences in 3D kinematics between these two cycling 

populations with different training goals, demonstrating greater range of motion (ROM) for 

lateral flexion (5-16%, p<0,01) and rotation (16-29%, p<0,01) of the spine in recreational 

cyclists compared to professionals [1]. Even though the amplitude of these differences were 

small to moderate, a link with cycling experience could be made. This experience factor, which 

is significantly higher in competitive cyclists due to more training hours, ensures long-term 

adaptation of muscle recruitment and joint motion patterns and can thus affect ROM and 

cycling kinematics favorably [1]. 

 

Avoiding injury is one of the most important goals within cycling. The most commonly seen 

injuries are overuse injuries, explainable by the repetitive nature of cycling. Knee pain and 

buttocks pain have long been considered as most important due to their high prevalence in 

the sport [2][3][4] - articles resp. dating from 1996, 1985, 1995. More recent research of 

Clarsen et al., 2010 has registered low back pain (LBP) as the most common overuse 

complaint [5]. Also, approximately 30 years ago Danny Too, 1990 published a review in which 

it was noted that the aerodynamic drag was the main point of interest in cycling biomechanics. 

It also drew attention to the increasing importance of environmental factors (on both human 

and mechanical level) [6]. Due to the importance of aerodynamics in cycling and the recent 

developments of cycling technology and gear in mind, cycling posture and bike configuration 

need to adapt in order to translate these changes towards an aerodynamic position on the 

bike. Hereby, racers are always trying to keep their back as flat as possible in order to reduce 

their frontal area on the bike [7][8]. This drop shaped position could clarify the change in 

evidence regarding overuse injury prevalence nowadays (increasing prevalence of low back 

pain) compared to thirty years ago (mostly knee and buttock pain).  

 

 

 



 

 12 

Another suggestive clarification could be the use of stiffer materials in the framesets 

nowadays, resulting in less shock absorption (steel framesets earlier versus carbon fiber now). 

Therefore, more stress could be transferred directly to the lower back instead of being 

absorbed by the frame when riding over bumpy, irregular surfaces.  

 

Understanding the kinematics of thoracic and lumbar spine during cycling and linking them to 

the performance of the athlete is therefore important. All these above stated factors together, 

result in a precarious position on the bike with a lot of stress imposed to the back. There are 

many articles available focusing either on kinematics of cycling or cycling performance. In the 

previous part of this study (part one), the same researchers scanned the existing recent (< 5 

years) literature about cycling biomechanics and their influence on cycling performance. To 

their knowledge (February 2019), no other studies were executed to examine the effect of 

lumbopelvic control or excessive limb movements on cycling performance during a 

progressive exercise test. A lot of articles included in the first part of this master thesis gave 

advice about the most optimal position on the bike. However, no real consensus was found 

among these researched articles. 

  

Previous research, concerning fatigue after vigorous cycling, has investigated which factors 

can be found to explain power loss. To ensure that the same power is produced, cyclists adjust 

their body positions to shift more body weight onto the pedals, as stated by Sayers et al., 2012 

[9]. This results in more pelvic tilt towards the side pushing down on the pedals. Other research 

looked more into the electromyographic (EMG) data of different muscles during cycling and 

how they adapted to fatigue. Muscle activation patterns of certain muscles did change in order 

to maintain performance. A study of Dingwell et al., 2008 indicated that significant muscle 

fatigue was present in 18 out of 28 muscles tested. The changes were most prominently seen 

in the Biceps Femoris muscle (BF) and the Gastrocnemius muscle (GAS) [10]. 

 

One of the latest developments in cycling is the use of independent cranks. A lot of promotional 

videos appeared lately about the benefits of this type of cranks. They would enhance 

performance, reduce injuries and delay fatigue. By using independent cranks, cyclists are 

unable to benefit from the power produced in the push down phase, to lift their other leg during 

the recovery phase. Bourdon E, Mavor M, and Hay DC., 2017 found that in this condition 

cyclists will use more isolated contractions of the Rectus Femoris (RF) and BF muscle to 

obtain the same result as with dependent cranks [11].  

Therefore, it could be used to increase training specificity. These changes in muscle activation 

had no effect on trunk kinematics. Considering performance, the participants produced less 

power with the independent cranks compared to cycling with normal cranks (p<0,001) [11]. 
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Summarizing, numerous factors are described above and in the literature, but still the 

researchers tended to fill an existing gap. The combination of performance in relation to pelvis, 

spine and lower extremity kinematics has not been studied as main topic in previous research. 

Therefore, following research question for this current study was defined: “What is the 

influence of biomechanical changes in trunk, pelvis and lower extremities on performance in 

recreational cyclists and vice versa?”. The researchers hypothesized that better core stability 

ensures better performance and secondary that changes in trunk and lower limb biomechanics 

have an effect on performance. 

  

To approach the research question as accurately as possible, the authors used a 3D motion 

capture system. Previous studies showed that 2D motion devices are good, but the 3D 

technique remains the golden standard for this kind of study [12]. The use of 2D motion capture 

is associated with a number of benefits: cheap, portable and a valid tool for static analysis 

[13]. However, it tends to underestimate the angles during dynamic protocols. Therefore, a 

correction factor must be used. Another disadvantage is that it can only measure 2 planes 

(depending of the placement), while the 3D motion capture tool can measure the X-, Y- and 

Z-axis (sagittal, frontal and axial plane movements), resulting in more movements captured 

with the 3D technique. If one wanted to measure all these movements by using only 2D tools, 

more than one camera should be used, which makes it less profitable and with higher 

complexity. 
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Methods  

Research design 

With respect to the purpose of the research question, the authors opted for a cross-sectional 

study design, applied on a sample of amateur cyclists. Hereby, differences or similarities within 

the population could be investigated with sufficient accuracy. Quantitative and qualitative 

research methods were used in order to answer the research question. Quantitative data on 

cycling 3D kinematics and performance were collected during a stationary bicycle test. Infrared 

reflective markers, which were placed on specific parts of the body, were used to track 

changes in position. To investigate the effect on performance capacity, the data of heart rate, 

maximal power and the participant’s prone planking time till exertion were collected. 

Qualitative data such as age, length and weight were obtained through a questionnaire which 

the participants were asked to fill in prior to cycling analysis.  

Participants (inclusion- and exclusion criteria, recruitment) 

Seventy-three participants (67 males and 6 females) were recruited to enter the study for a 

one-time testing moment at the Department of Rehabilitation Sciences and Physiotherapy of 

the University of Ghent. All testing moments took place during a period of 3 months (December 

2017 - February 2018). All seventy-three participants showed up, but eventually only the data 

of fifty-five participants was used due to technical problems resulting in missing data. Written 

informed consent was read and signed by all participants. Only recreative cyclists with road 

cycling experience were included. Professionally active cyclists, who participated in 

competitive activities of any discipline (road, track, mountain bike or cyclocross) or participants 

with major pathologies or systemic diseases were excluded from this study. There were no 

exclusion criteria regarding age and gender. This study was approved by the ethics committee 

of Ghent University (EC UZ 2017/1293). 

 

 

 

 

 



 

 15 

Testing protocol 

This study was coordinated by the research group involved in NanoSports – BIKE2KNOW. 

Qualisys Track Manager (QTM, Qualysis AB, Göteborg, Sweden) hard- and software systems 

were used for the 3D motion analysis within this study.  

 

Each participant was tested separately. Before the participants arrived, the motion capture 

system (Qualysis) was calibrated. The entire testing procedure can be divided into four major 

parts. The first one, included signing the informed consent, a short briefing about the purpose 

and different tests of this study and preparation. Each participant was provided with 45 passive 

infrared reflective markers, placed on fixed bony places on both sides of the body. The 

placement of these markers was determined following the LJMU Lower Limb and Trunk Model 

(Van Renthergem & Robinson, 2013) [14][15]. 

This resulted in ten body areas to be measured: ankle, knee, hip, pelvis, pelvis-thorax, 

lumbosacral transition, lumbar spine, thoracolumbar transition, thoracic spine, and thorax 

[14][15]. Figure 1 displays the testing set-up and posterior view of the marker placements. 

 

 

Figure 1: Testing set-up and placement of reflective markers. 
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Secondly, static and functional joint trials were collected using QTM, to create a virtual model 

of each participant which was needed for post-hoc segment and joint angle calculation during 

the dynamic cycling trials.  

To allow estimation of the joint center position of both hip and knee joints, the participants 

were asked to perform isolated flexion/extension, ab-/adduction and external/internal rotation 

movements in both hip and knee joints, in function of the local amount of degrees of freedom.  

 

The third/main part consisted of the actual exercise capacity test with progressively increasing 

resistance on a stationary cycle ergometer. In order to simulate their regular cycling position, 

each participant was asked in advance to bring his or her own bicycle to the testing. The 

specific protocol (see lower) was executed by using the same folding trainer for each 

participant (Tacx flow), in order to reduce bias.  

 

Lumbar lordosis, lumbosacral transition, thoracic kyphosis and thoracolumbar transition were 

evaluated uniplanar, namely sagittal. The other six areas (cfr. supra) were evaluated in three 

dimensions: sagittal (X), frontal (Y) and transversal (Z). During the cycling effort, the motion 

capture system received all kinematic data (i.e. angles, movement) through the reflective 

markers and processed the information. These data were mapped and used for analysis of 

the kinematic actions of the body segments (between themselves and compared to a global 

reference, i.e. the bicycle). In addition to the kinematic data, heart rate (using the participants 

own heart rate monitor) and power output were registered, and the cadence was controlled 

throughout the exertional cycling protocol. 

 

The actual cycling test started with a 5’ warm-up at 50 Watt (W). After these 5 minutes, the 

participant proceeded to the first step: 2 minutes cycling at 90W or 110W (in accordance with 

the level of the cyclist). Every 2 minutes, the resistance was raised manually by an examiner 

with 30W. Each participant could choose its own cadence (somewhere between 70 and 90 

rounds per minute (RPM)) but needed to make sure this was kept constant during the whole 

duration of the test. The participants had to remain seated during every stage of the test. Data 

acquisition of trunk and lower limbs occurred during the last 30 seconds of each step. Before 

the resistance increased, one of the researchers noted their heart rate. These steps were 

repeated until the test person could no longer cope with fatigue or the predetermined cadence. 

When this moment of exhaustion occurred, the researchers noted maximum heart rate and 

maximum wattage and cycling was stopped.  
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The final testing step was prone planking to exertion to map the overall core strength 

endurance of the participants. Prior to testing, the purpose of this protocol was explained in 

detail after which a short demonstration was given by one of the examiners. The participant 

needed to maintain this standardized prone planking position (Figure 2) as long as possible 

without compensations (e.g. bottom too high/low). When exertion occurred, or excessive 

compensations were observed, the stopwatch stopped and their performance (i.e. time to 

exertion, in seconds) was noted. 

 

 

 

 

 

 

 

Figure 2: Standardized prone planking position. 

Data processing 

After collection of data from all participants, marker identification within the QTM interface, 

subsequent conversion from ‘qtm’ towards ‘.c3d’ files, importation in Visual 3D and segment 

and joint angle coordinate calculation were conducted by promoter, JS. Afterwards, the 

processed kinematic data was imported in an excel sheet. In this sheet, each joint or segment 

angle coordinate was presented as 101 point vector, which presented the kinematic pattern of 

each joint segment angle from bottom dead to bottom dead point of the average pedal cycle 

for each level of exertion gathered throughout the cycling test. Assuming that most power is 

produced when the crank is placed horizontally in push down phase, the researchers took this 

seventy five percent point as reference (i.e. frame 75 out of the 101 data points collected for 

each kinematic outcome parameter). (See Figure 3) 

 

 

Figure 3: Presentation of two main benchmarks (left: bottom dead center, right: 75% point). 
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Three conditions can be distinguished for analysis in the exertion protocol. The first condition 

(CO1) was located between 90 and 110W (in accordance with the level of the participant). 

Condition three (CO3) corresponds to the last full two-minute interval before exhaustion 

occurred. Condition two (CO2) represents the median of the wattages measured at the end of 

each of the different intervals. These three conditions were determined upon testing and are 

different for every participant because of the difference in fitness level. 

To investigate the effect of exertion/fatigue on the cyclist’s kinematic quality/profile during 

cycling, the difference between the joint and segment angle coordinates at the 75% point in 

the last cycling level prior to exertion (condition 3, C03) were subtracted with the homonymous 

parameters collected throughout the first level of exertion (condition 1, C01), being the least 

intensive power level. This absolute ‘delta’ value was calculated for all joint- and segment 

angles of the lower limb and trunk. Thereafter, all data was exported to SPSS (Version 25) 

[16]. 

 

The following primary and secondary outcome measures were examined precisely in this 

current study. 

Primary outcome measures 

Three different groups of parameters were defined as primary outcome parameters in this 

study. Firstly, the biomechanical data acquired by the infrared markers of the pelvis and trunk. 

Beside these biomechanical values, several performance parameters were included. One can 

distinguish heart rate and power produced by the athlete as primordial. The slope heart rate 

(= RicoHR) was selected as the most representative value of general performance capacity, 

since it also stands as a measure of the VO2max. Heart rate at rest and heart rate reserve 

displayed in this study were too dependent on other factors (age, gender, ...) and were 

therefore not used for drawing conclusions. Regarding cycling-specific performance capacity, 

the maximum power output was retrieved. Prior to data analysis, this absolute value was 

normalized to body weight to allow in-between-subject comparison.   

Secondary outcome measures 

Other than the primary outcome measures, a couple of secondary variables were taken into 

account. The infrared markers of trunk and pelvis were primary, but the data and results of 

lower extremity were considered to be of secondary importance. Furthermore, the absolute 

maximal power output and time to exertion during prone planking were incorporated. 
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Statistical analysis 

All statistical analyses were performed using version 25 of the Statistical Package for the 

Social Sciences (SPSS statistics (powered by IBM Corp)) [16]. Prior to statistical analysis, 

significant outliers (i.e. values that exceeded the group mean with more than 2 times the 

standard deviation (SD)) were deleted. Descriptive statistics of the database was performed, 

displaying the results of mean and standard deviation for each of the included outcome 

parameters (see results section). Normality of the variables was verified by interpretation of 

the Shapiro Wilk test, Kolmogorov Smirnov test and Q-Q plot observation. When at least one 

of the first two tests was non-significant (p>0,05), that variable was considered as normally 

distributed. The next step was running the paired samples T-tests between condition 3 and 

condition 1 of all the biomechanical variables, in order to determine if the mean difference 

between those two was statistically different from zero. 

 

The last statistical step was to determine whether there was a correlation between all different 

variables (biomechanical and non-biomechanical). When there was a positive or negative 

correlation found which was significant (p<0,05), the researchers checked if both variables 

were normally distributed. If so, the Pearson coefficient was used. If it did not fulfil this condition 

the Spearman coefficient was taken into account. Subsequently, the linear regression was 

checked for the Pearson correlated variables. This gave an equation predicting the influence 

of one or more independent parameter(s) on the dependent outcome parameter of interest. 

Linear regression was executed twice by using each variable once as dependent variable and 

once as independent variable. 
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Results 

67 men and 6 women (45.3 ± 11.3 years, 1.794 ± 0.073 m, 76.87 ± 10.07 kg, mean BMI 23.79 

± 2.39 kg/m2) participated in this study. The relative maximal power and RicoHR are displayed 

in Table 1. 

 

 Max Wattage (Watt) Max Wattage/kg (Watt/kg) RicoHR 

Mean 293.2 3.84 0.36 

SD 62.8 0.80 0.10 

Table1: Mean and Standard Deviation of primary outcome measures.  

 

After calculation of descriptive statistics and variable normality, differences between the rough 

kinematic data of CO3 (highest effort) and CO1 (lowest effort) were evaluated through 

parametric paired T-test. Significant changes were found in following variables (see Appendix 

2): increase of lumbar flexion ROM (2D_LUM_LOR_L; 2D_LUM_LOR_R), lumbosacral joint 

ROM (2D_SLO_L; 2D_SLO_R), dorsiflexion (Ankle_X_L; Ankle_X_R) and eversion 

(Ankle_Y_L; Ankle_Y_R) of both ankles and inward rotation of the right toes (Ankle_Z_R). 

Also adduction of both hips (Hip_Y_L; Hip_Y_R), right knee abduction (Knee_Y_R) and 

external rotation (Knee_Z_R), anterior tilt of both sides of the pelvis (Pelvis_X_L, Pelvis_X_R), 

left pelvic obliquity left side up (Pelvis_Y_L) and left pelvic rotation left side backward and right 

pelvic rotation left side forwards (Pelvis_Z_L, Pelvis_Z_R). Lastly posterior tilt 

(PelvisThorax_X_R), obliquity left pelvic side up of the left part and left side down of the right 

part (PelvisThorax_Y_L; PelvisThorax_Y_R) and thoracal sagittal (Thorax_X_L, 

Thorax_X_R), frontal (Thorax_Y_L, Thorax_Y_R) and transversal plane ROM (Thorax_Z_L) 

were seen. The exact differences between the two conditions of each kinematic variable is 

shown in Table 2.  

 

Interpretation of the meaning of all joint angle coordinate names relevant in this study, whether 

positive or negative and what this implies, is displayed in Appendix 1. This table was formed 

from the LJMU Lower Limb and Trunk Model [14][15]. 
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 P-value Paired T-Test 

(CO3-CO1) 

Mean differences 

2D_LUM_LOR_L 0,003 0,7455 

2D_LUM_LOR_R 0,013 0,5866 

2D_SLO_L 0,004 0,6868 

2D_SLO_R 0,003 0,7433 

2D_THOR_KYF_L 0,243 / 

2D_THOR_KYF_R 0,263 / 

2D_TLO_L 0,867 / 

2D_TLO_R 0,873 / 

Ankle_X_L <0,001 -4,5955 

Ankle_X_R <0,001 -4,9573 

Ankle_Y_L 0,009 -1,6686 

Ankle_Y_R <0,001 0,7462 

Ankle_Z_L 0,315 / 

Ankle_Z_R <0,001 1,6211 

Hip_X_L 0,590 / 

Hip_X_R 0,611 / 

Hip_Y_L <0,001 2,3718 

Hip_Y_R <0,001 2,8873 

Hip_Z_L 0,238 / 
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Hip_Z_R 0,158 / 

Knee_X_L 0,209 / 

Knee_X_R 0,228 / 

Knee_Y_L 0,255 / 

Knee_Y_R 0,003 -1,7431 

Knee_Z_L 0,832 / 

Knee_Z_R 0,002 -1,0208 

Pelvis_X_L 0,001 -1,9552 

Pelvis_X_R 0,027 -1,6335 

Pelvis_Y_L 0,001 0,4075 

Pelvis_Y_R 0,536 / 

Pelvis_Z_L <0,001 1,0117 

Pelvis_Z_R <0,001 -0,9315 

PelvisThorax_X_L 0,290 / 

PelvisThorax_X_R 0,011 3,7254 

PelvisThorax_Y_L <0,001 1,5245 

PelvisThorax_Y_R <0,001 -1,3272 

PelvisThorax_Z_L 0,248 / 

PelvisThorax_Z_R 0,177 / 

Thorax_X_L <0,001 -3,5698 



 

 23 

Thorax_X_R <0,001 -3,7135 

Thorax_Y_L <0,001 -1,6706 

Thorax_Y_R <0,001 2,3072 

Thorax_Z_L <0,001 2,5798 

Thorax_Z_R 0,208 / 

Table 2: Statistical output of the paired Student T-test, comparing the joint angle coordinates in trunk and lower limb at  

75% of the pedal cycle between the highest (CO3) and lowest (CO1) level of exertion. 

 

Correlations between all different variables (biomechanical as well as performance) gave 

results displayed in Table 3. Concerning performance parameters: both power output and 

RicoHR presented a significant association with cycling kinematics. Several general findings 

can be summed up. A correlation of -0,404 can be found between MaxWattage/kg and 

RicoHR. Relative maximal power also correlated with heart rate reserve (HRR) (0,474, 

p<0,001), prone planking time (0,459, p<0,001), age (-0,383, p=0,001), MaxHR (0,361, 

p=0,002), dorsiflexion (because of the positively correlation) ROM of the right ankle 

(diff_Ankle_X_R; (0,340, p=0,019)) and obliquity of the left side of the right pelvis up 

(diff_Pelvis_Y_R; (0,291, p=0,045)).  

RicoHR on the other hand correlated with MaxWatt (-0,550, p<0,001), external rotation 

(diff_Knee_Z_L (0,358, p=0,013)) and flexion of the left knee (diff_Knee_X_L (0,311, 

p=0,033)). Other variables which stood less in connection with performance, are also 

displayed in Table 3.  

 

 Pearsson Correlation 

Coefficient 

Spearman Correlation 

Coefficient 

MaxWattage/kg & HRReserve 0.474 

(p<0.001) 

- 

MaxWattage/kg & Prone Planking - 0.459 

(p<0.001) 

MaxWattage/kg & RicoHR -0.404 

(p=0.001) 

- 



 

 24 

MaxWattage/kg & Age -0.383 

(p=0.001) 

- 

MaxWattage/kg & MaxHR 0.361 

(p=0.002) 

- 

MaxWattage/kg & diff_Ankle_X_R - 0.340 

(p=0.019) 

MaxWattage/kg & diff_Pelvis_Y_R - 0.291 

(p=0.045) 

RicoHR & Max Watt - -0.550 

(p<0.001) 

RicoHR & diff_Knee_Z_L - 0.358 

(p=0.013) 

RicoHR & diff_knee_X_L - 0.311 

(p=0.033) 

MaxHR & Age -0.615 

(p<0.001) 

- 

MaxHR & diff_Hip_Y_R 0.359 

(p=0.012) 

- 

MaxHR & Max Watt - 0.354 

(p=0.003) 

MaxHR & diff_Knee_Z_R - 0.319 

(p=0.027) 

MaxHR & diff_Knee_Y_R - 0.292 

(p=0.044) 

HRR & diff_knee_X_L - 0.323 

(p=0.027) 

Age & diff_2D_THOR_KYF_L - -0.464 

(p=0.001) 
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Age & diff_2D_THOR_KYF_R - -0.406 

(p=0.006) 

Age & diff_2D_TLO_R - -0.344 

(p=0.021) 

Age & BMI - 0.338 

(p=0.003) 

Age & Max Watt - -0.315 

(p=0.007) 

Age & diff_Hip_Y_R - -0.304 

(p=0.034) 

Age & Prone Planking - -0.265 

(p=0.047) 

Prone Planking & diff_Ankle_X_R - 0.379 

(p=0.014) 

Prone Planking & BMI - -0.358 

(p=0.006) 

   Table 3: Significant correlations of all included variables. 

 

Simple linear regression was performed on the Pearson correlated values. MaxHR and Age 

gave following equation: Max HR = 200,254 - 0,675x(AGE). Concerning kinematic variables, 

there was only one equation which could be found due to the requirements of this test (MaxHR 

and frontal ROM of the right hip ab-/adduction (diff_Hip_Y_R)). Following equation could be 

described: Diff_Hip_Y_R= -5,852 + 0,052x(Max HR). Other equations can be found in Table 

4. 
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Dependent variable Independent 

variable 

Linear regression equation P-value of coëfficients 

Diff_Hip_Y_R Max HR Diff_Hip_Y_R= 

-5.852 + 0.052x(Max HR) 

-5.852 (p=0.093) 

0.052 (p=0.012) 

Max HR Age Max HR = 

200.254 - 0.675x(AGE) 

200.254 (p<0.001) 

0.675 (p<0.001) 

MaxWattage/kg Max HR Max Wattage per kg LG = 

-0.107 + 0.023x(MaxHR) 

0.107 (p=0.931) 

0.023 (p=0.002) 

MaxWattage/kg RicoHR Max Wattage per kg LG = 

5.019 - 3.238x(RICO HR) 

5.019 (p<0.001) 

-3.238 (p=0.001) 

MaxWattage/kg HRR Max Wattage per kg LG = 

2.318 + 0.022x(HR Reserve) 

2.318 (p<0.001) 

0.022 (p<0.001) 

MaxWattage/kg Age Max Wattage per kg LG = 

5.068 - 0.27x(AGE) 

5.068 (p<0.001) 

-0.27 (p=0.001) 

Table 4: Linear regression. 
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Discussion and limitations 

Discussion  

The purpose of this study was to investigate whether changes in trunk or lower extremity 

kinematics during cycling had influences on performance parameters, or vice versa. The main 

findings of this study can be achieved through interpretations of these joint angle changes 

during the exertional protocol (highest versus lowest effort). Two possible ways of reasoning 

can be applied.  

 

First of all, it was demonstrated that particularly lower limb kinematics (during down stroke) 

significantly differed when comparing condition 3 (highest effort) and condition 1 (lowest 

effort). Table 2 shows all 44 paired T-test outcomes between both conditions, in which 

significant differences in function of power level were found for 26 of the 44 kinematic variables 

(= difference between conditions significantly different from 0, p<0.05). From these 26 

variables, only four significant values also showed a relationship (i.e. correlation) with 

performance variables, as seen in Table 3. The four variables are summarized in Table 5: 

Ankle_X_R, Hip_Y_R, Knee_Z_R and Knee_Y_R, each of them having one or more 

correlations with performance related parameters. 

The significant increase (condition 3 compared with condition 1) in dorsiflexion ROM of the 

right ankle (Diff_Ankle_X_R) demonstrated to correlate positively with maximal normalized 

power output (ρ=0.340, p=0.019) and prone planking time (ρ=0.379, p=0.014). The 

researchers can suggest that participants already started in dorsiflexion and tended to flex 

their right ankle more dorsally at the end of the protocol. More MaxWatt/kg was correlated with 

this increase in dorsiflexion. Previous research of Bini et al., 2010 an Amaroso et al., 1990 

also found that when athletes fatigue, the ankle is tended to move more to dorsiflexion [17][18]. 

According to the researchers, this could be possibly explained by fatiguing of the soleus 

muscle (flexed knee), resulting in more dorsiflexion. 

 

Apart from the association between ankle kinematics and power throughout the exertional 

cycling protocol, hip and knee kinematics presented an association with performance capacity 

as well. More adduction of the right hip (Diff_Hip_Y_R) and lesser right knee adduction 

(Diff_Knee_Y_R) and external rotation (Diff_Knee_Z_R) correlate with a higher maximal heart 

rate. The clinical interpretation of these results is unclear, but several articles of Bini et al., 

2010 and Sayers et al., 2012 stated that changes in coordination and kinematics appear as a 

result of fatigue [19]. The use of linear movements of lower limbs is the most optimal way to 

transfer the produced power onto the pedals.  
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Excessive movements can influence this transfer, resulting in higher cardiovascular and 

respiratory demands and a higher heart rate. When combining the two linear regression 

equations found in the results section above (Diff_Hip_Y_R = -5,852 + 0,052x(Max HR) and 

MaxWatt/kg = -0,107 + 0,023x(MaxHR)) - both having maximal heart rate as independent 

variable - mathematical conversion makes following derivation possible: MaxWatt/kg = 2,481 

+ 0,442x(Diff_Hip_Y_R). Using this equation, the athlete’s normalized maximal power output 

(performance parameter) could be predicted in function of the amount of change in right hip 

abduction. This implies that there might be an association between hip joint kinematics and 

athletic performance. This issue stresses out the important of technique and quality of 

movement in sports, even in the domain of endurance. As this was only a preliminary finding, 

future research is needed to investigate the exact nature and consequences of this association 

more thoroughly.  

 

One must however remain critical in interpreting these findings as most of these kinematic 

changes in function of power increments were only found unilaterally. Therefore, the 

importance of these unilateral results and its clinical relevance in the kinetic chain are 

questionable.  

 

Parameter Mean 

C01 

Position 

C01 

Mean 

C03 

Position 

C03 

Result Correlated with 

(+/-) 

Ankle_X_R -76,8187 

± 7,2165 

Dorsi- 

flexion 

-80,7847 

± 6,9847 

 

Dorsi- 

flexion 

More 

dorsi- 

flexion 

MaxWatt/kg (+) 

Prone planking (+) 

 

Hip_Y_R -4,7812 

± 3,9719 

 

Abduction -1,7708 

± 4,8185 

Abduction Adduction 

of the hip 

MaxHR (+) 

Age (-) 

Knee_Z_R 8,5498 

± 7,2190 

 

Internal 

rotation 

7,1403 

± 7,6051 

 

Internal 

rotation 

External 

rotation 

MaxHR (+) 

Knee_Y_R -16,0785 

± 6,2333 

 

Abduction -17,9558 

± 8,1457 

 

Abduction More 

abduction 

MaxHR (+) 

Table 5: Summary of parameters having both a significant paired T-test and a correlation with at least one performance parameter (the presented 

values are the specific mean coordinates of each joint). 
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A second train of thought is assessing the biomechanical variables which presented no 

significant difference between condition 3 and condition 1 (implying that the difference - 

measured by the paired T-test - between the two conditions is not significantly different from 

0 (p>0.05)). Three of those variables correlated with performance parameters and were 

therefore selected. Although almost no change in position of the right pelvic obliquity 

(Pelvis_Y_R) was found, a positive correlation with relative maximal power output was 

demonstrated. This was similarly for flexion and external rotation of the left knee (Knee_X_L 

and Knee_Z_L), which are both positively correlated with the slope of the heart rate (RicoHR). 

This could mean that a greater amount of difference (more external rotation of the knee and 

more flexion of the knee) results in a higher slope heart rate. This implies that the heart rate 

rises more rapidly with an increase of the load. Therefore, the heart rate steady state will be 

reached earlier, resulting in poorer performance. In this study none of the above can be 

assumed because of the non-significant T-test and very small differences between condition 

3 and condition 1 (see Table 6). Although these findings are not statistically significant, they 

might be of clinical relevance and should be further explored in future research.  

 

  Mean 

C01 

Position 

C01 

Mean 

C03 

Position 

C03 

Possible 

result 

Correlated with 

(+/-) 

Pelvis_Y_R 0,0056 

± 1,7871 

 

Neutral 0.1956 

± 2,1469 

 

Little 

obliquity to 

the right 

Little right 

obliquity 

MaxWatt/kg (+) 

 

 

Knee_X_L 77,4222 

± 7,3361 

 

Flexion 77,6005 

± 6,9781 

 

Flexion Flexion of 

the knee 

RicoHR (+) 

Knee_Z_L 6,9143 

± 6,9980 

Internal 

rotation 

6,2231 

± 7,1736 

 

Internal 

rotation 

External 

rotation 

RicoHR (+) 

Table 6: Summary of parameters having a non-significant T-test and a significant correlation with at least one performance parameter (the presented values 

are the specific mean coordinates of each joint). 
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Several variables which did not necessarily correlate with one of the performance variables, 

showed significant changes on the paired T-tests too. Multiple parameters seemed to be 

influenced by increasing levels of fatigue. When the participants approached exertion, they 

presented a tendency towards lumbar flexion postures. This can be seen through the little 

increase in lumbar flexion (2D_LUM_LOR_L and 2D_LUM_LOR_R), the increase in flexion of 

the sacral lumbar transition (2D_SLO_L and 2D_SLO_R) and the increment of flexion on the 

thoracic level (Thorax_X_L and Thorax_X_R). The researchers suggest that to ensure the 

power at the end of the test, no energy is ‘wasted’ in keeping the back aligned and therefore 

more side movements are allowed in that stage. This was also established when analyzing 

the 3D profiles of the pelvis and thorax segments (see Appendix 2).  

 

In addition to the different kinematic results, the participant’s prone planking endurance 

capacity was also examined. This test was executed until exertion of the patients to gain 

insight about their core stability. Prone planking correlated negatively with BMI (ρs= -0,358, 

p=0,006) and age (ρs= -0,265, p=0,047). The correlation is rather weak, because no great 

coefficient values were shown. Contrarily to these negative correlations, data analysis 

revealed a positive correlation between prone planking capacity and relative maximal power 

output (ρs=0,459, p<0,001) as well as an increase of dorsiflexion ROM (Diff_Ankle_X_R, cfr. 

supra) (ρs=0,379, p=0,014). A recent study of De Blaiser et al., 2017 stated that this test 

showed very good results for valid testing of core stability. Through EMG-analysis, abdominal 

muscles were significantly higher activated than hip or back muscles during the test [20]. 

Concerning fatigue during the test, the rectus abdominis muscle (RA) had the most predictable 

nature when the correlation between fatigability and endurance time was researched. Also, 

high intra- and intertester reliability were found for this test, which makes the test suitable to 

the protocol of this study. 

Considering the study of De Blaiser et al., 2017, which demonstrates that prone planking is a 

valid and reliable test for abdominal endurance capacity, the researchers can suggest that a 

better core endurance/stability allowed in all probability a greater power output (per kg) at the 

end of the test, and as such a better performance capacity. Spearman correlation coefficient 

is 0,459, which is categorized as moderate, but still one of the best correlations that have 

emerged from this study. 
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Regarding the results of thoracic kyphosis (2D_THOR_KYF_L and 2D_THOR_KYF_R), no 

difference was shown between highest (CO3) and lowest (CO1) effort in terms of joint angle 

coordinates. P-values of respectively 0.243 for the left and 0.263 for the right side (both >0.05) 

were found in the paired T-test. On the other hand, both variables showed a relationship with 

age, in a negative correlation of respectively -0.464 (left) and -0.406 (right), meaning that older 

age corresponds with less movement of the trunk. The researchers opted for a purely 

biomechanical explanation for these moderate correlations, namely less joint ROM in older 

patients due to an increase of passive stiffness, which is a process inherently connected to 

aging. However, the researchers must also be cautious with these suggestions. No real 

difference was found during the test. Therefore, no conclusions can be drawn about the 

influence of fatigue etc. on these findings.  
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Limitations/strengths 

Coming to the limitations and strengths of this study, the sample size is a first facet that needs 

to be discussed. The sample of this study counts 73 recreational cyclists. When wanting to 

represent the whole cycling population, this sample can be considered rather small. 

Nonetheless, when looking at the studies included in part 1 of this study (systematic review), 

the highest number of participants was 37 with a mean of 17,6 per study over 14 recent 

studies. The authors consider the sample size therefore to be a strength of this study. A more 

questionable issue concerns the heterogeneity of this study sample (including only 6 female 

participants compared to 67 male participants). In future research, a more balanced sample 

in terms of gender might be useful to draw more valid conclusions applying for the whole 

recreational population. 

 

Secondly, no information was available about the athlete’s pre-testing situation/condition. 

Factors like quality and quantity of sleep, physical activity (cycling, running, fitness, …) the 

day before (~ DOMS), ... could have influenced cycling performance and these were not taken 

into account in data analysis. To gain more control of these possible confounding factors, 

future research could use certain guidelines which the participants need to follow 1-2 days 

before testing (e.g. no intensive sporting activities the day before, describing what they have 

eaten two days before, drink enough etc.). 

 

Thirdly, although 73 cyclists were included in this study, statistical analysis was executed on 

a sample of circa 50 participants. This was the result of poor kinematic data due to marker 

loss throughout the cycling protocol, mostly because of excessive sweating. Therefore, the 

data of some participants was only partially captured and could not be used in post hoc data 

processing.  

 

Finally, because of the recreational characteristics of the sample, it was possible that certain 

individuals had never experienced cycling on rollers before. This could give a distorted view 

on the outcome. Grappe and Groslambert, 2007 set up a study about the differences between 

outdoor cycling and cycling on rollers. They found that with indoor cycling, the crank torque 

profiles were significantly different [21]. Furthermore, a higher perceived exertion was 

generated, which could possibly lead to lower performance. 
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Conclusion 

The aim of this study was to map the differences in kinematics and linking them to 

performance. Although this was the innovative aspect, a lot of additional correlations were 

found. 

To answer the research question, it can be concluded that changes in biomechanics do have 

an impact on performance.  

When the biomechanical parameters are linked to performance, the following relationships 

were found:  

- More dorsiflexion of the ankle at the end of the test results in a higher relative maximal 

power output. 

- More pelvic tilting at higher power levels seems to go together with a higher performance 

capacity. 

- Maintaining the starting internal rotation position of the lower leg correlates with a slower 

increase of the heart rate and is therefore seen in cyclists with better performance. 

- More flexion of the knee, compared to the starting position, correlates with a slower 

increase of the heart rate and is therefore seen in cyclists with better performance. 

Yet, it is important to keep the clinical relevance of above-mentioned relationships in mind. 

Statistically significant results are not always immediately applicable in practice (clinical 

relevance), given the complexity in transferring this information to a recreational population. 

Prone planking time till exhaustion correlated positively with relative maximal power output. 

Because prone planking could be seen as a valid test to assess the core stability of the 

participants [20], the authors conclude that a good core stability and pelvic control is a 

condition sine qua non for progression of performance. 
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Abstract – Dutch (non-scientific language)  

Achtergrond en doelstelling: Fietsen blijft aan populariteit winnen, zowel recreatief als 

competitief. Om hieraan te beantwoorden, is voortdurende technische vooruitgang wenselijk. 

Deze studie gaat na of er tijdens het fietsen relaties zijn tussen bewegingskenmerken en 

prestatie.  

Ontwerp: Momentopname bij groep van recreatieve baanwielrenners met verzameling van 

persoonlijke en prestatiegegevens. 

Methodes: 73 personen namen deel aan de testing. Allereerst werd uitleg gegeven, gevolgd 

door enkele metingen met betrekking tot de gewrichtsbeweeglijkheid. Dan volgde de 

effectieve fietstest tegen toenemende weerstand tot uitputting. Infrarood markers 

verzamelden data omtrent verschillende bewegingen. Tot slot werd de voorwaartse 

plankhouding zo lang mogelijk correct aangehouden. Op die manier werd de rompstabiliteit 

geëvalueerd. Een statistische analyse werd uitgevoerd.  

Resultaten: De steekproef (67 mannen, 6 vrouwen) toonde significante en niet-significante 

resultaten tussen het einde en het begin van de test. Relaties tussen beweging van de enkel 

en maximale krachtlevering, heup-/knie beweging en hartslag, planktijd en maximale 

krachtlevering worden getoond. Vermoeidheid leidde ook tot meer kromming van de romp. 

Conclusie: Bepaalde bewegingskenmerken toonden relaties met prestatie bij recreatieve 

baanwielrenners. De praktische toepasbaarheid moet in acht genomen worden. 

Rompstabiliteit vormt een essentieel onderdeel in het bereiken van een optimale fietsprestatie. 

  

         Trefwoorden: bewegingsleer, fietsen, prestatie, rompstabiliteit, uitputting  
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Appendix 

 

Appendix 1: Interpretation of the joint angle names following the LJMU Lower Limb and Trunk Model. 

 

Parameter mean C01 start position mean C03 end position movement 

2D_LUM_LOR_L 183,0740 kyphosis 183,7374 kyphosis more 

kyphosis 

2D_LUM_LOR_R 183,1885 kyphosis 183,5464 kyphosis more 

kyphosis 

2D_SLO_L 182,6121 straight 

SLO 

183,3259 straight SLO more 

straight 

SLO 
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2D_SLO_R 182,5858 straight 

SLO 

183,3099 straight SLO more 

straight 

SLO 

2D_THOR_KYF_L 208,4381 kyphosis 209,0982 kyphosis more 

kyphosis 

2D_THOR_KYF_R 208,3967 kyphosis 209,1975 kyphosis more 

kyphosis 

2D_TLO_L 191,3776 straight 

TLO 

193,0962 straight TLO more 

straight 

TLO 

2D_TLO_R 191,3926 straight 

TLO 

192,8182 straight TLO more 

straight 

TLO 

Ankle_X_L -77,7509 dorsi- 

flexion 

-82,3174 dorsiflexion more dorsi- 

flexion 

Ankle_X_R -76,4839 dorsi- 

flexion 

-80,7847 dorsiflexion more dorsi- 

flexion 

Ankle_Y_L -4,67354 eversion -6,7172 eversion more 

eversion 

Ankle_Y_R -7,4411 eversion -9,1380 eversion more ` 

eversion 

Ankle_Z_L -25,0416 outward 

rotation 

toes 

-24,0470 outward rotation 

toes 

inward 

rotation 

toes 

Ankle_Z_R -22,8912 outward 

rotation 

toes 

-21,4112 outward rotation 

toes 

inward 

rotation 

toes 

Hip_X_L 84,3946 extension 84,7021 extension more 

extension 
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Hip_X_R 85,4642 extension 86,9302 extension more 

extension 

Hip_Y_L -7,4938 abduction -4,0475 abduction adduction 

Hip_Y_R -4,9719 abduction -1,7708 abduction adduction 

Hip_Z_L -15,9613 external 

rotation 

-15,9572 external rotation internal 

rotation 

Hip_Z_R -18,6834 external 

rotation 

-18,3328 external rotation internal 

rotation 

Knee_X_L 77,3016 extension 77,6005 extension more 

extension 

Knee_X_R 78,2520 extension 78,6125 extension more 

extension 

Knee_Y_L -13,0969 abduction -15,3173 abduction more 

abduction 

Knee_Y_R -16,1900 abduction -17,9558 abduction more 

abduction 

Knee_Z_L 6,7971 internal 

rotation 

6,2231 internal rotation external 

rotation 

Knee_Z_R 8,5670 internal 

rotation 

7,1403 internal rotation external 

rotation 

Pelvis_X_L -23,8362 anterior 

tilt 

-25,7493 anterior tilt more 

anterior tilt 

Pelvis_X_R -24,0133 anterior 

tilt 

-26,2322 anterior tilt more 

anterior tilt 

Pelvis_Y_L 0,6236 obliquity 

left side 

up 

1,0436 obliquity left side 

up 

more 

obliquity left 

side up 
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Pelvis_Y_R 0,0887 obliquity 

left side 

up 

0,1956 obliquity left side 

up 

more 

obliquity left 

side up 

Pelvis_Z_L 0,0237 pelvic 

rotation 

left side 

backward 

1,1634 pelvic rotation left 

side backward 

more pelvic 

rotation left 

side 

backward 

Pelvis_Z_R -1,4000 pelvic 

rotation 

left side 

forwards 

-2,3900 pelvic rotation left 

side forwards 

more pelvic 

rotation left 

side 

forwards 

PelvisThorax_X_L 23,9881 posterior 

tilt 

22,6025 posterior tilt anterior tilt 

PelvisThorax_X_R 23,8782 posterior 

tilt 

25,8014 posterior tilt more 

posterior tilt 

PelvisThorax_Y_L 1,1938 obliquity 

left side 

up 

2,7517 obliquity left side 

up 

more 

obliquity left 

side up 

PelvisThorax_Y_R -0,5121 obliquity 

left side 

down 

-1,5903 obliquity left side 

down 

more 

obliquity left 

side down 

PelvisThorax_Z_L -1,4860 pelvic 

rotation 

left side 

forwards 

-2,0056 pelvic rotation left 

side forwards 

more pelvic 

rotation left 

side 

forwards 

PelvisThorax_Z_R -0,7878 pelvic 

rotation 

left side 

forwards 

0,4043 pelvic rotation left 

side backward 

 

pelvic 

rotation left 

side 

backward 

Thorax_X_L -47,1004 extension -51,7018 extension more 

extension 
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Thorax_X_R -47,2540 extension -51,2365 extension more 

extension 

Thorax_Y_L -1,2263 right 

latero- 

flexion 

-3,0472 right lateroflexion more right 

lateroflexion 

Thorax_Y_R 0,8016 right 

latero- 

flexion 

2,9869 right lateroflexion more right ` 

lateroflexion 

Thorax_Z_L 1,2518 right 

rotation 

2,0192 right rotation more right 

rotation 

Thorax_Z_R -0,2539 right 

rotation 

-1,5649 right rotation more right 

rotation 

Appendix 2: Mean values of condition 1 and 3 together with the linked movements of that region (significant parameters are underlined). 

 

 

 

 

 

 

 

 

  


