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Abstract

:

Although the marathon race has been democratized, it remains complex due to the famous “hitting the wall” phenomenon after the 25th km. To characterize this “wall” from a physiological and Rate of Perceived Exertion (RPE) perspective in recreational marathon runners, we report first continuous breath-by-breath gas exchange measurements during an actual marathon race. In order to test the hypothesis that RPE could be a candidate for controlling the marathon pace, this study examined the relationship between RPE and the physiological variables time course throughout a marathon. Only the respiratory frequency and heart rate increased progressively during the race in all the runners, while the oxygen uptake and ventilatory rate followed different kinetics according the individuals. However, the indexation of the physiological parameters and speed by RPE showed the same decreased tendency for all the runners. In conclusion, these results suggest that running a marathon must be self-paced with the RPE.
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1. Introduction


Participation in marathon running has grown by 100% over the past 20 years [1], with numerous recreational runners taking up the sport. However, after the 25th km, the phenomenon of “hitting the wall” is a familiar experience for 40% of runners throughout marathon history [2]. “Hitting the wall” not only refers to a sudden and dramatic slowing of pace in the latter stages of the race but also to a profound feeling of exhaustion [3]. This phenomenon was previously evaluated in a large-scale data analysis of late-race pacing collapse in the marathon [4]. Smyth presented an analysis of 1.7 million recreational runners, focusing on pacing at the start and end of the marathon, two particularly important race stages.



They showed how starting or finishing too quickly could result in poorer finish times, because fast starts tend to be very fast, leading to endurance problems later, while fast finishes suggest overly cautious pacing earlier in the race [5]. Another study performed with 280 (2 h 30–3 h 40) marathoners, showed that the “fallers” (runners who had a significant decrease in their running speed during the race that appeared at the 26th km) represented the large majority of runners (77%) with significantly lower performance and higher cardiac drift (i.e., an increase of the heart rate/speed ratio) compared with the non-fallers [6]. In addition, marathon performance was correlated with the amplitude of this cardiac drift, which was very sensitive to the running strategy.



The analysis of this running strategy showed that the faller group ran more than half the marathon distance (56%) above their average speed before they “hit the wall”. Hence, the choice of pace remains a delicate issue for the recreational marathoners, and research must explore further regarding our comprehension of the physiological responses during a marathon [6]. This race of 42,195 km elicits a high percentage of cardiac output and   V ˙  O2 max for more than 2 h 30 min [7,8,9,10]. This capacity of sustaining a high fraction of maximal cardiac output and   V ˙  O2max (qualified of “Endurance”) has been reported to be correlated with the marathon performance [6,10,11,12,13,14].



However, to date, only one experiment, 46 years ago, measured the gas exchange and respiratory rate during the race [8], and only one study reported the Rate of Perception of Exertion (RPE) during a marathon [15]. The Borg 6–20 RPE Scale [16] is a reliable measure used to quantify, monitor and assess the capacity and levels of exertion due to strong correlations between the RPE and physiological parameters [17].



A study [15] showed that the RPE time course was not modified by the ingestion of carbohydrates compared with placebo beverages; however, the runners were able to run faster with the same RPE throughout the race. These results suggest that RPE could be a candidate for controlling marathon pacing; however, the question remains regarding the trends and breakpoints of the RPE with each cardiorespiratory variable. Hence, the main purpose of this study was to test the hypothesis that (1) sudden changes in the physiological variables and RPE occurred when the recreational marathoners “hit the wall” and (2) that early drifts of the cardiorespiratory (HR,   V ˙  O2, …)/RPE ratio could appear early in the race.




2. Materials and Methods


2.1. Subjects


Our subjects were nine male, non-elite marathon runners (mean ± standard deviation (SD) age: 40.1 ± 10.6 years; weight: 72.7 ± 6.5 kg; and height: 178.3 ± 7.5 cm) (Table 1). For organizational reasons, we chose to have only one gender in the present study in order not to introduce an additional factor that could influence the statistical analysis. All the subjects volunteered to participate in the study, and we asked them to not modify their habitual training.



All runners had previously run at least two marathons and had regularly trained three to four times per week (50–80 km/week) for more than 5 years. Once a week, they performed a High Intensity Interval Training of 6 × 1000 m at 90–100% of their maximal heart rate and a tempo training (15–25 km) at 100–90% of their average marathon speed. The study’s objectives and procedures were approved by an institutional review board (CPP Sud-Est V, Grenoble, France; reference: 2018-A01496-49). All participants were provided with study information and gave their written consent to participate.




2.2. The Marathon Race


All participants ran a marathon in an official race (Sénart Marathon, France). The start was at 9 am, and for the environmental conditions on 1 May 2019 in Sénart, the temperature was between 11 and 15 °C (between 9 a.m. and 1 p.m.), there was no precipitation, and the humidity in the air averaged 60%. The blood lactate was measured on the finger (Lactate PRO2 LT-1730; ArKray, Japan) right after the runners’ warm up (15 min at easy pace) and at the third minute after they crossed the finish line.




2.3. Experimental Measurements


Respiratory gases (oxygen uptake [  V ˙  O2], ventilation [  V ˙  E] and the respiratory exchange ratio [RER]) were continuously measured using a telemetric, portable, breath-by-breath sampling system (K5; Cosmed, Rome, Italy). A global positioning system watch (Garmin, Olathe, KS, USA) paired with the K5 system was used to measure the HR and the speed response (using 5 s data averages) throughout each trial. We used the same cardiac belt for the Garmin and K5 because it was compatible for both. Given that it has been recently shown that marathon performance depends on pacing oscillations [18], we encouraged the runners to self-pace their run without focusing on the cardio-GPS whose dial was hidden.



During the marathon, refreshment points (offering water, dry and fresh fruit and sugar) were located every 5 km as well as at the finish line, and sponge stations were every 5 km from km 7.5. At the aid stations, the runners were allowed to remove their masks so they could drink or eat. All the runners drank one glass at each hydration point (with flat water and fruits) positioned on every 5 km of the route and in the Start/Finish area.



COSMED reusable face masks are ideal for metabolic testing both at rest and during exercise, regardless of the nature, intensity or duration of the test. These masks are made of silicone (without latex or other allergenic materials) and are anatomically contoured with a strong ribbed support structure and an integrated chin strap to ensure a perfect fit with no leakage and to provide maximum comfort even if it does not have any impact on the data accuracy. To improve the comfort, the runners used the mask version with inspiratory valves that reduce inspiratory resistance during high-intensity exercise.




2.4. The Rate of Perception of Exertion


The RPE was recorded by the runners using a small microphone that they carried with them. The runners recorded an RPE at least every km or more frequently if they felt the need. We used the Borg 6–20 scale [16] scale to assess fatigue during the marathon as a correlate to the physiological stress indicators. The runners were familiarized with the scale during the 2 weeks preceding the race.




2.5. Statistical Analysis


All statistical analyses were performed using XLSTAT software (version 2019.1.1, Addinsoft, Paris, France). All the test variables (  V ˙  O2,   V ˙  CO2, HR and speed) were reported as the mean ± SD. For each variable, the normality and homogeneity of the data distribution were examined using a Shapiro–Wilk test.



2.5.1. Global Tendency of Pace and Its Asymmetry


The trend in speed time series (i.e., Kendall’s  τ  non-parametric rank correlation coefficient) [19] and the pacing design (i.e., asymmetry characteristics of the race) [20] were compared. The equation of Kendall’s  τ :


  τ =  2  n ( n − 1 )    ∑  i < j   K  (  v i  ,  v j  )   



(1)




  v i   = ith value of a speed;   v j   = jth value of a speed; i < j = i indicates a period of time prior to j; sum being performed over the n(n− 1)/2 distinct unordered couples of indices   i , j  , so that  τ  takes values in between −1 and 1.



Furthermore, we calculated the skewness value of the speed distribution as 3 (mean – median)/SD. The skewness is a measure of the asymmetry of the probability distribution of a real-valued random variable about its mean. A negative coefficient indicates a distribution shifted to the right of the median and thus a distribution tail spread to the left.



Its value can be positive, negative or undefined: a positive skew means that the mean is greater than the median, while a negative skew means the mean is less than the median. In that case, it means that the marathoner run more kilometres above the final average speed because of the high speed decrease in the final part of the race [20,21]. More specifically, we compared the time spent below the average speed with the time spent above the average speed. Positivity asymmetry was defined as a run with 54% or more of the time spent below the average speed, and negative asymmetry was defined as a run with 46% or less of the time spent above the average speed.




2.5.2. Tested “Ascending” and “Descending” Series


This test makes it possible to detect a gradual deviation (as the sample is studied) from the mean of the distribution considered not only when it has a monotonic character but also in the more general case, for example, of a periodic trend. The sequence of plus and minus signs is studied. Precisely, we start from the set of observation results, from the sample x1, x2, …, xn. At the i-th rank, we place the plus sign if xi + i − xi > 0, and the minus sign if xi + i − xi > 0 (if two or more observation results are equal, only one of them is taken into account).



It is clear that a sequence of plus signs will correspond to the growth of the observation results (“ascending series”) and a sequence of minus signs to the decrease (“descending series”). If the sample is random (the observations are independent), the global number of series in the sequence of signs that we formed cannot be very small, just as the length of these series (the number of signs of the same nature) cannot be too large. In particular, for the significance level 0.05 <  α  < 0.10.


      v  ( n )  >  1 3   ( 2 n − 1 )  − 1 , 96    16 n − 29  90         τ  ( n )  <  τ 0   ( n )       



(2)







   τ 0   ( n )    is defined as :


   n   τ 0   ( n )       n  ⩽  26  5     26  <  n  ⩽  153  6     153  <  n  ⩽  1170  7   



(3)







If at least one of the inequalities (2) is not satisfied, the hypothesis that the sample was randomly selected must be rejected. Considering the number of data of 84 (one analysed this series averaging the data every 500 m, hence   2 × 42   = 84 data), hence n < 153, then we consider the value of  τ  = 6 the minimum required for considering that beyond the global tendency of the time series identified by Kendall’s  τ , there is a systematic increase or decrease at this local 500 m of the marathon. This aimed for identifying the famous “hitting the wall” applying this systematic test on all the cardiorespiratory and speed characteristics (cadence). In addition, we compared each 5 km applying a Student’s t test for paired data.




2.5.3. Multivariate Data Analysis


We detected possible multicollinearity between the variable of interest: HR, Rf, speed, cadence and RPE. Before the multivariate analysis, we calculated the variance inflation factor (VIF) measuring the amount of multicollinearity in a set of multiple regression variables.


  V I F =  1  1 −  R i 2     



(4)







Mathematically, the VIF for a regression model variable is equal to the ratio of the overall model variance to the variance of a model that includes only that single independent variable. This ratio is calculated for each independent variable. Statistical software (XLSTAT) calculates a VIF for each independent variable. VIFs start at 1 and have no upper limit. A value of 1 indicates that there is no correlation between this independent variable and any others. VIFs between 1 and 5 suggest that there is a moderate correlation; however, it is not severe enough to warrant corrective measures.



VIFs greater than 5 represent critical levels of multicollinearity where the coefficients are poorly estimated, and the p-values are questionable [22]. That is why we retained the variables who had a value of VIF > 5 to perform a multivariate analysis with a Principal Component Analysis. For more transparencies, given that we wanted to applied this multivariate analysis using the same variables, which showed a real tendency in the time series for all the runners (Rf, speed, Tidal volume RPE, HR, cadence) indicated their VIF.




2.5.4. Principal Component Analysis


Principal Component Analysis is one of the most frequently used multivariate data analysis methods for dimensionality reduction. It is a projection method as it projects observations from a p-dimensional space with p variables to a k-dimensional space (where k < p) so as to conserve the maximum amount of information (information is measured here through the total variance of the dataset) from the initial dimensions. PCA dimensions are also called axes or Factors. If the information associated with the first two or three axes represents a sufficient percentage of the total variability of the scatter plot, the observations could be represented on a 2 or 3-dimensional chart, thus making interpretation much easier. PCA is considered to be a Data Mining method as it allows to easily extract information from large datasets.



There are several uses for it, including: the study and visualization of the correlations between variables to hopefully be able to limit the number of variables to be measured afterwards. We obtained non-correlated factors, which are linear combinations of the initial variables, to use these factors in modelling methods, such as linear regression, logistic regression or discriminant analysis. Visualizing observations in a two or three dimensional space in order to identify uniform or atypical groups of observations.



We chose the Pearson, (the classic PCA, that automatically standardizes or normalizes the data prior to computations to avoid inflating the impact of variables with high variances on the result). PCA is one of the most frequently used multivariate data analysis methods for dimensionality reduction. We then examined the variability captured on two orthogonal vectors (F1 and F2). The correlation circle (or variables chart) shows the correlations between the components and the initial variables. Principal Component Analysis is one of the most frequently used multivariate data analysis methods for dimensionality reduction. We examined the variability captured on two orthogonal vectors (F1 and F2).



The correlation circle (or variables chart) shows the correlations between the components and the initial variables. The first map is called the correlation circle (below on axes F1 and F2). It shows a projection of the initial variables in the factors space. When two variables are far from the centre, then, if they are: Close to each other, they are significantly positively correlated (r close to 1); If they are orthogonal, they are not correlated (r close to 0); If they are on the opposite side of the centre, then they are significantly negatively correlated (r close to −1). Vectors are the loadings on PC1 (x-axis) and PC2 (y-axis).



Vector length indicates the strength of the relationship and the angle between two vectors gives the degree of correlation (adjacent = highly correlated, orthogonal (90°) = uncorrelated and opposite (180°) = negatively correlated). Agglomerative Hierarchical Clustering (AHC) was then applied, and the agglomerative hierarchical-clustering dendrogram shows the progressive grouping of the individual physiological responses during the marathon. The process starts by calculating the dissimilarity between the N objects.



Then, two objects, which when clustered together minimize a given agglomeration criterion, are clustered together thus creating a class comprising these two objects. Then, the dissimilarity between this class and the N-2 other objects is calculated using the agglomeration criterion. The two objects or classes of objects whose clustering together minimizes the agglomeration criterion are then clustered together. This process continues until all the objects have been clustered. These successive clustering operations produce a binary clustering tree (dendrogram), whose root is the class that contains all the observations.



This dendrogram represents a hierarchy of partitions. It is then possible to choose a partition by truncating the tree at a given level, the level depending upon either user-defined constraints (the user knows how many classes are to be obtained) or more objective criteria. The full dendrogram displays the progressive clustering of objects. If truncation has been requested, a broken line marks the level the truncation has been carried out. The truncated dendrogram shows the classes after truncation.






3. Results


Each marathoner finished the race, and three of them ran their personal best times despite carrying the weight of the devices (Table 1).



The final blood lactate value was equal to 2.8 ± 0.7 vs. 1.8 ± 0.8 mM after warm up phase (p < 0.05). All the marathoners had their final blood lactate value set between 2.1 ± 3.8 mM.



3.1. Trend and Asymmetry Characteristics of Speed and Cardiorespiratory Variables in the Marathon Race


	-

	
Speed:



All but one (runner 2), marathon runners ran a large positive split race as indicated by a negative Kendall’s  τ  (Table 2). The speed highly decreased throughout the race considering this global tendency. Furthermore, they had a positive skewness and a negative asymmetry (Table 2). A negative coefficient indicates a distribution shifted to the right of the median and thus a distribution tail spread to the left. More specifically, the speed factors: cadence and amplitude, also followed the same significantly negative trend (Table 2). All these runners (but the runner 2) ran more of the average distance above average speed (56 ± 3%).







	-

	
Cardiorespiratory time series tendencies:



There were different tendencies between the cardiorespiratory parameters as well as in the runners. In all runners (except runner 6), the respiratory rate showed a highly significant positive trend, while the tidal volume decreased. The minute ventilation increased (3/9) or decreased (6/9) depending on the balance between the respiratory rate increase and tidal volume decrease.



Similarly,   V ˙  O2 decreased in two thirds of the marathoners (6/9) but   V ˙  CO2 and RER decreased in almost all (8/9) of the runners. The physiological variables indexed by the speed gave a clearer picture than the physiological variables alone, due to the decrease in speed. For example, Rf/speed decreased in every runners (9/9), including one who had a decrease in Rf (R4). However, expressing the variables as a function of the speed did not change the patterns observed for the other variables (HR,   V ˙  O2,   V ˙  CO2, Vt and VE) (Table 3). When we expressed the variables as a function of the RPE, we saw that all the variables showed a negative trend in all the runners (Table 4). Now, after having identified this global tendency, we attempt to identify some point distance where the variables change more abruptly.








3.2. Tested “Ascending” and “Descending” Series


This “ascending” and “descending” series test reveals that no marathoners showed an abrupt decrease of their speed. Runner 3, however, exhibited a significant decrease in speed very early in the race (at the 7.5th km).



In contrast, the cadence decreased abruptly in more than half of the runners (5/9) after the 25th km, and in half of them, this cadence drop was already apparent before the tenth km. The cardiorespiratory variables did not have any abrupt decrease during the race when we attempted to identify this by examining each 10 s average value by the ascending and descending methods. The cadence’s drop was not associated with those of the cardiorespiratory variables.




3.3. Comparison of Each 5-km Splits (t-Student Test for Paired Data)


RPE increased every 10 km while, the speed decreased every 5 km from the fifth km until the end of the race (Table 5). This evolution did not follow the same dynamics in each individual, even if we could distinguish three groups of runners with almost the same tendencies (Figure 1). The first group of runner increased RPE after the fifth km, while the others two did this at the 15–20th km and at the 30th km, respectively (Figure 1). Among this last group, it can be noticed the runner 6 had only one RPE increase during the marathon race.



	-

	
Cardiorespiratory responses: heart rate increased at the fifth km and then, stabilised until the 15th km where it increased again and then stabilise again until the end the marathon.   V ˙  O2 remained stable in contrast with   V ˙  CO2, which decreased at the tenth and the 30th km resulting in a decreases in the respiratory exchange ratio (RER).








3.4. Multivariate Analysis for Cardiorespiratory and Speed Variables


The first correlation circle shows that, for the runner number 3 (as for all the runners) RPE and Rf are closed (their angle is acute) (Figure 2). The horizontal axis F1 is rather linked with RPE and Rf, and the vertical axis F2 is the linked with speed, heart rate and Tidal volume (Figure 2).



The multivariate analysis for 5-km splits shows that for Rf and RPE, the first 5 km is clearly different from the 25th, 35th, 40th km (Table 6). This was not the case for the others variables: cadence, speed, heart rate and the tidal volume (Figure 3).



When we analyse the correlation circle for each variables When we classified the runners according to these variables each 5 km, we could see that the classification was the same for RPE and speed and that runners 6, 7 and 8 formed a cluster (Figure 4). Other variables did not allow us to identify a cluster of runners.





4. Discussion


To the best of our knowledge, this is the first study to report the continuous measurement of cardiorespiratory function during a marathon race. Although the marathon race has been democratized, it remains complex due to the famous “hitting the wall” phenomenon after the 25th km. To characterize this “wall” from a physiological and Rate of Perceived Exertion (RPE) perspective in recreational marathon runners, we report the first continuous breath-by-breath gas exchange measurements during an actual marathon race (Figure A1).



During the marathon, the oxygen uptake and ventilatory rate presented different kinetics according the runners, The sole sudden change in the physiological variables occurred when the recreational marathoners “hits the wall”, was those of the respiratory rate. However, the indexation of the cardiorespiratory parameters by RPE ratio showed a systematic drift throughout the race. The multivariate analysis of cardiorespiratory variables matrix revealed that RPE was projected on the same axis than the respiratory frequency suggesting that RPE is directly connected with this cardiorespiratory variables (Figure A2).



In addition, the systematic increase of the respiratory frequency in all but one runner led us to hypothesize that these are good candidates for pace regulation during a marathon [17]. The marathoners ran a RPE = 13.9, a value below their anaerobic threshold. The final blood lactate accumulation during the marathon was in accordance with those already reported by Costill in their seminal paper about the physiology of the marathon [10].



Indeed, he underlined the marathoner’s ability to maintain an extremely high rate of energy expenditure for 2.1 to 3.0 h is impressively demonstrated by one runner, i.e., Derek Clayton, who ran in 2 h 8 min 33 s with a final lactate value at the relatively low level of 21.4 mg/100 mL (2.4 mM/100 mL).



The analysis of speed time depended on the GPS but showed a large speed variation [6,20], and the marathon performance depended on pacing oscillations between nonsymmetric extreme values [18]. Beyond this analysis of the pace and HR time series during a marathon, the present study aimed to highlight the possible relationship between this pacing variation with those of the cardiorespiratory variables and with RPE. We found that, after the 25th km, “hitting the wall”, was expected to appear.



Big data on much more subjects are necessary for distinguish different marathon pace strategy taking into account only the time split every 5 km (2295 and 31,762 runners [23,24]). Our small sample of marathoners had homogeneous pace time serie but with very different physiological and RPE responses. Their pacing were homogeneous and consistent with that reported in the literature for the recreational marathon runners category [5,21,25,26].



It has been shown pacing strategies, in addition to the physiological aspect, include psychological aspects, such as coping mechanisms, self-esteem and life meaning [25]. That is why the runners crossed the RPE and the physiological and pacing (speed) time series during the marathon. Indeed, the perception of effort is multidimensional and is governed by many psychological and experiential factors [27].



Various terms and phrases, such as perceived exertion, perception of effort, sensation of effort, exertion effort and effort sense have been employed synonymously by investigators in this area of inquiry [27]. Currently, RPE, which is now largely familiar to coaches and increasingly by endurance athletes and it appears that, for a self-paced test based on RPE, a race, such as the marathon, can also be controlled by RPE recommendations.



Individually, the performance template, as the pattern of power output during self-pace exercise has been shown to be robust and regulated in an anticipatory manner [28]. Then, the individual performance template could also be or not be associated with a physiological and RPE [17,29]. The influence of time and distance left to complete, which depends on the speed at each instant, will influence the pacing according physiological variables [17,29]. That is why we focused on the time series of the ratio between physiological variables, candidates for the role of negative feedback controllers—the so-called “homeostats” [30].



The coefficient of variation for the running speed was consistent with that observed in of a prior study performed on 280 marathon runs [20]. In the present study, all the marathoners (but one) ran in “positive split,” that is to say, with a speed decrease trend in accordance with prior study with an extremely low value of risk  α  (p < 0.0001) associated with the same tendency for the both components of the runners’ speed. It was recently shown that the variation in running velocity did not affect the aerobic cost of running at speed below anaerobic threshold [31].



More importantly, our marathoners did not optimize their races in regard to speed asymmetry as they ran more than 56% of the distance above their average speed. This had consequence on the cardiorespiratory variables according their time series directional trend but not in the same way for all runners. Indeed, while heart rate has a positive or negative trend among runners, in contrast with prior studies reporting a systematic cardiac drift during a marathon [7], the respiratory rate had a highly significant positive trend for all runners but not the minute ventilation due the tidal volume decreasing in all the runners.



In a previous study, that measured the cardiac output throughout a marathon, they did not observe this compensation phenomenon between frequency (HR) and volume (SV). Indeed, the cardiac output remained at 83 ± 20% of the maximal cardiac output with a stroke volume at 77 ± 11 and an HR at 87 ± 6% a   V ˙  O2 at 76 ± 8% of and a cardiac output at 83 ± 20 of their maximal values [6]. In contrast to the decreasing tidal volume observed in this study, in our previous study, the stroke volume did not decrease over time, which agrees with previous reports of steady state in SV during large reductions in brain perfusion in the heat-stressed human and during intense, endurance exercise [32]. Indeed, SV remained at submaximal steady state (77 ± 3%), as did CO (69 ± 3%).



Furthermore, an increase in HR in a neutral environment has been shown to be responsible for the SV decline in steady exercise performed for 1 h at 57% of   V ˙  O2max [33]. As observed in our previous study, of the time course of the cardiac-output during a marathon, the cardiac cost, i.e., (beat/m) increased in conjunction with the increase in HR and decrease in speed. In this study, we did not measure the cardiac output as in this prior study (Billat et al., 2012 [7]), but we chose to measure the cardiorespiratory exchanges. Indeed, cardiac output (physioflow, Manatec, France) device required many probes, and the runners were already encumbered with a cardiac belt and the 1 kg of device to measure   V ˙  O2.



In addition, it is important to emphasize that the most important factor is the quality of the data, which is a real challenge such natural and long-term exercise endeavors as climbing the Mont Blanc (Billat et al., 2010 [34]). Indeed, the problem of the long and intense run as the marathon is to have good data despite the sweat that loosens the sensors and makes the heart rate belt slip.



The absence of an abrupt decrease of the runners speed showed that they did not hit the wall if we only consider this face of the definition. While we detected no abrupt speed decrease, we observed a decrease in cadence in more than half of the runners (5/9) after the 25th km. Therefore, the consideration of only speed and the stride parameters analysis, especially at constant speed, does not allow us to detection of abrupt changes. The cardiorespiratory variables also did not, show an abrupt change according to the ascending and descending statistical series method. Again, we observed highly individual cardiorespiratory and speed or cadence responses at very different distances during the race.



This is why we attempted to detect differences by considering the race splits as is more commonly done, every 5 km of the race [35] but without selecting a steady state phase since our objective was to search for steady state breaks that could allow us to detect the famous marathon wall.



The multivariate analysis revealed that, for all the runners, RPE and Rf are closed (their angle is acute) while the speed is closer to the cadence and to the Tidal volume. There are two distinguished axes, one (horizontal) rather linked with RPE and Rf and the other (vertical) with the speed, heart rate and Tidal volume. Then, RPE was closed to Rf while speed, cadence and Hr were aggregated on the orthogonal to F1 (F2) axis.



This type of multivariate analysis could be interesting to be applied on much more subjects taking these parameters (cadence, HR, Rf, RPE, speed) to test the hypothesised that some runners have a RPE-Rf-sensitive profile, while others are sensitive to the cadence and tidal volume. We added the runners as observations above the layer of physiological and speed variables. For that, when we classified the runners according the variables each 5 km, we could see that the classification was the same for RPE and speed, and the runners 6, 7 and 8 formed a cluster.



We could not distinguish any similitude between the dendograms of the other variables. In the same way, we tested the hypothesis than some 5-km splits are characterised by the same time series trend. Therefore, RPE was closed to Rf while speed, cadence and Hr were aggregated on the orthogonal to F1 (F2) axis. This type of multivariate analysis could be interesting to apply on more subjects with these parameters (cadence, HR, Rf, RPE and speed) integrated in an algorithm to define the specific types of marathon runner.




5. Conclusions


Even though the majority of runners simply want to complete a marathon without having to focus too much on their time, they also want to be able to enjoy the experience without suffering and hitting the wall. Beyond the volume of training, which has been shown to be significantly correlated with the marathon finish time [36], the choice of the intensity with respect to the specificity of the marathon must be refined. The first take-home message is that a global average analysis on a group of runners, even if they have the same performance level, hides individual differences in response.



Thus, training must be personalized as much as possible according to each subject’s adaptation during such a long and intensive run. This may be more important in recreational runners than in elite athletes who have optimised their race by their ability to pace oscillations likely due to their high power reserves allowing them to recover and to achieve a higher average speed rather than to run a race at a strictly constant pace [18]. Indeed, the cardiorespiratory factors measured in this study exhibited a variable fractional use of maximal values.



Accordingly, we must address the question of the physiology of marathon running in recreational runners on an individual basis. The RPE could be a candidate for controlling the marathon pace given that the indexation of the physiological parameters or speed by RPE showed the same decrease tendency for all the runners. In conclusion, these results suggest that the running of a marathon must be self-paced with the RPE. It is precisely because of this lack of time that we attempted to provide some new insights about the specificity of physiological training according to pace and RPE to help runners to optimize their training.







Author Contributions


Conceptualization, V.B.; Formal analysis, V.B. Investigation, L.P. and F.P.; Methodology, V.B. and J.R.P.; Supervision, V.B.; Visualization, M.M.; Writing—original draft, V.B.; Writing—review & editing, F.P. and M.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of CPP Sud-Est V, Grenoble, France (protocol code: 2018-A01496-49 and date of approval: 2018).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Ijerph 19 05760 g0a1 550] 





Figure A1.   V ˙  E,   V ˙  O2, Vt and speed during the marathon. 
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Figure A2. Rf, HR, RPE and speed during the marathon. 
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Figure 1. Rating of Perceived Exertion during the marathon. In the (a) group of runners the RPE increased once at the fifth km, in the (b) group runners RPE increased at the 15–20th km and (c) group runners RPE increased only at the 30th km. Among this last group, we notice runner 6 who had only one RPE increase for the entire marathon. 
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Figure 2. Correlation circle for unrotated principal component analyses (PCA) on each physiological and cadence responses during the marathon for the runner 3 who is representative of all the nine marathoners. 
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Figure 3. Correlation circles for unrotated principal component analyses (PCA) on each physiological and cadence responses during the 5 km part of the marathon. Vectors are the loadings on PC1 (x-axis) and PC2 (y-axis). 
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Figure 4. Dendogram for the classification of different runners’ profile according their physiological response during the marathon. 
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Table 1. The subjects age, personal best marathon time and the year of this performance. * Runner who performed their personal best during the Sénart marathon.
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	n° Runners
	Age (Years)
	Fastest Marathon Times (Years)
	Sénart Marathon (2019)





	1
	47
	03 h 12   ′  48   ″   (2016)
	03 h 31   ′  34   ″  



	2
	44
	03 h 34   ′  57   ″   (2019)
	03 h 34   ′  57   ″   *



	3
	22
	03 h 22   ′  40   ″   (2019)
	03 h 22   ′  40   ″   *



	4
	34
	02 h 50   ′  00   ″   (2019)
	02 h 50   ′  00   ″   *



	5
	47
	02 h 59   ′  22   ″   (2016)
	03 h 32   ′  07   ″  



	6
	58
	03 h 27   ′  32   ″   (2013)
	04 h 30   ′  34   ″  



	7
	29
	02 h 57   ′  03   ″   (2015)
	03 h 14   ′  24   ″  



	8
	36
	03 h 27   ′  58   ″   (2017)
	03 h 51   ′  44   ″  



	9
	43
	02 h 44   ′  00   ″   (2015)
	03 h 13   ′  53   ″  
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Table 2. Trend and asymmetry (Skewness: Sk) characteristics of speed and cardiorespiratory variables in the marathon race (increasing: ↗, constant: ⟶ or decreasing: ↘). % km (% of kilometers ran below the mean speed race).






Table 2. Trend and asymmetry (Skewness: Sk) characteristics of speed and cardiorespiratory variables in the marathon race (increasing: ↗, constant: ⟶ or decreasing: ↘). % km (% of kilometers ran below the mean speed race).





	
n° Runner

	

	
Rf

	
Vt

	
   V ˙   E

	
Cad

	
HR

	
Speed

	
  V ˙  O2

	
  V ˙  CO2






	
Runner 1

	
Trend

	
↗

	
↘

	
↘

	
↘

	
↗

	
↘

	
↘

	
↘




	
Kendall Tau

	
0.42

	
−0.70

	
−0.46

	
−0.24

	
0.43

	
−0.54

	
−0.25

	
−0.59




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Sk Pearson

	
−0.43

	
0.84

	
−0.29

	
−0.30

	
−0.08

	
0.05

	
−0.50

	
0.29




	
% km

	
41

	
56

	
78

	
45

	
49

	
36

	
47

	
61




	
Runner 2

	
Trend

	
↗

	
↘

	
↘

	
↘

	
↘

	
↗

	
↘

	
↘




	
Kendall Tau

	
0.63

	
−0.67

	
−0.39

	
−0.28

	
−0.003

	
0.07

	
−0.19

	
−0.30




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.883

	
0.001

	
0.001

	
0.001




	
Sk Pearson

	
0.36

	
−0.12

	
−0.18

	
−0.08

	
0.05

	
0.50

	
0.29

	
0.05




	
% km

	
56

	
49

	
48

	
49

	
51

	
40

	
50

	
22




	
Runner 3

	
Trend

	
↗

	
↘

	
↗

	
↘

	
↗

	
↘

	
↗

	
↘




	
Kendall Tau

	
0.71

	
−0.62

	
0.42

	
−0.35

	
0.66

	
−0.34

	
0.20

	
−0.04




	
p-value

	
0.03

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.03




	
Sk Pearson

	
0.28

	
−0.37

	
−0.21

	
−0.17

	
−0.30

	
−0.89

	
−0.48

	
0.04




	
% km

	
52

	
47

	
46

	
45

	
43

	
38

	
41

	
73




	
Runner 4

	
Trend

	
↗

	
↘

	
↗

	
↘

	
↘

	
↘

	
↗

	
↗




	
Kendall Tau

	
0.40

	
−0.40

	
0.15

	
−0.48

	
−0.12

	
−0.45

	
0.01

	
0.02




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.41

	
0.32




	
Sk Pearson

	
1.09

	
−0.36

	
−0.01

	
−0.23

	
−0.12

	
−0.70

	
−0.24

	
0.34




	
% km

	
68

	
45

	
49

	
47

	
48

	
22

	
44

	
53




	
Runner 5

	
Trend

	
↗

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
0.15

	
−0.36

	
−0.14

	
−0.19

	
−0.21

	
−0.57

	
−0.076

	
−0.35




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Sk Pearson

	
−0.93

	
0.41

	
−0.32

	
−0.22

	
0.08

	
0.01

	
−0.44

	
−0.11




	
% km

	
29

	
56

	
45

	
45

	
51

	
61

	
42

	
35




	
Runner 6

	
Trend

	
↘

	
↘

	
↘

	
↘

	
↗

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.07

	
−0.41

	
−0.35

	
−0.57

	
0.20

	
−0.59

	
−0.35

	
−0.49




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Sk Pearson

	
−0.43

	
0.02

	
−0.18

	
−0.40

	
−0.10

	
−0.79

	
−0.46

	
−0.36




	
% km

	
42

	
50

	
47

	
44

	
48

	
33

	
44

	
32




	
Runner 7

	
Trend

	
↗

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
0.59

	
−0.73

	
−0.36

	
−0.46

	
−0.26

	
−0.47

	
−0.46

	
−0.59




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Sk Pearson

	
−0.28

	
0.27

	
−0.60

	
−0.54

	
−0.51

	
−0.46

	
−0.85

	
−.65




	
% km

	
45

	
53

	
41

	
42

	
43

	
42

	
39

	
43




	
Runner 8

	
Trend

	
↗

	
↘

	
↘

	
↘

	
↗

	
↘

	
↘

	
↘




	
Kendall Tau

	
0.54

	
−0.46

	
−0.19

	
−0.57

	
0.40

	
−0.58

	
−0.26

	
−0.40




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Sk Pearson

	
−0.34

	
0.57

	
0.11

	
−1.20

	
−1.33

	
−0.41

	
−0.36

	
−0.64




	
% km

	
46

	
55

	
51

	
34

	
33

	
32

	
39

	
47




	
Runner 9

	
Trend

	
↗

	
↘

	
↗

	
↘

	
↗

	
↘

	
↗

	
↘




	
Kendall Tau

	
0.79

	
−0.71

	
0.30

	
−0.51

	
0.77

	
−0.21

	
0.13

	
−0.39




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Sk Pearson

	
0.30

	
−0.62

	
−0.11

	
−0.36

	
−0.33

	
−0.80

	
−0.08

	
0.55




	
% km

	
55

	
42

	
48

	
42

	
44

	
40

	
44

	
53
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Table 3. Trend characteristics of speed and cardiorespiratory variables in the marathon race (increasing: ↗, constant: ⟶ or decreasing: ↘) indexed by speed (v).
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n° Runner

	

	
      Rf v      

	
      Vt v      

	
        V ˙  E  v      

	
      Cadence v      

	
      HR v      

	
        V ˙  O 2  v      

	
        V ˙  CO 2  v      






	
Runner 1

	
Trend

	
↗

	
↘

	
↘

	
↗

	
↗

	
↗

	
↘




	
Kendall Tau

	
0.62

	
−0.46

	
−0.002

	
0.49

	
0.64

	
0.32

	
−0.22




	
p-value

	
0.001

	
0.001

	
0.941

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 2

	
Trend

	
↗

	
↘

	
↘

	
↘

	
↗

	
↗

	
↗




	
Kendall Tau

	
0.35

	
−0.58

	
−0.32

	
−0.08

	
0.02

	
−0.23

	
−0.41




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.34

	
0.001

	
0.001




	
Runner 3

	
Trend

	
↗

	
↘

	
↗

	
↗

	
↗

	
↗

	
↗




	
Kendall Tau

	
0.74

	
−0.50

	
0.53

	
0.26

	
0.64

	
0.44

	
0.19




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 4

	
Trend

	
↗

	
↘

	
↗

	
↗

	
↗

	
↗

	
↘




	
Kendall Tau

	
0.34

	
−0.30

	
0.07

	
0.26

	
0.38

	
0.02

	
−0.02




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.302




	
Runner 5

	
Trend

	
↗

	
↗

	
↗

	
↗

	
↗

	
↗

	
↗




	
Kendall Tau

	
0.55

	
0.07

	
0.26

	
0.54

	
0.53

	
0.37

	
0.08




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 6

	
Trend

	
↗

	
↗

	
↗

	
↗

	
↗

	
↗

	
↘




	
Kendall Tau

	
0.50

	
0.30

	
0.21

	
0.52

	
0.60

	
0.30

	
−0.04




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 7

	
Trend

	
↗

	
↘

	
↗

	
↗

	
↗

	
↘

	
↘




	
Kendall Tau

	
0.74

	
−0.48

	
0.06

	
0.45

	
0.57

	
−0.02

	
−0.38




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.314

	
0.001




	
Runner 8

	
Trend

	
↗

	
↘

	
↗

	
↗

	
↗

	
↗

	
↘




	
Kendall Tau

	
0.67

	
−0.23

	
0.09

	
0.52

	
0.62

	
0.12

	
−0.15




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 9

	
Trend

	
↗

	
↘

	
↗

	
↗

	
↗

	
↗

	
↘




	
Kendall Tau

	
0.73

	
−0.52

	
0.38

	
0.07

	
0.54

	
0.28

	
−0.13




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001
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Table 4. Trend characteristics of speed and cardiorespiratory variables in the marathon race (increasing: ↗, constant: ⟶ or decreasing: ↘) indexed by RPE. Cad (Cadence).
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n° Runner

	

	
      Rf RPE      

	
      Vt RPE      

	
        V ˙  E  RPE      

	
      Cad RPE      

	
      HR RPE      

	
      v RPE      

	
        V ˙  O 2  RPE      

	
        V ˙  CO 2  RPE      






	
Runner 1

	
Trend

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.62

	
−0.84

	
−0.78

	
−0.79

	
−0.80

	
−0.79

	
−0.78

	
−0.51




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 2

	
Trend

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.48

	
−0.78

	
−0.70

	
−0.74

	
−0.70

	
−0.73

	
−0.71

	
−0.74




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 3

	
Trend

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.24

	
−0.83

	
−0.66

	
−0.83

	
−0.74

	
−0.78

	
−0.72

	
−0.73




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 4

	
Trend

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.28

	
−0.72

	
−0.55

	
−0.82

	
−0.63

	
−0.73

	
−0.50

	
−0.54




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 5

	
Trend

	
↘

	
↗

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.24

	
0.56

	
−0.38

	
−0.54

	
−0.53

	
−0.65

	
−0.43

	
−0.53




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 6

	
Trend

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.29

	
−0.59

	
−0.50

	
−0.65

	
0.08

	
−0.64

	
−0.51

	
−0.61




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 7

	
Trend

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.06

	
−0.81

	
−0.59

	
−0.62

	
−0.51

	
−0.56

	
−0.66

	
−0.70




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 8

	
Trend

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.38

	
−0.68

	
−0.54

	
−0.86

	
−0.78

	
−0.81

	
−0.65

	
−0.71




	
p-value

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001




	
Runner 9

	
Trend

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘

	
↘




	
Kendall Tau

	
−0.02

	
−0.81

	
−0.51

	
−0.82

	
−0.53

	
−0.66

	
−0.53

	
−0.70




	
p-value

	
0.301

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001

	
0.001
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Table 5. Comparison of each 5-km splits (t-student test for paired data, mean and SD). p value < 0.05 (*); <0.01 (**); <0.001 (***).
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5 km

	
10 km

	
15 km

	
20 km

	
25 km

	
30 km

	
35 km

	
40 km

	
42 km






	
RPE

	
Mean

	
11.6

	
12.33

	
12.56

	
13.33

	
14.13

	
15

	
15.28

	
15.78

	
16.11




	
SD

	
1.65

	
1.2

	
1.3

	
1.01

	
1.11

	
1.11

	
1.0

	
1.2

	
1.53




	
Test-t

	
2.30 *

	
2.30 *

	
2.30

	
2.30

	
2.30 **

	
2.30 **

	
2.30 *

	
2.30 **

	
2.30




	
Cad

	
Mean

	
87.6

	
88.0

	
87.7

	
87.5

	
87.5

	
86.9

	
86.9

	
85.7

	
84.6




	
SD

	
3.2

	
2.5

	
2.9

	
3.0

	
3.0

	
3.0

	
3.3

	
4.8

	
1.9




	
Test-t

	
2.30

	
2.30

	
2.30 **

	
2.30

	
2.30

	
2.30 *

	
2.30

	
2.30

	
2.30




	
  V ˙  CO2

	
Mean

	
39.9

	
41.9

	
40.1

	
39.8

	
39.44

	
38.7

	
36.9

	
34.5

	
32.3




	
SD

	
4.7

	
3.5

	
3.6

	
4.0

	
4.3

	
4.4

	
5.6

	
6.9

	
5.7




	
Test-t

	
2.30

	
2.30

	
2.30 ***

	
2.30

	
2.30

	
2.30

	
2.30 *

	
2.30

	
2.30




	
  V ˙  O2

	
Mean

	
40.1

	
43.9

	
43.1

	
43.1

	
42.6

	
42.7

	
41.8

	
39.8

	
37.8




	
SD

	
4.0

	
4.1

	
4.4

	
4.5

	
4.6

	
4.7

	
5.7

	
6.8

	
5.9




	
Test-t

	
2.30

	
2.30 ***

	
2.30 **

	
2.30

	
2.30

	
2.30

	
2.30

	
2.30

	
2.30




	
Speed

	
Mean

	
12.7

	
13.3

	
13

	
12.9

	
12.7

	
12.3

	
11.9

	
11.18

	
11.43




	
SD

	
1.0

	
1.1

	
1.2

	
1.2

	
1.2

	
1.3

	
1.4

	
1.6

	
1.8




	
Test-t

	
2.30 **

	
2.30 ***

	
2.30 **

	
2.30

	
2.30

	
2.30

	
2.30 **

	
2.30 **

	
2.30




	
HR

	
Mean

	
150

	
159

	
159

	
160

	
162

	
161

	
160

	
158

	
160




	
SD

	
8.7

	
6.18

	
5.35

	
6.84

	
6.16

	
6.23

	
8.05

	
8.4

	
6.9




	
Test-t

	
2.30 ***

	
2.30 **

	
2.30

	
2.30

	
2.30

	
2.30

	
2.30

	
2.30

	
2.30*




	
RER

	
Mean

	
0.96

	
0.95

	
0.93

	
0.92

	
0.92

	
0.89

	
0.87

	
0.86

	
0.86




	
SD

	
0.01

	
0.04

	
0.04

	
0.03

	
0.03

	
0.02

	
0.03

	
0.03

	
0.02




	
Test-t

	
2.11 ***

	
2.30 ***

	
2.31 ***

	
2.31 ***

	
2.30 ***

	
2.30 ***

	
2.31 ***

	
2.30 ***

	
2.30 ***
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Table 6. Coefficient of correlation between axis (F1 and F2) of the Principal Component Analysis and the physiological and cadence variables of the marathon time series matrix. The variance inflation factor (VIF) quantifies the severity of multicollinearity in an ordinary least squares regression analysis (see methods section).






Table 6. Coefficient of correlation between axis (F1 and F2) of the Principal Component Analysis and the physiological and cadence variables of the marathon time series matrix. The variance inflation factor (VIF) quantifies the severity of multicollinearity in an ordinary least squares regression analysis (see methods section).





	

	

	
Rf

	
Speed

	
Vt

	
RPE

	
HR

	
Cadence

	
F1/F2(%)






	
Runner 1

	
F1

	
0.715

	
−0.696

	
−0.817

	
0.926

	
0.507

	
−0.242

	
79.6




	
F2

	
0.566

	
0.617

	
0.328

	
0.085

	
0.768

	
0.729




	
VIF

	
3.58

	
3.82

	
4.96

	
3.43

	
1.63

	
5.37




	
Runner 2

	
F1

	
−0.823

	
0.742

	
0.924

	
−0.89

	
0.468

	
0.015

	
75.1




	
F2

	
0.391

	
0.448

	
−0.08

	
0.237

	
0.567

	
0.82




	
VIF

	
3.08

	
2.12

	
3.89

	
3.81

	
1.33

	
1.23




	
Runner 3

	
F1

	
0.937

	
−0.372

	
0.826

	
0.943

	
0.764

	
−0.160

	
82.8




	
F2

	
0.200

	
0.842

	
0.246

	
0.09

	
0.491

	
0.84




	
VIF

	
7.14

	
2.60

	
4.11

	
6.03

	
6.44

	
1.75




	
Runner 4

	
F1

	
−0.55

	
0.83

	
0.686

	
−0.73

	
0.04

	
0.66

	
68.9




	
F2

	
0.947

	
−0.78

	
−0.820

	
0.895

	
0.754

	
−0.388




	
VIF

	
2.23

	
2.96

	
1.68

	
1.93

	
1.76

	
2.43




	
Runner 5

	
F1

	
−0.44

	
0.861

	
0.65

	
−0.801

	
0.449

	
0.44

	
60.2




	
F2

	
0.76

	
0.21

	
−0.42

	
−0.235

	
0.587

	
−0.03




	
VIF

	
1.39

	
0.611

	
0.29

	
0.558

	
0.171

	
0.086




	
Runner 6

	
F1

	
0.05

	
0.89

	
0.29

	
−0.72

	
0.706

	
0.906

	
65.7




	
F2

	
−0.71

	
0.06

	
0.64

	
−0.27

	
−0.44

	
−0.09




	
VIF

	
1.05

	
3.37

	
1.13

	
1.56

	
1.76

	
3.69




	
Runner 7

	
F1

	
0.61

	
−0.839

	
−0.86

	
0.93

	
−0.35

	
−0.82

	
83.3




	
F2

	
0.74

	
0.32

	
−0.26

	
0.08

	
0.84

	
0.23




	
VIF

	
4.45

	
2.97

	
4.16

	
4.59

	
2.35

	
2.52




	
Runner 8

	
F1

	
0.801

	
−0.805

	
−0.706

	
0.900

	
0.538

	
−0.731

	
76.0




	
F2

	
0.439

	
0.359

	
0.04

	
−0.048

	
0.736

	
0.526




	
VIF

	
2.90

	
2.81

	
2.05

	
3.28

	
2.06

	
2.39




	
Runner 9

	
F1

	
−0.875

	
0.832

	
0.826

	
0.895

	
−0.714

	
0.461

	
78.6




	
F2

	
0.19

	
0.35

	
0.045

	
0.184

	
0.410

	
0.865




	
VIF

	
8.90

	
2.72

	
4.59

	
4.59

	
4.55

	
1.63
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