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d'entraînement (méso-cycles) ont été définies, l'affutage (semaines 1 à 2 avant la compétition), à court-terme (semaines 3 à 5), moyen-terme (semaines 6 à 8) et long-terme (semaines 9 à 11). Les modèles à effets mixtes ont été utilisés pour analyser les associations entre les charges d'entraînement dans chaque méso-cycle et la performance de fin de saison. Résultats: Pour les sprinters, chaque augmentation de TTL de 10% entre ~20-70% dans les méso-cycles à long et moyen-terme a été associée avec des performances plus rapides de 0.07-s et 0.20-s dans les épreuves de 50-m et 100-m (p<0.01). Pour les nageurs de demi-fond une TTL plus élevée à court, moyen et long terme a induit des performances en compétition plus rapides (chaque augmentation de TTL de 10% entre ~20-70% a été associée à des performances plus rapides de 0.3-1.6-s au 400-m, p<0.01). Pour les sprinters, une ST entre 60-70% 6-8 semaines avant la compétition a induit les effets positifs les plus élevés (p<0.01). Conclusion: TTL 6-11 semaines avant la compétition a amélioré les performances en compétition.

Mots clefs: Natation, périodisation, modèles mixtes, splines cubiques, compétition.

Introduction

Performance times of top-ranked swimmers are typically very closely matched in international swimming competitions. For example, in the men's 100-m freestyle at the 2015 World Championships, the difference between the World Champion and the bronze medalist was 0.38 s, and 0.74 s between the latter and the 8 th ranked swimmer. A widely held view in the international swimming community is that training periodization, particularly in the last 10-15 weeks before a major competition, is important to maximize performance.

Periodization has been defined as the purposeful sequencing of different training units [START_REF] Issurin | Benefits and Limitations of Block Periodized Training Approaches to Athletes' Preparation: A Review[END_REF] designed to enhance performance gains, while limiting the odds of performance loss (injury, overtraining, detraining) [START_REF] Turner | The Science and practice of periodization: A brief review[END_REF]. Most short-term experimental studies have shown the greater effectiveness of polarized and block training paradigms than conventional training [START_REF] Guellich | Training methods and intensity distribution of young world-class rowers[END_REF][START_REF] Neal | Six weeks of a polarized training-intensity distribution leads to greater physiological and performance adaptations than a threshold model in trained cyclists[END_REF]Rønnestad et al. 2014aRønnestad et al. , 2014b)). In addition, approximately 75-80% of training for endurance athletes should be at speed (or power) <2 mmol . l -1 and 15-20% at or well above their speed (or power) corresponding to their individual lactate threshold, i.e. ~ 4 mmol . l -1 [START_REF] Guellich | Training methods and intensity distribution of young world-class rowers[END_REF][START_REF] Tønnessen | The road to gold: training and peaking characteristics in the year prior to a gold medal endurance performance[END_REF][START_REF] Sylta | The Effect of Different High-Intensity Periodization Models on Endurance Adaptations[END_REF].

Moreover, these intensities should be distributed according to a sequence of specialized training cycles, with blocks of highly concentrated differentiated workloads [START_REF] García-Pallarés | Performance changes in world-class kayakers following two different training periodization models[END_REF]Rønnestad et al. 2014aRønnestad et al. , 2014b;;[START_REF] Issurin | Benefits and Limitations of Block Periodized Training Approaches to Athletes' Preparation: A Review[END_REF].

Observational studies in swimming [START_REF] Mujika | Effects of training on performance in competitive swimming[END_REF][START_REF] Mujika | Modeled responses to training and taper in competitive swimmers[END_REF][START_REF] Avalos | Modeling the training-performance relationship using a mixed model in elite swimmers[END_REF][START_REF] Hellard | Assessing the limitations of the Banister model in monitoring training[END_REF]) have described periodized training similar to the so-called traditional theoretical and methodological models based on two or three cycle models of year round periodization D r a f t (Platonov 2006;[START_REF] Lyakh | Review of Platonov's 'Sports Training Periodization. General Theory and its Practical Application' Kiev: Olympic Literature, (part one)[END_REF][START_REF] Lyakh | Sports Training Periodization. General Theory and its Practical Application' Kiev: Olympic Literature, 2013 (part two)[END_REF]. Typically these models are characterized by cycles of 8-16 weeks, the assumption being that targeted training has to last long enough to induce the desired adaptations by a process of long-term cumulative summation of training effects. Within these cycles, low-, medium-and high-intensity training, strength and technical training are developed in combination, with the main training targets occurring in meso-cycles typically of 2-4 weeks duration (Platonov 2006;[START_REF] Lyakh | Review of Platonov's 'Sports Training Periodization. General Theory and its Practical Application' Kiev: Olympic Literature, (part one)[END_REF][START_REF] Lyakh | Sports Training Periodization. General Theory and its Practical Application' Kiev: Olympic Literature, 2013 (part two)[END_REF]. Recently, [START_REF] Issurin | Benefits and Limitations of Block Periodized Training Approaches to Athletes' Preparation: A Review[END_REF] presented a multi-targeted block periodization model comprising three types of 2 to 4 week meso-cycles: accumulation (basic motor, technical abilities and aerobic endurance), transmutation (specific motor and technical abilities, anaerobic endurance), and realization (tapering and event preparation). In this model the sequencing of block meso-cycles involves targeted combination of compatible training modalities to elicit favorable training effects. Numerous technical reports indicate that successful coaches typically employ multi-targeted block periodization consisting of 10-15 week long cycles comprising 3 to 4 block meso-cycles (Touretsky 1998;[START_REF] Verhaeren | Periodization for Olympic performance[END_REF][START_REF] Barnier | The training of an Olympic champion[END_REF][START_REF] Suguiyama | The training of Katie Ledecky[END_REF][START_REF] Lange | Modern breastroke using the example of Word Record holder: Cameron Van Der Burgh[END_REF]. Another main characteristic of these successful international swimming programs is the specific periodization for sprint, middle-distance and long-distance swimmers. However, no scientific study in swimming has confirmed the effectiveness of periodized training across different events, nor evaluated intra-individual variations in responses to training loads [START_REF] Afonso | Is empirical research on periodization trustworthy ? A comprehensive review of conceptual and methodological issues[END_REF].

The aim of this study was to quantify the relationships between the effects of periodization variables on and competitive performance by sex, age, specialty (sprint, middle-distance, distance) in 138 elite swimmers during the 11-week training period before major competition.

Method

Cohort

D r a f t

The detailed training programs of 138 nationally-and internationally-ranked swimmers and their performance times (n=2958) were recorded over 20 competitive seasons from 1991-1992 to 2011-2012. The study cohort comprised 71 male and 67 female swimmers aged between 15 and 31 years, including 66 female and 33 male sprint swimmers (50-m and 100-m events), 38 female and 62 male middle-distance swimmers (200-m and 400-m events), and 33 female and 66 male long-distance swimmers (800-m to 10-km events). Some swimmers participated in two types of competition: sprint and middle-distance or middle-and long-distance. The swimmers were followed for an average of 3 years and competed in 22 ± 20 (sprint: mean ± SD), 20 ± 23 (middle-distance) and 17 ± 14 (long-distance) competitions per year. All swimmers trained in one of three national training centers. Only those swimmers who met the inclusion criteria were selected. These included participation in the National Championships. The typical minimum number of training sessions per week was nine (including dryland conditioning). Swimmers were excluded if they had a chronic pathology (illness and/or injury) requiring medical treatment or missed training for 4 weeks or more. Swimmers were not eligible if they were taking medication known to affect immune function or inflammation. Written informed consent was obtained from each swimmer before entering the study.

Quantifying performance

All performance times were recorded at official competitions in Olympic size 50-m pools.

Logarithmic transformation of the times was employed to correct any underlying heterogeneity in individual performances [START_REF] Hopkins | Progressive statistics for studies in sports medicine[END_REF]. To account for year-to-year changes in competition conditions, e.g. wearing of full-body swimsuits in 2007-2009, the performance times are expressed relative to the mean of the ten best world performance times ሺ݉ 10 ܹܲሻ, in a given year for a given sex, stroke and distance: where P is the absolute performance in seconds and Pr indicates the relative performance in percentage (the lower the Pr value, the higher the performance level of the swimmer relative to the current world level).

Quantifying training

Intensities for quantifying the swim workouts were determined according to [START_REF] Mujika | Modeled responses to training and taper in competitive swimmers[END_REF].

The application of the methodology was under the supervision of the French Swimming Federation, to which the three national training centers were affiliated over the course of the study.

An incremental test to exhaustion was performed at the beginning of each season (repeated and adjusted four times per season) to determine the relationship between blood lactate concentration and swimming speed. Each subject swam 6 x 200-m at progressively higher percentages of their personal best competition time, culminating in a maximal effort on the sixth and final swim.

Lactate concentration was measured in capillary blood collected from the fingertip during the 1min recovery period separating the 200-m swims [START_REF] Mujika | Modeled responses to training and taper in competitive swimmers[END_REF].

All swimming sessions were categorized into five intensity levels: (I1) below ~2 mmol . L -1 ; (I2) between 2 and 4 mmol . L -1 , the onset of blood lactate accumulation; (I3) between 4 and 6 mmol .

L -1 , (I4) above 6 mmol . L -1 ; and (I5) at maximal swimming speed. The speeds corresponding to each intensity level were then corrected to account for the swimming distance and rest intervals using Olbrecht's method (1985). Strength training included dryland workouts at maximal strength (1-6 repetitions, 80%-100% of 1 repetition maximum (1RM)), muscular endurance, (6-15 repetitions, 60%-80% of 1RM), and general conditioning (e.g. stationary cycling, running, cross-country skiing, team sports, etc.).

Strength training was quantified in min of active exercise per week [START_REF] Avalos | Modeling the training-performance relationship using a mixed model in elite swimmers[END_REF].

For each swimmer, the weekly training volumes at each intensity level were scaled for comparative purposes as a percentage of the maximal volume measured at the same intensity level during the entire season [START_REF] Avalos | Modeling the training-performance relationship using a mixed model in elite swimmers[END_REF]. In-water workouts are usually highly auto correlated (i.e. training at intensity levels I1, I2 and I3 were highly correlated >0.9, they evolved together; the same was true for levels I4 and I5). Therefore, the intensity levels were summarized for both in-water and dryland workouts [START_REF] Avalos | Modeling the training-performance relationship using a mixed model in elite swimmers[END_REF].

Calculating training loads for the meso-cycles
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The 11 weeks of training before a competitive performance (w 1 to w 11 ) were analyzed to study the effects of training on performance. We employed the terminology of Platonov (Platonov 2006;[START_REF] Lyakh | Review of Platonov's 'Sports Training Periodization. General Theory and its Practical Application' Kiev: Olympic Literature, (part one)[END_REF][START_REF] Lyakh | Sports Training Periodization. General Theory and its Practical Application' Kiev: Olympic Literature, 2013 (part two)[END_REF] given it is the closest to that usually used by elite swimming coaches [START_REF] Pyne | An analysis of the training of Olympic sprint champion Alexandre Popov[END_REF][START_REF] Verhaeren | Periodization for Olympic performance[END_REF][START_REF] Lange | Modern breastroke using the example of Word Record holder: Cameron Van Der Burgh[END_REF][START_REF] Vergnoux | Science and innovation of distance and IM coaching. Swimming coaches golden clinic[END_REF]. Four distinct training meso-cycles were defined (see Figure 1): the taper meso-cycle (weeks 1 to 2 before competition), short-term (weeks 3 to 5), medium-term (weeks 6 to 8) and long-term (weeks 9 to 11). The mean weekly TTL and the means of the high-intensity, low-medium intensity and strength training loads were calculated in each meso-cycle.

Place figure 1 about here.

Adjustment variables

To account for potential confounding factors in the relationship between training and performance, several adjustment variables (covariates) were included in the models. Age at the time of competition was taken into account using two terms, age and quadratic age, to model a possible age-dependent biphasic change in performance [START_REF] Berthelot | Exponential growth combined with exponential decline explains lifetime performance evolution in individual and human species[END_REF]. Sex, distance, and specialty (swimming strokes) were also included. The quarter (phase of the season) was included to account for the relative importance of the competitions (i.e., national competitions in the first and second quarters and international competitions in the third). The training center was also included to account for any training differences from one center to another.

Statistical analysis

The adaptation to training and type of training may have differed with the distance of the competitive swimming event. Therefore, three stratified analyses were conducted according to competition distance. Mixed-effects models were employed to estimate the training effects on performance (as a continuous variable) [START_REF] Wood | An Introduction to Generalized Additive Models with R[END_REF]). These models are usually used to analyze D r a f t longitudinal data since they account for both inter-subject variability and intra-subject correlation. The effects common to the entire cohort are estimated with the fixed effects part of the model. We accounted for individual differences in baseline performance level by including random intercepts. All the models were adjusted for adjustment variables. For each distance class, we considered two mixed-effects models: the first one consisted in the taper, short-term, medium-term and long-term meso-cycles for the TTL quantification of training; the second one consisted in the same meso-cycle terms for the high-intensity, low-medium intensity and strength training. The non-linear effects of training on performance were estimated using cubic splines, which do not assume the functional form of the relation. To avoid overestimation, nonsignificant training measures were eliminated from the model. Among no significant training effects, the least significant was removed if the AIC (Akaike Information Criterion) of the model without this variable was improved. To report the practical significance, the standardized effect of a 10% increase in training load on competition performance was computed in seconds per 50m, 100-m, 200-m, 400-m, 800-m, 1500-m event. For all three groups sprinters, middle-distance and distance swimmers, the determination coefficient was calculated as follows: r 2 = 1 -(RSS / TSS), where RSS is the residual sum of squares and TSS the total sum of squares. The data were analyzed using the mgcv R package [START_REF] Core | R: A language and environment for statistical computing[END_REF][START_REF] Wood | An Introduction to Generalized Additive Models with R[END_REF]. Significance was set at p<0.05.

Results

Effects of age and sex

Table 1 shows associations between performance, age, sex, swimming strokes and swimming centers for each of the three distance specialties: sprint, middle-distance and long-distance. A biphasic evolution in performance with age was seen for the sprinters and middle-distance D r a f t swimmers. Performance progressed up to ~21 y for the former, ~24 y for the latter, and then regressed. For the long-distance swimmers, performance progressed linearly with age.

Training load effects on sprint performance over the four meso-cycles

Total training load and sprint performance

The coefficients of determination r² for the TTL model were 0.26±0.20, 0.45±0.10 and 0.26±0.05

for the sprinters, middle-distance and distance swimmers respectively. Fig. 2 shows the relationship between total training load (TTL) and performance over three of the four mesocycles for sprint swimmers (only significant effects are shown). The higher the TTL in the 2 weeks before competition (i.e. the taper phase), the slower the competition performance times (p<0.01). Between 20% and 80% of the TTL, the confidence intervals were narrow and the estimates were accurate. Every 10% increase in the TTL within this range was associated with a slower performance by ~0.07-s in 50-m events and 0.20-s in 100-m events. In contrast, during the medium-term meso-cycle (i.e. 6-8 weeks before competition), the training load had a positive effect on performance (p<0.01). Between 20% and 70% of the TTL, the confidence intervals were narrow and the estimates were accurate. Within this range, every 10% increase in the total load was associated with faster performance ~0.07-s in 50-m events and 0.20-s in 100-m events.

In the long-term meso-cycle 9-11 weeks before competition, the training load had a positive effect on performance (p<0.01). Above 20% of the TTL, every 10% increase in the total load was associated with faster performance by ~0.03-s in 50-m events and ~0.02-s in 100-m events.

Place figure 2 about here.

Low-to medium intensity training and sprint performance
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The coefficients of determination r² for the LMIT, HIT and ST model were 0.27±0.18, 0.45±0.10 and 0.20±0.05 for the sprinters, middle-distance and distance swimmers respectively. Figure 3 upper panels show the function relating low-to medium intensity training (LMIT) load to performance over the meso-cycles. Above 20% of the maximum individual training load, the higher the LMIT load in the 2 week taper before competition, the slower the performances (p<0.01). Between 20 and 80% of LMIT, the confidence intervals were narrow and the estimates accurate. Every 10% increase in the total load was associated with a reduction in performance of 0.07-s in 50-m events and 0.20-s in 100-m events. In contrast, for the medium-term training meso-cycle, LMIT had a positive effect (p<0.01) on sprint performance. Between 10% and 80%

of the LMIT load each 10% increase in training load was associated with faster performance of 0.02-s in 50-m events and 0.08-s in 100-m events. Place figure 3 about here.

High-intensity training and sprint performance

Strength training and sprint performance

Figure 4 shows the function relating load of strength training and sprint swimming performance.

Increases in the training load during the taper were typically associated with a slower performance (p<0.01). Above 10% of the strength load, the confidence intervals were narrow and the estimates accurate. Every 10% increase in the total strength load was associated with 0.1s and 0.2-s slower performance for 50-m and 100-m events. For the medium-term training mesocycle, a load increase between 60 and 80% was linked to faster performances (p<0.01). Between 60 and 80% of the training load, the confidence intervals were narrow and the estimates accurate.

Every 10% increase in the total load was associated with 0.1-s and a 0.2-s faster performance for 50-m and 100-m events, respectively. A load increase in the long-term meso-cycle (i.e. 9, 10 and 11 weeks before competition) was also associated with improved performance (p<0.01).

Between 10 and 70% of the strength load, the confidence intervals were narrow and the estimates accurate. Every 10% increase in the maximum strength load was associated with 0.02-s and 0.06-s faster performance in 50-m and 100-m events, respectively.

Place figure 4 about here.

Training load effects on middle-distance performance over the four meso-cycles

Total training load and middle-distance performance
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During the taper, training between 20 and 40% of the individual maximal load improved middledistance performance (p<0.01) (Figure 5). Conversely, between 40 and 80% of the maximal individual load, every 10% increase in total load was associated with ~0.5-s and 1-s slower performance in 200-m and 400-m events, respectively. For the short-term training meso-cycle, increasing the total load between 20% and 70% of the maximal individual load was associated with faster performance (p<0.05) in such a way that each 10% increase in the load yielded faster performance by 0.5-s and 1-s for 200-m and 400-m events, respectively.

For the medium-term meso-cycle (6, 7 and 8 weeks before competition), increasing the load between 20% and 70% of the maximal load was associated with a 1-s and a 1. Place figure 5 about here.

Low-to medium intensity training and performance

Low-to medium intensity training maintenance between 20% and 40% of the maximum load during the taper period improved performance (Fig. 6). Conversely, higher LMIT training load volume (between 40% and 80% of the maximal volume) was detrimental to performance (p<0.0001). Indeed, every 10% load increase between 40% and 80% slowed the relative performance by 0.5 and 1-s for 200-m and 400-m events, respectively (Fig. 6 upper left panel).

LMIT in the short-and medium-training meso-cycles improved performance (p<0.01) (Fig. 6 upper right, bottom left panels). During both these periods, each 10% load increase between 20% D r a f t and 70% of the maximal individual workload improved relative performance by 0.2-s and 0.6-s for 200-m and 400-m events. In the long-term meso-cycle (Fig. 6 bottom right), the positive influence of LMIT on performance was less clear. Every 10% increase in the load between 10% and 80% of the maximal individual load induced faster performance by 0.10 and 0.20-s for 200m and 400-m events, respectively.

Place figure 6 about here.

High-intensity training and performance

Over the 11-week training period, high-intensity loads were only linked to faster performance (p<0.01) during the short-term meso-cycle (Fig. 7 upper left panel). During this period 3-5 weeks before competition, increasing HIT for load volumes between 50% and 70% was associated with faster performances, with each 10% load increase leading to faster performances by ~0.4-s for the 200-m and 0.8-s for the 400-m events. During this meso-cycle high intensity training between 20 and 50% of the maximum individual load maintained performance.

Strength training and performance

Strength training during the taper had a significant negative effect on performance (p<0.01) (Fig. Training load effects on long-distance performance over the four meso-cycles

Total training load and long-distance performance

The total training load in the medium-term (p>0.0001) and the long-term meso-cycles (p=0.0001) improved performance (Fig. 8 upper and lower panels). In both meso-cycles, each 10% increase between 10% to 60% of the individual maximal load improved the relative performance by ~1-s and 2-s for 800-m and 1500-m races, respectively.

Place figure 8 about here.

Low-to medium intensity training and long-distance performance

No significant effect was observed for the taper and short-term meso-cycles. The performances were faster with higher loads in the long-term and medium-meso-cycles (p<0.01) (Fig. 9 upper and medium panel). LMIT from 11-6 weeks before competition showed positive effects. Each 10% increase between 10% to 60% in the individual maximum loads for LMIT improved the relative performance by ~1-s and 2-s for 800-m and 1500-m events, respectively.

High-intensity training and long-distance performance

HIT showed positive effects only during the short-term meso-cycle 3-5 weeks before competition (Fig. 9 lower panel). An increase in the load between 10% and 70% improved relative performance by ~1-s and 2-s for 800-m and 1500-m events, respectively.
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Place figure 9 about here.

DISCUSSION

This is the first study that systematically examines the relationships between periodized training loads and performance in a large cohort of elite swimmers over the final 11-weeks of training prior to a major competition. The training meso-cycles for basic conditioning, general and specific preparation in the 3 to 11 weeks before major competition typically improved performance, with the most striking positive effects observed for the medium-term mesocyle 6-8 weeks before competition. In contrast, both higher swim training and dryland strength loads during the taper were detrimental to performance. On the other hand, relatively higher loads in the medium-(6-8 weeks) and long-term (9-11 weeks before competition) meso-cycles were typically associated with faster competition performance. These data reinforce that different types of training loads need to be periodized in wave-like cycles with concentrated training units in certain meso-cycles. Our results also show that periodization plans should be adapted to the distance specialty of swimmers.

We determined that training in the several weeks before major competition affects performance, with the medium-term preparation meso-cycle (i.e. weeks 6 to 8 prior to competition) having the greatest positive impact. This outcome supports the training plans for elite athletes in endurance sports like swimming [START_REF] Mujika | Modeled responses to training and taper in competitive swimmers[END_REF][START_REF] Hellard | Assessing the limitations of the Banister model in monitoring training[END_REF][START_REF] Hellard | Identifying Optimal Overload and Taper in Elite Swimmers over Time[END_REF] (Green et al. 1991a(Green et al. , 1991b;;[START_REF] Holliday | The metabolic adaptations to endurance training[END_REF]. The production of glycolytic enzymes (glycogen phosphorylase, pyruvate kinase, phosphofructokinase) following a short, intense anaerobic workout indicated similar dynamics with 16-50% increases for training periods ranging from 2-7 weeks [START_REF] Ross | Long-term metabolic and skeletal muscle adaptations to shortsprint training: implications for sprint training and tapering[END_REF]. To build physical strength, resistance training needs to be long enough (2-6 weeks) to induce neuromuscular and hypertrophic adaptations, as the later were only observed after the fourth week of strength training [START_REF] Abe | Time course for strength and muscle thickness changes following upper and lower body resistance training in men and women[END_REF]. Taken together, these studies are in keeping with our results and confirm the necessity of cycles and preparation periods long enough to develop athletic abilities (Matveiv 1977;Platonov 2006;[START_REF] Lyakh | Review of Platonov's 'Sports Training Periodization. General Theory and its Practical Application' Kiev: Olympic Literature, (part one)[END_REF][START_REF] Lyakh | Sports Training Periodization. General Theory and its Practical Application' Kiev: Olympic Literature, 2013 (part two)[END_REF]. Swimmers need a solid physiological base developed using low-, medium-and high-intensity training loads during the medium-and long-term meso-cycles (6 to 11 weeks before the competition). Strength capacities need to be developed progressively in the medium-and long-term training mesocycles, maintained in the short-term meso-cycle, and loads finally reduced to avoid detrimental effects in the taper period. Most of these outcomes are consistent with the practices of leading international swimmers. This study confirms these field models showing either linear or logarithmic relationships with threshold values and ranges.

D r a f t

Our results indicate that in the medium-term period for sprinters and the short-term periods for middle-distance swimmers, LMIT, HIT and ST together improved all performance. It appears that some meso-cycles should focus on training units that combine several types of training (lowmedium, high intensity, and strength training). [START_REF] Issurin | Benefits and Limitations of Block Periodized Training Approaches to Athletes' Preparation: A Review[END_REF] argued that the rationale for this After a few days to 3 weeks of training cessation, rapid physiological, muscular power and metabolic losses in adaptation occur, leading to 4-25% decreases in endurance performance [START_REF] Coyle | Time Course of Loss of Adaptations after Stopping Prolonged Intensive[END_REF][START_REF] Costill | Metabolic characteristics of skeletal muscle during detraining from competitive swimming[END_REF]Mujika andPadilla, 2000a, 2000b). These reports underline the importance of a periodization model based on a steady and optimized training stimulus, irrespective of whether aerobic or anaerobic training is targeted [START_REF] Issurin | Training transfer: scientific background and insights for practical application[END_REF].

The periodization models with 9-to 11-week cycles examined in this study were similar to other block periodization models (Rønnestad et al. 2014a(Rønnestad et al. , 2014b;;[START_REF] Issurin | New horizons for the methodology and physiology of training periodization[END_REF][START_REF] Issurin | Benefits and Limitations of Block Periodized Training Approaches to Athletes' Preparation: A Review[END_REF]. The influence curves connecting training loads to performance showed that optimal periodization was characterized by cyclical changes in the loads, with concentration on specific training units in meso-cycles of 2-3 weeks duration. For example, the maximum concentration on strength training for the middle-distance swimmers occurred optimally in the long-term cycle, low-to medium-intensity training was most effective in the medium-and long-term cycles, and the highintensity load exerted the greatest positive effects 3-5 weeks before the final competition of the season. Block periodization consists of concentrating specific high-intensity training in short D r a f t periods of 1-4 weeks, while maintaining the training level for other physiological qualities and abilities [START_REF] Breil | Block training periodization in alpine skiing: effects of 11-day HIT on VO2max and performance[END_REF][START_REF] Issurin | New horizons for the methodology and physiology of training periodization[END_REF][START_REF] Issurin | Benefits and Limitations of Block Periodized Training Approaches to Athletes' Preparation: A Review[END_REF]. The main objective of block periodization is to concentrate on delivering specific training stimuli to induce specific adaptations at different times, which is not possible with a mixed training program that addresses all physical abilities equally [START_REF] Issurin | New horizons for the methodology and physiology of training periodization[END_REF]. Moreover, block training seems particularly well suited to elite athletes who have been training for many years (Platonov 2006;[START_REF] Hellard | Identifying Optimal Overload and Taper in Elite Swimmers over Time[END_REF]. For these athletes, the training modes that facilitate further progress are increasingly limited despite an increase in their underlying abilities. Over the course of swimmers' careers, better performances were obtained by increasing the training load during the overload period and then sharply decreasing the load in the taper [START_REF] Hellard | Identifying Optimal Overload and Taper in Elite Swimmers over Time[END_REF]. Intensive training in elite athletes could cause an epigenetic effect bound to a decline of the multiyear exercise-induced molecular response to each acute training session [START_REF] Lindholm | An integrative analysis reveals coordinated reprogramming of the epigenome and the transcriptome in human skeletal muscle after training[END_REF]). This possible loss of reactivity in the genetic and molecular response indicates the importance of a new and gradual overload that causes sufficient stimulus to induce new adaptations [START_REF] Coffey | The molecular bases of training adaptation[END_REF]. Furthermore, the results of four relevant studies [START_REF] Breil | Block training periodization in alpine skiing: effects of 11-day HIT on VO2max and performance[END_REF]Rønnestad et al. 2014aRønnestad et al. , 2014b;;[START_REF] Rønnestad | 5-week block periodization increases aerobic power in elite cross-country skiers[END_REF] all show the superior effects of block training on performance and several of its physiological determinants, compared with traditional periodization. In line with our results, training loads need to be concentrated in 2 to 4 weeks blocks to induce sufficient impact for physiological adaptations.

Optimal periodization models were specific to the distance specialty, from a block-type periodization for the sprinters to a more linear and continuous model for the long-distance swimmers. For sprinters, training for maximal strength and power was the priority in the longterm meso-cycle (weeks 9, 10 and 11). This work was followed by a period of low-to medium-
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intensity training in the medium-term meso-cycle (weeks 6, 7 and 8). The peak high-intensity load was periodized in the medium-term and in the short-term meso-cycles (3-8 weeks before the main competition). This organization of training is similar to that reported for four Olympic and World champion sprint swimmers (Touretsky 1998;[START_REF] Verhaeren | Periodization for Olympic performance[END_REF][START_REF] Barnier | The training of an Olympic champion[END_REF][START_REF] Lange | Modern breastroke using the example of Word Record holder: Cameron Van Der Burgh[END_REF]. Elite sprinters need to develop muscle strength and power, metabolic power and swimming efficiency [START_REF] Vorontsov | Strength and power training in swimming[END_REF], which explains the logic of this type of periodization.

Improving and maintaining the strength and power of the sprinters is a priority. In this study [START_REF] Rodriguez | Energy systems in swimming[END_REF]. Our results for sprint swimmers in comparison to long-distance and middle-distance swimmers confirm the notion that training loads need to be reduced substantially during the taper [START_REF] Mujika | Effects of training on performance in competitive swimming[END_REF][START_REF] Avalos | Modeling the training-performance relationship using a mixed model in elite swimmers[END_REF][START_REF] Hellard | Identifying Optimal Overload and Taper in Elite Swimmers over Time[END_REF].

For middle-distance swimmers, the optimal periodization showed fewer distinct cyclical variations than for sprinters. Total training load was associated with improved performance over 9 weeks. The greatest positive effects were in the medium-term preparation (weeks 6-8). Aerobic training completed during the six weeks of the long-and medium-term meso-cycles improved performance six weeks later, as did high-intensity training in the medium-term meso-cycle. The model of optimal periodization for dryland strength training showed a progressive decrease in the positive influence from the long-term to the medium-term cycle. This organization of training is similar to that reported for Olympic and World medallists [START_REF] Suguiyama | The training of Katie Ledecky[END_REF][START_REF] Vergnoux | Science and innovation of distance and IM coaching. Swimming coaches golden clinic[END_REF]).

The estimated aerobic contribution for the 200-m (58%) and 400-m (73%) freestyle [START_REF] Rodriguez | Energy systems in swimming[END_REF] underlines the critical involvement of both aerobic and anaerobic metabolism in middle-distance events. There is considerable plasticity of central and local factors, for both development of the training response and loss of adaptations after training cessation or reduction (Mujika andPadilla 2000a, 2000b). For this reason, low-to medium intensity endurance training continued through the taper period until a 40% threshold of total load was reached. In the In contrast to sprinters and middle-distance swimmers, short-term training did not negatively influence performances of distance swimmers in the last 3 weeks before competition. This outcome is consistent with methodological (Platonov 2006) and experimental [START_REF] Mujika | Effects of training on performance in competitive swimming[END_REF][START_REF] Mujika | Modeled responses to training and taper in competitive swimmers[END_REF][START_REF] Avalos | Modeling the training-performance relationship using a mixed model in elite swimmers[END_REF] studies, asserting that the training load should be higher during the taper for endurance athletes. From classification of individual responses to short-, medium-and long-term training in a group of 13 swimmers, performances improved as a direct response to a D r a f t

high training load [START_REF] Avalos | Modeling the training-performance relationship using a mixed model in elite swimmers[END_REF]. From a similar perspective, Mujika and colleagues (1996) modeled [START_REF] Bourdon | Monitoring Athlete Training Loads: Consensus Statement[END_REF].

Conclusion

For this cohort of elite swimmers, increased training loads up to 70-80% of the maximal individual training load in pool and strength training in the gym during the medium-and longterm preparation meso-cycles (6-11 weeks to competition) improved competition performances.

The influence curves indicated the optimal periodization models were cyclical wave patterns.

These training models were specific to the swimmer's event, from highly periodized training for 

  la périodisation des phases d'entraînement précédant les compétitions majeures a été peu décrite. Objectif: Nous avons modélisé les relations entre les 11 dernières semaines d'entraînement et les performances en compétition chez 138 nageurs élites. Méthode: La charge d'entraînement totale (TTL), l'entraînement de force (ST), les variables d'entraînement de basse à moyenne et haute intensité ont été quantifiées. Les charges d'entraînement ont été normalisées en pourcentage du volume maximal individuel pour chaque niveau d'intensité. Quatre périodes

  as follows: the weekly low-to medium-intensity training load was the mean training volume (in percentage) at intensity levels 1 to 3, and the weekly high-intensity training load was the mean training volume (in percentage) at intensity levels 4 and 5. By differentiating in-water workouts into these two intensity classes, we avoided collinearity problems. The intensity levels were thus summarized via the weekly total training load (TTL) of the mean training volume (in percentage)

Figure 3 (

 3 Figure 3 (lower panels) also shows the function relating the high-intensity training (HIT) load

  6-s faster performances (p<0.01) in 200-m and 400-m events, respectively (Fig. 5 lower left panel). For long-term training (9, 10 and 11 weeks before competition, Fig 5 lower right panel), increasing the load between 10% and 80% of the maximal load was associated with a 0.1-s and 0.3-s faster performance (p<0.01) in 200-m and 400-m events, respectively.
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  upper right panel). Every 10% load increase between 10% and 50% was associated with a 0.2 and 0.5-s decrease in performance for 200-m and 400-m races, respectively. During the shortterm training meso-cycles (Fig.7lower left panel), the strength loads significantly improved performance (p<0.05). Every 10% load increase between 10% and 50% improved relative performance by 0.10-s and 0.15-s for 200-m and 400-m events, respectively. Finally, strength training in the long-term training meso-cycle had a significant positive influence on 10% load increase between 10% and 80% was linked to faster relative 200-m and 400-m performance by 0.15 and 0.25-s, respectively.Place figure 7 about here.

  multi-targeted periodization is to combine compatible training loads causing positive interactions and the superposition of training effects. Some experimental results support this notion of later positive interactions, showing the potential for combined strength and endurance training to amplify endurance performance (Ronnestad and Mujika, 2014). The second interest for a combined training is to maintain certain skills or adaptations throughout the training cycles.

(

  most sprinters athletes undertook a heavy dryland strength-training program (i.e., 2-6 sets of 2-10 repetitions of 70-90% 1RM) alternating with a program of light loads (i.e., 2-6 sets of 8-20 repetitions of 30-60% of 1RM) at a fast contraction velocity[START_REF] Vorontsov | Strength and power training in swimming[END_REF]. Strength training in the long-term meso-cycle lasted 3 weeks and typically comprised five sessions: two maximum strength, one power, and two sessions per week focused on athletic skills and strengthening and stabilizing the lumbar and abdominal regions (i.e. "core" strength). This work preceded the development of aerobic and anaerobic endurance to limit negative effects of concurrent training on strength building[START_REF] Izquierdo | Effects of combined resistance and cardiovascular training on strength, power, muscle cross-sectional area, and endurance markers in middle-aged men[END_REF]). In the medium-term cycle, strength training was characterized by a substantial reduction in the intensity and duration of the sessions, to 40 minutes, with two power sessions and two sessions for athletic skills, core strengthening and stabilization. The influence curves in this meso-cycle indicated the total training load was at its highest, composed of maximal volume of low-to medium-intensity training associated with a high volume of high-intensity training. Hypothetically, this three-week block of general preparation (weeks 6, 7 and 8) combining moderate intensity muscle power workouts with intensive training of the oxidative and glycolytic metabolic pathways can increase short-term endurance (conversion of fast-twitch type IIx muscle fibers into fatigue-resistant type IIa) Aagaard and Raastad 2012) while developing the oxidative and glycolytic metabolism in proportions similar to those seen in sprint training

  medium-term meso-cycle, the positive influences of strength training and low-to medium intensity training were particularly pronounced, possibly because strength training combined with high-and low-to medium intensity endurance training can promote the physiological adaptations for endurance (Coffey and Hawley 2007; Rønnestad and Mujika 2014). To sum up, training load pattern for middle-distance swimmers was characterized by a continuous high training load during the first six weeks, a low-, medium-and high-intensity training peak during the medium-term meso-cycle, and maintenance of low-to medium-intensity training during the short-term period. The preparation of long-distance swimmers (competing in 800-m and 1500-m events) was characterized by the positive effect of low-to medium-intensity aerobic training in weeks 6-11 before competition. Beneficial effects of aerobic training were indicated by each 10% increase in load between 10% and 70% improving relative performance by 1-s and 2-s for 800-m and 1500m events. This result indicates the greater effectiveness of longer training periods in distance swimmers compared with sprinters and middle-distance swimmers. The influence of highintensity anaerobic training was also positive in the short-term meso-cycle. In this final 11-week cycle of a year-long preparation for the main competition, strength training did not improve performance. This periodization model showed strong similarities with that of World and Olympic medalists in long-distance swimming, and is consistent with the results of studies in cross-country skiing, cycling and track and field. Tønnessen et al. (2014), for example, described modest training variations in the annual cycle of biathletes and cross-country skiers, all World and/or Olympic medalists.

  the training-performance relationship and observed faster absorption of positive and negative training influences in middle-distance swimmers, indicating the need for a shorter taper period with a limited decreasing load. In Tønnessen'study, 11 Olympic and World medalists in long-distance skiing did not follow the tapering recommendations suggested by short-term experimental studies. The training volume was reduced by only 5% and 11% in the last 2 weeks and only three of these 11 skiers took a rest day prior to their gold medal performance. It can be argued that the combination of individual predisposition and the type of training typical of longdistance swimmers is characterized by both rapid recovery and a loss of aerobic adaptations in the case of excessively decreased training. The swim speeds of long-distance swimmers in lowto medium-intensity zones are usually close to their competitive swimming speeds, and maintaining high-volume low-to medium-intensity training is in itself sports-specific preparation.The most striking issues of this study are as follows. First, the training loads in the general preparation (long-term) and specific preparation (middle-and short-term) meso-cycles, from week 11 to week 3, showed positive impacts on performance with the most striking positive effects observed for the general preparation meso-cycles (weeks 6, 7, 8 before competition). These positive influences conformed to a cyclical wave pattern, with the specific training focus depending on the meso-cycle and type of training load. The optimal periodization designs were specific to distance specialties ranging from a highly periodized model for the sprinters to a more constant pattern of training for the middle-distance and long-distance swimmers. Above 70-80% of the maximal individual training load, the wider confidence interval of the values is a limitation of this research, making the estimations less precise. This wider confidence interval indicates fewer observations in these high-load zones and probably reflects different individuals above 70-80%. As this was an observational study, our analysis may have been biased by unmeasured confounders such as the basal fitness level of the swimmers, current life constraints, nutrition, recovery measures, psychological responses and the technical quality of swimming during training. Furthermore, the training prior to the 11 weeks training period (i.e. very long term training effects (months, years)) likely impacted performances. Averaging the training loads in the 3-week meso-cycles may have also limited the precision of our results, as several empirical and methodological studies have shown the effects of variation within training meso-cycles. On the other hand, the main strengths of this work are: 1/ it is a longitudinal study on a large cohort of French elite swimmers that includes a long study period, 2/ which allows us for exploring the impact of short term up to long term training on performance, and 3/ appropriate statistical methods are applied, specifically, we adjusted for potential confounders, we accounted for individual differences, and we estimated the effects of training on performance using cubic splines, without assuming any hypothesis on the structure of this effect. As the external training load per se only explains 20-45% of the variation in performance, a future study will aim to model the relationships between performances and a combination of independent variables including external training load, internal training load and technical quality

Fig. 2 .

 2 Fig. 2. Relative decrement or improvement in performance (y-axis) as a function of training load (x-axis) for sprint swimmers over the taper (top panel), medium-term (middle panel), and longterm (bottom panel) training meso-cycles. The solid line represents the training effect and the dotted lines, the 95% confidence interval.

Fig. 3 .

 3 Fig. 3. Relative decrement or improvement in performance (y-axis) as a function of low-to medium intensity training (x-axis) for sprint swimmers over the taper (upper panel left) and medium-term (upper panel right) meso-cycles. Relative decrement or improvement in performance (y-axis) as a function of high intensity training (x-axis) for sprint swimmers over the taper (lower panel left) and the medium-term (lower panel right) meso-cycles. The solid line represents the training effect and the dotted lines, the 95% confidence interval.

Fig. 4 .Fig. 6 .Fig. 7 .

 467 Fig. 4. Relative decrement or improvement in performance (y-axis) as a function of strength training (x-axis) for sprint swimmers during the taper (upper panel), the medium-term (middle panel), and the long term (lower panel) meso-cycles. The solid line represents the training effect and the dotted lines, the 95% confidence interval.

Fig. 9 .

 9 Fig.9. Relative decrement or improvement in performance (y-axis) as a function of low-to medium intensity training (x-axis) for long-distance swimmers over medium-term (upper panel), and long-term (middle panel) meso-cycles. Relative decrement or improvement in performance (y-axis) as a function of high intensity training (x-axis) for long-distance swimmers over longterm meso-cycles (lower panel).The solid line represents the training effect and the dotted lines, the 95% confidence interval.

Table 1 .

 1 Olbrecht, J.,Madsen, O., Mader, A., Liesen, H., and Hollmann, W. 1985. Relationship between swimming velocity and lactic concentration during continuous and intermittent training exercises. Int. J. Sports Med. 6(2): 74-7. PMID:4008143. Adjusted regression coefficients of random intercept models with of competitive performance according to distance specialty.

	sprint swimmers to more continuous and progressively changing training for distance and long-
	distance swimmers. Changes in training load as little as 10% can make important differences to
	competition performance.
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