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Abstract: 

Approach: CrossFit
®

 is a training program recognized for its rapid growth in popularity in competitive and 

noncompetitive models and designed to develop different fitness domains simultaneously. In this training model, 

chronic adaptations are expected to differ from other models due to the high-volume workloads, performed in a 

self-regulated characteristic. Purpose: Therefore, this study aimed to describe the internal training load imposed 

on CrossFit
®

 athletes over a three month period and relate it to physical performance indicators. A second goal 

was to investigate the effect of this training on aerobic fitness indicators. Methods: To this end, competitive 

athletes were evaluated daily, weekly, and pre and post training. The instruments consisted of daily perceptual 

measures regarding pain sensations, recovery, sleep quality, heart rate variability, and tests of lower limb power 

and aerobic power. The data normality was verified by the Shapiro-Wilk test and compared by the ANOVA test 

for repeated measures, and the correlations between training load indicators and physical performance were 

tested by Pearson's coefficient. The alpha value was set at 5%. Results and Conclusion: The investigated training 

program was not enough to induce detectable overreaching or recovery/compensation, at least by the variables 

evaluated and in a group-based analysis. Also, no relevant changes in aerobic power were found. However, 

negative correlations between CMJ and HRV with some training load parameters suggest that changes in 

training loads along the weeks provided neuromuscular and autonomic variations in the expected directions. In 

summary, the training load imposed in the preparation of elite CrossFit® athletes was relatively stable, despite 

the constant variation of stimuli and settings. Our findings may help to explain the patterns of the sport, which 

involves high volume and frequency of training maintained for long periods, which does not match (at least 

theoretically) with high intensity efforts. 

Key Words: Athletic Performance. Fatigue. Exercise. Cardiorespiratory Fitness. 

 
Introduction 

CrossFit
®
 is a training program recognized for its rapid growth in popularity, having both competitive 

and noncompetitive structures (Sprey et al., 2016). It is generally  characterized by the workouts of the day 

(WOD), which aim to simultaneously develop different physical conditioning domains (Claudino et al., 2018; 

Tibana et al., 2017). In general, the practice occurs with high weekly frequency (5.5±0.6 days per week), training 

volume (120.7±36.7 minutes per session), and intensity (Rating of perceived exertion (RPE) = 8.4±0.9 a.u.) 

(Claudino et al., 2018; Pritchard et al., 2020), which may counteract the stimulus/recovery balance and lead to 

relevant physiological disruption over consecutive sessions (Tibana et al., 2017). WODs such as "Fran" and 

"Cindy" can achieve an intensity corresponding to 95.4±3.0% and 97.4±2.4% of HRmax, 56.7±6.2% and 

66.2±4.8% of VO2max, blood lactate of 14±3.3 mmol/L and 14.5±3.2 mmol/L and RPE of 8.4±0.9 u.a. and 

8.0±0.9 a.u., respectively, which suggests that high internal training loads are reached (Claudino et al., 2018). 

From a chronic perspective, CrossFit® practices have the potential to reduce body fat (~10%) 

(Bahremand et al., 2020), increase maximal oxygen consumption (13.6% and 11.8% for men and women, 

respectively) (Smith, 2017), and increase maximal strength (11.1kg and 8.5kg for men and women, respectively) 

(Cosgrove et al., 2019). These results were found in investigations lasting between 8 weeks and more than 7 

months with athletes between the ages of 18 and 40 years, and practice time between 6 and 27 months. 

Furthermore, these training adaptations have been related to training load assessment and monitoring in the 

sports sciences community (Claudino et al., 2018; Impellizzeri et al., 2018; West, 2020). In this sense, the data 

from training load monitoring became relevant information for decision-making about training and competition 

loads (West, 2020). This process involves the interaction between external loads, such as measures of power and 

neuromuscular function, and internal loads, such as effort perception, sleep quality, and autonomic control 

(Halson, 2014). 
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However, in this
 
training modality, the knowledge of assessment, monitoring, and the mechanisms to 

control training load is still relatively recent, which may negatively affect the predictability of adaptation (Smith, 

2017). Furthermore, sporting success appears to differ between modalities (West, 2020), and although it seems 

that CrossFit® performance is related to muscle power, muscle strength, and aerobic fitness (Martínez-Gómez et 

al., 2019), specific characteristics of the practice may limit the use of the knowledge derived from other 

modalities. Thus, despite these training load concepts that have been extensively discussed in cyclic and team 

sports (McLaren et al., 2018), the widely variable and multimodal nature of CrossFit
®

 loads and the self-

regulated characteristic of intensity control make it difficult to interpret the correlations between external and 

internal loads, as well as their subsequent effects. 

Alternatively, some perceptual, physical and physiological measures have been used for training 

monitoring. Regarding perceptual measures, two of the most used are the RPE and the Total Quality Recovery 

(TQR) scale (Osiecki et al., 2015). Recent studies emphasize the validity and reliability of using these subjective 

methods of training monitoring, load analysis, and recovery (Horta et al., 2020). Moreover, the validity of the 

session RPE (multiplied by the duration of the activity) has already been investigated in the CrossFit
®
 context 

and has been indicated as an easy and valid tool to assess the internal training load (Tibana et al., 2018). From 

the neuromuscular perspective, one of the most common methods is the countermovement jump (CMJ) test, 

which has been shown to be valid, reliable, and able to provide information about strength, muscle fatigue, and 

maximal power (Gajewski et al., 2018). While the cardiovascular responses have been used and analyzed to infer 

autonomic balance, mainly through heart rate variability (HRV). Moreover, all these measures interact with each 

other to yield fitness responses. 

In summary, training load monitoring can provide a scientific basis for changes in athletes' 

performances. However, in the training program described here, that is still not entirely clear and different 

responses are expected due to the sport's particularities. Therefore, this study aimed to describe the internal 

training load imposed on CrossFit® athletes over three months and relate it to physical performance indicators. 

Our main hypothesis was that 12 weeks of training would result in i) high RPE values due to the intensity of the 

modality; ii) positive adaptations in aerobic power, and iii) internal loads with detectable changes throughout the 

weeks in response to training load variation. 

 

Material & methods  

Experimental Approach to the Problem 

In this study, data collection occurred daily, weekly, and pre and post-training. Daily, athletes were 

instructed to fill out questionnaires before and 10 minutes after training. Weekly, on mondays, after active rest 

(sunday), HRV and CMJ were evaluated. Aerobic power was estimated before and after the three months of 

monitored training. The same evaluator performed all measurements.  

Subjects 

All participants were informed about the study objectives and signed a consent form. This study was 

approved by the local ethics and research committee (#4.136.386) and followed the Helsinki ethical principles 

for research involving humans. According to the sample calculation, to obtain a statistical power of 0.8, with an 

effect size of 0.25 and considering an alpha value of 5%, for a design with 12 repeated measures and one group, 

13 individuals would be necessary (G*Power software version 3.1.9.7). 

Sixteen subjects with a mean age of 31.0±6.8 years, 77.5±9.0 kg of body mass and training time of 

2.8±0.8 years were part of the analysis. The sample included participants of both sexes who trained daily at a 

certified CrossFit
®

 fitness center and who had practiced for at least 2 years without interruption, with no recent 

injuries that might interfere with the results of the study, or declared use of illicit substances, such as anabolic 

steroids. Those who competed in the RX category were included. Those who presented diseases or injuries 

throughout the collections and those who presented some other aspect that could interfere with the research 

results were excluded from the sample. Also, subjects were asked to maintain their habitual nutritional habits 

during the intervention.  

 

Procedures 

Daily Questionnaires 

The proposed daily questionnaires were composed of scales including TQR (Kenttä & Hassmén, 1998), RPE of 

both the entire session (RPEs) and the WOD (RPEw) through the CR-10 Borg Scale (Kurilla, 2011), the Visual 

Analog Pain Scale (Lee et al., 1991) and the sleep quality. The questionnaires were printed in a notebook form 

and delivered to the athletes, who were asked to fulfill them before and ten minutes after each training session. 

To quantify the session RPE, the full duration (RPEs) and the WOD duration (RPEw) were considered. The 

internal load variables, derived from RPE, were calculated according to the following equations: Monotony = 

average session load/standard deviation; Strain= sum of training loads X monotony; and Session RPE= session 

RPE X activity duration. 

Heart Rate Variability 
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To measure HRV, the ELITE HRV mobile application was used (Perrotta et al., 2017). Participants 

performed the test positioned on a chair after heart rate normalization; the first two minutes were recorded and 

the first one was excluded. Data regarding HRV (R-R intervals) were collected through cardio monitors 

(PolarH10; Polar®) connected to a Smartphone. Subsequently, the R-R intervals were exported and analyzed in a 

specific software (Kubios HRV; version 3.3.1 -Kubios Oy, Finland). All data underwent visual inspection to 

remove ectopic beats. The time-domain parameter LnRMSSD (square root of the mean squared differences of 

successive R-R intervals in milliseconds) was chosen for analysis, as it has good validity and reproducibility in 

sports context (Esco et al., 2018).  

Vertical Jump 

The participants performed two CMJ with a ten-second interval between them. Each jump was 

performed with the hands behind when picking up momentum, raising them while executing the jump. The 

jumps were filmed using a smartphone and analyzed through the MyJump2 mobile application, following a 

specific validated protocol (Gallardo-Fuentes et al., 2016). 

Aerobic Power 

To infer the aerobic power of the subjects, an incremental test to exhaustion was applied. The subjects 

started the test at 40 rpm, and 5 rpm increments were made every minute. During the test, the RPE was evaluated 

using the CR-10 Borg Scale (Kurilla, 2011). The test occurred until self-reported exhaustion or failure to 

maintain the expected rpm due to fatigue. At the end of the last stage, the corresponding rpm and load (W) were 

collected. The Airbike (Assault -Fortify
®
, Taiwan) was chosen because it mobilizes lower and upper limbs and 

has become common in CrossFit®. Unpublished data from our lab show that the test is reliable (ICC=0.94). 

 

Workouts description 
The workouts were prescribed based on the head coach's programming and the structure of the workouts 

followed AMRAP (as many rounds/repetitions as possible), EMOM (execute an exercise sequence within the 

minute and rest in the remaining time), RFT (execute X number of rounds in the shortest time possible), and 

RNFT (execute X number of rounds without worrying about time) models. All sessions were divided into warm-

up/mobility, technique, and WOD. It is noteworthy that these training practices do not necessarily follow the 

CrossFit® usual pattern for ordinary practitioners, but were planned specifically for competition, which increased 

total training volume. Thus, despite the fact that the practice investigated here may not reflect the daily ordinal 

practices of CrossFit
®

 boxes for the majority of the practitioners, it is not without precedent, since the training 

plan described here was similar to others previously described (Pritchard et al., 2020). 

Statistical analyses 

Statistical procedures followed an intention-to-treat approach. Then, missing data were imputed using 

the Closest Match method, which showed to be more efficient in repeated measures designs than others, such as 

listwise deletion, last value carried forward, standardized score imputation, or regression imputation (Elliott & 

Hawthorne, 2004). Briefly, data imputed were based on the corresponding value of the same time-point of the 

subject that presented the lowest sum of absolute differences in a given variable. All imputed data are 

highlighted in the raw data file.  

After that, the normality of the data was tested using the Shapiro-Wilk test. The data were presented by 

mean and standard deviation. Correlations between internal load and physical and physiological variables were 

tested by Pearson's coefficient, while pre and post-training adaptations were compared by t-test and the weekly 

monitoring data was checked by the ANOVA test for repeated measures. All analyses were done in SPSS 20.0 

software and the alpha value was set at 5%.  

 

Results 

Regarding the training sessions, all were composed of periods of mobility/warm-up, technique, and 

WOD. In general, 18 WODs followed the AMRAP structure (27.3%), 17  the RFT (25.8%), 8 the EMOM 

(12.1%), and 6 the RNFT (9.1%). There was also a simulated competition, called OPEN (9.1%), and others, such 

as aerobic training in a rowing ergometer (3.0%) and low-intensity aerobic training (13.6%) (Supplementary 

file). The average duration of the training sessions was 95.6±16.8 min, and the time devoted to the WOD was 

25.5±12.7 min (27.1±13.6% of the session). 

Perceptual Variables  

Regarding the perceptual variables, the weekly sleep quality ranged from 3.5±0.3 to 3.9±0.8 a.u., which 

represents a rating between regular and good (Figure I; Panel A). Differences between time points were found 

(F=3.16; p<0.01), where values measured in the 11th week were higher than in the 8th (p=0.04) and 10th 

(p=0.03). All athletes reported some perception of pain during the 12 weeks.  

The average weekly perception ranged from 24±8.5 to 54±29.8 a.u., which represents moderate pain 

(Figure I; Panel B). The most prevalent pain sites were in the low back (19.4%), shoulders (13.2%), and back 

(11.7%).  

The range of weekly responses to the TQR scale was from 13.1±1.0 to 14.8±1.8 a.u. 
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 (Figure I; Panel C). When comparing time points, a statistical significance was found (F=5.84; p<0.01), and 

values measured in the 2nd and 3rd weeks were higher than those from the 9th week.  

 

 
Figure I. Perceptual variables of sleep quality, pain scores and recovery. Panel A. Athletes' weekly sleep 

quality; Panel B. Athletes' weekly pain intensity. Panel C. Athletes' weekly recovery assessed through TQR. 

 

Regarding the training load, the average RPE over the whole period was 4.8±0.5 a.u. (Minimum=2; 

Maximum=10). Furthermore, the repeated measures analysis showed that the sum (F=3.39; p<0.01) and average 

(F=2.56; p<0.01) values of RPEs have significant differences among the time points, as well as the sum (F=7.36; 

p<0.01) and average (F=5.91; p<0.01) values of RPEw. RPEs measured in the 1st week were higher than in the 

2nd, 5th, and 10th weeks, and RPEw values of the 2nd week were higher than in the 3rd, 4th, and 9th weeks. 
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Figure II. Rating of perceived exertion of the session and WOD. 

 

Comparisons of perceptual variables per day.  

Regarding comparisons between perceptual variables measured on the same days throughout the twelve 

weeks, it was observed that both sleep quality (F=0.32; p=0.89) and weekly recovery of athletes (F=1.91; 

p=0.10) showed no difference. For the overall RPE values, it was observed that Mondays, Wednesdays, and 

Saturdays were higher than Tuesdays and Thursdays (F=11.3; p<0.01), which suggests a pattern of training load 

distribution according to days of the week (Figure III). 

 

 
Figure III. Comparison of the athletes’ RPE during the same days of the week. 

 

Physical and Physiological Variables. 

Regarding CMJ and HRV, data over the weeks are presented in Figures IV and V, respectively, and the 

lines indicate individual variation per athlete in each measure. The CMJ values measured in the 5th and 11th 

weeks were higher than those from the 3rd week (F=2.43; p<0.01). Furthermore, at the individual level, on 

average 3.4% and 11.3% of subjects showed greater changes than the Minimum Detectable Change (MDC) for 

CMJ and HRV, respectively. Repeated measures analysis showed no differences between time points for HRV 

(F=1.73; p=0.07) indicating that the imposed loads were not sufficient to induce changes or that the variables 

were not sensitive to detect them. 
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Figure IV. Weekly average of the height of the vertical jump of the athletes 

 

 

 
.  

Figure V. Average weekly heart rate variability of the athletes. 

 

Regarding the incremental test on the AirBike, the Wilcoxon test suggested that no statistically 

significant differences were found between the pre and post-values (Z=-0.87; p=0.38). 

Correlations 

Regarding the correlations, the change of CMJ among the weeks was negatively associated with 

training load measures (Figure VI; Panels A to C). Furthermore, a negative correlation was found between 

LnRMSSD and Monotony (Figure VI; Panel D). Together, these findings may suggest that changes in training 

load may affect the neuromuscular and autonomic status of the athletes. 
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Figure VI. Correlations between neuromuscular, autonomic, and training load delta changes during the weeks 

 

Discussion 
This study aimed to describe the internal training load imposed on CrossFit® athletes over three months 

and relate it to physical performance indicators. The main findings suggest that the imposed training loads were 

not enough to induce detectable overreaching or recovery/compensation. Also, no relevant changes in aerobic 

power were found. However, negative correlations between CMJ and HRV with some training load parameters 

suggest that changes in training loads along the weeks provided neuromuscular and autonomic variations in the 

expected directions. 

Regarding the perceptual variables, higher sleep quality was found in the 11th week when compared to 

the 8th and 10th weeks. Also, the derivatives of internal load and recovery, in general, showed no variation 

between the weeks. This perceived stability may have occurred, among other factors, due to the self-regulated 

effort characteristic of the sport. When self-regulated situations were compared with quantified and constant 

efforts, the former induced less physiological and perceptual response in 5000 m rowing tasks (Lander et al., 

2009). The authors suggest that variations in power output during exercise can be characteristic of regulatory 

processes to prevent catastrophic fatigue. Additionally, in cyclists who performed an interval training of three 

ten-minute maximal sessions, this autoregulation seems to be able to control effort in an "optimal" manner, at 

their own pace, and with identical physiological and neuromuscular responses (Villerius et al., 2008).  

This stability between microcycles was also observed in Mixed Martial Arts (MMA) training along 

eight weeks (Kirk et al., 2021), which may have resulted from similarities between the training practices of the 

modalities, in which athletes are often engaged in multimodal efforts, contemplating cyclical, specific and 

resistance training models. Indeed, running high-intensity efforts seems to stress the cardiorespiratory 

component, while “all-out” bodyweight efforts showed higher blood lactate, muscle soreness, and RPE 

(Bellissimo et al., 2022). Thus, the nature of the efforts (cyclical vs bodyweight/multimodal) and the load 

characteristic (self-regulated vs “all-out”) may explain why our training load findings are different from the 

initial hypothesis, which was mainly based on the literature on traditional endurance and team sports training. 

The magnitude of the internal load observed was relatively low (182.1±12.1 a.u.) when compared to 

those derived from different sports modalities (430.3±110.5 a.u.), however, the reason for such results is unclear 

(Tibana et al., 2017). Thus, in conjunction with our findings (265.1±40.0 u.a), it is suggested that the initial 

hypothesis that high RPE values would be expected due to the high metabolic demand ( Tibana et al., 2018) and 

the high volume (120.7±36.7 min/session) (Pritchard et al., 2020) seems to be rejected and perhaps a specific 

parameterization is needed. In addition to the self-regulation argument already mentioned, the variables that 

usually support the high-intensity hypothesis, i.e., high values of lactate and heart rate (17.2±2.2 mmol; 186±5 

bpm) (Tibana et al., 2018) may stem from the cumulative effect they present within the session, and not 

necessarily from the characteristic of the specific efforts. 

Regarding the perceptual responses analyzed by days of the week, differences in RPE were observed on 

different days, which indicates a certain pattern in the training load distribution. When the structure of the 

sessions was analyzed, it was noteworthy that the neuromuscular stimulus (Weightlifting/throwing and 
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gymnastics) was predominant on the first days of the week and was followed by aerobic focused workouts 

(Metabolic conditioning). Therefore, it is expected that with this configuration the internal load would increase 

on the days of strength training and Olympic weightlifting, which tends to occur in training sessions of this 

nature (Tibana et al., 2016). 

Regarding the CMJ and LnRMSSD, i) decreases, due to accumulated fatigue resulting from high 

intensity and short rest intervals (Williams et al., 2017); ii) increases, resulting from adaptive processes and/or 

indicating adequate recovery (Düking et al., 2020) or; iii) stability, which would relate to high monotony 

(Miloski et al., 2012), were expected. In this context, the absence of noticeable variations for LnRMSSD, at least 

from the statistical point of view and the average of the investigated group, could be explained by the 

characteristic of the loads imposed or by the moment of collection, right after a recuperative training day, which 

would indicate that the period of 48 hours may be enough to regenerate these indexes (Timón et al., 2019). Also, 

with the exception of a modest reduction in the third week, CMJ had relatively stable results. However, it is 

noteworthy that the group values may have hidden changes at the individual level, since 3.4% of the athletes’ 

showed changes that exceeded the MDC thresholds. Regarding the correlations found, CMJ and HRV correlated 

negatively and moderately with some internal load derivatives, suggesting that changes in the loads imposed 

may have interfered in lower limbs power and in autonomic control (Williams et al., 2017). 

From the chronic perspective, the modality has already shown potential for aerobic power 

improvements (Murawska-Cialowicz et al., 2015), which supports the hypothesis that after 12 weeks positive 

adaptations would be found. However, our results did not indicate these adaptations, unlike what was expected 

of maximal oxygen consumption increases (13.6% and 11.8% for men and women, respectively) (Smith, 2017), 

which suggests a null effect on the subjects' aerobic power. Moreover, the apparently stable training loads and 

the high fitness level of the competitors may suggest that, instead of developing different fitness domains 

simultaneously to increase aerobic power indexes (Claudino et al., 2018; Tibana et al., 2017), specific training 

for this purpose would be required. 

This study has limitations that must be considered. Firstly, only one weekly collection of CMJ and 

HRV, and only two moments for aerobic fitness measures were applied. Performing these collections more 

frequently would be important for more precise results. However, this was logistically more feasible and was 

chosen to avoid over measurement effects. Another important limitation is the lack of nutritional description that 

may interfere in the performance and, consequently, in the results. However, it is known by the competitors the 

importance of a good diet for a good performance, which may minimize such limitations. Also, solving the lack 

of performance measurement of a specific standard training, such as a benchmark, would be of interest to 

provide competitive performance insights. Finally, a similar research design, focused on individual responses is 

suggested. 

 

Conclusions 

The investigated training program was not enough to induce detectable overreaching or 

recovery/compensation, at least by the variables evaluated and in a group-based analysis. Also, no relevant 

changes in aerobic power were found. However, negative correlations between CMJ and HRV with some 

training load parameters suggest that changes in training loads along the weeks provided neuromuscular and 

autonomic variations in the expected directions. 

In summary, in this study, the training load imposed on elite CrossFit
®

 athletes was relatively stable, 

despite the constant variation of stimuli and settings. Finally, our findings may help to explain patterns of the 

sport, which involves high volume and frequency of training maintained for long periods, which does not match 

(at least theoretically) with high-intensity efforts. 
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