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Abstract
Maximal aerobic and anaerobic power are crucial performance determinants in most sports disciplines. Numerous studies have published power data from elite athletes over the years, particularly in runners, cyclists, rowers and cross-country skiers. In this invited review, we define the current “world records” in human upper limits of aerobic and anaerobic power. Currently, O2max values of ~7.5 and 7.0 L.min-1 in male cross-country (XC) skiers and rowers, respectively, and/or ~90 ml.kg-1.min-1 in XC skiers, cyclists and runners can be described as upper human limits for aerobic power. Corresponding values for women are slightly below 5.0 L.min-1 in rowers and XC skiers and ~80 ml.kg.min-1 obtained in XC skiers and runners. Extremely powerful male athletes may reach ~85 W∙kg-1 in countermovement jump (CMJ) (peak vertical power) and ~36 W∙kg-1 in sprint running (peak horizontal power), cycling (instantaneous power during force-velocity testing from a standing position) and rowing (instantaneous power). Similarly, their female counterparts may reach ~70 W∙kg-1 in CMJ and ~30 W∙kg-1 in sprint running, cycling and rowing. The presented values can serve as reference values for practitioners and scientists working with elite athletes. However, several methodological considerations should be taken into account when interpreting the results. For example, calibrated apparatus and strict procedures are required to ensure high measurement validity and reliability, and the sampling rate for anaerobic power assessments must be strictly predetermined and carefully measured. Doping is also a potential confounding factor when interpreting the human upper limits of aerobic and anaerobic power. 

Introduction
Higher, faster, stronger: what are the upper limits of human performance? In a published study from January 2008, Berthelot et al.1 estimated that world records had reached 99% of their asymptotic values and that human upper performance limits in sport would be reached within one generation. Only months later, Usain Bolt improved the 100-m world record to 9.69 s in the Beijing Summer Olympics, followed by an even more astonishing 9.58 s world record one year later, a world record improvement equivalent to that achieved from 1968 to 1999. This is one of numerous examples throughout sports history of unanticipated “quantum leaps” in performance due to physiological, biomechanical and technological advances.
Alongside the progression of world records, the physiological capacity of the world´s best athletes has developed substantially. Metabolic energy turnover and efficient transfer to external power output underlies successful performance in sports. Accordingly, regular assessment of aerobic and anaerobic power informs the overall training strategy of most of today’s elite athletes. Numerous groups have reported contemporary power data from elite athletes, particularly runners, cyclists, rowers and cross-country (XC) skiers, providing the opportunity to re-analyze human upper limits, historical trends and sex differences. In this invited review, we define the current “world records” in physiological capacity: human upper limits of aerobic and anaerobic power. Unpublished observations from national sports science centers are added to the manuscript in cases where the scientific literature is scarce. We believe combining these data sources provides a valid picture of the current limits of human power output.
Maximal aerobic and anaerobic power are herein defined as the highest values reached per time unit, denominated in watts (J∙s-1). However, an important distinction is the difference between metabolic power (i.e., the rate of ATP consumed by the body, which aerobically is estimated by the O2 uptake per min) and external power output (i.e., the product of metabolic power and the efficiency of locomotion). 

Maximal aerobic power
Assessing maximal oxygen uptake 
Maximal oxygen uptake (O2max) has been established as a valid and reliable measure of the maximal ability to produce metabolic power aerobically. While O2max integrates cardiac output, total body hemoglobin, muscle blood flow and muscle oxygen extraction, the primary limiting factor for O2max in athletes is the ability of the cardiorespiratory system to deliver oxygen to the exercising muscles.2 A.V. Hill introduced the O2max concept in the 1920s, and already in the 1930s high values for O2max were observed in athletes and identified as a marker of elite performance.3 These early findings were followed by seminal methodological studies in the 1950s and 60s by Taylor, Åstrand and Saltin, establishing applicable protocols and physiological indicators for its measurement.4 To reach O2max, the test protocol necessitates employment of relatively large muscle mass while exercising in a dynamic movement (e.g. running and cycling) and typically consists of a progressive increase in intensity timed to induce voluntary exhaustion after approximately 4-6 minutes of work. The main criterion used to confirm that an athlete has reached O2max is a levelling off or decrease in O2 despite increasing workload and ventilation.5 
O2max is strongly correlated with endurance performance in heterogeneous groups of performers. However, the strength of this relationship generally deteriorates in homogenous subsets of elite endurance athletes, consistent with the contributing role of other factors such as fractional utilization of O2max and work economy/efficiency.6 High O2max is necessary but not sufficient for elite endurance performance.
Today’s best endurance performers have body sizes and compositions that closely match the specific constraints of their disciplines. Based on publically available biographical information, the three male and three female medalists at the 2014 rowing WC single sculling rowing event averaged 198 cm/98 kg and 185 cm/77 kg, respectively. In contrast, the medal winning males and females for the 5000-m running event at the London 2012 Olympics averaged 170 cm/57 kg and 160 cm/43 kg, respectively. Elite cross-country (XC) skiers fall squarely between these extremes with gold medalist men and women averaging 182 cm/75 kg and 170 cm/60 kg, respectively.7,8 This also means that different absolute versus body mass normalized (relative) O2max values are reached among the best performing athletes in these sports. 
It is well established that in weight supported events such as rowing and track cycling, successful athletes tend to be larger, with high O2max expressed in absolute units (L.min-1).9 However, for most endurance disciplines, maximal oxygen uptake relative to body mass (ml.kg-1.min-1), is a stronger predictor of performance, under “gravity resisted” conditions where a relatively low body mass is beneficial (e.g. XC running, mountain biking, and road cycling).6 These differences across sports are mainly due to variation in biomechanical constraints, which explains why different scaling components of body mass are used when expressing O2max in different sport contexts.

Upper limits
In the 1960s, Saltin & Åstrand10 reported three male athletes, out of all Swedish national team level athletes tested, with absolute O2max values between 6.0 and 6.2 L.min-1, leading them to speculate that 6 L.min-1 approached an upper range for O2max. They speculated further that 6 L.min-1 encroached on limits for pulmonary diffusion capacity and cardiac output. However, already in 1979, Hagerman et al.11 reported absolute O2max nearing 7 L.min-1 in two elite oarsmen, and in 1987, Berg12 reported data from a 96 kg XC skier with a O2max of 7.2 L.min-1. Later, Saltin13 reported an absolute O2max of 7.48 L.min-1 in a Swedish XC skier. Among Norwegian XC skiers, five male athletes have exceeded 6.95 L.min-1 O2max, with four of those being gold medalists in World Championships or Olympic Games.7 Recently, Miculic & Bralic reported that two Olympic champion rowers yielded 7.1 L.min-1 O2max on average.14

To put these exceptionally high O2max values in a physiological context, it is worthwhile to contextualize them within the three components of the Fick equation. A large male endurance athlete (approximately 100 kg) who achieves the improbable combination of a heart rate of 200 b.min-1, 200 mlO2.dl-1 a-v O2 difference and 200 ml.beat-1 maximal stroke volume would reach an absolute O2max of 8.0 L.min-1 (but a relative O2max of “only” 80 mL·min-1·kg-1).15 Each of these Fick equation components represents extremes rarely observed, or essentially theoretical maximums in highly trained athletes. For example, a-vO2 difference of 200 mlO2.dl-1 would require a blood hemoglobin concentration of 17.0 g.dl-1 combined with venous blood oxygen concentrations as low as those seen on high mountain expeditions.15,16 Therefore, it is tempting to revise the speculation of Åstrand & Saltin from 1967 to say that 7.0-7.5 L.min-1 O2max in male athletes of 80-100 kg likely encroaches on the upper limits of human aerobic power.
While the absolute O2max values reported above are generally reached in rowers or relatively large XC skiers, the highest relative O2max values are reached in XC skiers (distance specialists), distance runners and road/mountain bike cyclists (Figure 1). Most medal-winning male XC skiers reach relative O2max values of 80–85 mL·min-1·kg-1, with the highest values reported so far being ~90 mL·min-1·kg-1.7,8 For male distance runners and cyclists, values in the range of 75–85 mL·min-1·kg-1 are frequently seen, but absolute values are normally below 6 L·min-1 due to their low body mass.17,18 Santalla et al.18 reported values of ~80 mL·min-1·kg-1 in Tour de France climbers, whereas Tour de France winners are reported in the range 79-86 mL·min-1·kg-1. A recent study showed that a two-time Tour de France champion had 5.91 L·min-1 and 85 mL·min-1·kg-1 O2max,19 and a doped Lance Armstrong had O2max of 84 mL·min-1·kg-1.20 Collectively, these values suggest a minimum threshold of 80 mL·min-1·kg-1 to win the Tour. Some other exceptionally high relative O2max values have been reported in cyclists. For example, > 90 mL·min-1·kg-1 was measured in two male world champion and world record holding pursuit cyclists.21 Among world class distance runners, O2max 80 mL·min-1·kg-1 represents a reasonable mean based on observations of both European and Kenyan runners.22 However, tests of gold medal winning athletes both from Kenya and European countries indicate that some of the very best runners reach relative O2max values of 85 mL·min-1·kg-1 .23 Somewhat surprisingly, we are not aware of valid reports of ≥ 90 mL·min-1·kg-1 O2max among elite male distance runners.

***Figure 1 about here***
{Joyner, 2008 #18095}
In women, the highest absolute O2max values observed among XC skiers are slightly below 5.0 L.min-1.7,24 Personal communication with other laboratories testing elite rowers and XC skiers also suggests that 5.0 L.min-1 approximates the upper limit of what contemporary world-class female performers in XC skiing (60-72 kg body mass) and rowing (70-85 kg body mass) have achieved. Returning to the Fick equation, 5.0-5.2 L.min-1 O2 max in a female endurance athlete would require an upper limit blood hemoglobin (15 g.dl-1), a maximal heart rate of 200 combined with a maximal stroke volume of 150 ml.beat-1 and a-v O2 diff of 170 ml.dl-1. This combination is unlikely, so we propose that 5.0 L.min-1 O2max in female athletes of 65-80 kg is the upper limit of aerobic power in women.
The highest reported relative O2max values in women are found in XC skiers, with world cup and medal winning performers achieving 70-80 mL.kg-1.min-1.7,24 Similarly ~70 mL·min-1·kg-1 appears to be a prerequisite for internationally elite performance in cross-country mountain biking, as exemplified with a world leading female mountain biker obtaining 70.1 mL·min-1·kg-1.25 Wilber et al.26 reported average values of 68.0 mL·min-1·kg-1 in a sample of elite mountain bikers and road cyclists. These values are comparable to those found in elite female middle- and long-distance runners, where both Billat et al.27 and Lacour et al.28 have also reported an average of just below 70 mL·min-1·kg-1. However, compared to the comprehensive data now available on O2max values in the world’s best male endurance athletes, we still lack corresponding data for women. Among thousands of O2max tests performed on female endurance athletes at the Norwegian Olympic Training Center the last 25 years, the three highest relative values (~80 mL·min-1·kg-1) were achieved by a long-distance runner (Olympic finalist), an orienteerer (jr. World Championship medalist) and a XC distance skier (World Champion). 
Peak oxygen uptake is clearly lower during modes of exercise where muscle mass involvement is constrained. For example, male and female XC skiers attain 76% versus 67% of their O2max with isolated upper-body poling.29 This implies peak “upper body” O2 values of > 60 and close to 50 mL·min-1·kg-1 in men and women, respectively. Kayakers, however, show peak O2 values above 85% of their VO2max in upper-body exercise,30 and although they have lower O2max than skiers, this means that some of the best male and female kayakers exhibit the same upper body O2peak values. In addition, Paralympic sitting sports such as wheelchair, or Nordic sit skiing are completely constrained to upper body muscle work, both in their sport and when testing in arm cranking, arm cycling or upper-body poling. Systematic reports of O2peak data from contemporary high-level performers in these Paralympic events is lacking, but Coutts reported 67 mL·min-1·kg-1 in an elite paraplegic distance track competitor.31

Sex differences
Cultural factors played a major role in the rapid improvement of women’s performance compared to men until the 1990’s. However, sex differences in performance time over standard distances among the world’s best endurance athletes in most events have thereafter remained relatively stable at approximately 8-12%.8 In this connection, O2max is considered the primary factor explaining the sex difference in endurance performance. In comparison to Saltin & Åstrand’s10 evaluation of O2max in athletes of both sexes from numerous disciplines in the 1960’s, the gap between men and women has decreased substantially, consistent with greater improvements in women’s performances during this same period. In the light of the equivalent training loads of male and female XC skiers and lack of any change in the sex difference during the past two decades, a 15-20% difference in relative O2max appears to be physiologically determined among equally talented and well-trained men and women.32 Among elite distance runners and cyclists, O2max values are typically ∼15% higher in men than in women.32 Differences in body size contribute greatly to sex differences in absolute O2max, while sex differences in relative O2max are attributed to a higher percentage of body fat and lower hemoglobin concentration in women.32

Maximal anaerobic power
Assessing maximal anaerobic power 
Anaerobic power refers to metabolic energy turnover and/or the external work per time unit produced independent of oxygen consumption. Anaerobic metabolic reactions drive a 4-fold faster peak rate of energy transfer than the aerobic system.33 From a practical perspective, peak anaerobic power signifies the greatest instantaneous power during a single movement with the aim of producing maximal velocity at take-off, release or impact.34 Anaerobic power is typically expressed as absolute (W) or relative (W·kg-1) external power output, since the upper limit of metabolic power is difficult to measure non-invasively with today’s methods.
Margaria et al.35 were pioneers in measuring maximal/peak anaerobic power for athletes. These Italian researchers developed a simple stair-running test and showed that peak power was reached after 1.5-2 seconds and could be sustained for 4-5 seconds. Later, scientists have purposed and applied specific tests for varying modalities. The test specificities for determination of anaerobic peak power are crucial for outcomes and interpretations. Firstly, anaerobic power can only be validly expressed as external power output, which is in contrast to aerobic power where oxygen uptake can be used as a highly reliable proxy for aerobic metabolic power. It is currently impossible to accurately assess the mechanical efficiency of anaerobic power conversion, which in turn makes it difficult to interpret whether performance changes or differences between athletes are due to higher muscle metabolism or better mechanical efficiency. Secondly, with the proviso that the muscles pull in the same direction, the amount of muscle mass activated at the same time is almost linearly related to peak/maximal anaerobic power.36,37 It has hence been demonstrated at an inter-individual level that the anaerobic power is nearly directly proportional to muscle mass involved.37-39 For example, the peak power measured in unilateral movements (running and cycling) is about half of bilateral movements such as a vertical jump.38,40,41 Finally, the time-power curve is hyperbolic.36,37 The steep left part of the curve shows that peak power drops substantially with only small increases in time (Figure 3). Indeed, a tenth of a second will have a considerable impact on the calculations of power, and thus, the time for anaerobic power assessments must be strictly predetermined and carefully measured. Based on these considerations, it is not possible to assess a generic anaerobic maximal power. Comparisons of power values across modalities (e.g., cycling, jumping and running) are meaningless, and each anaerobic power test must be treated separately. 

Upper limits
Cycling
The Wingate test was developed in 1970s and has been widely used over the years to assess anaerobic power and capacity.38,41,42 The test protocol consists of 30 s cycling at absolute maximal effort (without any attempt at “pacing” to maximize mean power) on a stationary ergometer. Peak power has typically been reported as the highest average over 5 s, and values exceeding 11 W∙kg-1 for women and 14 W∙kg-1 for men have been are considered “elite” level when summarizing data from a broad range of athletes.42-44 The most powerful female and male individuals have been reported to exceed 12 and 17 W∙kg-1.42-44 Nowadays it is more typical to report peak power from 1-s periods or one revolution,42,45 logically leading to higher output values. Hofman et al.46 reported peak power of 18 and 24 W∙kg-1 for female and male world-class speed skaters, when performed from a standstill start in a seated position.
[bookmark: OLE_LINK2]A limitation associated with the Wingate test is that the load (frictional resistance) is predetermined and therefore not necessarily optimal for each individual.38 Hence, the Wingate test has been shown to underestimate peak power compared to force-velocity anaerobic tests.43 The force-velocity test consists of repeated short sprints of ~5-6 sec with increasing loads, allowing a better estimation of peak power at an individual level.41,43,45 To circumvent these limitations, Martin et al.40 developed a flywheel ergometer, which allowed instantaneous power measurements and a force-velocity profiling based on one 3-4 s all-out cycle-sprint acceleration only. The same authors have reported that male elite track cyclists can reach 31-33 W∙kg-1 (~ 2600 W).40,47 Unpublished observations by Jonvik et al. (Maastricht University) have shown that four female Dutch elite cyclists reached peak power in the range 20-23 W∙kg-1 when assessed over 1 s. When measured over one pedal revolution, the power values are ~ 10 W∙kg-1 lower than the instantaneous recordings,40 and the highest individual one pedal revolution values observed in males are ~ 20-25 W∙kg-1.40,48-50 These values are comparable to what cyclists managed during a field test (SRM power meter). 49,50 Noteworthy, in the studies of Martin et al.,49,50 the participants were seated during the sprints. This means that peak power is underestimated, as a standing position allows activation of more muscle mass and higher peak power (~ 10%) compared to the seated position.51,52 Based on these considerations, it is reasonable to assume that extremely powerful males may reach an instantaneous power of 36-37 W∙kg-1 in the standing position. This is in accordance with unpublished observations from the University of Lillehammer (Norway), where a BMX rider (82 kg, quarterfinalist from the Rio 2016 Olympics) reached 3020 W and 36.9 W∙kg-1 when the sampling rate was 200 Hz. Similarly, female elite cyclists may approach 30 W∙kg-1.

*** Figure 2 about here***

Sprint running
Computation models have been developed the last decade to calculate mechanical outputs and horizontal profiles of accelerated sprinting in the world’s fastest 100-m sprinters.53-55 These models are based on inputs such as i) the athlete’s body mass and height, ii) either distance-time or speed-time running data, and iii) wind speed, ambient temperature and pressure. Individual power-force-velocity profiles can be calculated from the modeling by derivation of the speed-time curve that leads to horizontal acceleration data. Based on this approach, Slawinski et al.56 calculated that absolute and relative peak acceleration power in male (79 ±7 kg) and female (60 ±5 kg) world-class sprinters were 2392 ±271 and 1494 ±186 W and 30.3±2.5 and 24.5 ±4.2 W·kg-1, respectively, typically attained after ~1 s of sprinting. Horizontal power production is strongly correlated with accelerated sprinting performance in heterogeneous groups of performers,57 but the strength of this relationship deteriorates in homogenous subsets of elite sprinters.56 The highest individual values observed (based on personal communication with the first author) were ~3000 W/36.1 W·kg-1 and 2050 W/29.3 W·kg-1, obtained by Dwain Chambers and Marion Jones in the World Championships in Seville in 1999. However, it should be noted that both these athletes were involved in the Balco doping scandal disclosed three years later. Other exceptional power output values are 2800 W/35 W·kg-1 by Maureece Greene and 1364 W/27 W·kg-1 by Shelly-Ann Fraser. Usain Bolt achieved ~2750 W during his world-record race in 2009.56 If we assume that his body mass was 94 kg, as stated on his personal web-site (http://usainbolt.com/bio), his relative power output was 29.3 W·kg-1. Rabita et al.57 reported 29.3 ±2.3 W·kg-1 in four elite sprinters with 100-m personal best times in the range 9.95-10.29 s. 
Logically, there will be variation in mechanical outputs as a function of timing checkpoints. The longer time splits (e.g., 20-m vs. 5-m splits), the more smoothening of the speed-time curve that leads to horizontal acceleration data. Distance-time data for each 5th or 10th meter during the acceleration phase is likely required to ensure valid mechanical outputs, but such short acceleration splits are challenging to assess accurately.58

Vertical jumping
Bilateral vertical jump seems to be the exercise modality where the highest anaerobic power output values are reached.45 Elite weightlifters generate similar or higher power during vertical jumps than during weightlifting, and athletic sprinters achieve two-to-three times higher W·kg-1 during countermovement jump (CMJ) compared to sprinting.59 A force plate or optical kinematic system with sampling rate ≥ 200 Hz is needed to calculate instantaneous peak power during vertical jump.60 The power level increases rapidly during the propulsion/concentric phase of a vertical jump (200-300 ms) and peaks shortly before take-off (Figure 3). The peak power phase (> 95% of peak power) lasts 20-30 ms. Since vertical jump height can be determined by the velocity of the center of mass (CoM) at take-off , there is a very strong relationship between peak power (W·kg-1) and jump height. In research literature, mean CMJ height with no arm swing (akimbo) in subsets of male elite power athletes have been reported in the range 45-55 cm, 59,61,62 translating to mean peak power in the range 50-65 W·kg-1. Individual values are rarely reported, but if we add three standard deviations (1SD ≅5 cm), we come close to 70 cm and 80 W·kg-1. This is in accordance with unpublished data from the Norwegian Olympic Training Center, where the highest observed CMJ (akimbo) heights out of ~30000 measurements since 1995 are 72 cm and 58 cm for men and women, corresponding to ~ 85 and ~ 70 W·kg-1, respectively. McGilvery63 hypothesized a theoretical human upper limit of 64 W·kg-1, based on the required high-energy phosphate utilization that can be sustained from maximal creatine kinease enzyme activity. Compared to the above-mentioned values, McGilvery’s assumption seems too low. 

***Figure 3 about here***

If we add arm swing, peak power and jump height can reach considerably higher values than akimbo CMJ. A well-coordinated arm swing can add as much as 18-38% increased jump height.64-66 Harman et al.64 reported ~ 21% increased power output when arm swing was allowed. The effect of the arm swing on a CMJ can be explained by an increased work done by the legs due to an increased propulsion phase time, and CoM elevation at toe off/take off. Hence, arm swing increases both the kinetic and potential energy levels during the jump.65 Unfortunately, scientific information of vertical jumps with run-up and arm swing performed by elite athletes is lacking. However, anecdotal observations indicate that the human upper limit for such jumps is ~ 110 cm (CoM elevation). To illustrate, the basketball player Kadour Ziani has repeatedly been captured on video having the top of his head above the basketball rim (305 cm). Ziani is about 180 cm tall, and if we assume that CoM is elevated 15-20 cm at the end of take-off, his CoM elevation is 105-110 cm at the point where the top of his head is aligned with the rim (thus, an underestimation). Interestingly, this CoM elevation is similar to the former high jumper Hollis Conway. According to Dapena,67 Conway cleared 2.34 m in the Olympics in 1992, but his CoM reached 2.41 m. Assuming that CoM was 1.29 m above ground level (70% of 1.84 m body height) at take-off, Conway elevated his CoM by approximately 112 cm. Based on a vertical take-off speed of 4.65 m∙s-1, his CoM was elevated by 110 cm.67 Similarly, Emilia Dragieva (body height 1.69 m) elevated her CoM by 86 cm, based on a vertical take-off velocity of 4.1 m/s when clearing 2.00 m during a high jump.67 The higher jump heights and power outputs obtained in run-up jumps compared to jumping from standstill are mainly explained by an increased muscle force during the propulsion/concentric phase and storage and release of elastic energy.68,69 Indeed, more research on power output during vertical jumps with run-up and arm swing in elite athletes is warranted.

Other modalities
The challenges associated with on-water power testing during rowing have led to the widespread use of the Concept II rowing ergometer and similar devices. Power output is typically expressed as mean values for the entire distance or work period during intermittent laboratory tests (e.g., 2000 m), but some studies have published power outputs obtained by elite athletes during much briefer working periods. Averaged over 10 maximal strokes, 24 elite Spanish rowers (body mass 84 ± 5 kg) obtained 630 ± 45 W, or 7.5 W·kg-1.70 Unpublished test data from the Norwegian Olympic Training Center have shown that two heavyweight oarsmen, one Olympic Champion and another World Champion, were able to exceed 11 W·kg-1 during an all-out 10-s ergometer test. Similarly, two world-class heavyweight kayakers have reached 6.3 W·kg-1. As for the previously discussed exercise modalities, the pre-defined time window and working period is crucial for power output interpretation. Metikos et al.71 reported that 24 trained male and female junior rowers could reach an instantaneous peak power of 23.8 ±5 W∙kg-1. Correspondence with one of the authors (prof. Goran Markovic, University of Zagreb) revealed that the highest individual male and female values were 31.6 and 24.8 W∙kg-1. It is reasonable to assume that world-class rowers can reach considerably higher values, perhaps on par with those obtained by the very best athletic sprinters and BMX cyclists.  
In double poling XC skiing, average cycle values of approximately 550 W (7.5-8 W∙kg-1) has been obtained during treadmill roller skiing in male elite skiers.72 Like rowing, half of the ski double poling cycle does not produce propulsion. The propulsive phase is likely well above 1000 W (>15 W∙kg-1) and the instantaneous power as high or higher than reported by Swarén & Eriksson73 (i.e., 1350 W) using the classical style in a 1500 m sprint race. Even higher values are most likely possible to reach for elite skiers during a 100-m maximal sprint with the skating technique, but this has not yet been examined.

Sex differences
More contractile tissue can produce greater amounts of metabolic power anaerobically and the larger muscle mass of men explains their advantage in this respect.74 However, because it is more challenging to assess anaerobic than aerobic energy production validly and reliably, few studies on the sex gap in anaerobic power have yet appeared. The sex difference for peak acceleration power normalized to body mass in world-class sprinters seems to be 16-17%,56 with similar sex differences typically being observed for countermovement tests. The corresponding sex difference (W∙kg-1) in cycling is ~25%.38,43,44,46 This difference which remains after body mass normalization can be explained by the fact that muscle mass comprises a higher percentage of total body mass in males.

Methodological considerations
Several methodological considerations must be taken into account when interpreting the results presented in this study. Regarding O2max measurements, it is crucial that the O2 analyzers are specifically validated and calibrated for measuring the extremely high ventilatory minute volumes achieved by elite endurance athletes. It should be noted that most commercially available metabolic carts are purpose-built for testing patients with capacity limitations, not elite athletes with 7 L.min-1 O2max. Moreover, varying exercise modalities (running vs. cycling or rowing) can also impact measurements due to variations in total muscle mass devoted to each exercise. For example, an elite cyclist or oarsman may reach an even higher O2max during uphill treadmill running than from testing with their specifically trained modality. 
Strict procedures are also required to ensure high validity and reliability for anaerobic power quantification. For example, handlebar and saddle positions, crank arm length, pedals and shoes, riding position (standing or seated), resistance (% of body weight), and starting procedures (starting from standstill or pedaling) should all be standardized for a cycling test of anaerobic power. Additionally, the measuring device needs to be validated, and the sampling frequency or periods must be defined.38 
Historically doping is a major confounding factor when interpreting human upper limits and sex differences.74 Various types of doping enhance performance, androgens/testosterone markedly enhancing anaerobic power. On the aerobic end, EPO or traditional blood doping augments total red cell mass and thereby aerobic power through expansion of a-v O2 difference. We must acknowledge that individual or mean measurements reported in this review could have been influenced by doping. Doping tainted measurements would tend to narrow the sex difference reported here due to the greater scope for doping enhancement in females, particularly in measurements related to strength and power performance. The misuse of anabolic androgenic steroids was clearly widespread in the 1980’s and is considered to explain many of the women’s world records established then, which have remained unchallenged. Whether there are differences between sexes in the effects of increasing red cell mas is yet unknown, but the lower hemoglobin concentration in women indicate that they might have a greater potential for improvements.75

Perspectives
[bookmark: OLE_LINK1]Currently, O2max values of ~7.5 and ~7.0 L.min-1 in XC skiers and rowers, respectively, and/or ~90 ml.kg-1.min-1 in male XC skiers, cyclists and runners can be described as upper human limits in aerobic power. Corresponding values for women are slightly below 5.0 L.min-1 in rowers and XC skiers and ~80 ml.kg.min-1 obtained in XC skiers and runners. Extremely powerful male athletes may reach ~85 W∙kg-1 in CMJ (peak vertical power) and ~36 W∙kg-1 in sprint running (peak horizontal power), cycling (instantaneous power during force-velocity testing from a standing position) and rowing (instantaneous power). Similarly, their female counterparts may reach ~70 W∙kg-1 in CMJ and ~30 W∙kg-1 in sprint running, cycling and rowing. The presented values can serve as reference values for practitioners and scientists working with elite athletes. Compared to the comprehensive data published on aerobic and anaerobic power values in world-leading male athletes, there is a lack of corresponding data for women. Future studies should aim to fill this gap, in addition to outline and establish common procedures for power output assessments in typical anaerobic sports disciplines. 
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Figure legends

Figure 1. The highest reported values of maximal oxygen uptake (O2max) in different endurance sports among men (A and C) and women (B and D). *** are previously unpublished data from our laboratory.

Figure 2. Relative anaerobic power output in male (Panel A) and female (Panel B) elite athletes across cycling settings. FV indicates that data are obtained from force-velocity tests. Inst. = instantaneous. Grey bars denote that the values are estimated.

Figure 3. The development of force (Panel A), velocity (Panel B) and power (Panel C) during a countermovement jump.  In this example, a male sprinter (65 kg) jumped 66 cm and achieved 5024 W and 77 W∙kg-1. Power > 95% of peak = 35 ms, while power > 99% of peak = 15 ms.  
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