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Abstract

The axiom, “practice makes perfect,” only tells half the story, we now understand the whole 

truth: “practice, combined with sleep, makes perfect.1” 

Sleep’s role in athlete performance and recovery is well established; however, the mechanism 

through which sleep influences these processes remains poorly understood. A key break-

through in understanding how sleep affects performance came from understanding that sleep 

is not a singular physiological state, but rather is composed of a set of distinct physiological 

states with unique processes and purposes.

This paper (1) reviews the role of each of sleep’s stages in the physiological performance and 

recovery of athletes, (2) presents evidence that sleep stage information can more robustly 

predict next-day athletic performance metrics than can sleep information alone, and (3) con-

cludes that nightly sleep stage monitoring in the athlete population, when applied appropri-

ately, can be used to make training both safer and more effective. 

Introduction

Increasing fitness, strength, and athletic performance requires athletes to undergo a signifi-

cant amount of physical stress2. Optimal training requires balancing this stress with appropri-

ate recovery.  Recovery hinges on getting an appropriate amount of sleep3. 

Sleep restriction in athletes is associated with significantly increased risk of injury4, making 

it perhaps even more important for athletes to reach sleep repletion each night than it is for 

the general population. In an elite athlete population, with big games, travel and exhaustive 

demands on their time, making time for sleep is not always an easy task.  

In addition to sleep debt posing a greater risk to athletes than to the general population, ath-

letes need more sleep to wake up “debt free”, making it that much harder to not carry a sleep 

debt5. 

Despite greater need, athletes tend to get less sleep than the general population, at 

least in part due to factors like demanding training6,7 and travel8 schedules that limit 

available sleep time. 

1  Walker and Stickgold, 2005
2  Martin, 1981
3  Samuels, 2008
4  Luke et al., 2011
5  Walters, 2002
6  Halson, 2014
7  Sarget et a., 2014
8  Venter, 2012
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Sleep Deprivation and Injuries

The connection between sleep deprivation and increased sports injuries has been demon-

strated in numerous studies; the popularity of this topic is not surprising given that each year 

in the U.S. alone, nearly two million sports injuries require emergency department treat-

ment9, and another 10 million sports injuries require non-emergent medical care10, collective-

ly totaling billions in health care costs11. However, the consequences of sleep deprivation in 

athletes are not limited to increased risk of injury; sleep deprivation significantly impairs all 

aspects of athletic and cognitive performance. One study of collegiate basketball players 

compared shooting percentage, sprint times, and reaction time before and after changing 

from their habitual sleep/wake habits to an extended sleep pattern in which they attempted 

to sleep upwards of 10 hours a day12. Not only did the study find performance improvements 

in every tested metric, but they also saw significant improvements in daytime sleepiness 

levels, vigor, and fatigue as well as improved self-perception of performance during practice 

and games, subjectively faster physical recovery times, improved weight training and condi-

tioning, and, as expected, fewer injuries.

Homeostatic Disruption

The connection between sleep-deprivation, increased risk of injury, and diminished per-

formance metrics has been attributed to several inter-related mechanisms including ho-

meostatic imbalance, particularly with regards to the homeostatic processes involved in 

temperature regulation. As a result, sleep deprivation curbs the body’s ability to sweat, pre-

venting adequate cool down and increasing the stress of a workout. In one counterbalanced 

study, following sleep deprivation, athletes were reported to sweat 27% less than following 

an adequate night’s sleep13. This is significant because sweating is how humans maintain 

body-temperature homeostasis as physical exertion increases. Inability to regulate body 

temperature therefore leads to overheating, dizziness, cramping, flushing, and weakness – 

all factors not associated with peak performance. 

Additionally, athletes working out following sleep deprivation reported reaching a point of 

exhaustion 11% faster than their well-rested counterparts14. This finding was particularly inter-

esting given that the increase in perceived exertion did not correlate with higher heart rates 

or metabolic rates, suggesting that the ability to recruit muscle groups to complete exercises 

(either due to physical limitations or decreased willpower) was diminished.

This is congruent with a 1999 finding that sleep deprivation decreases tolerance to pain15, 

which perhaps explains why sleep deprivation decreases the ability to fight through the 

9  NEISS, 2012
10  Janda, 2004
11  NEISS, 2012
12  Mah et al., 2011
13  Sawka et al., 1984
14  Martin et al., 1981 
15  Drewes, 1999
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“burn” of exercise and causes athletes to reach their subjective limits faster. This is also con-

sistent with a second study in which one night of sleep deprivation was shown to decrease 

endurance performance without decreasing cardio-respiratory function. This performance 

decrease was therefore attributed to differences in perceived exertion16. Anaerobic power 

metrics appear to be unaffected by a single night of acute sleep deprivation, however, after 

extended sleep deprivation, signs of impairment emerged17.

The Stages of Sleep

Healthy adult humans spend about one-third of their lives asleep18. Despite the prevalence of 

this behavior, the scientific community has yet to reach a consensus as to exactly what purpose 

sleep serves19. In 1976, researchers defined sleep as a period of ceased bodily functioning20, 

and it was not until 2001 that one researcher concluded that sleep is physiologically different 

from other states of relative inactivity such as unconsciousness, coma, and hibernation21.

Sleep is composed of at least two stages, REM (rapid eye movement) and non-REM; in medical and 

academic literature, non-REM Sleep is further divided into 2 or 4 stages, as illustrated in Figure 1. 

For the remainder of this discussion, we will focus on the third tier of granularity, in which 

sleep has four stages: (1) Wake, (2) REM, (3) Light, and (4) Deep.

16  Oliver et al., 2009
17  Souissi et al., 2003
18  Lee, 1997
19  Madje and Krueger, 2005
20  Watson, 1976: 1042
21  Stores, 2001

STAGE 3 STAGE 4STAGE 1 STAGE 2

LIGHT SLEEP DEEP SLEEP

WAKE

REM NON-REM

SLEEP

Figure 1, Diagram of the breakdown of sleep into stages with various tiers of granularity. At the highest tier, a 

distinction is made only between sleep and wake. Below that, sleep is divided into REM and non-REM. In the 

third tier, non-REM is divided into Light and Deep Sleep. In the final tier, Light Sleep is divided into Stages 1 and 

2, and Deep Sleep into Stages 3 and 4. 
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NOTE: Deep Sleep is commonly referred to as Slow Wave Sleep for the slow, synchronized 

EEG waves observed during this phase22.

Analysis

While technically the absence of sleep, we include Wake among the stages of sleep because 

it is prevalent throughout the night in both extended and brief periods. These brief periods, 

often called arousals, are important because they are individually negligible, and therefore 

not remembered the next morning; however, most people experience nearly 20 per night, 

which in total can account for over an hour of lost sleep. Figure 2 shows the distribution of 

sleep disturbances in WHOOP athletes between January 1, 2015 and December 31, 2015.

“About Eight Hours”

The results presented in Figure 2 are more significant in light of a 2007 study of 2,113 sub-

jects that asked subjects to self-report total sleep time, and found that subjects overestimate 

total sleep by 61 minutes (95% CI: 57-65 minutes)23. This study’s findings are consistent with 

other literature showing that humans are poor assessors of lost sleep and total sleep time24, 

suggesting that maintaining a sleep journal that relied on self-reporting would not result in 

similar benefits to rigorous arousal tracking. 

22  Rechtschaffen and Kales, 1968
23  Silva et al., 2007
24  Mah et al., 2011
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Figure 2, Distribution of disturbances per user per night. Sampled from all sleeps of at least 4 hours recorded 

on the WHOOP platform between January 1, 2015 and December 31, 2015. A dashed trend line plotted in blue 

shows the average number of arousals is 19.3, with a standard deviation of 9.4.
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Within sleep, each stage serves a distinct purpose. REM Sleep’s primary functions relate to 

mental restoration, including memory consolidation25 and the stabilization of spatial and pro-

cedural memory26. REM is therefore critical after learning complex techniques or strategies27 

and after acquiring new motor skills28. Whereas REM Sleep serves to restore the brain, Deep 

Sleep serves to restore the body. During Deep Sleep, growth hormone, the hormone responsi-

ble for muscle repair and growth, is produced in high quantities29. By one estimate, 95% of the 

daily production of growth hormone occurs during Deep Sleep30. Perhaps unsurprisingly, there 

is a quantitative relationship between the total amount of time spent in Deep Sleep and the 

amount of growth hormone secreted during the night31. 

Sleep Duration and Efficiency

Within the analyzed WHOOP athlete population, the average amount of time dedicated to 

sleep, that is time spent both sleeping and attempting to sleep, is 8.0 hours with a standard 

deviation of 1.3 hours. Figure 3 illustrates this distribution. 

Expectedly, not all time spent trying to sleep is spent actually asleep. The average WHOOP 
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Figure 3, Distribution of time dedicated to sleep per 24-hour period in WHOOP athletes between January 1, 

2015 and December 31, 2015.

Distribution of Time in Bed

Hours

F
re

q
u

e
n

cy

25  Davenne, 2009
26  Siegel, 2001
27  Meire-Koll et al., 1999
28  Buchegger et al., 1991
29  Walters, 2002
30  Gunning, 2001
31  Van Cauter et al., 1997
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athlete between January 1, 2015 and December 31, 2015 got 6.9 hours of sleep, with a standard 

deviation of 1.3 hours. Figure 4 shows the distribution of actual sleep time in WHOOP athletes.

 

The information presented in Figures 3 and 4 together show that the average WHOOP athlete 

gets about 51 minutes of sleep per hour spent trying to sleep. Figure 5 shows the distribution of 

sleep efficiency (time spent asleep per unit time spent attempting sleep) across WHOOP athletes.
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Figure 4, Distribution of time spent asleep per 24-hour period in WHOOP athletes between January 1, 2015 

and December 31, 2015.
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Figure 5, Distribution of sleep efficiency in WHOOP athletes between January 1, 2015 and December 31, 2015. 

Average efficiency is 86.4%, standard deviation: 7.2%.
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Sleep Stages:  A Good Indicator of Sleep Deprivation

A typical night of sleep in a healthy, non-sleep deprived adult begins with Light Sleep and 

then transitions into Deep Sleep within 15 minutes. Within 40 to 90 minutes, the first REM 

episode will occur. This is typically the shortest REM episode, and rarely lasts longer than 10 

minutes. The typical person will experience 3 to 4 additional REM periods that increase in du-

ration as the night progresses32. As REM periods lengthen, Deep Sleep periods shorten and 

may even cease. Figure 6 shows a real example of sleep recorded using a WHOOP physio-

logical monitor. 

Notice how the sleep illustrated in Figure 6 begins with a Wake period, enters sleep with a 

brief Light Sleep episode, and then transitions into an extended period of Deep Sleep. As 

expected, REM periods become longer and more frequent as the night progresses, while at 

the same time Deep Sleep becomes less frequent.

Table 1 shows the average distribution of the four stages of sleep in a complete night of nor-

mal sleep.

23:40 00:40 01:40 02:40 03:40 04:40 06:4005:40 07:4022:40

REM Sleep

Wake

Light Sleep

Deep Sleep

Figure 6, Graph of the change of sleep stage over time for a real WHOOP user. The x-axis values show time in 

the user’s local time zone, y-axis values show the sleep stage. For clarity, each sleep stage is also color-coded: 

Light Sleep is indicated by a gray bar, Deep Sleep is indicated by a blue bar, and REM Sleep is indicated by an 

orange bar. Black lines mark the two periods of Wake. Note: sleep stages are displayed with 4-minute resolution. 

32  Stiller and Postolache, 2005
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We note that because the distribution of sleep stages changes as the night progresses, the 

information presented in Table 1 breaks down when sleep is restricted. In situations of acute 

sleep deprivation, REM is recovered only after Deep Sleep has recuperated, causing REM 

to appear unusually late in the night (example shown in Figure 7); however, in situations 

of chronic sleep deprivation, REM occurs prematurely, and can even occur before the first 

Deep Sleep Episode34 (example shown in Figure 8).

04:00 05:00 06:00 07:00 08:00 09:00 10:0003:00

REM Sleep

Wake

Light Sleep

Deep Sleep

Figure 7, Graph of the change of sleep stage over time for a real, acutely sleep deprived WHOOP user. X-axis values 

show time in the user’s local time zone, y-axis values show the sleep stage. As in Figure 3, each sleep stage is also 

color-coded: Light Sleep is indicated by a gray bar, Deep Sleep is indicated by a blue bar, and REM Sleep is indicated 

by an orange bar. Black lines mark periods of Wake. Note: sleep stages are displayed with 4-minute resolution. 

33  Carskadon and Dement, 2011
34  Carskadon and Dement, 1989

Stage

Light Sleep

Deep Sleep

REM Sleep

(not including Sleep Latency)

Percentage of Sleep

47 - 60%

13 - 23%

20 - 25%

< 5%

Table 1, Distribution of sleep stages during a typical night of sleep in a healthy adult33. 
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Changing Patterns

Tracking changes in sleep stage distribution and patterns over time can provide valuable insight 

into an individual’s current state of sleep deprivation in a way that accounts for inter-individual 

differences in actual sleep need. This is important because the accepted wisdom that adults 

need 8 hours of sleep per 24-hour day35 problematically oversimplifies the variability of true 

human experience. In reality, an individual’s sleep need, or the amount of sleep their body 

requires to become sleep replete on a given night, varies dramatically among individuals and 

within individuals across nights. Factors that affect inter-individual variability include genetics36, 

biological sex, health, fitness level, and age37, while factors that affect intra-individual variability 

include activity level38, recent sleep deprivation, and acute changes in health. 

After accounting for all these factors, healthy adult sleep need ranges from 7 to 10 hours. This 

means that an individual could be getting the “recommended 8 hours” and still be severely 

sleep deprived. 

This is significant because a well-kept sleep diary would not reveal a problem in an athlete 

who regularly gets 8 or even 9 of the 10 hours of sleep he needs. However, with proper sleep 

stage monitoring, specifically monitoring REM and Deep Sleep patterns, signs of chronic 

sleep deprivation can be revealed. This could be extremely important for this athlete, because 

35  Loehr and Schwartz, 2005
36  Karacan and Moore, 1979
37  Tonetti et al., 2008
38  Bompa and Haff, 2009

00:00 01:00 02:00 03:00 04:00 05:00 07:0006:00 08:0023:00

REM Sleep

Wake

Light Sleep

Deep Sleep

Figure 8, Graph of the change of sleep stage over time for a real, chronically sleep deprived WHOOP user. X-axis 

values show time in the user’s local time zone, y-axis values show the sleep stage. As in Figure 6, each sleep stage is 

also color-coded: Light Sleep is indicated by a gray bar, Deep Sleep is indicated by a blue bar, and REM Sleep is indi-

cated by an orange bar. Black lines mark periods of Wake. Note: sleep stages are displayed with 4-minute resolution. 
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in addition to being associated with greater risk of all cause mortality, chronic sleep depri-

vation has been correlated with a 68% greater risk of sport-related injury over the course 

of a 21-month period when compared to athletes with similar training loads getting a 

sufficient amount of nightly sleep39.

Recovery = Performance

Together, the information presented in Figures 3-5 illustrate that Wake accounts for a significant 

and highly variable portion of the time dedicated to sleep. Figures 6-8 build on this by showing 

that the time spent in sleep’s most restorative phases (Deep and REM) is also highly variable. In 

order to thoroughly illustrate the significance of this variability, and therefore the value of rigor-

ous sleep stage monitoring, we next examined the relationships between time in bed and time 

in various stages with various next-day athletic performance and recovery metrics. 

HRV

Heart rate variability (HRV) is a measure of the variability in the time interval between 

heartbeats. Morning HRV readings positively correlate with the cardiovascular and nervous 

systems’ acute adaptability to training40, making it a well studied and widely utilized metric 

for predicting and understanding health and performance in athletes41. Because inter- and 

intra-individual variability in average HRV is high, studying trends in HRV over time provides 

greater predictive power than does analyzing individual readings in isolation42. 

Across all professional and NCAA athletes using the WHOOP system in the 3 month period 

between 10-20-2015 and 1-20-2016, the coefficient of correlation (r2) between time dedicated to 

sleep and HRV was 43% smaller than the r2 value between HRV and Deep Sleep and 47% smaller 

than the r2 value between HRV and combined time spent in sleep’s most restorative phases 

(Deep Sleep and REM Sleep). Total time in bed’s lower r2 value means that it is a poorer predictor 

of HRV, and therefore – according to decades of published research – of exercise performance. 

In order to confirm that monitoring nighttime sleep stages allows for a better prediction of 

same-day athletic performance than would simply monitoring time in bed, we examined our 

collegiate athletes’ self reported exercise performance during the same 3 month period. In 

gathering this data, WHOOP never intervened regarding the intensity or types of athletic 

activities our athletes performed, but after each workout, we provided a survey through 

it’s mobile application in which athletes had the opportunity to rate their performance on a 

discrete 5-point scale.

39  Milewski et al., 2014
40  Karim et al., 2011
41  Plews et al., 2013
42  Plews et al., 2012
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Algorithmically determined total sleep time (ie: excluding any within-sleep wake periods) 

correlated with self-reported same day athletic performance 1.6 times better than did the 

athletes’ reported times in bed.

Summary

There is a unique impact of each sleep stage on next-day athletic performance and recovery. 

Significant evidence exists demonstrating that athletes are both not getting enough sleep and 

are not getting as much sleep as they think. A sleep journal or similar mechanism of sleep 

reporting that relies on self-reporting is flawed.  To understand the impact on recovery, sports 

scientists need to embrace sleep stage tracking.  Coaches and trainers supporting athletes 

can use objective data to educate and encourage this practice. It is WHOOP’s belief, that the 

next frontier in athlete evolution will be fueled by better sleep.
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