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economic consequences associated with untreated or improp-
erly treated sleep disorders are signifi cant.15,16

The need for objective methods to diagnose and/or track 
sleep disorders is especially important in circumstances when 
individuals are motivated not to report truthfully either their 
amount of sleep or their level of fatigue. For example, fi nancial 
pressure might motivate an individual to misreport sleep and/or 
fatigue, such as in a career fi eld where pay is dependent upon 
hours worked, e.g., an airline pilot or long-haul truck driver. 
Alternatively, social pressure might motivate an individual to 
misreport sleep and/or fatigue, such as for an individual who is 
part of team, e.g., a member of an elite military unit or sports 
team. In these circumstances, self-reported values of sleep and/

Study Objective: Determine whether a salivary biomarker 
of physical fatigue, referred to as the fatigue biomarker index 
(FBI), can discriminate a control group from a sleep deprived 
group when saliva is collected under controlled conditions. 
The study expands on previous work examining changes in 
the composition of saliva during periods of prolonged exercise.
Methods: Thirty (30) young adults (14 Control [CON]; 16 Sleep 
Deprived [SDEP]) were monitored for mood state (Profi le of 
Mood States [POMS]), cognitive performance (Stroop Color-
Confl ict Tests), and salivary biomarkers of physical fatigue 
over a 48-h period with sampling at 3-h intervals. Trials 
lasted from 06:00 on day 1 (time = -3 h) to 09:00 on day 3 
(time = 48 h). Levels of salivary biomarkers were calculated 
from liquid chromatography-mass spectrometry (LC-MS) data. 
Statistical comparisons were made using Wilcoxon rank sum 
tests with a Bonferroni correction to limit type 1 error. Receiver-
operator characteristic (ROC) analysis was used to evaluate 
the ability of the various parameters to distinguish the SDEP 
population from the CON population.

Results: Longitudinal analysis demonstrated signifi cant 
between-group differences in all three parameters. ROC 
analysis demonstrated that cognitive performance tests and 
salivary biomarkers of physical fatigue distinguish the SDEP 
population from the CON population.
Conclusions: A previously identifi ed salivary biomarker 
of physical fatigue may provide an alternative method for 
discriminating sleep deprived from rested individuals. The 
salivary biomarker of physical fatigue holds promise as an 
objective measure of sleep deprivation, perhaps eventually 
removing the reliance on self-reported sleep diaries and/or 
repeated polysomnographs for longitudinal tracking of sleep 
quality and/or diagnosis of sleep disorders.
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There are relatively few objective methods for the diag-
nosis and longitudinal monitoring of sleep disorders.1,2

At present, clinicians rely primarily on patients’ self-reported 
levels of sleepiness, as well as expensive, time-consuming, and 
relatively intrusive overnight polysomnographs (PSG).3 Other 
objective methods proposed for use in sleep medicine include 
actigraphy, electroencephalography (EEG), multiple sleep 
latency test (MSLT), reaction times, pupillography, melatonin 
levels, metabolic rate, body temperature, heart rate, and heart 
rate variability.2,4-6 While each of these techniques has proven 
promising, none has yet been adopted for the routine diagnosis 
and monitoring of all sleep disorders. Given the wide range of 
sleep disorders and the large number of other diseases which 
also alter sleep,2,7 it is clear that there is a need for additional 
objective measures of sleep health.

Insuffi cient sleep impairs a number of specifi c functions, as 
well as an individual’s general quality of life. Symptoms arising 
from sleep loss include increased propensity to fall asleep in 
inappropriate settings, inability to concentrate, impaired cogni-
tive ability, slowed reaction time, reduced vigilance, headache, 
mood changes, and fatigue.8,9 Numerous studies have demon-
strated that the levels of impairment arising from acute and 
chronic sleep deprivation are similar to those observed in indi-
viduals with elevated blood alcohol content.10-14 The social and 
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Previously, we described chang-
es in the peptide composition of saliva during periods of prolonged physi-
cal exertion. Here, we determined whether similar changes in the peptide 
composition of saliva are associated with sleep and/or sleep deprivation.
Study Impact: At present, daytime sleepiness is assessed either by 
self-report, e.g. Epworth Sleepiness Scale, or by expensive and time-
consuming clinical tests, e.g., multiple sleep latency test. An inexpensive 
and objective method to measure sleepiness would signifi cantly improve 
a clinician’s ability to diagnose and/or treat sleep disorders.
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or fatigue might differ significantly from true levels, thereby 
endangering the individual and others around them.

Recently, we have reported that physical fatigue changes the 
composition of saliva. Specifically, we found that the ratio of 
two endogenous salivary peptides changed significantly as indi-
viduals became more fatigued due to prolonged physical exer-
cise.17 The amino acid sequences of both heptapeptides were 
determined in our previous work. One peptide had the sequence 
GGHPPPP (657.7 Da), while the other peptide had the sequence 
ESPSLIA (715.8 Da). Both of these peptides arise naturally from 
the family of proteins known as the salivary proline-rich proteins 
(PRPs).18 The specific ratio of peptides we reported, termed the 
fatigue biomarker index or FBI, was calculated as the abundance 
of GGHPPPP divided by the abundance of ESPSLIA. When the 
ratio is constructed in this way, the value of the FBI decreases as 
fatigue increases, much like pH levels decrease as the concen-
tration of protons in solution increases. Our primary interest in 
developing this technology was to provide the US military with 
an objective measure of fatigue arising from physical activity. 
The value of this technology in military settings was highlighted 
by a previous study showing that an individual’s FBI value at 
the start of training is useful as part of a model for predicting 
the outcome of training for candidates entering Special Forces 
training within the United States Air Force.19

Here, we report findings from a preliminary investigation 
of changes in FBI values during periods of sleep deprivation. 
Previously, we used data from the same study to investigate 
changes in cognitive performance20,21 and heart rate variability.20 
While this study was designed to mimic typical conditions expe-
rienced in a military, rather than civilian, setting and included 
only a relatively small group of young, healthy adults, the results 
are promising and suggest that the small peptide composition of 
saliva can be used to monitor an individual’s sleep.

METHODS

Selection Criteria
We recruited men between the ages of 18 and 35 years for 

inclusion in the study. Potential subjects included healthy 
(asymptomatic) college students, ROTC cadet trainees, and 
recreational (non-varsity) athletes self-reporting as healthy and 
fit enough to enter basic military or first responder training, 
non-smoking, free of disease, and not taking any psycho-
tropic medications or dietary supplements that would alter 
neural or metabolic function. Subjects meeting our eligibility 
criteria were asked to read and sign an informed consent docu-
ment approved by the Committee for the Protection of Human 
Subjects in Research of the University of Texas at San Antonio. 
This committee approved this study and provided oversight of 
all human research procedures.

Experimental Design
All protocols were conducted in the Exercise Biochemistry and 

Metabolism Laboratory of the Department of Health and Kine-
siology at The University of Texas at San Antonio. Consented 
subjects completed a basic medical history screening form, a 
standard physical examination, skinfold body fat analysis, and 
a clinical graded treadmill stress test with electrocardiogram 

to identify preexisting heart conditions that could compromise 
safe participation and determine aerobic fitness level via indi-
rect calorimetry (TrueMax 2400, ParvoMedics Sandy, UT). 
Final selection of subjects was dependent upon normal clinical 
results and history as determined by a participating physician 
indicating eligibility for safe inclusion in the study. During the 
health screening session consented subjects were familiarized 
with all testing planned for the subsequent 48-h protocol.

Eligible subjects (n = 35) were randomly assigned to 1 of 
2 experimental groups: (1) control (CON; n = 16) or (2) sleep 
deprived (SDEP; n = 19). (Note: Analysis of saliva samples was 
limited to subjects who completed the entire study [CON = 14; 
SDEP = 16]). The 48-h protocol took place ≥ 1 week following 
the health screening and familiarization session. The aim of the 
protocol was to increase fatigue gradually and safely over the 
course of 48 h. In the present study, we employed a modified 
version of a 24-h protocol we developed in which participants 
experienced sleep deprivation and were evaluated for cognitive 
performance and fatigue level every 3 h.21

All participants reported to the laboratory at 06:00 following 
an 8-h fast that excluded caffeine or other stimulants. They 
immediately received a small standardized breakfast (375 kcal) 
with water. For the purpose of analyzing data in this study, we 
define 06:00 as Time = -3 h. Data for the 48-h period were 
collected every 3 h from 09:00 on day one to 09:00 on day 3 
(17 data collection points total). Every data collection point was 
2 h post-prandial and post-fluid ingestion. Total dietary food 
and fluid intakes were controlled and provided at levels consid-
ered normal for the subject’s age, weight, and daily activity 
level, allowing subjects to remain hydrated (data not shown).

Participants assigned to the CON group were allowed to sleep 
between the hours of 22:00-09:00, although they were awoken 
at 00:00, 03:00, and 06:00 and remained awake for approxi-
mately 1 h for data collection. Participants assigned to the SDEP 
group were monitored throughout the 48-h period and were not 
allowed to sleep. Schedules for data collection, as well as food 
and water intake, were identical for both groups. During non-
sleep hours between data collection periods, all participants 
maintained a controlled but fixed daily schedule of very light 
activities (e.g., watching movies, studying, or reading).

Every 3 h during the 48-h period, subjects were weighed (in 
shorts and shirt, sans shoes). Before the subsequent collection 
of data, subjects then sat quietly for 20 min.

After the quiet period, subjects completed the Profile of 
Mood States22 (POMS) survey for assessment of fatigue level 
and Stroop Color-Conflict Test23 (Stroop tests) for assessment 
of cognitive performance. While the Stroop tests are known to 
be influenced by learning effects, they were selected for their 
ease of administration to groups of the size used in this study. 
The most relevant POMS factor for our investigation was that 
of “fatigue.” This factor is determined by the sum of Likert-
style scoring of seven subjective feelings (“worn out,” “list-
less,” “fatigued,” “exhausted,” “sluggish,” “weary,” “bushed”). 
No time limit was given to complete the POMS survey. No 
performance feedback was provided to subjects for the survey. 
For the Stroop tests, subjects were instructed to read aloud as 
many items as possible in 45 s during each of 3 conditions 
(word, color, incongruent color-word pairs). Instructions for the 
Stroop tests were repeated at every data collection point. The 
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number of correct responses for each 45-s test was recorded 
and no performance feedback was provided to subjects for the 
tests. The Stroop tests comprise 3 separate tests: color, word, 
and color-word. We added results from the 3 Stroop tests to 
calculate a “cumulative cognitive performance” score. We have 
previously demonstrated that the POMS fatigue factor tracks 
the decline in Stroop test cognitive performance during a 24-h 
fatiguing protocol including combinations of sleep deprivation, 
exercise, caloric restriction, and dehydration.21

Immediately after each data collection period, subjects were 
fed a small sandwich, raw vegetables, and cookies (300 kcal) 
with 0.4 L of water. The same meal was provided every 3 h 
to avoid possible digestion-related fluctuations in vagal tone 
following a large meal.

Saliva
Saliva samples (~10 mL) were collected by passive drooling 

of clear saliva. Samples were placed on ice after collection and 
transferred to a -80°C freezer for storage until time of analysis. 
The salivary analyses have been published in detail.17 Briefly, 
raw saliva was processed through a series of molecular-weight-
cutoff filters selected to remove components of saliva greater 
than ~10 kDa. The amount of protein in the remaining solu-
tion was quantified (bicinchoninic acid [BCA] assay), so that 
a fixed amount of protein could be injected per sample (4 µg). 
To target the peptide components, we used a mass-specific 
tagging approach to label free amines in solution. Specifically, 
samples were labeled with light and heavy isotopes of acetic 
anhydride. The difference in mass of the 2 isotopes arises from 
the presence of protons or deuterons in all positions of both 
methyl groups in the acetic anhydride. By labeling 2 different 
aliquots of the same sample separately with the light and heavy 
variants of acetic anhydride, it was possible to identify those 
components of saliva with a free amine. These components 
appeared as pairs of ions separated by predictable masses in 
a mixture of the differently labeled samples. Once samples 
were labeled and analyzed by liquid chromatography with 
mass spectrometric detection, we quantified levels of a previ-
ously identified biomarker of physical fatigue,17 referred to as 
the fatigue biomarker index (FBI). As a ratio of ion intensities 
for 2 different salivary peptides, the FBI is resistant to trivial 
sources of change, e.g., the amount of material injected.

Statistical Analysis
All statistical analyses were completed using R (R24; version 

2.9.0; cran.r-project.org). Wilcoxon rank sum tests were used 
for pairwise comparisons between groups at each time point 
(Figure 1) and across averaged data (Figure 2), with a Bonfer-
roni correction applied to limit the risk of committing type 
1 error. Receiver-operator characteristic (ROC) curves were 
also used to assess cross-sectional data using the pROC package 
for R.25 Our a priori significance level was p < 0.05.

RESULTS

Longitudinal Analysis
By using a 3-h sampling interval, this study provided rela-

tively high resolution temporal data to evaluate changes in 

parameters of interest, namely self-reported fatigue level, cogni-
tive performance, and salivary biomarkers of physical fatigue. 
Self-reported fatigue levels were derived from the profile of 
mood states (POMS) survey; cognitive data came from the 
Stroop color-conflict tests; and salivary biomarkers of physical 

Figure 1—Sleep deprivation led to significant changes in 
self-reported fatigue level, cognitive performance, and 
salivary biomarkers of physical fatigue

Subjects were evaluated every 3 h during the course of the study. (A) 
Levels of the salivary biomarker of physical fatigue remained similar 
across groups through the first hours of the study, and then changed 
significantly during the hours after the first night of sleep. Both groups 
showed a significant increase around midnight on the first day of the study, 
while only the CON group showed a similar, though muted, increase on 
the second day of the study. (B) Cumulative scores on the Stroop tests, 
shown as percentages relative to the subject’s initial scores, remained 
similar across groups until the early morning hours of the second day. 
Scores for individuals in the SDEP group dropped significantly after the 
first evening, whereas scores for individuals in the CON group remained 
relatively constant. The initial upward slope seen in both groups is likely 
to do a learning effect. The absence of significant differences during these 
early time points suggests that the size of the learning effect was similar 
for both groups. (C) Self-reported fatigue levels drifted higher with time 
in both groups. Previous analysis using linear mixed-effects modeling 
showed a significant positive slope for both groups. With the statistical 
approach used here, groups did not differ significantly until late on the 
second day. *indicates significant difference between groups.
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fatigue were measured according to the previously described 
fatigue biomarker index (FBI). Longitudinal data are shown for 
all 3 parameters and both groups in Figure 1. While signifi-
cant group differences were observed for all 3 parameters, the 
patterns of change differed. Significant between-group differ-
ences appeared first in the Stroop tests in the early morning 
hours after the first overnight period. Significant changes in the 
FBI followed soon after, while significant differences in POMS 
fatigue level were not observed until the early morning hours 
of the second overnight period. Whereas the significant differ-
ence in cognitive performance remained relatively stable after 
the first overnight period, differences in salivary biomarkers of 
physical fatigue were transient, lasting 6 to 9 h after the first 
overnight period of sleep deprivation. A significant difference 
in salivary biomarkers of fatigue reoccurred during the second 
overnight period.

Cross-Sectional Analysis
In addition to analyzing changes in parameters as a function 

of time, we also evaluated the ability of each of the parameters 
to discriminate the sleep deprived population from the control 
population. To make the plots shown in Figure 2, data from the 
window just after the first overnight period (D2-09:00 through 
D2-15:00) were averaged for each subject, and then plotted 
by group. We used this window because it is the most relevant 
testing window for a future clinical test, assuming testing 
during traditional U.S. business hours (09:00-17:00). Signifi-
cant between-group differences were observed for 2 (FBI and 
Stroop) of the 3 parameters. Receiver-operator characteristic 
(ROC) analysis suggested that cognitive performance tests and 
salivary biomarkers of physical fatigue performed well when 
trying to distinguish members of the SDEP and CON groups.

DISCUSSION

Summary
Here, we have compared the impact of sleep deprivation on 

three different parameters: self-reported fatigue level, cognitive 
performance, and salivary biomarkers of physical fatigue. The 
effects of sleep deprivation on the first two parameters have been 
described extensively elsewhere by us20,21 and by others,9 while 
salivary biomarkers of physical fatigue have been described 
only recently,17,19 and it was not yet known how they would be 
affected by sleep deprivation. We observed significant longi-
tudinal changes in all three parameters, and two of the param-
eters, cognitive performance tests and salivary biomarkers of 
physical fatigue, also performed well in cross-sectional tests.

Possible Influence of Circadian Rhythms on the 
Fatigue Biomarker Index

During the initial part of the trial, the pattern of change for 
the FBI was similar for both the control and sleep deprived 
arms of the study. Unexpectedly, both traces included a signifi-
cant increase in FBI values, suggesting a significant decrease 
in fatigue level, near midnight during the transition from day 
1 to day 2 (Figure 1A). A similar, but blunted, increase is seen 
in the control arm at close to the same time in the second night 
(day 2-day 3 transition). These unexpected results suggest that 
the FBI may be affected by circadian rhythms, the hierarchy 
of oscillators that regulates a wide range of human behavior 
and physiology.26 In humans, the circadian system includes 
both a central pacemaker, the suprachiasmatic nucleus (SCN), 
and a series of peripheral components.26 The operation of these 
oscillators has been described at the cellular and molecular 

Figure 2—Salivary biomarkers of physical fatigue efficiently detected the effects of sleep deprivation

Values for self-reported fatigue level, cognitive performance and salivary biomarkers of physical fatigue are shown by group for the data collected between 
09:00 and 15:00 on the second day of the study. Each point represents average data for one individual. Receiver-operator characteristic (ROC) analysis 
suggested that salivary biomarkers of physical fatigue can identify sleep-deprived patients with reasonable specificity and selectivity (area under curve, 92%). 
Self-reported fatigue levels and cognitive performance tests also performed reasonably (area under curve, 77% and 88%, respectively).
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level, and a number of studies have demonstrated the tight 
relationship between the circadian clock, hormone secretion, 
and metabolism.26-29 In saliva, there is evidence of large-ampli-
tude circadian rhythms for concentrations of several inorganic 
ions.30 Other components of saliva including cortisol,31 mela-
tonin,32,33 and a variety of metabolites29,34 also follow circadian 
rhythms. In contrast, the circadian rhythms for salivary proteins 
in unstimulated saliva appear to be smaller in amplitude with a 
wide spread in acrophases, thereby removing significant oscil-
lations from population data.30

Of the salivary components examined to date, melatonin 
has proven most promising as a direct measure of circadian 
rhythm.33 Specifically, the dim light melatonin onset (DLMO) 
marker appears to be a robust measure of circadian rhythm even 
in the presence of confounding factors,32 perhaps leading to its 
eventual use in clinical settings for the identification of circa-
dian rhythm sleep disorders.35 In contrast, levels of cortisol in 
serum and saliva are known to be influenced by a number of 
factors in addition to circadian rhythms, including a variety 
of acute and chronic stressors such as insomnia, obstructive 
sleep apnea, depression, and chronic fatigue.36,37 While the 
exact relationship between measures of salivary cortisol and 
measures of sleep remains unclear,38 there have been a number 
of intriguing findings. Of particular note is a previous report 
describing an association between cortisol and fatigue/physical 
symptoms.39 Specifically, a population study of older adults 
identified significant associations of fatigue/physical symptoms 
with two different measures of cortisol, wakeup cortisol and 
cortisol awakening response (CAR). The reported association 
between low wakeup cortisol levels and increased fatigue/phys-
ical symptoms39 later the same day agrees with observations 
of diminished morning cortisol levels in studies of individuals 
with chronic fatigue syndrome (CFS).40,41 In the case of some 
sleep disorders, dysfunction of the hypothalamic-pituitary-
adrenal (HPA) axis has even been suggested to have a caus-
ative role.36 For example, nocturnal salivary cortisol levels are 
consistently elevated in insomnia,42 providing support for the 
hypothesis that insomnia arises from hyperarousal of the HPA 
axis. In other sleep disorders, such as obstructive sleep apnea,36 
changes in cortisol are believed to be secondary. However, 
the wide range of external factors influencing salivary cortisol 
levels may limit their utility in the diagnosis of sleep disorders. 

At present, the mechanism(s) regulating the generation of the 
peptides of the FBI remains unknown, and it remains unclear 
whether levels of these peptides might also change in response 
to other stressors besides sleep deprivation. Given the potential 
presence of circadian rhythms and the lack of understanding 
about other potential influences affecting levels of these 
peptides, FBI measurements should be interpreted carefully.

Other Measures of Sleepiness
Given the increasing and varying needs of researchers, clini-

cians, patients, regulators, lawmakers, and insurers, several 
other approaches to quantifying sleepiness are also under devel-
opment.43-45 Methods to quantify sleepiness have arisen from 
various behavioral, electrophysiological, genetic, proteomic, 
and metabolomic studies of sleep and sleep deprivation. 
Methods of quantifying sleepiness have been proposed based 
on changes in behavioral factors such as response time6,46 and 

other measures of attention, as well as various electrophysiolog-
ical factors such as changes in the power for a particular type of 
electroencephalographic wave.47 Other methods for measuring 
sleepiness have focused on changes in the composition of 
serum,48 saliva,49 cerebrospinal fluid,50,51 exhaled breath, and 
exhaled breath condensate.52 Inflammatory factors such as IL-6, 
TNF-α, von Willebrand factor, and C-reactive protein53,54 have 
drawn considerable attention. A gene expression study identified 
salivary amylase as a biomarker of sleep drive in both fruit flies 
(Drosophila melanogaster) and humans.49 Indeed, heterozygote 
individuals with a single copy of the c.22G > A (rs73598374) 
polymorphism for adenosine deaminase differ significantly 
from homozygote individuals with respect to vulnerability to 
sleep loss, exhibiting both a reduction in sustained attention 
and an elevation in salivary α-amylase activity during periods 
of prolonged waking.55 Although many of these measures of 
sleepiness appear promising, the lack of specificity among 
many, if not all, of the sleep reporter and regulatory substances 
identified to date has led some to suggest that proper measure-
ment of sleepiness will ultimately require simultaneous moni-
toring of numerous analytes.54 While the peptide components of 
the FBI are more likely to be sleep reporter than sleep regula-
tory molecules, they might still be well-suited for inclusion in a 
multi-analyte approach to measuring sleepiness.

Potential Clinical Applications for Salivary Biomarkers 
of Physical Fatigue

Despite the limitations discussed above, the promising results 
presented here suggest that salivary biomarkers of physical 
fatigue might provide useful clinical information with respect 
to patient sleep health. Potential uses include diagnosing sleep 
disorders and/or longitudinally monitoring fatigue arising from 
sleep deprivation. The former would help clinicians make diag-
noses based on objective measures, and the latter would allow 
physicians to select the most effective treatment strategy for 
various sleep disorders. Salivary biomarkers of physical fatigue 
might be especially well-suited for diagnosing specific types of 
sleep disorder. For example, diagnosis of paradoxical insomnia, 
which is characterized by a significant mismatch between self-
reported sleep data and objective measures of sleep obtained 
from polysomnographs,4 would be much easier if clini-
cians had a rapid, inexpensive method to evaluate a patient’s 
sleep history. In other sleep disorders, such as periodic limb 
movement, arousals from sleep are not perceived by patients 
suggesting that self-reported sleep data will not be accurate,56 
highlighting the need for objective measures of sleep. The tech-
nology described here might also be well-suited to phenotype 
patients with various polymorphisms associated with enhanced 
vulnerability to sleep loss, much like the use of sAA described 
above.55 Overall, the FBI provides clinicians with an additional 
objective measure to guide the diagnosis and/or treatment of 
sleep disorders.

Limitations, Future Studies, and Conclusion
The present study aimed to examine changes in salivary 

biomarkers of physical fatigue during a period of sleep depri-
vation. While the data are promising and suggest that salivary 
biomarkers of physical fatigue may be a useful and objec-
tive method to monitor sleep deprivation, the study also has 
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a number of limitations. For example, the sample size is rela-
tively small, and the participants were young and relatively 
healthy. While subjects were asked about their sleep history, the 
study did not include a comprehensive evaluation of subjects to 
exclude all sleep disorders. In addition, our choices of instru-
ments to evaluate cognitive performance and self-reported 
fatigue level—Stroop tests and POMS survey, respectively—
may not represent the most sensitive tools for detecting changes 
related to sleep loss. Future studies will aim to study salivary 
changes related to sleep in subjects of much more varied demo-
graphic background and health condition.

In conclusion, we report here that the loss of sleep leads to 
significant changes in levels of a salivary biomarker of physical 
fatigue. If these preliminary findings are confirmed in future 
studies, salivary biomarkers of physical fatigue hold promise of 
providing clinicians, regulators, and patients with a fast, conve-
nient, and relatively inexpensive method to diagnose and/or 
monitor sleep disorders.
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