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For those endeavoring to develop better methods of measur-
ing/quantifying sleepiness, the “Holy Grail” is a measure that is 
maximally objective, completely unobtrusive, exquisitely sensi-
tive, and absolutely specific (i.e., varies only as a function of 
sleepiness). By these criteria, physiological measures (e.g., 
based on brain activity such as EEG, fMRI, near-infrared spec-
troscopy, etc.) would appear to hold the most promise. How-
ever, from an operational standpoint, the utility of a sleepiness 
measure is derived not from its ability to sensitively reflect the 
brain’s extant level of sleepiness per se, but from the implica-
tions that this level of sleepiness has for the individual’s current 
and near-term ability to safely and efficiently perform opera-

tionally-relevant tasks. Thus, an ideal operationally-relevant 
sleepiness measure is one that is unobtrusively embedded in 
the actual operational task, and allows sleepiness-related per-
formance deficits to be distinguished from performance deficits 
due to other causes. Toward this end, we have developed a 
PVT-derived metric that incorporates the entire distribution 
of responses within a PVT session, and reflects changes in 
the pattern of performance that can be used to identify and 
quantify “state instability”—the putative physiological state that 
specifically underlies sleepiness-induced performance deficits.
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There can be little doubt that sleepiness constitutes a sig-
nificant problem for modern society. Although difficult to 

estimate with precision,1 it is likely that in operational envi-
ronments sleepiness contributes to accidents, errors, and inef-
ficiencies that cost the US economy tens of billions of dollars 
per year.2 Sleepiness likewise contributes directly to human 
suffering—a recent report by the Automobile Association of 
America suggests that sleepiness is a causal factor in 16.5% of 
fatal accidents on US highways (report available at http://www.
aaafoundation.org/resources/index.cfm?button = research). 
Indeed, the mission of the National Sleep Foundation (NSF, 
http://www.sleepfoundation.org), founded in 1990, has been 
to increase public awareness of sleep disorders and sleepiness-
related issues such as drowsy driving—and findings from the 
annual NSF “Sleep in America Poll” consistently suggest that 
sleepiness impacts the lives of a considerable portion of the 
American public in a variety of ways (e.g., see the 2009 NSF 
poll on “sleep and safety” at http://www.sleepfoundation.org/
sites/default/files/2009%20POLL%20HIGHLIGHTS.pdf).

Although increased public awareness of the deleterious ef-
fects of sleepiness is an important first step, the direct benefits 
of such awareness—i.e., the impact that such awareness has on 
the behavior of individuals within society—is likely to be small. 
This is because 1) sleepy individuals are not particularly good at 
self-assessment of sleepiness and its effects on performance (e.g., 
Belenky et al.3; Schmidt et al.4; for review, see Balkin et al.5) and 
2) the subjective experience of sleepiness is essentially a “moving 
target,” with those suffering from various sleep disorders, or those 
who are chronically sleep restricted, subjectively habituating to 
the experience of sleepiness despite the fact that, from an objective 
standpoint, there has been no reduction in the actual physiological 
need for sleep. The dissociation of subjective and objective mea-
sures of sleepiness has recently been illustrated by Rupp et al.,6 

who compared the effects of 7 nights of sleep restriction (3 h time 
in bed [TIB]) in two groups. In one group, TIB was extended to 10 
h per night for the week preceding the sleep restriction phase. For 
the other (Habitual TIB) group, TIB for the week prior to sleep 
restriction was maintained at each individual’s typical duration 
(based on prior assessment with wrist actigraphy)—this was ap-
proximately 7 h per night. It was found that Psychomotor Vigi-
lance Test (PVT) performance declined across the week of sleep 
restriction for both groups, but the rate of decline was slower for 
the Extended TIB group. As shown in Figure 1, the Extended TIB 
group both started and finished the sleep restriction phase with 
relatively greater levels of alertness/mental resources than did the 
Habitual TIB group. Of particular relevance, however, were the 
findings from the “recovery” phase of the study, consisting (for 
both groups) of 8 h TIB across 5 consecutive nights. As also il-
lustrated in Figure 1, a single night of recovery sleep produced 
much greater recovery of next-day performance in the Extended 
TIB group than in the Habitual TIB group.

In stark contrast, and as illustrated in Figure 2, subjective 
alertness, as measured with the Stanford Sleepiness Scale (SSS), 
was comparably restored by the first night of recovery sleep 
(8 h TIB) in both groups. Based on these results, it is clear that 
subjective sleepiness is not experienced along a fixed, absolute 
scale. Instead, it varies as a function of prior sleep/wake history.

Since the relationship between subjective sleepiness and 
objective measures of sleepiness is malleable, it is clear that 
the potential usefulness of such subjective measures in opera-
tional environments (e.g., for assessing fitness for duty/risk of 
accidents) is limited. Ideally, what is needed is a sleepiness 
“biomarker”—an objective, physiological measure that reflects 
those changes in brain state/functioning that underlie sleepi-
ness-mediated performance deficits. It is important to note that 
the ideal sleepiness biomarker should reflect the sleepy brain’s 
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the brain “hungers for” sleep can be quantified. Rather, what 
matters is the extent to which such biomarkers reflect an in-
dividual’s ability to actually function effectively in real-world 
situations. And the relationship between “level of sleep debt” 
and “real-world functioning” is not straightforward.

capacity to actually perform relevant tasks, rather than (for ex-
ample) merely reflecting the extent of the brain’s physiological 
sleep deficit. This is because, from a practical standpoint, what 
ultimately matters—i.e., the reason that objective biomarkers 
of sleepiness are desirable—is not so that the extent to which 

Figure 1—Mean (SE) response speed on the Psychomotor Vigilance Task across three phases of the study: Baseline (B), sleep 
restriction (SR - 3 hours TIB per night, and recovery sleep (R - 8 hours TIB per night).

Shaded squares represent the group that maintained habitual nightly sleep times for 1 week prior to baseline. Open circles represent the group that extended 
nightly sleep times (to 10 hours TIB) for 1 week prior to baseline. Following the first night of recovery sleep (day R1), group differences in performance were 
still evident (dashed oval). TIB, Time in Bed; B, Baseline; SR, Sleep Restriction; PVT, Psychomotor Vigilance Test. Adapted from Rupp et al., 2009.6

Figure 2—Mean (SE) subjective sleepiness ratings on the Stanford Sleepiness Scale across three phases of the study: Baseline 
(B), sleep restriction (SR - 3 hours TIB per night, and recovery sleep (R - 8 hours TIB per night).

Shaded squares represent the group that maintained habitual nightly sleep times for 1 week prior to baseline. Open circles represent the group that extended 
nightly sleep times (to 10 hours TIB) for 1 week prior to baseline. Following the first night of recovery sleep (day R1), there were no group differences 
in subjective sleepiness ratings (dashed oval). TIB, Time in Bed; B, Baseline; SR, Sleep Restriction; SSS, Stanford Sleepiness Scale. Adapted from 
Rupp et al., 2009.6
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on a verbal learning task was associated with activation of the 
temporal cortex during the normal (well-slept, alert) state. Also 
consistent with prior research, they found that this brain region 
was relatively deactivated following 35 h of sleep deprivation. 
However, they then compared the scans of subjects who were 
relatively resilient to the effects of sleep loss (i.e., who were bet-
ter able to maintain performance on the verbal learning task fol-
lowing 35 h of sleep deprivation) vs. those subjects who were 
most vulnerable to sleep loss (i.e., whose performance on the 
verbal learning task was relatively impaired following 35 h of 
sleep deprivation). This comparison revealed something surpris-
ing—that during performance of the verbal learning task follow-
ing sleep loss the resilient subjects showed relative activation in 
the parietal cortex, a region that had not been activated during 
performance of this task in the well-slept (non-sleep-deprived) 
state. This suggests that although sleep loss results in regional 
brain deactivation, and although such deactivation may underlie 
deficits in specific aspects of cognitive performance, such per-
formance deficits can be mitigated by recruiting brain resources 
from other cortical regions—i.e., regions not typically activated 
during performance of the task in the well-slept/normally alert 
state. Thus, although sleep loss results in regional cortical deac-
tivation, and a measure of regional cortical deactivation might 
therefore constitute an adequate biomarker of increased sleepi-
ness, per se—such a measure would not constitute an adequate 
biomarker of “sleepiness-related performance deficits” since this 
measure only reflects the fact that the brain is sleepy—it does not 
reflect the ability of the brain to cope with that sleepiness.

In the absence of biomarkers that reflect the capacity of the 
brain to perform despite sleepiness (which, to reiterate, would 
be considerably more useful than biomarkers that merely reflect 
sleepiness, per se), the next best thing would be a “behavior bio-
marker of sleepiness”—that is, a behavioral measure that is not 
only sensitive to sleep loss/sleepiness, but that actually reflects 
some aspect of brain physiology that is specific to sleepiness. 
Such a measure would not only reflect performance deficits 
(which usually is, or at least should be, the ultimate goal) but 
it would also reflect the physiological basis of the performance 
deficit (i.e., sleepiness). Therefore, such a measure would pro-
vide information useful for predicting operational performance 
capacity and, by virtue of providing a “differential diagnosis” 
of sleepiness-induced performance deficit vs. all other possible 
causes of performance deficits, it would inform decisions re-
garding appropriate interventions to restore performance.

What might a behavioral biomarker of sleepiness look like? 
Reaction time (RT) can be used to illustrate.

RT has previously been shown to be sensitive to a variety of 
factors, including (to name just a few) sleep loss,17 alcohol,18 
various medications,19 and “time on task.”20 RT has also been 
shown to be exquisitely sensitive to mild traumatic brain injury 
(mTBI) events—with such events reliably producing extended 
mean RTs.21 Thus, it has low specificity. The latter problem is 
illustrated in the equation below (adapted from Warm22:

Pv = 
f (M, S, U, B, C) E

BS

in which Pv is mean RT performance on a vigilance test. Pv 
is a function of several factors including “signal modality” 

The lack of concordance between sleep need and perfor-
mance is perhaps best illustrated by the phenomenon of “sleep 
inertia.” Sleep inertia refers to the profound deficits in alert-
ness and performance that are universally experienced imme-
diately upon awakening from sleep—performance deficits that 
rapidly reverse over the first 15-20 min of continued wakeful-
ness.7 Clearly, sleep inertia is a brain state in which both the 
subjective and objective manifestations of sleepiness are di-
vorced from the brain’s actual level of sleep need.8 Logically, 
the brain’s need for sleep should be at a nadir immediately upon 
awakening, and accrue during subsequent time spent awake. 
Therefore, if sleepiness was merely and invariably a direct re-
flection of the brain’s underlying physiological need for sleep, 
the first few minutes of wakefulness would be characterized by 
optimal alertness and performance. Since this is not the case, 
it is clear that a biomarker that perfectly reflects “physiologi-
cal sleep need” would not necessarily be useful for predicting 
sleepiness and its attendant performance deficits.

This dissociation between “apparent sleep deficit” and per-
formance is also illustrated by the fact that there are consider-
able individual differences in the extent to which sleep loss 
impacts performance on a variety of tasks—differences that 
cannot be explained by, for example, variations in habitual 
nightly sleep duration.9 The physiological basis of these indi-
vidual differences in resilience in the face of sleep loss is not 
known, but findings from functional brain imaging studies sug-
gest one strong possibility: that the performance deficits that 
characterize sleepiness result specifically from deactivation of 
the prefrontal cortex (PFC); and individual differences in the 
ability to sustain performance during sleep loss vary as a func-
tion of the sleepy brain’s ability to recruit and utilize resources 
from non-PFC regions.

Functional brain imaging studies have revealed that sleep 
deprivation is characterized by reductions in brain metabolism, 
with the greatest reductions evident in thalamus, inferior pari-
etal/superior temporal cortices, anterior cingulate, and the pre-
frontal cortices (PFC).10 Similar studies performed during the 
sleep inertia period have revealed reduced activity in PFC—al-
though activity in subcortical regions (including the thalamus) 
was actually elevated at this time. Because both sleep depriva-
tion and sleep inertia result in objective and subjective sleepi-
ness, and because deactivation of the PFC is the most salient 
finding common to both states, it can be concluded that sleepi-
ness is exclusively a function of the level of (de)activation in 
the PFC.11 Consistent with this conclusion, researchers have 
recently been able to successfully predict—based on what is 
currently known about the differential functions mediated by 
various PFC subregions (e.g., see Damasio12—specific sleepi-
ness-induced deficits in olfaction,13 moral judgment14 and deci-
sion-making,15 to name but a few).

Together, the fact that 1) both sleep loss and sleep inertia are 
characterized by PFC deactivation, and 2) performance defi-
cits can successfully be predicted based what is known about 
the specific functions of affected PFC regions, it is reasonable 
to postulate that “PFC deactivation” constitutes a satisfactory 
“sleepiness biomarker”—but, again, it is not necessarily a good 
biomarker of “sleepiness-related performance deficits.”

This is illustrated by the findings of Drummond et al.16 First, 
consistent with prior research, they showed that performance 
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(M, the sensory modality of the signal being tested); salience 
(S, the meaningfulness of the signal being presented, e.g., the 
subject’s name vs. a neutral tone); the uncertainty of the signal 
(U, which depends on the mathematical likelihood of a signal 
presentation; the “background events density” (B, for example, 
the density of “competing signals” that are presented, and must 
be distinguished from the target signal); and “signal complex-
ity” (C, reflecting, for example, the amount of mental process-
ing required to identify the signal).

To make matters more complicated, in addition to interacting 
with each other, each of these factors can themselves interact 
with a potentially infinite variety of environmental factors (E, 
e.g., environmental noise, ambient temperature, vibration)—at 
least as potential distracters, if not as factors that more directly 
influence vigilance performance.

Also, the influence of each of these factors is potentially 
mediated by “brain state” (BS )—i.e., the changeable capacity 
of the brain to perceive, process, and react to all of the factors 
that reside in the numerator of the depicted equation. BS could 
refer specifically to the brain’s level of sleepiness, intoxica-
tion, hypoxia, or mTBI event-induced disruption of white mat-
ter function, etc.

It is therefore clear that, although sensitive, the potential util-
ity of mean RT is limited by its lack of specificity. However, it 
might be hypothesized that adequate specificity could achieved 
by analyzing the RT signal in a manner that more directly reflects 
the primary, underlying physiological basis of the performance 
deficit. For example, it may prove possible to differentiate RT 
performance deficits caused by sleepiness from RT performance 
deficits caused by mild traumatic brain injury (mTBI). This 
is because the mean RT deficits resulting from sleep loss are 
thought to reflect “state instability”23– a moment-to-moment 
waxing and waning of alertness that produces a distribution of 
RTs that is characterized by an extended “right tail” (i.e., some 
“normal” RTs and many more “long” RTs than are evident in 
normally-alert subjects). In contrast, mTBI events are thought 
to produce functional disruption of the long, white-matter tracts 
involved in psychomotor (e.g., RT) performance. So, by virtue 
of disrupting the pathways that mediate RT performance, mTBI 
events should (unlike sleepiness) eliminate the possibility of any 
fast/normal RTs. That is, mTBI events should effectively “cut 
off” the left (fast) end of the tail of the distribution of RTs.

Thus, although mTBI and sleep loss both result in similarly 
extended mean RTs, the shape of the distributions of RTs that 
characterize mTBI vs. sleep loss should be quite different—dif-
ferences that should, accordingly, be measurable using statis-
tics designed to assess the shapes of such distributions. One 
such statistic, the Shannon-Jensen Divergence Metric (SJDM), 
is currently being developed by Army researchers (Rajaraman 
et al., manuscript in preparation). It is anticipated that future 
work will include validation of the SJDM, and development of 
similar “behavioral biomarkers.”
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