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BACKGROUND

Over the past 20 years , the contribution of fatigue to air incidents and accidents has

increasingly been recognized in both the civil and military aviation communities. As the

following section will illustrate, numerous studies have documented the general problems

associated with impaired alertness in flight, and several investigations have identified the

primary underlying causes of overly tired pilots. Although little work has focused

specifically on the direct impact of fatigue on basic piloting skill in modem Air Force

aircraft, it is clear that the fatigue-related degradations that theoretically form the

underpinnings of pilot performance are increasingly being acknowledged for their negative

impact on operational readiness. Along with this recognition, there has been an increased

focus on designing tools or techniques capable of reliably measuring, monitoring, and

predicting fatigue levels in the aviation and other militarily-important environments. The

ultimate aim of much of this work is to identify personnel who are at risk for fatigue-related

failures early on so that they either can be removed from harm s way or provided with

scientifically-valid fatigue countermeasures before their impaired alertness poses a hazard to

mission safety or effectiveness. A clear understanding of the full spectrum of fatigue effects

in conjunction with timely alertness predictions and remedies for degraded abilities is key to

ensuring optimal pilot performance across the broad spectrum of military aviation

requirements.

The Reasons for Concern over Pilot Fatigue

Pilot fatigue is an insidious threat, especially in operations involving sleep loss from

circadian disruptions and extended duty periods, as well as those in which personnel must

work during the nighttime or predawn hours when the body s natural rhythms are known to

impair arousal (Akerstedt, 1995). Needless to say, these factors are all common in aviation



sustained operations where "24/7" schedules are often essential for effective mission

completion. Technological advances such as night vision devices have enhanced 

night-fighting capabilities of both ground and air troops , making around-the-clock operations

a highly feasible component of the modem military strategy. Combining efficient day and

night fighting capabilities across successive 24-hour periods places a significant strain on

enemy resources and presents a clear tactical advantage for U.S. forces. In fact, the Air

Force Chief of Staff recently noted that persistent and sustained operations "24 hours a day,

seven days a week..." are essential to attaining U.S. victory in today ' s battlespace 

2001). In addition

, "

owning the night" offers the advantage of utilizing the cover of darkness

to capitalize on the element of surprise as well as to maintain the secrecy of tactical and other

mission-related strategies or activities.

Unfortunately, however, there are difficulties inherent in maintaining effective around-

the-clock operations. Aircraft and 

periods without adverse effects , but human operators need periodic sleep for the restoration

of both the body and the brain (Home, 1978). Depriving humans of proper restorative sleep

rapidly produces high levels of fatigue that can lead to dangerously impaired performance

(Krueger, 1989). A viator fatigue is associated with degradations in response accuracy and

speed, the unconscious acceptance of lower standards of performance, impairments in the

capacity to integrate information, and narrowing of attention that can lead to forgetting or

ignoring important aspects of flight tasks (Perry, 1974). 

physical activity, withdraw from social interactions , and lose the ability to effectively divide

mental resources among different tasks. As sleepiness levels increase, performance 

less consistent and overall vigilance deteriorates (Dinges, 1990). 

sleep-deprived personnel lose approximately 25 percent of their higher-level mental



capabilities with each 24-hour period of sleep loss (Belenky et aI. , 1994). Furthermore

scientific studies have established that as little as 17-24 hours of sustained wakefulness can

produce psychomotor deficits equivalent to those observed with blood alcohol concentrations

(BAC's) of 0. 05% to 0. 10% (Dawson and Reid, 1997).

Pilots flying at night or during the predawn hours are especially vulnerable to fatigue-

related cognitive lapses, or even worse, "micro-sleeps brief periods during which sleep

uncontrollably and often unconsciously intrudes into wakefulness. Moore-Ede (1993) found

that aviators engaged in simulator flights during the predawn hours experienced a tenfold

increase in the number of inadvertent sleep lapses , and during this same time (in which the

micro-sleeps were most prominent), pilots made the greatest number of performance errors.

Klein, Bruner, and Holtman (1970) reported that pilots' abilities to fly a simulator at night

decreased to a level comparable to that observed with a BAC of 0.05%. Wright and

McGown (2001) found that while sleepiness (both during the daytime and the night) was

increasingly problematic as a function of increased flight duration, occurrences of outright

sleep episodes were most frequent on night flights with late-night departures compared to

flights that departed earlier in the day. These findings corroborated those of Rosekind et 

(1994) who had previously concluded that pilots were particularly plagued by inadvertent

(and often unrecognized) periods of dozing off as well as concurrent decrements in vigilance

performance and subjective alertness ratings during night flights in comparison to flights

during the daytime hours.

In light of these findings, it is easy to understand why pilot fatigue has been identified as

a substantial threat to flight safety. In commercial civilian aviation, overly-tired pilots are

thought to be responsible for 4-7 percent of air incidents or accidents every year in the U.

(Kirsh, 1996). NASA' s Aviation Safety Reporting System (ASRS) routinely receives reports



from pilots blaming fatigue, sleep loss, and sleepiness in the cockpit for operational errors

such as altitude and course deviations, fuel miscalculations, landings without proper

clearances, and landings on incorrect runways (Rosekind et aI., 1994). In the military realm,

pilot fatigue is no less problematic. A recent report identified fatigue as a contributing factor

in 4 percent of Army aviation mishaps from 1990- 1999 (personal communication, U.S. Army

Safety Center help desk; helpdesk(Q)safetycenter.army.mil). In the Air Force, aircrew fatigue

has been at least partially blamed for 7.8 percent of the reportable Class A mishaps that have

occurred over the past 30 years (personal communication, Lt Col Thomas Luna, U.S. Air

Force Safety Center). In addition, 25% of the Air Force s night tactical fighter Class A

accidents were attributed to fatigue between 1974 and 1992, and 12.2% of the Navy s total

Class A mishaps were thought to be the result of aircrew fatigue from 1977 to 1990 (Ramsey

and McGlohn, 1997).

Summary of the Role of Fati~ue

Taken together, these statistics make it clear that the fatigue from mission-related sleep

deprivation and circadian factors must be completely understood and appreciated for the

dangers that it may pose in operational contexts. general characteristics of

aviator fatigue be elucidated, as has been done within the context of the previously-cited

investigations, but the specific effects of fatigue on basic pilot flight-performance skills and

other aspects of pilot functional status must be further explored by assessing the actual flight

performance of current and qualified military aviators flying specially-instrumented weapon

system trainers and specially-instrumented aircraft. Such data are crucial to the 

and implementation of scientifically valid fatigue countermeasures that can be explicitly

tailored to the demands of modem military fixed-wing operations. , it is essential

to explore effective strategies for reliably measuring the degree to which pilot fatigue is



present on a moment-to-moment basis so that the proper timing of fatigue countenneasures

can be optimized across a wide range of militarily-relevant circumstances.

Interest in Predicting Fatigue-Related Impainnents

There has been a long-standing interest in developing the capability to make accurate

predictions regarding the cognitive and perfonnance status of human operators in the

workplace. The U.S. Anny Medical Research and Materiel Command has for several years

focused a large-scale effort towards accomplishing this goal in its Warfighter Physiological

Status Monitoring (WPSM) Program, and the National Academies ' Institute of Medicine is

currently conducting a comprehensive review of whether or not it is possible to monitor the

perfonnance status of military personnel in operational contexts. The reason behind such

efforts is that, obviously, if it were possible to reliably monitor and evaluate the real-time

cognitive and physical status of personnel, it would be possible to continuously maximize the

overall perfonnance of entire units by identifying "weak links" and resolving identified

problems in a timely fashion. Overly-tired troops could be removed from the battle before

they made potentially disastrous mistakes. Sleepy pilots could be warned about impending

alertness decrements in time to administer effective fatigue countenneasures. 

commanders could optimize their overall mission performance with the aid of computerized

scheduling assistants that included physiological status data. 

could monitor and plan around their physiological limitations the same way that automobile

and truck drivers now plan their next rest and recuperation stops based on the oil-pressure

readings and fuel gauges of their vehicles. From the standpoint of mental readiness, 

type of on-line alertness monitor would prevent personnel from unexpectedly "running out of

gas" at the times when optimal perfonnance is needed most.



In the search for a feasible way to accomplish such status monitoring or status

predictions in pilots, several factors must be considered. First and foremost, a decision must

be made about whether the goal is to make a preflight prediction of upcoming perfonnance

or whether the objective is to make continuous in-flight assessments about what may happen

in the next few seconds.

Preflight Predictions of Upcoming Status-A Role for Eye Movement Measures

If the goal is to predict a pilot's suitability for an upcoming flight, eye-movement

measures may offer important infonnation. 

to fatigue, boredom, and lapses in attention has previously been established by several

investigators. Long duration eye closures during eyeblinks have been found to provide one

indication of reduced alertness (Stem, 1980), and recent studies have demonstrated that an

integrated measure of the degree of eye closure over a specific interval of time offers

infonnation about the level of operator sleepiness (Wierwille, 1999). In fact, Dinges et al.

(1998) found a high degree of coherence between slow eye closures and performance lapses

on a test of sustained attention. Stem (1999) has shown that several other oculomotor

measures also may be useful for detecting lapses in attention. Among these are the saccadic

eye movements that quickly transition the eyes from one point of focus to another. The

latency between stimulus presentation and the saccade as well as the duration of the saccade

have been suggested as indicators of fatigue. Although saccades are initiated under voluntary

control, once they are underway, their speed is not within the individual's control. Fatigued

conditions can cause a longer latency period, reduce the velocity of the saccade, or result in

saccades that either undershoot or overshoot the target. 

saccadic velocity is particularly sensitive to an increase in sleepiness in response to

prolonged periods of partial sleep deprivation.



Pupil diameter is another eye measure that has shown promise for assessing general

levels of fatigue. According to Stem (1999), a decrease in pupil diameter and/or 

fluctuation in pupil diameter can coincide with feelings of tiredness. Similarly, Russo et al.

(1999) found that both decreases in saccadic velocity and increases in pupil constriction

latency correlated with an increase in the rate of crashes under simulated driving conditions

during periods of sleep deprivation. Russo et al. (2003) later summarized information which

suggested that the speed and magnitude with which the pupil contracts after exposure to a

light flash may offer insight into the level of parasympathetic/sympathetic-nervous-system

dominance in fatigued volunteers. Thus , there is reason to believe that a variety of eye-

movement measures may offer reliable predictions about the upcoming performance

capabilities of pilots. Of course, such measures cannot be evaluated in 

already heavy demands on the visual system would make standardized in-flight testing

impossible. However, pre-flight testing appears to be a viable option. For this reason

devices such as the Fitness Impairment Tester (PM!, Inc., 1999) have been developed 

measure saccadic velocity, pupil diameter, pupil-contraction latency, and pupil-constriction

amplitude in an effort to reliably assess changes in operator status attributable to fatigue,

stress, and drugs.

Continuous, Real-Time Status Assessments-A Role for EEG Measures

If continuous, real-time assessment is the goal, the chosen measure of pilot status must

be based upon data that are attainable during the completion of the operational flight tasks.

In addition, the collection/analysis methodology must be realistically feasible considering the

current state of equipment technology, and the selected measure must be objective, valid, and

demonstrably related to important changes in operational readiness. For these 

appears that the electroencephalogram (EEG) is most promising for pilot status monitoring



(Caldwell et aI. , 1994b; 1997; 2001). The EEG can be collected without interfering with the

primary task, and it is the most direct indication of the CNS functioning that is the foundation

of ~igher-order mental activity. Numerous studies have established the sensitivity of EEG

activity to work-related stressors such as sleep deprivation (Comperatore et aI. , 1993 ;

Caldwell et aI., 1996, Caldwell et aI., 2003 ; Lorenzo et aI., 1995 ; Pigeau et aI. , 1987; and

others). In general, these investigations have shown that slow-wave EEG activity (i. , delta

and/or theta) is significantly elevated by even moderate (18-20 hours) sleep loss, and such

changes would be expected to correlate with performance decrements since it. is well known

that this level of sleep deprivation is associated with a variety of mental impairments.

Another important point about the EEG is that it has already been successfully collected from

aviators in the in-flight environment. LaFontaine and Medvedeff (1966), Maulsby (1966),

and Howitt et aI. (1978) have offered evidence of the utility of using the EEG as a general

status measure during flights, and Sterman et aI. (1987) indicated that increased flying

demands were associated with elevations in frontal EEG theta power, reductions in frontal

EEG alpha power, and increased EEG asymmetries between left and right central regions.

Caldwell et aI. (1994a; 1997; 2001) have shown that it is feasible to collect and telemeter

spontaneous EEG even from the high-vibration environment found in helicopter flights. In

addition, Caldwell et aI. (2001) demonstrated that standard fatigue-related changes in EEG

data associated with sleep loss (elevations in theta power and decreases in alpha power)

could be recorded, under resting conditions (with a safety pilot on the controls), from pilots

flying in a UH-60 helicopter. Unfortunately, no studies are currently available that have

substantiated a reliable predictive relationship between in-flight EEG changes and actual

fluctuations in pilot performance. However, it is reasonable to postulate that such a

relationship does in fact exist since research has repeatedly established that the fatigue from



insufficient sleep affects EEG activity and non-concurrently-measured flight perfonnance

(Caldwell et aI. , 2001; LeDuc, Caldwell , and Ruyak, 2000; Caldwell et aI. , 2000a; Caldwell

et aI. , 2000b).

Summary of Fatigue Assessment Strategies

The available data clearly establish a potential role both for pre-flight fatigue

assessments based on oculomotor measures as well in-flight continuous assessments based

on electroencephalographic measures of CNS activity. 

status-assessment strategies are reliable indicators of actual pilot perfonnance, general pilot

alertness, and basic aviator cognition, they can be fielded to objectively optimize operational

work/rest schedules as well as to guide the timely implementation of validated fatigue

countenneasures in aviation sustained operations.

RATIONALE FOR THE PRESENT STUDY

A host of evidence suggests that aircrew fatigue poses significant risks in high-

perfonnance military flight operations. However, at the present time, there are no published

studies that precisely detail the impact of pilot fatigue on the objectively measured flight

perfonnance of pilots flying any of the U.S. Air Force s modem fighter or bomber aircraft

such as the F- 15, the F-117, the B- 1, or the B-2. Furthennore, there are no studies 

objectively examined the impact of fatigue on flight perfonnance in the weapon system

trainers for these aircraft. The present study will partially fill this void by evaluating the

impact of sustained wakefulness and night flying on the flight perfonnance, cognition, and

alertness of F- 117 A pilots. This effort 

impact of untreated fatigue so that, in the near future, the operational utility of both non-

pharmacological and pharmacological fatigue remedies can be determined.



In addition, the current study will explore potential methods for predicting impending

decrements in pilot performance in a way that will optimize the accurate and timely

implementation of fatigue countermeasures. At present, there are apparently no published

studies that have assessed fatigue-related changes in the central nervous system (CNS)

activation of Air Force pilots concurrently perfonning flight maneuvers in a weapons training

simulator of any of the actual aircraft that make up the current equipment inventory. 

addition, there are no studies that have empirically established whether a specific set of

oculomotor measures of CNS status (those contained in the Fitness Impairment 

mentioned earlier) may be useful for predicting the onset of fatigue-related flight-

perfonnance decrements, although it has been assumed by some that this test will be useful in

Air Force flight operations.

OBJECTIVES

The principal objective of this research is to establish the effects of long duty periods,

sleep deprivation, and night missions on the flight performance, mood, cognition, and

physiological activation of a subset of U.S. Air Force pilots. Accomplishment of this

objective will provide insight into the exact nature and timing of the fatigue-related

decrements that will likely occur in sustained fighter operations. Specifically, this

investigation will establish the impact of 37 hours of sustained wakefulness on:

objectively-measured pilot peiformance in F- 117 A pilots flying 

maneuvers in a specially-instrumented flight simulator

central nervous system (CNS) arousal based on electroencephalographic (BEG)

assessments of the amounts of delta, theta, and alpha activity,

parasympathetic/sympathetic activation based upon measures of pupil diameter,

constrictiQn amplitude, constriction latency, and saccadic velocity,



self-reported measures of psychological mood states, alertness , sleepiness, energy,

and other aspects of subjective status,

and general cognitive status in terms of the ability to perform simple mathematical

evaluations as well as aviation-related divided-attention tasks.

In addition, this research will determine the degree to which changes in objectively-

measured simulator flight performance coincide with changes in EEG and oculomotor

parameters. Accomplishment of this later objective 

these specific assessments of aviator physiological status hold promise for guiding the

implementation of operational fatigue countermeasures.

METHODS

Subjects

Ten qualified pilots (mean age of 35.7 years, ranging from 27-43 years old) who were

members of the 49th , NM, served as participants

after signing an informed consent agreement which detailed the procedures of the study. All

participants were in possession of a current "up slip" (Air Force Form 1042, medical

permission to engage in military flying duties) at the time of their admission, and all were

current and qualified in the F- 117 A 

total flight hours (ranging from 929 to 4900 hours) and 426 F- 117 flight hours (ranging from

42 to 1035 hours). Five of the volunteers were dual-rated in a T-38 aircraft. All of the

participants were male because there currently are no female F-117 A pilots. 

had been working the day shift (those normally remaining awake from approximately 0600

or 0700 to 2100 or 2300) for at least 5 days prior to the study were allowed to enroll. None

were taking any type of medication known to impact mental alertness (sedating

antihistamines, sleep medications, prescription stimulants, etc.). No 



experience were imposed because this factor has not been shown to impact the resistance to

sleep deprivation, nor has it been shown to affect the relationship between performance

capacity and electrophysiological variables in studies conducted over the past 16 years by the

principal investigator of the present research. 

this number of participants was determined to yield sufficient statistical power based on

power analyses conducted on data from an earlier study which was performed on helicopter

pilots at the U.S. Army Aeromedical Research Laboratory, Fort Rucker, AL.

Apparatus

The entire research protocol was conducted inside of the F- 117 Weapon System Training

(WST) facility at Holloman Air Force Base, NM. performance data were collected

with the simulator and ancillary equipment. The remaining measures were collected with

various laboratory testing devices which were set up in a co-located sound-attenuated testing

room (within the simulator facility).

Multi-Attribute Test Batterv (MA TB)

The MATB (Comstock and Arnegard, 1992) is a computerized aviation simulation test

that required participants to perform an unstable tracking task while concurrently monitoring

warning lights and dials, responding to computer-generated auditory requests to adjust radio

frequencies, and managing simulated fuel flow rates (using various key presses). This test

was controlled by a Micron Pentium-based computer equipped with a standard keyboard, a

joystick, and a mouse. Data on tracking errors , response times, time-outs, false alarms, and

accuracy rates were calculated via the use of the MA 

Mathematical Processing

The Mathematical Processing subtest from the Automated Neuropsychological

Assessment Metrics (ANAM) battery (Reeves et aI., 1993) is a basic cognitive test that



required participants to solve arithmetic problems that were presented in the middle of the

computer screen. The task involved deducing an answer to an equation 5 + 3 - 4 =

and then deciding if the answer was greater-than or less-than the number five. Based on the

calculation, the participant then pressed one of two specified response buttons (on the

mouse). This based desktop computer equipped

with a keyboard and a mouse (which was used to make the required responses to each item).

Data on performance accuracy, response speed, and throughput were calculated by computer

via ST A TVIEWTM 

FIT Workplace Safety Screening Evaluation

The Fitness Impairment Tester (PMI, Inc. , 1999) is a computerized fitness-for-duty test

that required participants to peer into a device in which visual stimuli (both moving and

stationary) were presented. The device detects changes in pupil size (as small 05 mm)

and movements of the eye (as small as one degree) in response to controlled flashes of light

and moving light targets. Measures of saccadic velocity, pupil diameter, pupil-contraction

latency, and pupil-constriction amplitude were calculated by the FIT device and then

downloaded to a Pentium-based computer for processing in a relational database.



EEG/Electro-oculographic (EOG)/Electrocardiographic (EKG) Recordings

Physiological data were collected with a Grass- 

system (West Warwick, RI) running 1WinTM collection and 

data, Grass gold-cup electrodes filled with Mevidon electrolyte gel were used (21 EEG

channels were referenced to Al and A2 during recording). For the EOG data, Grass F-E9M-

60-5 11-mm Silver/Silver Chloride electrodes filled with Grass EC2 electrolyte paste were

used. For the EKG data, Kendall MediTrace 

used. Data were digitized at a 

at 1. 70 Hz for the EEG, 0.3-35 Hz for the EOG, and 1.0-35 Hz for the EKG. During all

data collection (whether in the simulator or in the co-located testing room), the quality of the

recordings were monitored continuously in real time in an effort to make corrections of any

problems which were encountered (i. , excessive body/eye movements or muscle artifact).

Nevertheless , in the case of the data recorded in the simulator, all activity above the alpha

band (more than 13 Hz) ultimately was disregarded from analysis due to the presence of

muscle tension that could not be eliminated while the pilots were actively concentrating on

the flight tasks.

Profile of Mood States

Subjective evaluations of mood were made with the Profile of Mood States (POMS)

(McNair, Lorr, and Droppleman, 1981). The POMS is a 65-item questionnaire which, when

scored according to the specified templates, measures affect or mood on 6 scales: 1) 

anxiety, 2) depression-dejection, 3) anger-hostility, 4) vigor-activity, 5) fatigue-inertia, and

6) confusion-bewilderment. Factor scores on each scale are 



Visual Analog Scales

In addition to the POMS, subjective sleepiness and alertness (and other parameters) were

measured via the Visual Analog Scale (V AS) (an adaptation of the one developed by Penetar

et aI., 1993). This questionnaire consists of severallOO-millimeter lines, each of which is

labeled at one end with the words "not at all" and at the other end with the word "extremely.

Centered under each line are the test adjectives which are as follows: "alert/able to

concentrate

" "

anxious,

" "

energetic,

" "

feel confident,

" "

initable

" '

)ittery/nervous,

" "

sleepy,

and "talkative." The 

felt along the specified continuum at the time at which the test is taken. The score for each

item consisted of the number of millimeters from the left side of the line to the location at

which the participant placed his mark.

Flight Simulator

The F- 117A Weapon System Trainer (L-3 CommunicationslLink Simulation and Training,

Binghamton, NY) was used to conduct all of the flight-performance assessments. The Weapon

System Trainer (WST) is a stationary digital device that simulates the characteristics and

operations of the F- 117 A stealth fighter aircraft S. Air Force equipment

inventory. The WST provides a fully-functioning replica of the interior cockpit of the actual

aircraft, including all primary and secondary flight controls, aural cues (engine sounds), and

cockpit lighting (L-3 Communications, 1993). The components of the WST include the

simulator itself as well as an instructor/operator station (IOS), a computer complex that includes

an Alpha Server 8200 and Input/Ouput (JlO) cabinets, and the equipment necessary for the

generation of out-of-the-window and IR visual scenes. The actual F- 117 A aircraft 

by this WST) is a twin-turbofan powered, low-radar, ground-attack fighter with a single-seat

cockpit. The F- 117 A 117 A aircraft 



the WST is directly transferable in terms of instrument flights, takeoffs and landings, instrument

navigation, system operations, and air-to-ground attack procedures. In the present study, only

the instrument-flight simulation capability was utilized.

All WST flights were set up for night illumination conditions with zero visibility and no

visible lighting on the horizon. This was done to ensure that all pilots remained focused on the

flight instruments (simulated Instrument-Flight-Rules conditions) throughout the entire test

period. In addition, the WST 

order to prevent non-pilot-related flight-path deviations. The auto-throttle and auto-pilot modes

were disengaged to force all participants to "hand fly" the simulator.

Objective flight performance data were collected using the Coherent Automated Simulation

Test Environment (CoASTE) 

capability to evaluate simulator performance, display/manipulate various data from simulator

data pools, and/or trace and correct problems. s trace utility was used to capture

various parameters of flight performance data (see Table 1) at a rate 

flight One 

of the data collected from the beginning to the end of the given simulation session. Each record

in the fIle contained the time at which each data sample was collected, the actual data points

themselves, and an identification field which consisted of the subject number, the testing day,

and the testing session. The completed data files were downloaded to a ReadlWrite Compact

Disk (CD) at the conclusion of data collection before being transferred to a standard desktop

Pentium-based computer where each file was segmented into the individual maneuvers that

comprised the overall flight profile. Afterwards, root mean square (RMS) errors for maneuver-

relevant parameters were calculated for statistical analysis.



The measures (data points) recorded for flight-performance data analysis are shown in the

table below. The individual flight maneuvers (and the measures scored for each) are later

described in the Procedures section of this report.

Table 1. Measured Simulator Flight 

Parameter Range

1. Indicated altitude 30,000 feet

2. Indicated airspeed 30-600 KIAS

3. Indicated vertical 0 +/- 5 000 fpm

4. Magnetic heading 360 degrees

5. Pitch angle 0 +/- 90 degrees

6. Roll angle 0 +/- 90 degrees

7. Slip 0 +/- 2 balls

8. Localizer/course deviation 0 +/- 2 dots

9. Glideslopelcourse deviation 0 +/- 2 dots

W AM 

Wrist monitors (Ambulatory Monitoring, Inc. , Ardsley, NY) were used to track

sleep/activity rhythms ii1 a relatively unobtrusive fashion. 

are battery-powered devices about the size of a wrist watch) were used only to motivate

subjects to follow admonishments not to sleep from 0600 on the morning of their test day

until the time at which they reported to the Laboratory for testing (i. , at 1800). Activity

data were downloaded once the participant arrived at the simulator facility for electrode

application (prior to the sleep-deprivation period), and computer-generated actigraphs were

visually inspected to ensure compliance with the "no sleep" rule. The data from the W 

were not further analyzed.



Procedure

Each participant completed three training/familiarity sessions on the first day of his

participation. Then, starting on the following 

throughout the next day, each participant completed five testing sessions that covered the

final 23 hours of a 37-hour period of continuous wakefulness (the participants had already

been awake for 14 hours before the first deprivation test began).

Prior to being admitted to the study, each participant's medical records were screened for

current illnesses or disqualifying medications by the medical monitor or his designee at the

Holloman AFB medical clinic. 

approximately 1230 to sign the informed consent agreement and to be briefed on all of the

upcoming study procedures. One of the Associate Investigators met one-on-one with each

participant to address any questions or concerns that the participants may have had. Once the

informed consent agreement was signed, the member of the research staff who served as the

console operator during all of the initial training flights informed the participant about the

flight maneuvers that would be flown and the manner in which each flight would be

conducted (i.e., it was explained that a staff member would explicitly sequence the volunteer

through each of 15 flight maneuvers at the appropriate point in each of the flight profiles).

Training Schedule

Training flights were conducted at approximately 1400, 1700, and 2000. Although the

exact timing of these flights was not considered critical, since their only purpose was to

ensure asymptotic (or near-asymptotic) levels of proficiency on the maneuvers to be used

during the actual deprivation test flights, the timing of the training flights generally was

within 30 minutes of the target flight times. During each 



flight-performance data were collected, but the majority of these data were disregarded (since

the training curves were not of particular interest in this study).

Interspersed among the training flights, there were six iterations of the MA TB, nine

iterations of the mathematical processing test, three iterations of the POMSN AS, and two

FIT evaluations that were conducted for familiarization/traininglbaseline purposes. Once all

of these tests were completed (by approximately 2100 on the training day), each volunteer

received a W AM with instructions on how to place it on his wrist. 

wake up at 0600 the next morning and to avoid any napping after 0700, prior to returning for

deprivation testing at 1800 the next day. Furthermore, he was cautioned not to ingest any

type of caffeinated product between 1000 and his 1800-hour report time. Afterwards, he was

released for the evening.

Testing Schedule

On the testing day, participants arrived at the simulator facility at 1800 for electrode

application. Twenty-five scalp placements were marked according to the International 10-

system for electrode placement, each placement site was thoroughly cleaned with acetone

and EEG electrodes were attached to the scalp with collodion. After attachment, each EEG

electrode was filled with electrolyte gel (through a small hole in the top of the electrode), and

then impedances were checked to ensure they were below 5000 Ohms. In addition, 2 self-

adhesive ECG electrodes were attached to the participant's sternum and rib cage (one each),

and EOG electrodes were attached above and below the left eye with adhesive collars (BOG

electrodes were filled with electrolyte paste prior to attachment to the skin since these are

closed electrodes which cannot be filled after placement).

Once all of the electrodes were attached, the participant proceeded to his first EEG test

which was conducted at 2100. , the participant was seated in the



designated testing area (which was quiet and isolated) where he was connected to the EEG

recording equipment and instructed to sit quietly for 2 minutes with eyes open followed by 2

minutes with eyes closed. Following EEG testing, the participant completed one POMS and

one V AS. , the participant

completed the FIT, mathematical processing test, and another resting EEG, POMS, and VAS.

Once the non-flight testing for the session was complete, the participant was escorted

into the simulator at which time he completed an eyes-openleyes-closed EEG while seated in

the simulator (4 minutes total) prior to beginning the flight profile. Afterwards, 

participant completed the maneuvers listed in Table 2. The same 

participant exactly when to begin each maneuver during each of the deprivation flights;

however, the participants were tasked with ending the maneuvers at the correct altitudes and

headings. If participants correctly maintained ideal , all maneuvers

were flown at an airspeed of 300 knots, all climbs and descents were flown at a

climb/descent rate of 1000 feet per minute, and all turns were flown at a 30-degree angle of

bank. Flight performance and 

continuously.

Approximately 2 hours after the conclusion of the flight, the participant began the next

non-flight test session (which contained another series ofEEG, POMS, VAS , MATB , FIT,

EEG, POMS, and V AS evaluations) at 0200. 

flight. Mter this flight test sessions (at 0700, 1200 and

1700) and three more simulator flights (at 0900, 1400 and 1900). Following the 1900 flight,

the participant' s electrodes were removed, and he was debriefed and then released.



Table 2. Flight maneuvers

Number Detailed maneuver descriptions

Right 3600 turn at an altitude of 11 000 feet mean sea level (MSL)

10.

11.

12.

13.

14.

15.

Straight and level on a heading of 345 degrees at 11,000 feet MSL

Left 3600 turn at an altitude of 11 000 feet MSL

Straight climb from 11,000 to 13,000 feet MSL

Straight and level on a heading of 345 degrees at 13 000 feet MSL

Descending right 3600 turn to an altitude of 10,000 feet MSL

Straight and level on a heading of 345 degrees

Left-climbing 5400 turn to an altitude of 15,000 feet

Straight and level on a heading of 165 degrees at 15,000 feet MSL

Right 3600 turn at an altitude of 15,000 feet MSL

Straight and level on a heading of 165 degrees at 15,000 feet MSL

Left 7200 turn at an altitude of 15,000 feet MSL

Straight descent from 15,000 to 13,000 feet MSL

Intercept localizer (not scored)

Instrument Landing System (ILS) approach to Runway 16

In summary, there were five non-flight sessions and five flights during the last hours of

the 37-hour period of continuous wakefulness. The non-flight sessions were conducted at 5-

hour intervals beginning at 2100, 0200, 0700, 1200 and 1700. The simulator flights were

conducted at 5-hour intervals following the other test sessions at 2300, 0400, 0900, 1400 and

1900. The entire routine is detailed below in table 3.



Table 3. Testing routine across the 

Time of Day 1 Day2 Day 3 

Day Training Testing Testinl!:
0200 EEG/POMSN AS/MATB

ANAM/FIT/EEG/POMSN AS
0400 FLIGHT

Wakeup
0700 EEG/POMSN AS/MATB

ANAMlFIT/EEG/POMSN AS
0900 FLIGHT

1200 Informed Consent EEG/POMSN AS/MATB
ANAM/FIT/EEG/POMSN AS

1400 FLIGHT FLIGHT
MATB/ANAM (twice)

POMSN AS/FIT
1700 FLIGHT EEG/POMSN AS/MATB

MATB/ANAM (twice) ANAM/FIT/EEG/POMSN AS
POMSN AS Electrode FLIGHT

FLIGHT
1900 MATB/ANAM (twice) Application

POMSN AS
2100 Don Wrist EEG/POMSN AS/MA TB

Monitor ANAM/FIT/EEG/POMSN AS Release2300 FLIGHT
Release

DATA ANALYSIS

As noted earlier, there were two iterations ofEEG, POMS , and V AS testing 

non-flight test session. In this report, only the tests that were performed closest to the

simulator flights were analyzed.

Missing data were handled via BMDP 

missing observations (there was never more than 5 percent of data loss due to equipment

failures or any other problems). Afterwards , the data (non-flight and flight) were initially

analyzed with BMDP4V , Repeated Measures Analysis of Variance (ANOV Feldt

adjusted degrees of freedom were used to compensate for any observed violations of the

compound symmetry assumption that is critical for accuracy in repeated-measures ANOV 

(note that this correction results in fractional degrees-of-freedom values). Follow-up (post-

'!'

hoc) tests most frequently consisted of regression evaluations for the presence of linear



quadratic, and cubic trends (also calculated with BMDP4V). Trend analysis was used in

place of pairwise contrasts in an effort to minimize alpha inflation (for five test times, only

three trend analyses were necessary as opposed to the 24 posthoc tests that would have been

necessary for all possible pairwise comparisons). For most of the data, one-way ANOV As

were used since there were five iterations of testing and no other design factors. However

the EEG data and the flight-perfonnance data required analysis with a two-way ANOV 

because there were two design factors of interest in these data sets. 

data were collected at five testing times both under eyes-open and under eyes-closed

conditions. For the simulator EEGs' (collected while the participant was 

maneuvers), the data from two different straight-and- Ievels were analyzed (straight-and-

levels 3 and 5) at each of the deprivation testing times. With the flight-perfonnance data

there were five testing iterations and eight maneuver types (combined right 3600 turns

combined straight-and-Ievels , left 3600 turn, straight climb, straight descent, left-climbing

turn, left 7200 turn, and right descending turn). l These 

together in a maneuver-by-time ANOV A after they were analyzed separately in a series of

one-way ANOV As. , the perfonnance

scores were simply averaged prior to analysis after detennining that there were no

differences between the two iterations of this maneuver. To combine the five straight-and-

levels, the same approach was used, again after it was detennined that there were no

differences between the five iterations of this maneuver.

The flight perfonnance data collected from the 2300, 0400, 0900, 1400, and 1900 

were initially converted into RMS errors prior to their conversion into percentage-of-change-

I The ILS approach will not be analyzed at this point due to technical issues which have not

yet been resolved.



from-baseline (i.e. , change from the 1900-hour training-day flight, as described below). The

RMS errors were based upon different parameters from the various maneuvers because, for

instance, it would make little sense to evaluate heading deviations during turns since the

heading in a turn necessarily must change in order to accomplish the maneuver. 

parameters that were evaluated for each of the maneuvers are depicted in table 4. 

errors were calculated by subtracting the observed moment-to-moment parameter values

(sampled at a rate of 2 Hz) from the target value for that particular parameter.2 This

deviation score was squared, then summed across the entire maneuver. The 

divided by the total number of samples collected during the maneuver, and then, the square

root of this result was obtained (the formula for calculating RMS errors is the same as the

one used to calculate standard deviations except that deviations from the target value rather

than deviations from the mean are of interest).

All data (flight and non-flight, with the exception of the EEG data which were not

collected prior to the deprivation period) were converted into scores that represented the

percentage change from baseline" prior to analysis. This was accomplished in a 

steps. First, for each iteration of each test, the score that was derived from the last iteration

of this same test on the previous training day (baseline) was subtracted from the score that

was derived during each of the deprivation-testing iterations (for the flight data, the score

was subtracted from the baseline since the flight data consisted of RMS errors, and we

wished to show changes in accuracy rather than increases in errors). Next, the results of

these calculations were divided by the baseline score. Finally, the outcomes were each

2 To minimize the chances of RMS errors becoming inflated due to improper maneuver set up rather than to

increased control variability, all participants were required to be within 2 degrees of the target heading, 5
degrees of the target airspeed, and 20 feet of the target altitude before each maneuver was started.



multiplied by 100. Thus, the fonnula used for all of the non-flight tests (except the EEGs)

was as follows:

Percent Change ((Score Baseline)/Baseline) x 100.00.

Whereas the percent-change-from-baseline score for the RMS errors stemming from the

simulator flight data was:

Percent Change ((Baseline Score)/Baseline) x 100.00.

For example, the POMS fatigue score earned by a participant during his 2230 POMS at the

outset of the deprivation period was subtracted from the POMS fatigue score he earned

earlier on the previous training day at 2100. The result was then divided by the training-day

score (collected at 2100 the previous day) and multiplied by 100. The same series of

calculations was perfonned for the POMS fatigue scores earned at each subsequent

deprivation session (0330, 0830, 1330, and 1830). In this way, it was possible to calculate

the percentage increase (or decrease) in self-rated fatigue throughout the deprivation period.

This same basic procedure was used on all of the other data as well (except for the EEG).

The strategy of calculating and analyzing percent-change scores not only provided an

intuitively-appealing method for examining the effects of fatigue on all of the individual

laboratory tests conducted in this research, it also offered an avenue for calculating

composite flight scores for each of the flight maneuvers. This is because nonnally it would

not be possible to combine measures of different flight parameters such as headings,

altitudes , and airspeeds due to the fact that each of these are based on different scales (i.

headings are expressed in degrees, altitudes are expressed in feet, and airspeeds are expressed

in knots). However, by converting each of the measured flight parameters to a percentage of

change from baseline (using the last training flight as the baseline) all of the individual

parameter scores (headings, altitudes, airspeeds, etc.)--now expressed as percentages--could



be averaged together to represent overall maneuver performance during each of the

deprivation flights. Had this not been the case, it would have been necessary to individually

analyze each relevant parameter from each of the flight maneuvers, and this would have

created a problem with alpha-rate inflation due to the large number of statistical comparisons

required. In fact, with 3 relevant measures per maneuver type, and with the relevant

measures changing as a function of the particular requirements of each maneuver, a

minimum of 24 separate ANDV 

which permitted analysis of each maneuver separately plus a single additional ANDV 

which enabled the evaluation of the composite percent-change scores from all maneuvers

combined.

The method for analyzing the flight data was as follows: once all RMS errors had been

calculated and all flights for a particular subject were complete, change-from-baseline scores

were calculated for each of three relevant parameters (i.e., heading, altitude, airspeed, etc.

for each maneuver. Finally, the 3 

together to yield one composite change-from-baseline score for each maneuver within each

of the deprivation flights. For the combined maneuver analysis, these data were analyzed in

a two-way ANDV A as explained earlier. , each maneuver was analyzed

separately to examine the consistency of effects across all eight maneuver types.



Table 4. Parameters evaluated in each of the flight maneuvers.

Maneuver Altitude Airs eed Vertical Veloci Headin Roll

Right 3600 Turn No.

Straight-and-Level No.

Left 3600 Turn

Climb

Straight-and-Level No.

Right Descending Turn

Straight-and-Level No.

Left Climbing Turn

Straight-and-Level No.

Right 3600 Turn No.

Straight-and-Level No.

Left 7200 Turn

Descent

EEG data were classified into the 4 standard activity bands of delta (1.5- 0 Hz), theta

(3. 0 Hz), alpha (8. 13.0 Hz), and beta (13. 20 Hz) by calculating the power spectrum

(using a Hamming window) on a minimum of three 2.5-second epochs within each EEG

segment of interest. This procedure was used for both the resting EEG collected in the co-

located testing room (prior to each flight) and the resting EEG collected in the simulator prior

to the initiation of the flight maneuvers. The 

collected during each subjects ' performance of each of the flight maneuvers. Each band was

analyzed in a two-way, repeated measures analysis of variance (ANOV 



factors are as follows: 1) for the laboratory data (collected in the co- located testing room), the

factors were time (2200, 0300, 0800, 1300, 1800) and eyes (eyes open, eyes closed); 2) for

the in-flight data, the factors were time (2300, 0400 0900, 1400, and 1900) and section

(resting eyes-open in the simulator, EEG collected during SL-3, and EEG collected during

SL-5). Note that in 

flight has been examined. The remaining EEG data will be the subject of a future report.

The EKG and EOG data collected during the flight testing in this investigation have been

stored on disk and transferred to Dr. Glenn Wilson at Wright Patterson Air Force Base where

they first will be pre-processed (converted into blinks per minute, beats per minute, and

heart-rate variability) and then subjected to two-way ANOV As for time and maneuver. 

report on the outcome of this analysis is forthcoming.

The percent-change scores from each of the items on the VAS (i.e., sleepiness , alertness,

energy, etc.) and each of the factor scores on the POMS (i. , fatigue, confusion, vigor, etc.

were analyzed with a series of one-way ANOV As 

self-report/mood data that were collected closest to the flights were examined in this report.

Each set of scores from both the V AS and the POMS were analyzed separately.

The percent -change scores on the reaction times , time outs, hits, misses, and tracking

errors from the four subtests of the MA TB (communications , system monitoring, resource

management, and tracking) also were analyzed separately with a series of one-way ANOV As

for time (2130, 0230, 0730, 1230, and 1730).

The percent-change scores from the FIT Workplace Safety Screener (pupil diameter,

constriction latency, constriction amplitude, and saccadic velocity) were each subjected to a

one-way ANOV A for time (2210, 0310, 0810, 1310, and 1810).



Following the analyses for fatigue effects, bivariate correlations were calculated on a

subset of the variables that seemed likely to be sensitive to sleep deprivation. This was done

to determine whether EEG, oculomotor, MATB, or self-report data could be used to predict

changes in flight performance. Using BMDP2R, the composite flight 

session were correlated with corresponding saccadic velocity, resting eyes-open EEG theta

activity (collected under laboratory conditions) at Cz, MATB tracking errors, POMS fatigue,

ANAM throughput, V flight EEG data recorded from Cz during the

resting, SL-3, and SL-5 sections of the flights (within each individual participant). Percent-

change measures were used (with the exception of the EEG). Afterwards, overall

correlations were calculated by averaging the correlations obtained for each set of measures

across all 10 participants.

RESULTS

Fatigue Effects

The cognitive data, physiological measures, subjective self-report data, and objective

flight performance data were evaluated with independent repeated-measures ANOV 

significant effects were then examined for the presence of linear, quadratic, and cubic trends.

Multi-Attribute Task Battery

The MATB consists of four concurrently-administered subtests that were evaluated

during each test session. The subtests were: communications, systems monitoring, fuel

monitoring, and unstable tracking. As described below, a variety of performance indicators

were collected on each of the subtests, and prior to analysis, these data were transformed into

percent-change-from-baseline scores, using the data from the 2030 test on the training day as

the baseline. Following the percent-change transformation, each MATB measure was



analyzed in a separate one-way ANOV A 

the various sleep-deprivation testing times (2130, 0230, 0730, 1230, and 1730).

Communications . In the communications task, participants responded to simulated radio

calls by dialing in a designated "radio frequency." The reaction 

deviation of reaction times (SDRT), accuracy, and time-out (TO) errors were analyzed. 

these measures, none were found to be sensitive to the effects of sleep loss in F- 117 pilots.

Systems monitoring:. In the monitoring task, participants monitored various warning

lights and dials, and their RT for each response, the SDRT, and the TO errors (missed

signals) were assessed during each iteration of the task. , one was

found to be sensitive to the effects of 37 hours of continuous wakefulness. There was a

significant main effect on the time factor for the overall RT (F(4 36)=4.

, p=

0043). This

was due to a linear slowing in the RT to lights and dials (pc::.05). See figure 1.
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Figure 1. The effects of continuous wakefulness on 

(expressed as percentage of change from baseline).

Fuel monitoring. In addition to monitoring lights and dials, participants were 

maintain the fuel levels in simulated fuel tanks at 2500 pounds. The one-way ANOV A on



the absolute deviation from this target value indicated that there were no differences in the

ability to accomplish this sub 

Unstable tracking . The tracking task required participants to maintain an unstable 

at a point in the middle of the tracking window while performing the other subtasks

mentioned above. One-way ANOV A on tracking RMS errors indicated that 

ability to accomplish this objective was affected by 37 hours of continuous wakefulness

(F(2.47,22.24)=7.65, p= 0018). As the graphic depiction in figure 2 shows , performance was

linearly degraded overall (p-:::.05), and this was augmented by a particularly-noticeable

increase in tracking errors from 2130 to 0730 (after which there was a leveling off until the

end of the deprivation period).
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Figure 2. The effects of continuous 
(expressed as percentage of change from baseline).

Mathematical Processing (ANAM)

The mathematical processing task from the ANAM battery was analyzed in terms of RT

for correct responses , SDRT for correct responses , overall accuracy, and number of correct

responses per minute (throughput). 

percent-change-from-baseline scores, using the data from the 2055 test on the training day as



the baseline. Following the , each measure was analyzed in a

separate one-way ANOV 

sleep-deprivation testing times (2205 , 0305 , 0805 , 1305 , and 1805).

Reaction time for correct responses . The one-way ANOV A on the RT data 

overall differences among the testing times (F(4 36)=5.16

, p=

0022). Trend analysis

indicated there was a significant quadratic change (P-c 05) that occurred because of a sharp

slowing ofRT from 

3).
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Figure 3. The effects of 
reaction time (expressed as percentage of change from baseline).

Standard deviation ofRT for correct responses . The analysis of the 

indicated there was not a significant main effect as a function of test time (sleep deprivation).

Apparently, this measure was not sensitive to the level of sleep loss to which the volunteers

in this study were exposed.

Accuracy . The accuracy data also were unaffected by sleep deprivation as indicated by

the absence of statistically-significant differences among the testing sessions.



Throughput. The number of correct responses per minute (a combined speed/accuracy

measure) indicated marked changes throughout the deprivation period (F(4 36)=4.

0027). Subsequent trend 

the last test session (p..c 05) and a cubic pattern of reductions from 2205 to 0805 followed by

a throughput recovery from 0805 to 1305 after which there 

1805 (p..c 05). These 
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Figure 4. The effects of 
throughput (expressed as percentage of change from baseline).

Oculomotor (FIT) data

There were four oculomotor measures collected during each of the five equally-spaced

test sessions. The measures were pupil diameter, pupil constriction amplitude, pupil

constriction latency, and saccadic velocity. Prior to ,analysis , these data were transformed

into percent-change-from-baseline scores using data from the 1320 test on the training day as

the baseline (there were no other FIT tests after this time on the training day). Following the

data transformations , each oculomotor measure was analyzed in a separate one-way ANOV 

to determine whether there were differences across the various sleep-deprivation testing

times (2210 , 0310, 0810 , 1310 , and 1810).



Pupil diameter Measurements of the participants ' initial pupil diameters were

unchanged across the various testing times from 2210 to 1810.

Pupil constriction amplitude. The degree to which the participants' pupils constricted in

response to brief flashes of light also were unaffected by the level of sleep deprivation

experienced in this study.

Pupil constriction latency . The amount of time from the onset of light flashes until pupil

constriction tended to differ across the deprivation testing times, although statistical

significance was not obtained (p= 0564). However, in light of the strength of this tendency,

subsequent trend analyses were performed and the data were graphed. 

revealed a quadratic change (p-:::.05) which was attributable to the fact that constriction

latencies grew slower from 2210 to 0310, remained slow from 0310 to approximately 1310,

and then returned (at 1810) to approximately the same speed as was observed during the first

test at 2210 (see figure 5).
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Figure 5. The effects of continuous wakefulness on pupil constriction latency
(expressed as percentage of change from baseline).

Saccadic velocity. The speed of saccades were substantially affected by sleep

deprivation as indicated by a significant time main effect (F(2. 17, 19.50)=5. 18, p= 0140.



Trend analysis revealed that there was a quadratic change in the data (p-:::.05). Saccadic

velocity decreased substantially from 2210 to 0310, remained relatively slow from 0310 to

1310, and then increased at 1810 (see figure 6).
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Figure 6. The effects of 
percentage of change from baseline).

Resting EEG

Resting EEG data were collected under eyes-open and eyes-closed conditions (2 minutes

of each) at each of the deprivation sessions. From each of the 2-minute segments, a

minimum of three 2.5-second epochs was selected, and these were used to calculate the

absolute power of delta, theta, and alpha activity. For the present report, only the data from

the midline electrodes (Cz, Pz, and Oz)-are presented. Unlike the performance, oculomotor

and mood data, it was not possible to transform the EEG results into percent-change-from-

baseline scores because no EEG data were collected prior to the deprivation period. 

the activity bands were analyzed separately in independent two-way ANOV 

(2225, 0325 0825, 1325, and 1825) and eyes (open and closed).

Delta activity. The analysis of absolute power within the 1.5- 5 Hz range indicated a

time-by-eyes interaction at Cz (F(2.43,21.89)=3.31, p= 0473) and at pz (F(2.20, 19.78)=3.32



0533). Analysis of simple 

times under the eyes-closed condition (but not the eyes-open condition) at both electrodes

(p=

0182 for Cz, and p= 0040 for pz). Trend analyses indicated that the 

to an overall linear increase in the amount of delta activity throughout the deprivation period

(p-:::.

05) as well as a cubic trend (p-:::.05). As shown in figure 7 , slow-wave activity under the

eyes-closed condition at Cz and pz 

also was a particularly sharp accentuation from 0320 to 1320 after which there was a slight

reduction from 1320 to 1820. In addition, the most noticeable difference between the two

eye-closure conditions was at 1320 (p-:::.05). These findings generally agree with the

significant time main effects found at Cz (F(3. 13,28. 19)=3.56, p= 0251), pz

(F(3.70,33.34)=5.88, p= OOI4), and Oz (F(2.42 21.77)=5.

, p=

0069), all of which were

associated with a linear increase in delta activity (p-:::.05) often punctuated by a cubic trend

(p::;.

06) similar to the one described above. In addition, there were significant eyes main

effects at all three recording sites which were due to more delta under eyes closed than under

eyes open: Cz (F(1,9)=9. 15, p= OI44); pz (F(I 9)=9.00, p= 0150); and Oz (F(1 9)=7.

0261).
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Figure 7. The effects of sleep deprivation and eye closure
on delta activity at Cz (left) and pz (right).



Theta activity . The analysis of absolute power within the 3. 0 Hz range revealed a

time-by-eyes interaction at Cz (F(2. 26.38)=3.

, p=

0478), but not at the other two

recording sites. Analysis of simple 

eyes closed and at eyes open, but as shown in figure 8 , the changes were most pronounced

under eyes closed (where there was significantly more theta at 1320). Trend analyses

identified linear and cubic deprivation effects (po:::.05) under both eye-closure conditions.

These were the result of 1) an overall deprivation-related increase in theta activity from the

first to the last test session, and 2) an especially noticeable accentuation of theta at 1320, after

which there was a decrease. This general pattern of results was consistent with the

identification of a significant time main effect for Cz (F(2.45,22.02)=3.89, p= 0289) and Oz

(F(3.32 29. 89)=5.46, p= 0032), both of which were associated with significant linear and

cubic trends (po:::.05) similar to the ones described above. In addition, there were eyes main

effects at Cz (F(I 9)=5.

, p=

0499) and Oz (F(1,9)=6.38, p= 0325) because of the presence

of more theta under eyes closed than under eyes open.
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Figure 8. The effects of sleep deprivation and eye 
on theta activity at Cz (left) and pz (right).

Alpha activity . The analysis of alpha power (8. 13.0 Hz activity) indicated there were

no statistically-significant effects associated with the testing times. , eye-closure



exerted surprisingly little impact on the amount of alpha activity other than the marginally-

significant (p= 0603) increase seen under the eyes-closed condition at Cz. Although there

was a similarly-marginal time-by-eyes interaction at Cz (p= 0670), this effect also was not

particularly robust. The means of the eyes-open condition at 

approximately 3.3 to 3.9 microvolts squared, while the means of the eyes-closed condition

ranged from 5.3 to 6.4 microvolts squared; however, the variability was apparently too large

for this difference to be considered "beyond chance." The polysomnographer 

the EEG data for all of the volunteers indicated there were several participants who simply

did not produce noticeable amounts of alpha activity under any circumstance.

Profile of Mood States

The data collected on the POMS yielded six factor scores for each iteration of this test.

The factor scores reflected self-ratings of anger/hostility, tension/anxiety,

depression/dejection, vigor/activity, fatigue/inertia, and confusion/bewilderment. Prior to

analysis , these data were transformed into percent-change-from-baseline scores (the 2110 test

on the training day was used as the baseline for the POMS). Mterwards, each set of factor

scores was analyzed separately in six independent one-way ANOV 

there were differences across the various deprivation testing times (2230, 0330, 0830, 1330

and 1830).

Tension/anxiety. The one-way ANOV A of tension/anxiety scores indicated there were

no significant differences in the percentage of change from baseline on this scale.

Depression/dejection. The one-way ANOV A of 

significant overall time effect (F(2.59,23.35)=3.97, p= 0243), and subsequent trend analyses

showed that this was due to the presence of a significant linear trend (po:::.05) as well as a

marginally-significant quadratic trend (p= 0593). As can be seen in 



scores increased in an overall way from the first to the last test session, and this was

augmented by a particularly pronounced increase at the 0830 and 1330 testing times.

Anger/hostility . The analysis of percent-change scores on the anger/hostility 

indicated there were no differences on this scale as a function of sleep deprivation (testing

time).
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Figure 9. The effects of continuous wakefulness on 
depression/dejection scores (expressed as percentage of change from baseline).

Vigor/activity. The one-way ANOV A of 

time main effect as a result of continuous wakefulness (F(3. 27.54)=13. , po:::.OOOl).

Trend analyses indicated this was due to an overall linear decrement in vigor levels (po:::.05)

as well as a quadratic change (po:::.05) in self-ratings on this scale. As shown in figure 10

there was an especially large reduction in the vigor/activity scale (relative to baseline) at the

0830 test time, and this mood decrement remained at 1330 and 1830.
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Figure 10. The effects of continuous wakefulness on 
vigor/activity scores (expressed as percentage of change from baseline).

Fatigue/inertia. The analysis of the fatigue/inertia scale also revealed significant sleep-

deprivation effects across the various testing times (F(1.44,12.92)=11.77

, p=

0024). As was

the case with the depression and vigor scales, subsequent analyses indicated the existence of

both linear (po:::.05) and quadratic trends (po:::.05) in the data. Figure 

overall increase in percent-change-from-baseline fatigue scores from the beginning to the end

of the deprivation period as well as a particularly large accentuation at 0830 and 1330.
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Figure 11. The effects of continuous 
fatigue/inertia scores (expressed as percentage of change from baseline).



Confusion/bewilderment. The one-way ANOV A of scores from the

confusion/bewilderment scale revealed a statistically-significant difference among the scores

during the test sessions across the deprivation period (F(3. 16,28.43)=19.31

, p=

0002).

Again, there were significant linear (po:::.05) and quadratic trends (po:::.05). As can be seen in

figure 12, there was an overall increase in confusion ratings as well as an especially marked

elevation (relative to baseline) at 0830. In addition, self-rated confusion remained high

throughout the remainder of the deprivation period (i.e. , at 1330 and 1830).
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Figure 12. The effects of continuous wakefulness on 
confusion/bewilderment scores (expressed as percentage of change from baseline).

Visual Analog Scales

There were a total of eight different V AS 

test (V AS testing 

reflected self-ratings of alertness, anxiety, energy, confusion, irritability, jitteriness

sleepiness, and talkativeness. Prior to analysis, these data were transformed into percent-

change-from-baseline scores, using the 2110 test on the previous training day as the baseline.

Afterwards , each V AS measure was analyzed 



whether there were differences across the various sleep-deprivation testing times (2230,

0330, 0830, 1330, and 1830) on each scale.

Alertness . There was a significant difference in self-rated alertness as a function of sleep

deprivation (F(3. 32.48)=13.30, po:::.OOOl) which was due to an 

scores from 2230 to 1830 (the linear trend was significant at po:::.05) as well as an especially

sharp decrease in alertness from 2230 to 0830 (the quadratic trend was significant at po:::.05).

Figure 13 shows that, following the substantial reduction in V 

was a slight recovery at 1330 and 1830; however, the ratings remained far below the ones

observed at the outset of the deprivation period.

:ii 0

E -

-40

-60
2230 330 830

Time

1330 1830

Figure 13. The effects of continuous 
alertness scores (expressed as percentage of change from baseline).

Energy. The energy ratings revealed differences very similar to those found with

alertness. First, there was a time main effect as a function of sleep deprivation

(F(3.40 30.62)=14. , po:::.OOOl). Second, there was an overall reduction in energy ratings

from 2230 to 1830 (significant linear trend at po:::.05). Third, there was a quadratic effect

(po:::.05) due to the sharp drop in ratings at 0830 followed by a slight recovery at 1330 before

energy ratings once again deteriorated at 1830 (see figure 14).
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Figure 14. The effects of continuous 
energy scores (expressed as percentage of change from baseline).

Anxiety. The V AS anxiety ratings were found to be unaffected by sleep deprivation in

this study.

Irritability . VAS ratings of irritability were likewise unaffected by sleep loss. As was

the case with VAS anxiety, there was no significant main effect on the time factor.

Jitteriness. Self-ratings on the 

testing sessions. Thus , the F- 117 pilots tested here did not feel a change in their level of

nervous stimulation" as a function of sleep deprivation.

Sleepiness . V AS ratings on the sleepiness dimension surprisingly were not sensitive to

the sleep loss to which the pilots were exposed despite the fact that alertness ratings were

affected by the lengthy period of continuous wakefulness. The probability level on the time

main effect for the sleepiness percent-change scores was only p=0.093.

Confidence . Self-ratings on confidence revealed a significant time effect

(F(2. 26.53)=15. , po:::.OOOl). Trend analysis indicated this was due to a decline in VAS

confidence ratings from 2230 to 1830 (po:::.05). Figure 15 graphically depicts 
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Figure 15. The effects of continuous wakefulness on V 
confidence scores (expressed as percentage of change from baseline).

Talkativeness. Self-ratings 

sleep deprivation to which the participants were exposed in this investigation. The

significance level for the overall analysis of these data was only p= 075.

In-flight (simulator) EEG

In addition to the resting EEG that was conducted under standard laboratory conditions,

EEG data were collected during the simulator flights while the participants were flying the

maneuvers discussed earlier. As was the case with the resting EEGs, data from the in-flight

EEGs were not transformed into percentage-of-change-from-baseline values because there

were no EEG data collected on the pre-deprivation training day. For the present report, data

from the in-flight resting eyes-open EEG (immediately prior to the start of the flight profile),

the data collected during the third straight-and-level, and the data collected during the fifth

straight-and-Ievel were examined. For the sake of clarity and brevity, these three EEGs will

be referred to as Resting EEG, SL-3 EEG, and SL-5 EEG. Data collected during the

remainder of the maneuvers will be the subject of an upcoming report.

Data analysis consisted of a series of 2-way ANOV test time (2300,

0400, 0900, 1400, and 1900) and EEG section (Rest, SL-3 EEG, and SL-5 EEG). Data from



, Pz, and Oz were included. A separate ANOV 

bands of interest (delta, theta, and alpha) as was the case for the EEGs collected under

standard laboratory conditions.

In-flight delta activity . Analysis of slow-wave EEG activity in the 1.5-: 5 Hz range

revealed a time-by-section interaction at Oz (F(2. 24.48)=3.

, p=

0537) which simple

effects indicated was attributable to differences among the sections at 0900 (po:::.05) with a

similar marginal effect at 0400 (po:::.07). As shown in figure 

in delta activity from the resting EEG to the SL-3 EEG at 0900 than at the other times. Also,

while not significant, the data during SL-3 seem to show an elevation in slow-wave EEG at

0400 and 0900.
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Figure 16. The effects of simulator-flight section (resting vs. SL-3 vs. SL-5) and time
on delta activity at Oz.

In addition to the interaction, there were main effects on the section factor at pz

(F(2, 18)=6.92, p= 0059) and Oz (F(2 18)=5.40

, p=

0146); and a main effect on the time

factor at Cz (F(4,36)=5.88, p= OO1O). The section main 

substantial increase in the amount of delta activity (po:::.05) during SL-3 EEG as opposed to

the resting EEG, and to more delta at SL-3 EEG compared to SL-5 EEG (the comparison



between SL-5 and SL-3 was only marginally-significant at Oz). There effects are depicted in

figure 17. The time main effect, 

linear increase in delta as a function of sleep deprivation (po:::.05).
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Figure 17. The effects of simulator-flight section (resting vs. SL-3 vs. SL-5) on delta activity
at pz and Oz (left), and the effects of time on delta activity at Cz (right).

In-flight theta activity . The analysis of theta activity (3. 0 Hz) revealed only a single

marginally-significant time main effect at Cz (p= 0755). The tendencies observed across the

deprivation period are depicted in figure 18. There were no significant interactions or other

effects.
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Figure 18. The non-significant time effect on theta activity at 



In-flight allJha activity. The ANOV A on absolute EEG alpha power (8. 13.0 Hz)

indicated a marginally-significant time-by-section interaction, but in this case at pz

(p=

0698). The non-significant effect is shown , there was a significant

section main effect at this same recording site (F(1.34 12.07)=5.34

, p=

0314). The section

main effect was due to a substantial reduction in the amount of alpha activity from the resting

period to the time during which participants flew the third and fifth straight-and-Ievels

(po:::.05), as shown in figure 19.
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Figure 19. The non-significant time-by-section interaction on EEG alpha during the flights
(left), and the significant differences among the recording sections (right).

Flight Performance

Prior to analysis, the data collected from each of the simulator flights were transformed

into percentage-of-change-from-baseline accuracy scores by scoring each deprivation flight

relative to the last flight on the previous training day (as described earlier). These percent-

change data were first analyzed separately for each maneuver and then combined into a

single overall analysis that included all of the maneuvers together. The separate analyses for

the majority of the flight maneuvers consisted of one-way ANOV 

testing times (2300, 0400, 0900, 1400, and 1900). However, the two right 3600 turns and the

five straight-and-Ievels were analyzed with two-way ANOV As because there was more than



one iteration of each of these in the flight profile. Thus , for the right turns and the straight

and levels, there were two design 

As detailed below, there were significant fatigue-related differences on all but one of the

flight maneuvers when each was analyzed separately. The combined analysis confIrmed an

overall reduction in flight-performance skill as a function of sleep deprivation.

Straight climb . Analysis of the straight climb from 11 000 to 13,000 feet revealed that

there was only a marginally-significant change in performance from the 2300-hour flight to

the 1900-hour flight on the following day (p= 0666). As can be seen in figure 

tendency towards degraded performance at 0900 and 1400; however, the variability in the

data prevented detection of an overall statistically-significant change in performance.

Nevertheless, the data are presented for inspection since the combined analysis in which all

maneuvers were considered together revealed an overall consistent change across each one.
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Figure 20. The marginally-significant effects of flight-testing times on the accuracy
with which the straight climb was performed (expressed as percent change from baseline).

Straight descent. Percent-change scores from the maneuver in which participants

descended from 15,000 to 13,000 feet on a consistent heading of 3450 indicated a

statistically-significant difference among the 5 flights conducted during the sleep-deprivation



period (F(3. 33.03)=3.

, p=

0304). Follow-up tests revealed that there 

decline in performance from the first to the last flight (the linear trend was significant at

05), and that there was steep drop in performance accuracy from 2300 to 1400 which was

followed by a slight recovery at 1900 (the quadratic trend was significant at po:::.05). Figure

21 graphically depicts the changes that were observed.
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Figure 21. The effects of flight-testing times on the accuracy with which
the straight descent was performed (expressed as percent change from baseline).

Left 7200 turn. The data from the 7200 left turn at 15,000 feet revealed a significant

difference among the 5 flights (F(3.66,32.97)=7.38, p= 0003). Subsequent trend 

indicated this was due to the presence of both a linear (po:::.05) and a quadratic effect (po:::.05).

As is evident from the data depicted in figure 22, there was an overall reduction in

performance accuracy from the first to the last deprivation flight (the linear effect) that was

punctuated by particularly degraded performance at 0900 and 1400 (the quadratic effect).

Left climbing turn. Analysis of the data from the maneuver in which participants were

required to climb from 10,000 to 15 000 feet while simultaneously executing a 5400 turn

indicated a significant change in performance accuracy across the 5 deprivation flights

(F(2. 26. 17)=7.

, p=

OOll). Once again, trend analyses revealed an overall degradation



in the performance of this maneuver from the fIrst deprivation flight at 2300 hours to the last

deprivation flight at 1900 hours the next day (the linear trend was significant at p= 05). The

overall decline in performance was complicated by the fact that flight skills were especially

impaired at the 0900 and 1400 flights (the quadratic trend was significant at po:::.05). Figure

23 graphically depicts the changes that were observed.
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Figure 22. The effects of flight-testing times on the accuracy with which
the 7200 left turn was performed (expressed as percent change from baseline).
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Figure 23. The effects of flight- testing times on the accuracy with which
the left climbing turn was performed (expressed as percent change from baseline).

Left 3600 turn. Analysis of the 3600 left turn that was performed at an altitude of 11,000

feet revealed a significant change in accuracy across the 5 deprivation flights



(F(3.08,27.75)=7.21, p= 0009). Subsequent trend 

overall linear reduction in performance (po:::.05) as well as a quadratic effect attributable to

especially poor performance at 0900 and 1400 (po:::.05). As shown in figure 24, the decline in

flight-control accuracy was fairly consistent from the 2300-hour flight through the 14oo-hour

flight, but there was a slight "end spurt" improvem~nt at 1900 (although performance did not

recover to the level that was observed at the outset of the deprivation period).
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Figure 24. The effects of flight-testing times on the accuracy with which
the 3600 left turn was performed (expressed as percent change from baseline).

Right descending turn. Analysis of the maneuver in which participants were required 

descend from 13,000 to 10,000 feet while simultaneously executing a 

indicated a significant change in performance accuracy across the various deprivation flights

(F(4 36)=5.46, p= 0015). Trend analysis indicated this was due to an overall 

performance accuracy from the first to the last deprivation flight (the linear trend was

significant at po:::.05) as well as a particularly-noticeable degradation at 0900 (the quadratic

trend was significant at po:::.05). After 0900, 

the deprivation period. Figure 25 graphically illustrates these effects.
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Figure 25. The effects of flight-testing times on the accuracy with which
the right descending turn was performed (expressed as percent change from baseline).

Right 3600 turn. The combined 

at an altitude of 11,000 feet) and the second 3600 right turn (that was flown at an altitude of

15,000 feet) revealed that there were no differences between the two turns and no differences

in the turns ' susceptibility to fatigue effects (neither the maneuver main effect nor the

maneuver-by-time interaction was significant). However, there was a significant change in

overall accuracy (with both of the turns collapsed) across the five deprivation flights

(F( 4,36)=4.23, p= 0066). Subsequent trend 

in performance (po:::.05) as well as a marginal quadratic effect (p= 06). As shown in figure

26, these occurred because there was an overall decline in flight-control accuracy (relative to

baseline) from the first deprivation flight at 2300 to the last flight at 1900 the 

an especially steep decline at 0900.

Straight and levels . The two-way ANOV A on all five straight-and-Ievels combined

revealed that there were no overall differences among the various straight and levels (Le., no

maneuver main effect), and there was no maneuver-by-time interaction which would have

indicated differential sensitivity to the effects of fatigue. There was, however, a significant



time main effect (F(2.83,25.50)=5.29, p= 0063) which was subsequently found to be a result

of a linear decline in overall performance (po:::.05) in conjunction with significant quadratic

(p=

05) and cubic (p= 05) trends. As shown in figure 27 , there was a steady decline in flight-

performance accuracy from the 2300 through the 1400 flight with a slight "end spurt" during

the final flight of the deprivation period.

c::l! 
f! 

-80

100

-120
2300 900400 1400 1900

Time

Figure 26. The effects of flight-testing times on the accuracy with which
the right 3600 turn was performed (expressed as percent change from baseline).
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Figure 27. The effects of flight-testing times on the accuracy with which
the right 3600 turn was performed (expressed as percent change from baseline).

Composite flight performance. The two-way ANOV A that 

testing time and flight maneuver on basic piloting skill across all of the flight maneuvers



considered together confirmed what was observed in the individual maneuver analyses.

Specifically, there was a time main effect (F(2. 21.93)=10.

, p=

0003) which subsequent

analyses revealed to be a function of significant linear (po:::.05), quadratic (po:::.05), and cubic

(p=

05) trends. As can be seen in figure 

remained consistently poor from 0900 to 1400, and then recovered slightly (although not 

pre-deprivation levels) at 1900. In addition to these effects, the two-way 

there was an overall difference among the individual maneuvers (F(4.79,43. 10)=3.83,

0064). This effect is not particularly surprising some maneuvers may have been

more difficult to perform than others; however, such a finding is not of interest since the

time-by-maneuver interaction was not significant, suggesting that none of the maneuvers

were more sensitive to the effects of fatigue than the others.

c::l! 
f! 

-80

100

120
2300 400 900

Time

1400 1900

Figure 28. The effects of flighHesting times on the accuracy with which
all flight maneuvers (analyzed together) were performed.

Predictive Relationships between Flight Performance and Select Measures

The correlations between the composite flight scores from each session and select non-

flight measures from the same session were calculated on a individual-by-individual basis

and then the 10 correlations obtained for each pair of measures were averaged (across all 10



participants). As stated earlier in the , the non-flight variables consisted

of saccadic velocity, resting (laboratory) eyes-closed EEG theta activity at Cz, resting

(laboratory) eyes-open EEG theta activity at Cz, MATH tracking errors , POMS fatigue,

ANAM-mathematical-processing throughput, V AS flight EEG data

recorded from Cz during the resting-eyes-open, SL- , and SL-5 sections of the flights.

Except for the EEG data, percent-change measures were used in each case.

The results of the participant-by-participant correlations are shown below in table 5, and

the results of the averaged correlations are shown in table 6. 

correlations of at least +0.59 or -0.59 were considered indicative of a noteworthy

correspondence between two variables.

Note that the participant-by-participant correlations indicated substantial differences in

the strength of the relationships among the various variables as a function of the measure

under consideration and as a function of individual differences. This accounts for the fact

that only 43 percent of the coefficients attained a magnitude large enough to be considered

important. Nonetheless, when examining the relationships measure-by-measure, it became

clear that some measures possessed a greater potential for predicting flight performance than

others. Of the physiological measures , the amount of theta activity during the last straight-

and-level was most closely related to flight performance as indicated by relatively high

correlations ih six of the ten participants. Furthermore, each of the correlations were in the

intuitively correct" direction (i. , increased theta activity was associated with decreased

performance accuracy). 'Of the two self-report measures , the scores on the POMS fatigue

scale were most closely related to performance. Correlations 59 or greater were found

within eight of the ten participants, and once again, all of the relationships were in the

expected direction (i.e., increased fatigue was correlated with reduced accuracy). 



cognitive measures (MA TB tracking and ANAM mathematical processing), MA 

was the better indicator of subsequent flight performance, at least for most of the participants.

However, despite the fact that strong relationships were observed within eight out of ten

volunteers , in one of these cases, the relationship was unexpectedly positive (suggesting that

increased MATB errors were predictive of improved flight performance) rather than negative

(suggesting that increased tracking errors were indicative of impaired flight performance).

The remaining variables-- saccadic-velocity scores , resting EEG data (during both the

laboratory and in-flight conditions), the EEG data collected during the performance of

straight-and-Ievel 3, and self ratings of alertness on the V AS--were not consistently

associated with changes in flight skills across the sample (although in a few participants,

these measures were very good at suggesting upcoming performance impairments).

Table 5. Correlations between Composite Flight 
Performance/Physiological Data

Seccadic Resting MATB POMS ANAM VAS Preflight Flight Flight Cz
Velocitv Tracking Fatigue Math Alertness Cz Theta Cz Theta Theta

Theta Errors Throu Restin SL3 SL5

Subject

0.43

0.39

0.50
0.45 0.48

0.40
0.36 0.43 0.46

0.49

The average overall correlations (across all 10 participants) generally agreed with what

was noted above. As shown in table 6, many of the promising measures failed to

demonstrate a consistent relationship to overall flight performance, but of the cognitive

measures, MATB tracking was most highly related to overall flight-performance accuracy,



and the direction of the relationship was intuitively correct (increased MA 

associated with degraded flight skills). ANAM throughput tended to be correlated with flight

performance, but to a lesser extent than the MA TB data. 

the oculomotor measure and some of the EEG data showed a moderate degree of overall

predictive utility in that flight-performance reductions tended to be associated with longer

saccadic velocities as well as increased EEG theta activity (at least in the resting EEG and the

one collected during the fifth straight-and-Ievel), but the relationships were not as strong as

had been expected.

Table 6. Average correlations between flight accuracy and potential predictive measures
collapsed across all 10 participants.

Saccadic Resting MATB POMS ANAM VAS Preflight Flight Flight
Velocity Tracking Fatigue Math Alertness CZ Theta CZ Theta CZ Theta

Theta Errors Throu Restin SL3 SL5
Flight
Score 0.36 0.37 0.33 0.46

In summary, there was evidence that some of the physiological indices, the non-flight

performance measures, and a subset of the self-reported mood ratings could offer an

indication about the accuracy of future flight performance, but with the exception of MA TB

tracking and POMS fatigue, the associations were relatively weak. However, it should be

noted that these findings are based on bivariate correlations that were (by necessity)

calculated on only a small set of observations (5 pairs each), and that many statisticians

recommend the use of at least 100 pairs of scores for the determination of reliable correlation

coefficients. Thus additional 

drawn. In the future, it may be possible to collect additional observations under similar

circumstances, combine the data sets , and alleviate this concern.



DISCUSSION

This study objectively evaluated the impact of long hours of sustained wakefulness on

the self-reported alertness, cognition, physiological arousal, and flight performance of rated

military aviators. It is the only assessment of its type that has been conducted to specifically

assess the impact of fatigue on current active-duty F- 117 pilots. In addition, the investigation

was designed to assess whether measures of physiological arousal (oculomotor data and EEG

data) hold promise for predicting upcoming performance decrements. The results indicated a

variety of operationally-relevant effects that individual aviators and their commanders may

wish to consider prior to training for, scheduling, and actually conducting sustained

operations.

The Overall Impact of Fatigue

First of all, there were noteworthy cognitive decrements attributable to sleep loss

although not every cognitive measure was adversely affected. Two of the eight performance

measures from the MA 

processing task were severely degraded as a function of 37 hours of continuous wakefulness.

On the MA TB , both response times on the monitoring task (in which participants had to

vigilantly monitor warning lights and dials) and the accuracy of tracking a target were

progressively impaired across the deprivation period, with the onset of particularly noticeable

degradations at 0730 (after being awake for 25.5 hours). The decrements persisted 

last test session, 10 hours later. However, the accuracy and speed with which the pilots

responded to simulated radio calls, and their ability to monitor simulated fuel levels were

unaffected. On the mathematical processing task, overall response time was degraded in a

manner similar to what was observed on the MA TB, and overall throughput (number of



correct responses per minute) was likewise impaired; however, response accuracy was not

affected.

Generally speaking, these types of fmdings are consistent with the results from previous

sleep-deprivation studies (such as Caldwell, Hall, and Erickson, 2002; and Caldwell and

Ramspott, 1998). In addition, Wilkinson (1964) long ago reported that serial reaction time

and vigilance tests were significantly degraded by sleep loss. When possible, sleepy people

typically trade speed in order to preserve accuracy. However, when the task is machine

paced (such as MA TB tracking), this strategy becomes ineffective because slower

performance inevitably leads to increased errors by decreasing the overall number of rapid,

small control corrections. Since piloting is an externally-paced task, the types of reaction-

time and tracking degradations found in this investigation suggest likely reductions in

militarily-relevant performance in the operational aviation environment. Larger flight-path

excursions should be expected as well as a tendency to under-correct targeting deviations

when in manual tracking modes.

Second, there was clear evidence of decrements in central nervous system arousal as a

function of increased operator sleepiness. Resting EEG activity (collected 

simulator flights) revealed a systematic slowing of brain activity across the deprivation

period, with especially noticeable effects at the 1330 test session (after 31.5 hours 

while oculomotor changes in half of the measured parameters (pupil-constriction speed and

saccadic velocity) showed the greatest changes at approximately 0300 in the morning (after

21 hours awake). The "in-flight" EEG data (collected before "departure" while participants

were seated in the simulator and then while flying two of the maneuvers) was not as sensitive

to the presence of fatigue effects as the standard laboratory EEGs. In all probability, this 

due to the fact that the participants were either preparing for the flight (prior to departure) or



making every effort to actively perform the required flight maneuvers (during the flight), and

this tended to offset many of the short-term sleepiness effects that were more pronounced in

the somewhat more soporific laboratory environment. Nonetheless, there was a pronounced

increase in delta activity and a tendency for increased theta activity at Cz as a function of

sleep loss. As was the case with the standard laboratory EEGs, the most pronounced slow-

wave elevations occurred during the 1400 flight (after 32 hours awake), but there were also

marked increases five hours earlier at 0900.

Past research has established that sleepiness and fatigue elevate the amount of slow-

wave brain activity (Pigeau, et aI. , 1987), and increased theta (3. 0 Hz activity) has been

associated with generalized decrements on cognitive tasks (Belyavin and Wright, 1987) as

well as reduced speed of responding to incoming stimuli (Ogilvie and Simons, 1992).

Increased delta activity, especially in the parietal region (which is presumed to reflect

deactivation of brain areas associated with attention and visual peripheral awareness

(Mesulam, 1985)) logically would be expected to cause a variety of performance lapses.

Both EEG-based investigations and brain-imaging studies (i. , Thomas et aI. , 1998) have

shown that this area of the brain is one area that is particularly deactivated during sleep

deprivation, and in this study, parietal deactivation was suggested by increased slow-wave

EEG activity recorded from pz (the parietal midline electrode) as well as a similar effect at

Cz (the vertex electrode).

Oculomotor parameters likewise have been shown to be sensitive to fatigue. Both

constriction latency and saccadic velocity become slower as the level of sleep loss increases,

with saccadic velocity being especially sensitive to sleep deprivation (Russo et aI. , 2003).

Reduced saccadic velocity may reflect decreased motivation, reduced attention, and neuronal

changes that undermine mental processing speed (Balkin et aI. , 2000).



Of course, these types of changes theoretically could lead to a variety of problems in

operational contexts. Reduced brain activation (signaled by EEG, oculomotor, and other

physiological changes) likely will degrade such functions as response speed, attention

memory, higher-level judgment, and vigilance in every aspect of the military aviation

environment. These degradations should be 

Third, self-reported mood and alertness ratings revealed a number of adverse changes

associated with sleep loss. POMS vigor declined substantially from the beginning to the end

of the deprivation period, with the most noticeable reductions from 2200 to 0800 the next

morning (although decrements persisted until the end of testing). 

in V AS measures of alertness, energy, and confidence. 

depression, confusion, and fatigue all revealed an overall increase as a function of extended

wakefulness, with the most striking effects occurring (once again) by the 

continuous wakefulness (although depression and fatigue tended to increase further through

the 31st or 32nd hour). induced mood impairments can affect

task motivation, increase the amount of perceived effort required to accomplish mission

objectives, and interfere with interpersonal relationships and willingness to communicate

(resulting in degraded crew coordination).

Fourth and most important, the objective flight-performance data indicated substantial

decrements in the pilots ' basic abilities to precisely maintain target headings, altitudes

airspeeds, bank angles , and vertical-velocities as a function of increased sleep loss. The

consistently-observed pattern of effects reflected an overall decline in performance accuracy

from the beginning to the end of the deprivation period with the most noticeable degradations

occurring after 27 hours awake (although on some maneuvers, the flight that occurred after

32 hours of wakefulness was just as degraded as the one flown five hours earlier). 



times in particular, the pilots tested in this study tended to become frustrated at their own

inability to precisely maintain specific flight-path parameters , and several of them later

indicated that they tended to relax their own precise standards of performance just for the

sake of getting through the flight profile.

The timing and magnitude of the reductions in general flight skills are partially

consistent with those found in previous studies (Caldwell et aI., 1995; Caldwell et aI. , 1996;

Caldwell and Caldwell, 1997), although the period of time in which performance was most

impaired tended to be later by approximately three to five hours than what has been observed

earlier. This initially curious change in 

previous studies with Army helicopter pilots) is likely due to the fact that the pilots tested in

the present evaluation tended to be on a later work schedule than the pilots used in the Army

studies. Many members of the present 

that required an 0900 to 1000 report time, whereas the majority of the earlier Army

participants were working a daily schedule which required an 0600-0700 report time. This

scheduling difference was apparently responsible for the fact that the Army studies showed

the poorest flight performance between 0500 and 1000 (after sleep deprivation) while the

present study revealed the poorest flight performance between 0900 and 1500.

In any event, the present results confirm that performance in sustained operations is

substantially affected by two primary factors: the amount of time since the last sleep period

and the time of day according to the body s internal clock (Akerstedt and Folkard, 1997).

Especially at times when the sleep pressure from numerous hours of continuous wakefulness

combines with an increase in body-clock-driven (circadian) sleep pressure, alertness,

vigilance, and performance will suffer.



Interestingly, a comparison of the flight effects with the results of the other assessments

conducted in this study showed that: 1) the greatest performance and mood decrements

occurred at similar points in time, and 2) the timing of the greatest decrements did not

coincide with the presumed timing of the circadian trough (i. , at 0300 or 0400 in the

morning). Instead, the overall deterioration in functioning was later than most people

(including many of the pilots tested in this investigation) often assume that it would be, and

the decrement persisted for several hours longer than many would have predicted. This same

pattern of effects was observed earlier in our studies with helicopter pilots (although here, the

most impaired times were even later). 

out of the simulator building around the time of sunrise explicitly for the purpose of deriving

an alertness-enhancing benefit from sunlight exposure. 

reported that because of their bright-light exposure, they felt more awake. However, neither

the flight data nor the POMSN AS-based self-report questionnaires supported this

contention. Ultimately, flight performance remained substantially-degraded as did most

other aspects of performance examined here, well into the daylight hours. Although no one

crashed, the clear-cut loss of basic flight-control skill suggests that higher-level judgments,

decisions, and other aspects of mission readiness would have suffered in the operational

settings.

The potential operational significance of the observed findings may be greater than they

at fIrst appear when considered in light of the fact that our research procedures (which have

identified several problems) are in a variety of ways more alerting than many of the work

situations that exist in real-world fighter and bomber missions (except for actual combat and

a few others). A primary example is the fact that the flight profile used in this investigation

was relatively short in comparison to the flights that occur in the operational environment. In



fact, it took only one hour to complete each of the simulator-based assessments used here

and after each assessment, the participants had opportunities to stand up, walk around,

converse with others, snack, and watch TV or play video games. Furthermore, during each

of the flights the pilots were verbally cued about when to begin every one of the 15

maneuvers that were flown (a fact that in-and-itself provided several "wake-up" calls

throughout each flight assessment). All of these factors no doubt enhanced subsequent

alertness and performance, at least for a while. LeDuc 

temporarily decreased sleepiness in helicopter pilots, Neri et al. (2002) determined that even

short hourly activity breaks were extremely beneficial for maintaining the alertness levels of

long-haul commercial pilots , and Caldwell, Prazinko, and Caldwell (2003) documented the

arousal-enhancing properties of changes in body posture. However, needless to say, the real-

world, long-range, high-altitude sorties in which F- 117 pilots are strapped into ejection seats

alone in the cockpit, for up to 18 straight hours are devoid of opportunities for such

beneficial manipulations. This makes it a virtual certainty that any of the decrements

observed in this study will be further compounded in real-world operations.

In summary, the fatigue-related degradations in cognitive, mood, and objectively-

measured flight performance that occurred here as the result of 37 hours of continuous

wakefulness provide direct evidence that actual operational readiness will suffer unless

sleep/wake schedules and duty periods are properly managed, and/or pharmacological or

non-pharmacological fatigue countermeasures are effectively employed in actual sustained

operations. Despite opinions to the contrary, the degradations found here are common 

many individuals, and no amount of training, professionalism, or motivation is likely to

prevent their occurrence in the real world.



The Possibility of Predicting Degraded Performance

Having documented the negative impact of fatigue on pilot performance and alertness,

the next topic of interest centers around whether or not it might be possible to predict

operationally-relevant decrements based upon either objective physiological measures, the

results of cognitive tests , or self-reported estimates of fatigue or alertness. 

make such predictions, the outcome could be used to precisely guide the implementation of

countermeasures and/or to warn individual personnel about the increased likelihood of an

upcoming performance failure.

The fact that the time courses of the oculomotor effects and some of the EEG changes

were different from one another and different from the time course seen for the basic

cognitive decrements arid performance impairments is an interesting fmding that does not

bode well for the establishment of reliable one-to-one predictive relationships. In fact, the

participant-by-participant bivariate correlations between composite flight performance and

select EEG-theta results and oculomotor-saccadic-velocity data were relatively small (with

absolute values of the best correlations ranging from approximately 0.3 to 0.5). However, it

appears that a small, potentially-useful relationship may very well exist since reduced

saccadic velocity tended to be associated with reduced flight accuracy. This coincides with

the general observation (seen in the graphic depictions of the present data) that oculomotor

differences occurred before flight-skill deteriorations were seen, suggesting that at least a

subset of these physiological measures can offer insight into the potential for upcoming

reductions in mental or performance capabilities. Russo et aL (2003) earlier reported that

slower saccadic velocity was correlated with increased driving accidents and increased

sleepiness, so the present results tend to support these earlier fmdings.



The EEG changes (from the laboratory resting EEG) indicated the onset of fatigue

effects at about the same time that performance sharply declined, but peak EEG differences

occurred later than peak degradations in basic cognitive skills or flight skills. 

EEG data were not highly correlated with flight performance, they seem useful for predicting

the onset of an overall reduction in performance capacity, and they may be useful for

estimating increases in the overall level of the homeostatic drive for sleep (since brief

episodes of slow-wave EEG activity tend to become more frequent with increased sleep

pressure). However, at least in this study, standard pre-flight EEG evaluations did not appear

especially useful for making accurate, individualized, moment-to-moment predictions about

subsequent flight-performance changes.

The EEG data collected during the actual performance of the flight maneuvers also did

not show as strong an individualized relationship to fatigue-induced performance decrements

as had been hoped. Although increased theta activity (one typical indication of increased

sleepiness) did correlate with decreased performance accuracy in the - 3 to - 5 range, this

did not approach the - 7 to - 8 range that was initially anticipated. However, the in-flight

EEG data nonetheless seemed to be somewhat useful for making real-time indications of

impairments in upcoming flight performance since the small correlations were at least in the

intuitively correct" direction. It is possible that workload factors may be responsible for

clouding the interpretation of these data since some investigators (i.e. , Sterman et ai. , 1987)

have reported a positive relationship between theta activity and increased workload. Perhaps

the perception of increased effort that often results from trying to perform tasks in the face of

increased fatigue actually resulted in some of the same physiological changes that have been

found to occur as a result of increased task difficulty. Additional analyses will be required to

further explore these possible relationships, and to determine whether oculomotor or EEG



data can reliably be used to establish "fitness for duty." One 

skill predictions might result from correlating flight performance with the physiological data

fromfour or more hours prior to the simulator sessions as opposed to correlating this

performance with the physiological data that was recorded immediately before or during each

of the flights.

With regard to the non-physiological data, the time course of changes in cognitive

performance and self-reported mood were similar to those we have observed in earlier

studies (Caldwell et ai. , 2000; Caldwell, Hall, and Erickson, 2002), and correlational analyses

of these data suggested that the cognitive data were more predictive of subsequent flight

performance than were the other measures. Decrements in preflight MATB tracking

corresponded very well to flight-skill degradations (the relationship was - 63), and ANAM-

mathematical-processing throughput corresponded to some degree with flight-performance

accuracy (0.33). Both of these tests were sensitive to the impact of sleep deprivation, and

surprisingly, at this point at least one of them (the MA TB) 

for predicting aspects of operational readiness.

The basic pattern of self-reported mood decrements also appeared to be basically

consistent with the overall changes in both cognitive performance and flight performance. In

fact, POMS fatigue ratings correlated with subsequent flight performance better than any

other measure, with a correlation of - 72. When fatigue ratings increased, flight accuracy

decreased. In addition, while self-assessments of alertness were not as closely associated

with subsequent performance as were the fatigue ratings, they nonetheless seemed to hold

noteworthy predictive utility (the correlation was 0.55). These 

with the graphic depictions of the results which showed that the greatest increases in mood

disturbances occurred after 26 hours of continuous wakefulness-the very times at which



cognitive skills and flight performance appeared to be most degraded. , this is

surprising since it is often said that humans are not reliably able to predict the points at which

they are at the greatest risk for uncontrolled sleep attacks or serious lapses in vigilance

(Dinges, 1989). However, they do seem capable of knowing when they are generally

becoming very sleepy and unresponsive (as indicated by Home and Reyner, 1995), and this

fact is confirmed by our present results. However, this does not necessarily mean that

fatigued people are able to consistently anticipate substantial moment-to-moment deviations

from assigned flight parameters. In fact, several of the participants in the present study were

unable to accurately identify the times at which the most serious flight-performance

decrements occurred.

Thus, while the majority of measures collected in this study were sensitive to the

deleterious effects of extended wakefulness and circadian factors , and while they provided an

overall indication of when fatigue-related decrements were likely to occur, the only strong

overall relationships between non-flight data and actual flight skills were observed with

psychomotor-tracking performance and self-rated fatigue. The physiological measures

(oculomotor and EEG) did not show a sufficiently large one-to-one correspondence with the

flight evaluations to allow accurate individualized predictions about the extent of upcoming

flight-performance degradations. Nonetheless, the overall pattern of effects did provide an

indication of the times at which personnel engaged in sustained operations are particularly at

risk, and within specific individuals, the predictive relationships were quite strong. Perhaps

the greatest challenge in the operational context will be to determine which subset of

measures will be most useful for predicting the operational performance of the greatest

number of personnel.



CONCLUSIONS

Mood, cognition, and physiology were adversely affected by 37 hours of continuous

wakefulness, and these impairments degraded the objectively-measured ability to maintain

basic flying skills. The overall complex of the present 

exposed to a high degree of sleep loss (especially during circadian "low points ), 1) crew

coordination will likely decline (due to the impact of poor psychological mood on

interpersonal interactions), 2) the rapid processing of information will become more difficult

(due to impaired attention), and 3) a wide array of basic performance capabilities will be

degraded (due to compromised vigilance, poor situational awareness, and sluggish reaction

time). Even well-practiced, long-standing, flight skills, in pilots who possess hundreds of

flight hours, will be significantly impaired.

Although none of the pilots in this study crashed the simulator, the fact that they lost a

substantial amount of flight precision in a research environment that is far less demanding

than the actual operational context indicates that the more complex types of flight tasks

demanded by more stressful real-world conditions are likely to be dangerously compromised

after 22 hours or more hours of continuous wakefulness unless appropriate fatigue

countermeasures are employed at the correct times. The general timing of the most serious

operationally-relevant decrements following a day and night of sleep loss appears to be from

approximately 0700 to approximately 1600 (in personnel who know they will be released

from duty at the end of the day). However, it is not yet possible to make accurate

individualized predictions about the exact timing and degree of outright performance failures

despite the fact that some of the non-flight measures collected in this investigation hold

promise for warning personnel about the possibility of future flight-related problems.



Along these lines , two critically important points were highlighted by the present study:

1) pilots cannot reliably determine the points in time at which their flight performance (and

any other aspect of their functioning) is most impaired; and 2) they are often incorrect in

assuming that the most dangerous performance period following many hours of continuous

wakefulness is between 0300 and 0600 in the morning. , despite beliefs to the

contrary, alertness and cognition were not improved by the dawning of a new day, and in

fact, even well-practiced flight performance continued to decline until as late as 1400- 1500 

the afternoon (after 32-33 hours awake). Finally, although the majority of participants in this

study were familiar with sleep deprivation based upon their own operational experiences, and

despite the fact that they were highly motivated professional pilots , these factors did not

protect them from fatigue-related impairments that are based on immutable physiological

factors.

All of these points serve to further highlight the importance of training individuals and

leaders about basic fatigue facts as well as educating all personnel about scientifically valid

ways to combat fatigue in the operational environment. , this study suggests it is

valuable to objectively assess the potential benefits of specific alertness-enhancing

countermeasures within the same context and within the same population that ultimately will

rely upon these countermeasures in the operational environment. Whenever possible, data

that will affect the lives of pilots should be collected from real pilots performing at least a

subset of actual piloting tasks.
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