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This report is an annotated bibliography. The primary purpose of the report was to gather relevant literature
from databases with comprehensive coverage. The references cited herein address the design of shiftwork
schedules and the effects of shiftwork on safety, health and human performance in many work environments.
No limits were placed upon dates of publication; however, the bibliography generally reaches back slightly more
than 30 years. No systematic attempt was made to list technical reports from the governments of other
countries than the United States, though some are included. Citations listed within and to the publications cited
here, along with keywords suggested by these publications, should allow the reader to search an area of interest
almost completely. Subjects covered include shiftwork schedule structure; occupational risk and safety in and
for aviation operations, driving, health workers, firefighters, maritime operations, military operations, nuclear
power industry, police, and rail operations; individual differences, including adaptation and tolerance, age,
gender, lark-owl, and locus of control; fatigue countermeasures including light, melatonin, modafinil, napping,
and schedule planning; worker health including working hours, cancer, cardiovascular and respiratory,
gastrointestinal, hormones and metabolism, reproductive health, and sleep; cognitive performance; models and
software; research needs; and measurement methodologies.
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l. INTRODUCTION

There are numerous definitions of “shiftwork.” Generally, work periods that occur outside of
(are shifted from) the normal workday hours of about 7 a.m. to 6 p.m are of concern. Following
Knauth and Rutenfranz (1976), we may classify the common types of shiftwork as:

o Systems with night work but without weekend work.

o Systems with both night and weekend work, or “continuous shiftwork.” These systems

are also called “24/7” systems.
Within the 24/7 domain, we may classify systems as:

o Regular, fixed shifts. Also known as “permanent” shifts.

o Regular, cyclically rotating shifts. For example, four crews and cyclically rotating, 8-hour
shifts.

. Irregular, with varying numbers of crews and shift lengths. For example, the 5-day

irregular work week of U.S. Federal Aviation Administration air traffic controllers, many
nurse work schedules in hospitals, or the irregular schedules flown by air transport
crews.

Poorly-scheduled shiftwork induces needless fatigue, causing the human components of an
industrial or military system to become the weakest link in the system: the whole system may fail or
produce erroneous results because of that weakness. A reasonable shiftwork schedule is the most
important factor in minimizing the prevalence of operator error when a 24/7 work demand must be
met. Fortunately, we have enough information from many decades of research and application to
allow us to create reasonable schedules. Summarizing Miller (2006), there are four main criteria one
must meet to be able to create a reasonable shiftwork schedule:

o Have enough people to do the job

. Use four crews

o For regular schedules, use a shift length of either 8 or 12 hours (not including overlap)
o Assure worker satisfaction in terms of predictability, equity, and good-quality time off

Even when one follows this advice, there are known safety issues and known and suspected
health issues associated with the extensive exposure to night work that is present in most shiftwork.



Il. APPROACH

This report is an annotated bibliography. The primary purpose of the report was to gather
relevant literature from databases with comprehensive coverage of shiftwork. The references cited
herein address the design of shiftwork schedules and the effects of shiftwork on safety, health, and
human performance in many work environments. The cited references were obtained primarily from
the U.S. National Library of Medicine (http://www.ncbi.nlm.nih.gov/pubmed) and the Defense
Technical Informations Center (DTIC), supplemented by material from the National Technical
Information Service (NTIS) and other sources. No limits were placed upon dates of publication;
however, the bibliography generally reaches back slightly more than 30 years. No systematic attempt
was made to list technical reports from the governments of countries other than the United States,
although some are included. All references are appropriate for
public release.

This bibliography is not presumed to include an exhaustive listing of all relevant publications.
However, citations listed within and to the publications cited here, along with keywords suggested by
these publications, should allow the reader to search an area of interest almost completely. The
section, “Listings of Citations by Subject Matter,” provides a quick reference guide to research and
development concerning shiftwork. Because the classification of research into somewhat arbitrary
categories is inherently inadequate, the reader should search this bibliography for the occurrence of
keywords of interest: a citation may not be categorized as expected by the reader. Full references
follow the body of the text.



I, LISTINGS OF CITATIONS BY SUBJECT MATTER

The following listing serves as a quick reference guide for this annotated bibliography. The
descriptive quotes in this section were selected from the abstracts of the articles and reports. Within
each category and subcategory, citations are usually organized from oldest to newest.

A. SHIFTWORK (GENERAL)

Recently, Fido, and Ghali (2008) used questionnaires “to assess quality of sleep, work
performance and general health in a sample of 200 males on a schedule of varying 8-hour shifts at the
Kuwait Oil Company.” “A matched sample of an equal number of workers on a fixed daytime shift as a
control group was enrolled in the study.” Their results indicated “that the majority of workers on an 8-
hour variable-shift schedule experienced various health problems, poor quality of sleep and an
increased risk for errors and accidents at work as compared with those workers on a straight daytime
shift schedule.” These results underscore the fact that:

Shiftworker acquisition, retention and management are difficult problems for
supervisors of 24/7 operations. Night work and shiftwork cause quality-of-life problems,
malaise and fatigue for most people. The problems may take the form of inadequate
interactions with the worker’s family and with the worker’s employer. They may also
take the form of medical complaints, reduced productivity, high turnover, and high error
rates. These responses are initiated by shiftwork-induced disruptions of normal daily
and weekly social and physiological cycles. The disruptions diminish safety, productivity,
and wellbeing. The basic cause of all of these problems is that humans are not properly
designed for night work. Good shiftwork scheduling practices are needed to keep
worker malaise and fatigue to a minimum during continuous operations (Miller, 2006,

p. 1).

This is a list of some of the many general references concerning shiftwork, listed from older to
newer:

o Shift Work Practices in the United States (Tasto & Colligan, 1977), an excellent review
funded by the National Institute of Occupational Safety and Health.

o Shift work: A review and theoretical analysis (Dunham, 1977)

o Night Work: Its Effects on the Health and Welfare of the Worker (Carpentier &
Cazamian, 1977)

. Biomedical and psychosocial aspects of shift work. A review (Rutenfranz, Colquhoun,

Knauth, & Ghata, 1977). A survey of the different types of shift-work systems in use,
and the incidence of shiftwork in different industries and countries, and discussions
about health effects and circadian disruption.

o Physiological effects of rotational work shifting: a review (LaDou, 1982; Winget, Hughes,
& LaDou, 1978).

o Fourth International Symposium on Night and Shift Work (Rutenfranz & Colquhoun,
1978). Symposium proceedings, published in Ergonomics. Fourteen excellent research
papers.



The 39 chapters in Studies of Shiftwork provide a comprehensive picture of research
knowledge concerning shiftwork ca. 1980 (Colguhoun & Rutenfranz, 1980). Section
headings include:

. Hours of Work and Shiftwork

. Biological Adaptation to Shiftwork

= Individual and Environmental Factors in Adjustment to Shiftwork
= Effects on Performance Efficiency

" Effects on Social and Family Life

= Effects on Health and Well-being

. The Design of Shift Systems

" Economics of Shiftwork, and Methods of Compensation

The Twenty-Four Hour Workday: Proceedings of a Symposium on Variations in Work-
Sleep Schedules (Johnson, Tepas, Colguhoun, & Colligan, 1980). “The function of this
symposium was to bring together workers in three areas that in one way or another, are
concerned with a common problem: variations in work-sleep schedules. These three
areas are (1) shift work, (2) sleep, and particularly that area concerned with sleep loss
and the fragmentation of sleep schedules, and (3) biological rhythms.”

Fifth International Symposium on Night and Shift Work (Reinberg, Vieux, & Andlauer,
1980).

Aviation Medicine Translations: Annotated Bibliography of Recently Translated Material
(Simpson & Goulden, 1981). “An annotated bibliography of translations of foreign-
language articles is presented. Of the 86 listed entries, 53 are concerned with studies of
shift work.”

Bibliography of Shift Work Research: 1950-1982 (Schroeder & Goulden, 1983), from the
Federal Aviation Administration, in support of research directed at air traffic controller
shiftwork schedules.

“Analysis of 120 shift systems of the police in the Federal Republic of Germany” (Knauth
etal.,, 1983). Includes information on the “frequency distribution of the shift cycles, the
duration of shifts, the start and end of shifts, the maximal number of consecutive night
shifts, as well as the frequency of different kinds of free weekends.”

Psychological Approaches to Night and Shift Work: International Research Papers
(Wedderburn & Smith, 1984). “Twenty papers, presented at the International
Commission on Occupational Health’s 1984 Edinburgh Symposium.”

Lewis (1985) provided “recommendations to the U.S. Nuclear Regulatory Commission
(NRC) for an NRC policy on shift scheduling and hours of work (including overtime) for
control room operators and other safety-related personnel in nuclear power plants.”
Shiftwork Review: Research of the European Foundation, 1981-1984 (Copsey & Corlett,
1986).

How to Make Shift Work Safe and Productive (Monk, 1988). Besides basic information
on physiology, scheduling and coping, this book includes chapters on “What Senior
Management Ought to Know But Probably Doesn’t” and “What Your Congressman
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Ought to Know But Probably Doesn’t.”

The 13 chapters in Shiftwork, a “State of the Art Review” from the journal, Occupational
Medicine, provides a good picture of research knowledge concerning shiftwork ca. 1990
(Scott, 1990). The papers in this book that are mentioned later in this bibliography
include:

" Shiftworker performance (Monk, 1990)

" Sleep patterns of shiftworkers (Tepas & Carvalhais, 1990)

. Health effects of sleep deprivation (Naitoh, Kelly, & Englund, 1990)

. Shiftwork: Effects on sleep and health with recommendations for medical

surveillance and screening (Scott & LaDou, 1990)
. Psychiatric aspects of shiftwork (Cole, Loving, & Kripke, 1990)

" Shiftwork effects on social and family life (Colligan & Rosa, 1990)

" Circadian rhythm desynchronosis, jet lag, shift lag, and coping strategies
(Comperatore & Krueger, 1990)

. Shiftwork and safety in aviation (Price & Holley, 1990)

" Shiftwork as related to stress claims under workers’ compensation statutes
(Kennedy, 1990)

. Intervention factors for promoting adjustment to nightwork and shiftwork (Rosa
etal., 1990)

" Shiftwork in developing countries: current issues and trends (Ong & Kogi, 1990)

. Shiftwork in Singapore (Chan & Gan, 1993).

In The Twenty-Four-Hour Society, the author “brings together the latest scientific
findings and presents a wide array of management tools and technologies that allow
you to monitor alertness and performance impairment. He shows how to rethink work
schedules, manage information flow and improve working environments” (Moore-Ede,
1993).

The 24-Hour Business “explains that round-the-clock business hours are no longer just
for manufacturing, but can raise productivity and lower costs in a wide range of
industries: retail, hospitality, transportation, insurance, banking, and many others”
without squeezing employees dry (Coleman, 1995).

Maintaining safety and high performance on shiftwork (Monk, Folkard, & Wedderburn,
1996). A review that “discusses the situations in which shiftworker performance is
critical, the types of problem that can develop and the reasons why shiftworker
performance can be impaired.”

The Human Factors Aspects of Shiftwork (Dekker, Tepas, & Colligan, 1996).

Shiftwork: Basic Concern for Commanders, Supervisors and Flight Surgeons, from the Air
Force’s Armstrong Laboratory (Anonymous, 1996).

Sleep Secrets for Shift Workers & People with Off-Beat Schedules addresses “the unique
problems shift workers face-helps people improve the quality of their sleep so they can
lead happier, healthier, more productive lives” (Morgan, 1996).

Shiftworker's Handbook: A Personal Health & Lifestyle Guide for Shiftwork Professionals
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(Klein, 1997), also published in an earlier version as The Railroader's Handbook by Union
Pacific in 1990.

Plain Language about Shiftwork (Rosa & Colligan, 1997). “This document gives basic
facts about shiftwork and talks about ways to make shiftwork life easier.”

Shiftwork Safety and Performance (Westfall-Lake & McBride, 1997), is a good manual for
managers and trainers, introducing scheduling strategies to improve alertness, enhance
the quality of time away from work, and assist crew communications.

The Practical Guide to Managing 24-Hour Operations is a “guide for managers and
supervisors” (Dawson & Moore-Ede, 1998). It includes 14 sections: Corporate Culture;
Management Development; Supervisor Responsibility; Shiftworker Lifestyle Training;
Shift Scheduling; Overtime Management; Health Care & Wellness Management; Driving
Safety; Sleep Management; Family & Social Support; Shiftworker Support; Work Design;
The Workplace Environment; and Measurement of Alertness; and a benchmark
questionnaire. Plus, common shiftwork myths and the facts behind them, information
about family/social effects of shiftwork, lifestyle training, management initiatives, as
well as a glossary of shiftwork terminology.

“Brain function and effects of shift work: implications for clinical neuropharmacology”
(Garbarino et al., 2002). “The implications for clinical (neuro) pharmacology are
relevant and, in several instances, critical. Shift work can interfere with mechanisms
regulating drug kinetics in peripheral compartments and action at selective brain sites,
either directly or through effects on the gastrointestinal/hormonal cycles.”
Chronobiology and Shift Work (D’Ambrosio, 2003) is a collection of excellent reviews
from Occupational and Environmental Medicine. It provides “An overview of the health
consequences of shift work, including some recommendations for screening shift
workers for health problem. Updates of previous reviews on these topics are included,
such as the articles on shift work and aviation, shift worker performance, and quality of
life. Other articles represent areas of new research, such as the adverse effects of shift
work on healthcare professionals, reproductive health, cancer risk, and aging workers.
The issue ends with a thoughtful overview of the health consequences of shift work.”
These reviews are not discussed below:

. Adverse effects of shiftwork in healthcare professionals by Samir Patel and
Edward B O’Malley

. Light at night: A novel risk factor for cancer in shift workers? by Eva S.
Schernhammer and Susan E. Hankinson

" Medical screening and surveillance of shift workers for health problems by
Akshay Sood

. Overview of the medical consequences of shift work by Susan M. Rohr, Susana G.
Von Essen, and Lynn A. Farr

. Quality of life of shift workers by Carolyn M. D’Ambrosio

" Shift work and adverse reproductive outcomes among men and women, by Linda
M. Frazier and David A. Grainger

. Shift work and aging: Roles of sleep and circadian rhythms by Jeanne F. Duffy

. Shift work and aviation safety by Daniel C. Holley, Balasasikumar Sundaram, and
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David K. Wood
. Shift worker performance by Timothy H. Monk and Julie Carrier

o Ergonomic Risks, Myths, and Solutions for Extended Hours Operations (Kerin & Kerin,
2004). “This study combines third party scientific research with data and experience
collected by Circadian in 20 years of consulting, to introduce the ergonomist to the
extended hour workplace, the special challenges, the ergonomics of shift scheduling,
and the potential solutions for extended hours operations.”

o Air Force Shift Worker Fatigue Survey (Miller, Fisher, & Cardenas, 2005), an Internet-
based survey of 9,242 respondents from 2003-2004 that examined the impact of
shiftworker fatigue on ground mishaps and operational errors in the United States Air
Force. Also, a follow-up survey, Fatigue in military aviation shift workers: Survey results
for selected occupational groups (Tvaryanas & Thompson, 2006).

o Shiftwork Practices 2007 (Circadian Technologies, 2008), a large-scale survey of
practices in the United States. This survey is conducted every year (see
www.circadian.com). The 2007 report includes data from 400 facilities and 290,000
shiftworkers.

. Round the Clock Systems of Portland, Maine, maintains a brief, annotated bibliography
concerning shiftwork at www.roundtheclocksystems.com.

B. SCHEDULE STRUCTURE
These references deal more specifically with the components of a shiftwork schedule. For
regular, cyclic schedules, these components include the:

o Shiftwork system

. Shiftwork plan (rota)

. Number of crews

o Employment ratio

J Shift rotation

. Shift length

o Shift alignment with the weekend
o Daily shift start times

One must also consider shift overlap and shift differentials. All of these components were
discussed at length in an Air Force Research Laboratory report that mined many decades of shiftwork
research to produce an applied design guide for regular, cyclic schedules (Miller, 2006).

Knauth et al. examined shift system goals of 8-hour work days and 104 days off per year in
tabular format as functions of possible shift systems (Knauth, Rohmert, & Rutenfranz, 1979a). They
showed that the 40-hour work week is cumbersome and limiting when one tries to create a shiftwork
plan, and that the 42-hour work week allows even distributions of work time across workers on all
shifts. The latter is true because the week length, 168 hours, is factorable by 42 hours. These
investigators showed the logical, mathematical usefulness of the 42-hour work week in shift work
schedules (Knauth et al., 1979a; Knauth & Rutenfranz, 1976). They also supported two useful measures
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for determining the acceptability of a shift system: the average number of hours worked per day (or work
load) and the number of days free per year. The importance of how one represents a rota was
discussed by Gartner and Wahl (1998). Knauth et al. (1983) analyzed 120 police shift rotas for shift
cycles, duration of shifts, start and end times of shifts, the maximal number of consecutive night shifts,
and the frequency of different kinds of free weekends.

Interactions between shift length (8 or 12 hours) and shift start time (0600 or 0700) were
assessed by Tucker, Smith, Macdonald, and Folkard (1998a). They noted that “Night sleeps between
consecutive shifts that started at 6 a.m. were shorter and more disrupted than those starting at 7 a.m.
Day sleeps following night shifts that finished at 6 a.m. were longer and less disrupted than those
finishing at 7 a.m. Early starts were associated with poorer psychological and physical health.” They
also noted that “Although several measures favored 12-hr shifts, physical health indicators appeared to
favor 8-hr systems, especially in combination with late changeovers.” Elsewhere, they reported that
“Effects on alertness can be explained in terms of differences in elapsed time on duty, sleep duration,
sleep disruption, and chronic fatigue” (Tucker, Smith, Macdonald, & Folkard, 1998b).

Tucker et al. also examined the effects of different numbers of days off within a rota (Tucker,
Smith, Macdonald, & Folkard, 1999). They found that “Systems which incorporated rest days between
the day and night shifts were associated with slightly higher levels of on shift alertness, slightly lower
levels of chronic fatigue, along with longer sleep durations when working night shifts and between rest
days.” Dula, Dula, Hamrick, and Wood found that “Working a series of 5 night shifts results in a
substantial decline in cognitive performance in physicians working in the [Emergency Department]”
(2001).

1. Shift Length

Spurgeon, Harrington, and Cooper (1997) provided a discussion of working more than 48 hours
per week, concluding that “there is currently sufficient evidence to raise concerns about the risks to
health and safety of long working hours.”

In theory, shift length may be any amount of time up through 24 hours. In practice, only
several factors of 24 hours (4, 6, 8, or 12 hours) are useful. If one uses values that are not factors of 24
hours, then the time that an individual reports for work on the same shift is unpredictable: it differs
from day to day. Shift lengths of 4 and 6 hours are used primarily in maritime watchstanding while
underway. A discussion of watchstanding systems may be found in Miller, 2006, pp. 83-86.

The most-debated issue concerning shift length these days concerns the use of
12-hour shifts instead of 8-hour shifts. Shiftworkers are quick to notice that, due to the work
compression afforded by 12-hour shifts, they may have longer continuous periods of time off when
working 12-hour shifts than when working 8-hour shifts (Miller, 2006). These longer time-off periods
are viewed as being of high value, so shiftworkers often prefer 12-hour shifts to 8-hour shifts.
However, it is well-known that accident risk increases disproportionately toward the end of long shifts.
The best meta-analysis of industrial data showed that relative “risk increased in an approximately
exponential fashion with time on shift such that in the twelfth hour it was more than double that
during the first 8 h” (Folkard & Tucker, 2003). On the other hand, the work compression available with
12-hour shifts allows for more consecutive days off within a rota, which, in turn, provides better quality
time off and better recovery from night work (Miller, 2006).



The author of an extensive review of this issue (Lewis, 1985) concluded that
12-hour shifts were not appropriate for continuous operations. Lewis thus recommended a number of
administrative controls for the implementation of 12-hour shifts. Kelly and Schneider (1982) noted a
differentiating factor for the selection of the 12-hour rather than the 8-hour shift length: public risk. If
the shift workers are responsible for the safe operation of a dangerous facility, such as a nuclear power
generating station, 12-hour shifts may not be acceptable. For the manager or shiftworker, the best
evaluation of the 12-hour shift length, compared to the 8-hour length, was provided by Moore-Ede,
Davis, and Sirois, 2008. The following, additional journal articles and technical reports all addressed
the issue of shift length. Comments are extracted from abstracts and sorted by results.

Results that favored the use of 12-hour shifts:

o Peacock et al. found no difference in physiological or subjective measures for police
switching from 8- to 12-hour shifts. The police accepted the 12-hour shift length.

However, their 8-hour plan called for backward rotation, known to be more stressful for
most people than forward rotation. Perhaps these 8- and 12-hour shift plans were both
stressful (Peacock, Glube, Miller, & Clune, 1983).

o Gould found that “the advantages outweigh the disadvantages. The primary advantages
are greater job satisfaction, fewer errors, and the better communications inherent in
two shift turnovers versus three. Several companies that implemented the 12-hour shift
found an increase in employee morale, no adverse effect on worker health, and no
decline in safety. They experienced greater productivity, fewer operator errors, and
better communication” (Gould, 1989).

o “[T]he introduction of a 12-hour shift system did not result in increased accidents”
(Laundry & Lees, 1991).

. “The results indicate no serious health problems among workers on 12 h shift for over a
year” (Chan, Gan, & Yeo, 1993).

o For a group of mine workers, “Results indicate nearly unanimous acceptance and
improved sleep quality associated with the new schedule” (Duchon, Keran, & Smith,
1994).

o The change in working hours from 8- to 12-hour shifts “produced improvements in

health, particularly in psychological health and in reduced feelings of tiredness
throughout the work period,” and “was at no cost to feelings of job satisfaction or the
worker's perceptions of any particular aspects of the work environment, or to measures
of productivity” for computer operators (Williamson, Gower, & Clarke, 1994).

o “12-hour shifts do not cause increased sleepiness or impaired performance or disturbed
sleep” (Axelsson, Kecklund, Akerstedt, & Lowden, 1998).
o “[T]he pattern of 12-hour shifts [DDNN], which was demaocratically implemented, was

preferred by the nursing staff and did not diminish their well-being and work
performance” (Campolo, Pugh, Thompson, & Wallace, 1998).

o “The change from 8-hour to 12-hour shifts was positive in most respects...” (Lowden,
Kecklund, Axelsson, & Akerstedt, 1998).
o “The bulk of the evidence suggests few differences between eight and 12 hour shifts in

the way they affect people” (Smith, Folkard, Tucker, & Macdonald, 1998).
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(Bloodworth, Lea, Lane, & Ginn, 2001): “demonstrat[ed] the benefits a change in shift
pattern to 12-hour shifts can have for patients and staff in a ward environment.”
“Twelve-hour shifts in critical care areas are suitable shift patterns for nurses, patients
and management, provided that they are fundamentally well-managed” (McGettrick &
O'Neill, 2006).

“[T]he 12-hour roster was a positive recruitment ... strategy” (Dwyer, Jamieson,
Moxham, Austen, & Smith, 2007).

“Most participants believed 12-hour shifts should continue” (Richardson, Turnock,
Harris, Finley, & Carson, 2007).

Results that did not show clear differences between 8- and 12-hour shifts:

Nuclear power plant “operators and maintainers ... had attitude and preference
differences related to ... 12 hour shift schedules...” (Smiley & Moray, 1989).

“[N]o significant differences in 8-hour and 12-hour shifts on and off-duty accident rates
or day and night shift accident rates. Reported levels of fatigue were significantly
greater when 12-hour shifts were used” (Campbell, 1998).

“The nurses working in a 2-shift system were more tired after work, but they could
spend more time on leisure activities and do housework” (Makowiec-Dabrowska,
Krawczyk-Adamus, Sprusinska, & Jozwiak, 2000).

“[Slignificant differences [between] performance of older and younger subjects during a
simulated 12 hour shift rotation” (Reid & Dawson, 2001).

“[I]nsufficient evidence to support definitive conclusions” (Driscoll, Grunstein, & Rogers,
2007).

“[R]equests for extending working hours should thus be handled with care” (Raediker,
Janssen, Schomann, & Nachreiner, 2006).

“[CJaution is advised when considering the introduction of extended work shifts,
particularly where public safety is at stake” (Knauth, 2007).

“[A]ny schedule changes to reduce work-related fatigue need to consider circadian
performance variation and the potential transfer of workload and fatigue risk between
trainees and specialists” (Gander, Millar, Webster, & Merry, 2008).

Results that did not favor the use of 12-hour shifts:

Gardner and Dagnall (1977) reported increased absences due to sickness for process
workers in an oil refining and petrochemicals plant as a result of a switch from 8- to 12-
hour shifts.

Mets (1986) reported increased injury rates for workers in the heavy and light press shops
of an automobile manufacturing plant as a result of a switch from 9- to 12-hour shifts.
“12-hour shifts have a moderate impact on productivity measurements” (Collette, 1999).
“[R]esidents generally tolerate shiftwork well and prefer 8-hour or 10-hour shift lengths
compared with 12-hour shift lengths” (Steele, Ma, Watson, & Thomas, 2000).

“[T]hese findings of decreased alertness during the terminal hours of the [12-hour] night
shift are of concern, since they suggest risk of compromised patient care” (Borges &
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Fischer, 2003).

. “Working at least 12 hours per day was associated with a 37% increased hazard rate...”
(Dembe, Erickson, Delbos, & Banks, 2005).

o “[P]oorer sleep after and significantly decreased alertness during night work” with 12-
hour shifts (Fischer, de Moreno, Notarnicola da Silva Borges, & Louzada, 2000).

o “[C]hanging from 8 to 12 hour shifts affected worker well being and morale” (Overland,
1997).

o “[T]here is evidence that extended workdays (9-12 h) should be avoided as much as
possible” (Poissonnet & Véron, 2000).

o “Night shift workers who worked for 12 h or more a day were exposed to a risk of

severe sleepiness that was 7.5 times greater than day shift workers who worked less
than 11 h” (Son, Kong, Koh, Kim, & Harma, 2008).

Several abstracts did not describe results (Baker, 1995; Baker & Morisseau, 1992; Frakes &
Kelly, 2004).

Kecklund, Ekstedt, Akerstedt, Dahlgren, & Samuelson (2001) examined double-shifting (16
hours of work) in construction and observed that “The short rest time (8.5 hours) between days caused
insufficient sleep and approximately 5.5 hours of sleep was obtained between double shifts.
Questionnaire data showed that complaints of insufficient sleep, exhaustion on awakening and pain
symptoms increased across the year”. They concluded that “a shift system involving double shifts has
a negative effect on fatigue, recovery and health-related well-being.”

2. Shift Rotation

On fixed shifts, the worker always works the same shift; for example, permanent days or
permanent nights. Most fixed-shift workers tend to become dissatisfied with fixed shifts and wish to
“graduate” to day shifts. Besides obvious inequities for workers between fixed day and night shifts,
fixed night-shift workers usually do not keep their day-sleep, night-work schedule on days off. Thus,
fixed shift schedules assume much of the nature of poorly-scheduled rotating shifts.

Though there are usually some major problems with fixed shifts, there are workers who prefer
night work to day work and function quite well at night. If an operation requires only a skeleton crew
for night operations, then a fixed night shift may be appropriate. Other workers may be assigned to
permanent day shifts, to permanent day and swing shifts or to alternating day and swing shifts.
Workers on day and swing shifts usually get adequate nocturnal sleep.

Many 24/7 operations are supported by regular, cyclically-rotating shiftwork, in which the
worker changes (rotates, as the hands of a clock rotate around the clock face) from one shift to
another at some specified interval, be it “fast” or “slow.” A fast rotation is one in which the workers
move to a new shift start time once every few days or less. A slow rotation is one in which they change
shifts every few weeks or less often. Weekly changes are the least desirable in terms of minimizing
physiological disruptions and should be avoided.

The rotation pattern, too, has been a controversial issue. A good example of the nature of the
controversy was provided by the position taken by the famous fatigue and vigilance investigator,
Wilkinson, and the subsequent rejoinders by equally famous and qualified scientists Wedderburn and
Folkard, all three from the United Kingdom (Folkard, 1992; Wedderburn, 1992; Wilkinson, 1992).
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Wilkinson’s (1992) review of the literature led him to conclude “that permanent (zero rotation), fixed-
night systems are superior on most counts, and should be implemented for night work, leaving the
option of rapid rotation to cover the two (morning and afternoon) day shifts.” This is certainly an
option that is viable if one can find reliable, qualified personnel who are willing to work a permanent
night shift. Wedderburn (1992) responded to Wilkinson, pointing out some personnel problems with
permanent night workers and noting that “Studies of industrial production show very slight differences
between output on different shifts, unlike laboratory studies...” Folkard (1992) also responded, saying
that Wilkinson had “(i) overestimated the problems associated with rapidly-rotating shift systems; and
(i) underestimated the problems that might be encountered in trying to implement effective
permanent night shift systems.” Folkard (1992) went on to state a position that remains relevant:

[T]he evidence does not allow a general choice to be made between the use of
either permanent night shifts or rapidly rotating, delaying, shift system. Rather the
choice between them would appear to depend on the relative importance attached to
safety and social problems in any given workplace.

Bambra, Whitehead, Sowden, Akers, and Petticrew (2008) published a meta-analysis indicating
that “three types [of intervention] were found to have beneficial effects on health and work-life
balance: (1) switching from slow to fast rotation, (2) changing from backward to forward rotation, and
(3) self-scheduling of shifts.”

a. Comparison of Rotating to Permanent Shifts

“Even after 21 consecutive night shifts we failed to find complete inversion of the daily
course of body temperature. In view of these test results rapidly rotating shift systems would seem to
be advisable” (Knauth & Rutenfranz, 1976).

o “Significant differences between the groups only emerged in the amount of night sleep
before the shift” (Alward & Monk, 1990).

o “...non-rotational workers enjoyed more frequent and longer naps and had less
disturbances in their sleep patterns than rotational workers” (Shah, 1990).

o “In comparison to nurses who worked only day/evening shifts, rotators had more

sleep/wake cycle disruption and nodded off more at work. Rotators had twice the odds
of nodding off while driving to or from work and twice the odds of a reported accident
or error related to sleepiness” (Gold et al., 1992).

o “[Rotating] workers were more frequently morning types whereas the [permanent night
shift] workers were more frequently evening types” (Petru, Wittman, Nowak, Birkholz,
& Angerer, 2005).

o “[Iln normal environments, permanent night-shift systems are unlikely to result in
sufficient circadian adjustment in most individuals to benefit health and safety”
(Folkard, 2008).

b. Comparison of Forward to Backward Rotation
. “The backward rotation of shifts was unfavourable because of the short time off
between the last afternoon shift and the first morning shift. Furthermore, short
12



nightwork periods and a start of the morning shift which is not too early seem to be
preferable” (Knauth, Kiesswetter, Ottman, Karvonen, & Rutenfranz, 1983).

“The present results provide support to the claim that rotating shiftworkers can better
adapt to clockwise than counter-clockwise rotations” (Lavie, Tzischinsky, Epstein, &
Zomer, 1992).

Barton et al. found that one “change from a delaying to an advancing system resulted in
an increase in sleep difficulties between successive afternoon shifts, but a decrease in
social disruption” (Barton, Folkard, Smith, & Poole, 1994).

“There is a lack of reliable data on the effects of permanent vs. rotating-shift systems on
alertness, performance and accidents. This is also true for the comparison of forward
(delaying) and backward (advancing) rotating-shift systems, although the former would
seem to be associated with fewer problems” (Knauth, 1995a).

“Few effects were found of direction of rotation on chronic measures of health and
wellbeing ... However, advancing continuous systems seemed to be associated with
marginally steeper declines in alertness across the shift ... They were also associated
with shorter sleeps between morning shifts ... but longer sleeps between afternoons ...”
(Tucker, Smith, MacDonald, & Folkard, 2000).

“...a fast forward rotating shift schedule is more suitable for older workers than a slower
backward rotating system” (Hakola & M Harm4, 2001).

Nesthus et al. (2001) compared the backward-rotating, unique, FAA air traffic controller
schedule to a forward, rapid rotation and noted that, for the circadian rhythm of body
temperature, “An attenuation of amplitude and a delay in the acrophase was the found
for the counter-clockwise condition.”

“A backward rotation schedule was prospectively related to an increased need for
recovery ... and poor general health ... as compared with a forward rotation schedule. ...
Furthermore, a forward rotation schedule was prospectively related to less work-family
conflict and better sleep quality over the 32 months of follow-up. Finally, high levels of
fatigue, need for recovery, poor sleep quality, poor general health, insufficient leisure
time, and work-family conflict at first measurement were associated with an increased
risk of leaving shiftwork during the follow-up” (van Amelsvoort, Jansen, Swaen, van den
Brandt, & Kant, 2004).

“[T]he very rapidly forward rotating shift system had positive effects on the sleep,
alertness and well-being of especially the older shift workers” (Harma et al., 2006).

“No effect of rotation system on [simulated] driving performance could be shown. The
subjective sleepiness scores were significantly higher in the slow-backward rotating
group than in the fast-forward rotating group” (De Valck, Quanten, Berckmans, &
Cluydts, 2007).

A systematic review found that “there is insufficient evidence to support definitive
conclusions regarding any of these factors. However, the analysis provides support for
the use of forward rotating shift systems in preference to backward rotating shift
systems, at last as far as 8-hour shifts are concerned” (Driscoll et al., 2007).

For air traffic controllers, apparently in New Zealand, “a 4-d counterclockwise, rapidly
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rotating schedule results in a progressive reduction in sleep and consequently the rapid
accumulation of a sleep debt” (Signal & Gander, 2007).

o “The rotation direction interacted with the shift significantly and as a result higher
cortisol values during the morning and night shifts in the backward rotating group were
found as well as worse quality of sleep. Higher salivary cortisol during morning and
night shifts and worse quality of sleep in engineers working very fast backward-rotating
shifts may be an indication for insufficient recovery” (Vangelova, 2008a, 2008b, 2008c).

For backward rotation schemes used by air traffic controllers, see the section,
Occupational Risk and Safety—Aviation—Air Traffic Control, below.

C. Frequency of Rotation

o “Shift times systematically affected sleep patterns. Within [rapidly rotating] shifts, Ss
slept as late as possible prior to the morning shift, went to bed shortly after the night
shift, and slept approximately midway between shifts on the afternoon shift. In
transitioning to a new shift, the new shift time tended to determine sleep time. Sleep
was significantly longer in transitions between shifts. Sleep structure was not markedly
changed” (Webb & Agnew, 1978).

o “In the laboratory experiments with fixed sleep durations, no separate effects on sleep
quality could be established for different shift systems” (Knauth & Rutenfranz, 1980).

. “Rapidly rotated shift systems had more advantages referring to the total amount of
night sleep than weekly rotated shift systems” (Knauth et al., 1983).

o “[T]he slower the shift system rotated [in the laboratory] and the later the individual

circadian phase position was, the more subjects were able to follow the different shift
systems” (Moog & Hildebrandt, 1987).

o “The numerical results [of modeling] supported Czeisler’s findings (1982), indicating the
best shift schedules adopt a slow, forward-shifting rotation pattern, rotate shifts after 2-
week periods and allow an average of 2 days off per week” (Kostreva, McNelis, &
Clemens, 2002).

d. Flexible Hours

This section of the report does not deal with continuous, cyclic shift rotations. Instead,
it deals with compressed work schedules and other schedules with “irregular” timing; i.e., work that
does not occur five days per week and during daylight hours.

The U.S. Congressional Office of Technology (OTA) reported increasing use of the
compressed work week, usually 40 hours in fewer than 5 work days. Often, the compressed work
week is four 10-hour days (OTA, 1991). The San Antonio Air Logistics Center, Human Resources Center,
(SA-ALC/HRC) at Kelly AFB, TX, requested an evaluation of worker attitudes during a trial transition
from an 8-hour per day, 5-day work week to a 10-hour per day, 4-day work week; a Compressed Work
Schedule (CWS). Several of my former colleagues reported results at 30 days (French, Oakley, Fischer,
Dowd, & Storm, 1992), six months (Dowd, French, Oakley, Fischer, & Storm, 1993), and one year into
the trial (Dowd, Oakley, French, Fischer, & Storm, 1994). Although the majority of the workers favored
the CWS consistently, certain characteristics emerged for those who did not. Certain directorates,

14



older employees, those over 30 years in Federal service, higher wage grade employees, and night shift
workers were groups that expressed less preference for the CWS, compared to the previous 5-day
work week. However, generally, there were quality of life improvements under the CWS both at home
and at work.

Many years later, Hinecke, Grzech-Sukalo, and Jaeger (2001) presented three cases that
represented “a diversity of variable or flexible working time systems according to different branches
[within a company] and different anticipated aims to reach with flexibility. For companies flexibility
should improve or at least consolidate their economic situation, and for employees flexibility should
result in a beneficial effect on health, family and social life”. Kandolin, Hairm&, and Toivanen (2001)
examined flexible overtime and irregular work hours in Finland and concluded that “A better balance
between company-controlled and individual flexibility would ... improve the well-being of employees.”
Tucker, Gaertner, and Mason (2001) helped a company implement a new flexible work hours system
and concluded that “the key elements in the process of designing [flexible] systems are centred around
issues of trust and communication; the involvement of a broad range of interested parties, through a
process of carefully managed group facilitation; and the need for adequate technical [i.e., software]
support....”

Subsequently, representatives from the European Union met to examine critically the
implementation of flexible work time in European countries (Costa et al., 2004). They concluded that
“there is a large-scale intervention ongoing in our society with almost completely unknown and
uncontrolled effects. Consequently, there is a strong need for systematic research and well-controlled
actions in order to examine in detail what flexible working hours are considered, what and where are
their positive effects, in particular, as concerns autonomy, and what regulation seem most reasonable”
(Costa et al., 2004). Janssen and Nachreiner (2004) acquired data about flexible work hours from two
large samples of workers and concluded that “high variability of working hours is associated with
increased impairments in health and well-being and this is especially true if this variability is company
controlled.”

Eriksen and Kecklund (2007) compared “a flexible shift system (based on self-
determined work hours)” to “a rapidly rotating shift system, with frequently occurring quick returns.”
The sample “included 533 randomly selected police officers, of which 26% were females. ... The results
showed that the flexible shift system group did not differ with respect to sleep/wake complaints and
subjective health. However, the flexible shift group obtained more sleep in connection with the shifts,
probably because of longer rest time between shifts. Thus, they worked less quick returns and long
work shifts. The association between work hour characteristics and sleep/wake complaints was weak
in the flexible shift group. Instead, sleep/wake problems were mainly associated with the attitude to
work hours.”

C. CIRCADIAN RHYTHM DISRUPTION

There are normal, inherent, unavoidable, 24-hour rhythms in human cognitive and physical
performance. Most of these circadian rhythms oscillate between a high point late in the day to a low
point in the pre-dawn hours with a peak-to-trough amplitude of about 5 to 10% of their average value.
Human circadian rhythms are slightly longer than one cycle per day, but are normally slaved, or
entrained, to exactly one cycle per day by external time cues (Zeitgebers), especially the daylight-
darkness cycle.
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“Shift lag” is the feeling of malaise and fatigue that accompanies a change from day work to
night work and vice versa. Shift lag occurs during the period of attempted re-synchronization of
circadian rhythms to new external time cues. Compared to jet lag, the attempt to re-synchronize to a
night work and day sleep schedule occurs more slowly and is much less successful because the main
time cue, the daylight-darkness cycle, tends to inhibit re-synchronization.

A very large proportion of research and writing about shiftwork has focused on the disruptive
effects of irregular work schedules and night work on human circadian rhythms, and the known and
suspected sequelae of that disruption. Excellent discussions of the circadian disruptions caused by
shiftwork were provided early on (Aschoff, Hoffmann, Pohl, & Wever, 1975; Hildebrandt, 1976; Naitoh,
1980; Reinberg, Vieux, Ghata, Chaumont, & Laporte, 1978; Wever, 1980).

A set of work-rest investigations by Colquhoun, Blake, Edwards, and Hockey from 1968-69
described the nature of circadian variations in body temperature and performance (Colquhoun, 1980;
Colguhoun, Paine, & Fort, 1978; Hockey & Colquhoun, 1972). They compared rotating and fixed 4-
hour work periods, 8-hour fixed work periods, and 12-hour fixed work periods across 12 days. The
rotating 4-hour system was composed of six 4-hour work periods (00-0400, 08-1200, 20-0000, 04-
0800, 16-2000, and 1230-1630) across a period of 72 hours (12 male participants). These rotating work
periods were compared in terms of physiology and performance to fixed work periods that occurred at
00-0400 and 1230-1630 each 24 hours (16 male participants).

Circadian variations in body temperature and most performance measures correlated positively
with each other. The exception was short-term memory. Various tests of short-term memory
displayed relatively flat patterns or even an inverted circadian pattern compared to temperature.
Vigilance performance for the rotating 4-hour work condition correlated positively with body
temperature, with a 13% peak-to-trough range in signal detection proportion and an 8% range in
response latency, with no significant variability in false alarms. This pattern suggested that perceptual
efficiency improved with higher body temperatures, as opposed to just a lowering of the decision
criterion. Body temperature and vigilance performance in the fixed work system phase shifted
together across the first five days of the 12-day experiment, indicating an adjustment of the
participants’ circadian rhythms to the fixed work schedule. They concluded the 12 days with an
approximate range of 16% peak-to-trough range in signal detection proportion and 8% in response
latency, with no significant variability in false alarms.

While the linked circadian rhythms of body temperature and vigilance performance measures
continued unabated for rotating shiftwork in the Colguhoun studies (Colqguhoun, 1980; Colquhoun,
Paine, & Fort, 1978; Hockey & Colquhoun, 1972), the fixed 4-hour work schedule caused an initial
flattening and a phase delay (5 h across 5 d) in body temperature and vigilance performance. This
finding argued favorably for the usefulness of a rotating work schedule rather than a fixed work
schedule if one wishes to avoid the painful period of adjustment to a new, fixed schedule.

Seeking normative values for their previous work, Colquhoun et al. (1978, 1979) looked back
upon their hourly temperature readings from 59 young, healthy Navy personnel who were not
standing watch periods and were sleeping normally at night. They fitted the group mean data with 24-
and 12-hour sine and cosine curves (harmonic analysis), explaining 99% of the variance in the group
mean data with the fundamental (24-hour period) and first harmonic (12-hour period). The resulting,
complex curve was composed of a 24-h-period waveform with acrophase at 17:00 and peak-to-peak
amplitude 1.06 deg F. The acrophase of the combined curve occurred at 20:00 and the peak-to-peak
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amplitude was 1.20 deg F. The minima of the fundamental and combined curves occurred at 05:00
and 04:00, respectively. This curve was taken to represent the normal, underlying pattern of circadian-
plus-circasemidian variation in body temperature. In fact, the publication of this information was a
benchmark, initiating widespread consideration by circadian rhythm investigators of the 12-hour
circasemidian rhythm in

body temperature.

In their earlier studies, Colquhoun et al. (1978, 1979) had noted that circadian rhythm flattening
had not occurred until the last of four contiguous 72-hour cycles used in those investigations. Now,
they had the opportunity to collect temperature data (at 3-hour intervals) from eight submarine
sonarmen during a 48-day cruise. The sonarmen worked a “traditional” 1-in-3, 4-hour work system
that repeated every 72 hours as follows from 00:00 of day 1: 4 on, 4 off, 4 on, 8 off, 4 on, 12 off, 4 on,
12 off, 4 on, 8 off, 4 on, 4 off. In this system, an individual works three 4-hour periods on day 1, one on
day 2 and two on day 3. There were two each 4-, 8- and 12-hour time-off periods. This schedule
allowed two contiguous 8-hour sleep periods each 3 days.

Harmonic analysis (fixed 24- and 12-h-period cosine fits) was attempted for each of 16
contiguous, 72-hour cycles (16 cycles x 3 days/cycle = 48 days) for the 8 sonarmen (16 cycles x 8
sonarmen = 128 data samples). Good fits for the 24-hour period, fundamental harmonic were
achieved in only 68% of these 128 samples. Thus, circadian rhythm disturbances were certainly
present. Amplitude declined slightly in the first several cycles, and then more sharply across the 48-
day period. Acrophase drifted slightly later in the first several cycles, and then more sharply, also.
However, these trends may have been caused by the fact that the cosine wave fit method became less
and less effective across the 48 days.

When the circasemidian curve was added to the fundamental, circadian curve, good curve fits
were achieved in 88% of the samples. Amplitude and acrophase for the combined curve remained
fairly stable for several cycles, and then decreased and increased, respectively, more sharply across the
48-day period. Again, greater inter-subject inconsistencies, as measured by the combined-curve fit,
became greater and greater across the 48 days. Probably, circadian rhythm disruptions worsened
gradually across the 48 days. Certainly, the sleeping patterns of the sonarmen changed across the 48
days, with more and more sleep periods being taken in the 08:00-00:00 (submarine “day”) period and
fewer in the 00:00-08:00 (submarine “night”) period.

Turek (1986) noted that “Circadian rhythms may be disrupted when shift workers rotate from
one work schedule to another.” “It has been suggested that in order to minimize the time needed to
readjust circadian rhythms to a new work schedule the work time of shift workers should be rotated in
a delaying rather than an advancing direction. However, delaying or advancing the work time does not
imply that the sleep-wake cycle is also shifted in a similar manner. Indeed, after a complete rotation
between the day, evening, and night shifts the sleep time will be advanced once, delayed once, and
not shifted once, regardless of whether the workers are on a delaying or an advancing work rotation
schedule. Thus circadian rhythms are likely to be perturbed in a similar manner whether the work
schedule is rotated in a delaying or an advancing direction.”

Hildebrandt (1987) published an “overview” that stressed “why it is important to avoid the
effect of masking and presents a model of the mechanism of circadian synchronization based on
circadian changes of nonspecific responsiveness to various Zeitgeber qualities.” “The significance of
phase responses, transitory uncoupling, frequency multiplication, and flattening of circadian functions
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is considered. Even circadian adaptation undergoes a circaseptan reactive periodicity.” Moog and
Hildebrandt (1989) considered the chronobiological characteristics of night and shift work, and
features of the adaptive process to be expected. Then they discussed the “Demands for experimental
routines to imitate these situations and the need for routines reducing masking effects,” and reviewed
experiments that would meet these demands are reviewed. Practical considerations and inter-
individual differences of the circadian system were taken into account.

The U.S. Congressional Office of Technology Assessment (OTA) published an excellent,
landmark summary of what was known about work-related aspects of biological rhythms in 1991,
before it closed in 1995 (OTA, 1991). Apparently, the same report was re-published by the University
Press of the Pacific in 2005 (OTA, 2005). Much of the information in this report is still quite relevant.
In preparation for this report, the OTA commissioned six reviews:

o Biological Rhythms and Human Performance (Campbell, 1989)

o Shift Work and the Worker (Monk, 1989)

o Shift Work and Nursing (Weisman, 1989)

o Military Applications of Circadian Rhythm Principles (Hull, 1990)

. Shift Work and Society. Demographics and Social Implications (Presser, 1990)

o Legal and Regulatory Issues Related to Work Schedules and Hours of Work (Mintz, 1991)

These reviews are incorporated into the parent document (OTA, 1991, 2005). Ha&rma,
Waterhouse, Minors, and Knauth (1994) investigated the phenomenon of “masking” on the estimation
of circadian adjustment, concluding that “Masking effects on body temperature should be taken into
account before any definite conclusions can be drawn about the relation between individual factors
and the adjustment of the circadian rhythm of body temperature.” Hildebrandt (1987) echoed this
concern about the effects of masking.

While not specific to shiftwork, important information was provided by Mistlberger and Skene
(2004) in their critical assessment of “the evidence for social influences on mammalian circadian
rhythms, and possible mechanisms of action.” They concluded that “The best evidence for social
entrainment in humans is from a few totally blind subjects who synchronize to the 24 h day, or to near-
24 h sleep-wake schedules under laboratory conditions.” They noted that additional research is
warranted. Aschoff et al. (1971) had previously demonstrated that “Social cues are sufficient to
entrain human circadian rhythms.”

Excellent, recent reviews have been provided by Folkard (2008), who concluded that “in normal
environments, permanent night-shift systems are unlikely to result in sufficient circadian adjustment in
most individuals to benefit health and safety”; by Lewy (2007), who discussed recent advances in
melatonin and light therapies for circadian rhythm disturbances; and by Reinberg, Ashkenazi, and
Smolensky (2007), who describe and define internal desychronization.

Gupta, Pati, and Levi (2007) found that “rhythms of subjective fatigue and subjective
drowsiness are governed neither by oral temperature oscillator nor by the sleep/wake cycle oscillator”
and that the “shift rotation pattern chiefly modulates the circadian time structure of shift workers....”

Several investigations have focused mainly on the circadian aspects of human physiology as
related to shiftwork. These include:

o Heart rate (Colqguhoun, 1988)
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o Oral temperature (Knauth, Emde, Rutenfranz, Keiswetter, & Smith, 1981; Nesthus et al.,

2001)

o Oral temperature, grip strength of both hands, peak expiratory flow and heart rate
(Reinberg et al., 1988)

o Heart rate and oral temperature (Sen & Kar, 1978)

There are several other, more generic articles available that discuss and review varying aspects
of interactions between circadian rhythms and shiftwork (Campbell, 1989; Folkard, Minors, &
Waterhouse, 1985; Hildebrandt, 1987; Monk, 1989, 1990; Moog & Hildebrandt, 1987; Richardson &
Tate, 2000; Turek, 1986; West, 2001).

1. Circadian Sleep Disruption

Morgenthaler et al. (2007) is an excellent, current reference for understanding interactions
between circadian rhythm disruption and sleep, and how one may treat circadian-disruption-induced
sleep disturbances. Additional resources on this subject include (Akerstedt, 1998; Akerstedt, Kecklund,
& Knutsson, 1991, Czeisler, Moore-Ede, & RH Coleman, 1982; Duffy, Dijk, Klerman, & Czeisler, 1998;
Gooley, 2008; Kiesswetter, 1993; Knauth et al., 1980; Mauvieux, Gouthiére, Sesbolie, & Davenne,
2003; Santhi, Duffy, Horowitz, & Czeisler, 2005; Santhi, Horowitz, Duffy, & Czeisler, 2007; Thorne,
Hampton, Morgan, Skene, & Arendt, 2008; Van Reeth, 1998; Van Reeth & Mennuni, 2002; Vidacek,
Radosevié-Vidacek, Kaliterna, & Prizmi¢, 1993).

Also, see the subsection on Shift Work Sleep Disorder, below.

D. OCCUPATIONAL RISK AND SAFETY

Two collections of information about occupational risk and safety in shiftwork were provided by
Haider (1986) and then Colquhoun (1996);

Costa (2001) discussed the “24-hour society.” The author asked, “[W]hat kind of 24-hour
society do we need? At what costs? Are they acceptable/sustainable?” “What are the advantages and
disadvantages for the individual, the companies, and the society? What is the cost/benefit ratio in
terms of physical health; psychological well-being, family and social life? The research on irregular
working hours and health shows us what can be the negative consequences of non-human-centered
working times organisations. Coping properly with this process means avoiding a passive acceptance
of it with consequent maladjustments at both individual and social level, but adopting effective
preventive and compensative strategies aimed at building a more sustainable society, at acceptable
costs and with the highest possible benefits.”

Folkard (2006; Folkard, Lombardi, & Spencer, 2006) created a spreadshet estimator for risks of
injuries and accidents during shiftwork. Much of the data used in the calculations were reported
previously (Folkard & Tucker, 2003). The reference list in the technical report (Folkard, 2006) includes
a number of relevant articles and reports that are not repeated here. Folkard’s technical report,
spreadsheet, and user’s guide are available at http://www.hse.gov.uk/research/rrhtm/rr446.htm.

1. Aviation
Nicholson and Stone (1982) provided an early guide for flight medical officers. The guide
addressed the relation between alertness and sleep, and the nature of sleep and circadian rhythmicity
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in the settings of shiftwork, transmeridian flight and air operations. They also discussed disorders of
sleep and arousal and the use of hypnotics. Sanders, Chaturvedi, and Hordinsky (1998) discussed the
potential uses of melatonin in aviation operations, including air traffic controllers and maintenance
workers.

a. Aeromedical

o “Air medical team members report for [12-hour night] shifts with a significant sleep
debt that does not differ between crewmembers permitted on-duty rest and those with
on-duty rest prohibitions. More than half of flight team members surveyed have
[outside employment] and many report for flight duty within 8 hours of leaving their
other job. [12-hour night] shift crewmembers are at a particularly high risk for the
consequences of fatigue” (Frakes & Kelly, 2005).

o “Provided adequate daily sleep (at least 7 hours/day) is obtained, we found no
difference or decline in the cognitive function of flight nurses working either a 12-hour
evening or 18-hour shift during a 72-hour duty schedule” (Thomas, Hopkins, Handrahan,
Walker, & Carpenter, 2006).

. Outside employment “is common for 24H medical staff and some personnel report for
flight duty within eight hours of leaving an OE position. As the industry considers the
impact of fatigue on operational safety, shift length, on-duty rest, and outside
employment will be important considerations” (Frakes & Kelly, 2007).

b. Air Traffic Control

Luna, French, and Mitcha (1997); Luna, French, Mitcha, and Neville (1994) assessed
USAF air traffic controllers working a forward 2-2-2 rapid rotation shift schedule. They found
significantly more sleep, more fatigue and confusion and decreased vigor and general activity levels on
the night-shift. Significantly more sleep occurred after the swing-shift than the day-shift. Ina
subsequent review of the literature, Luna (1997) found that civilian controllers’ “performance declines
on the night-shift and that [controllers] may be falling asleep while on-duty.” For air traffic controllers,
apparently in New Zealand, Signal and Gander (2007) observed that “a 4-d counterclockwise, rapidly
rotating schedule results in a progressive reduction in sleep and consequently the rapid accumulation
of a sleep debt.”

The Federal Aviation Administration’s Civil Aeromedical Institute (FAA CAMI) has
published a number of studies on a unique, non-cyclic schedule used by civilian air traffic controllers in
the United States (Boquet et al., 2002; Cruz, Della Rocco, & Hackworth, 2000; Cruz, Detwiler, Nesthus,
& Boquet, 2002; Cruz, Boquet, Detwiler, & Nesthus, 2003, 2002; Della Rocco, 1999; Della Rocco & Cruz,
1995, 1996; Hackworth, Schroeder, & Bleckley, 2004; Melton, 1985; Melton & Bartanowicz, 1986;
Melton et al., 1973; Nesthus et al., 2001; Nesthus, Cruz, Hackworth, & Boquet, 2006; Smith, 1973).
This schedule includes one backward rotation to a night shift at the end of 5 days of work (Melton et
al., 1973). Many controllers take a nap before this night shift. Nesthus et al. (2001) compared the
backward-rotating, unique controller schedule to a forward, rapid rotation and noted that, for the
circadian rhythm of body temperature, “An attenuation of amplitude and a delay in the acrophase was
the found for the counter-clockwise [backward] condition.”

20



In 1999, an FAA Air Traffic Control Shiftwork Study “was conducted in response to a
mandate from Congress to learn more about the shift schedules, sleep patterns, and fatigue of air
traffic controllers (ATCS)” (McCloy, 2001). Data from 4,112 enroute and terminal ATCS were acquired.
The reported sleep duration on days off was 8.3 hours. Sleep durations for shift start times of early
morning (before 08:00), day (08:00 to 09:59), mid-day (10:00 to 12:59), and afternoon (13:00 to 19:59)
were 6.5, 7.3, 7.9, and 8.0 hours, respectively. Sleep durations for shift start times before midnight
(20:00 to 23:59) and after midnight (00:00 to 01:00) were 3.6 and 4.3 hours, respectively. The main
health complaints were headaches (26% of respondents), chronic back pain (21%), sinusitis or tonsilitus
(21%), and hemorrhoids (18%). “More than a third of the controllers reported falling asleep while
driving home after a midnight shift” (McCloy, 2001).

C. Army Helicopter Operations

Comperatore et al. (1992) noted the problem of Army aviation personnel often
encountering “work schedules which require the transition from daytime to nighttime duty hours
without the benefit of an adaptation period” and discussed the associated challenges. Subsequently,
this group examined “the effects of a night shift coping strategy in the adaptation of helicopter pilots
(UH-1) to nighttime (2100 to 0100) flying schedules” (Comperatore, Chiaramonte, Pearson, Stone, &
Hess, 1993). It appeared that students in dormitories managed their sleep time better than their
instructor pilots. Then, they used phase 1 of a two-phase “unit-specific crew rest” strategy to examine
shiftwork schedules used by the 1/212th Army Aviation Training Battalion at Fort Rucker, Alabama
(Comperatore, Chiaramonte, Lawhorn, & Allan, 1994).

d. Maintenance

Lafleur and Mascorro examined “multishift operations in the aircraft maintenance
facilities within the Air Force Logistics Command with a view towards reducing the amount of shift
differential paid” (Lafleur & Mascorro, 1974). Meanwhile, LaRue and Metzinger (1974) set out to
“identifiy and evaluate the importance of selected factors of the employees and their environment
which might motivate them to work non-day shift schedules in Air Material Area (AMA) Aircraft
Maintenance functions of the Air Force Logistics Command.” They found “three sub-factors that were
significantly different across shift preference groups. These sub-factors were age, grade classification
and salary.”

Two decades later, Maddox (1995) produced an FAA Human Factors Guide for Aviation
Maintenance that included guidance about shiftwork and scheduling.

Overland (1997) “examined the effects of converting from an 8 hour shift system to a 12
hour system on [USAF] aircraft maintenance personnel.” Overland found that “changing from 8 to 12
hour shifts affected worker well being and morale.” Campbell (1998) examined the effects of
converting a large aircraft maintenance squadron from 8-hour shifts to 12-hour shifts and back.
Overland found “no significant differences in 8-hour and 12-hour shifts on and off-duty accident rates
or day and night shift accident rates. Reported levels of fatigue were significantly greater when 12-
hour shifts were used.” Collette (1999) provided a follow-up study of this squadron, from which he
concluded that “12-hour shifts have a moderate impact on productivity measurements.”
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e. Remotely Piloted Aircraft

Miller conducted an assessment of the shiftwork schedule at the 15™ Reconnaissance
Squadron, then located at Nellis AFB, in November 2004 (unpublished until now). He found that
“schedulers spent large amounts of time assigning individuals to time slots and then making changes
on the basis of individual requests and individual needs for deployment, TDY, training, and additional
duties. The schedule was quite irregular and largely unpredictable and, thus, there appeared to be a
potential for scheduling inequities. Good quality of time off was limited. These problems are known to
affect morale and retention.” Miller recommended 12-hour shifts in a DDNNROOS rota; i.e., two day
shifts (D), two night shifts (N), a protected recovery day (R, the first part of which includes the end of
the second night shift), two days off (O), and a stand-by day (S) for limited additional duties. He also
recommended how individuals could have flexibility within this schedule without the need for a
“scheduler.” Unfortunately, the squadron did not have enough pilots to create the four shift sections
needed to implement a reasonable rota. They made some changes, but continued working on a poor
schedule.

Colleagues of Miller followed up with several excellent reports. Thompson et al. (2006)
reported that this schedule “significantly increased the likelihood of personnel reporting symptoms
consistent with Shift Work Sleep Disorder.” A follow-up study by Tvaryanas, Platte, Swigart, Colebank,
and Miller (2008) “found no significant reduction in reported fatigue despite prior modifications to the
shift work schedule. It also demonstrated the potential for inadequate staffing levels to magnify the
adverse effects of shift work.” A year later, Tvaryanas and MacPherson (2009) found that “Modeling of
feasible variants of the current shift work schedule failed to reveal a significantly improved alternative
schedule. Collectively, the results demonstrate a persistent problem with chronic fatigue in this study
population, likely reflective of continued inadequate opportunities for recovery and restorative sleep.”

2. Driving

Gold et al. (1992) surveyed 635 nurses, finding that “In comparison to nurses who worked only
day/evening shifts, rotators had more sleep/wake cycle disruption and nodded off more at work.
Rotators had twice the odds of nodding off while driving to or from work and twice the odds of a
reported accident or error related to sleepiness.” Steele, Ma, Watson, Thomas, and Muelleman (1999)
surveyed 1,554 emergency room residents, finding that “Residents reported being involved in a higher
number of [motor vehicle crashes] and near-crashes while driving home after a night shift compared
with other shifts. Driving home after a night shift appears to be a significant occupational risk for EM
residents.”

Barger et al. (2005) collected 17,003 monthly reports from 2,737 interns. They calculated odds
ratios for involvement in traffic accidents and found that “Extended-duration work shifts, which are
currently sanctioned ... pose safety hazards for interns.” Nesthus et al. (2006) calculated odds ratio risk
estimates for air traffic controllers’ “driving outcomes (i.e., lapses of attention, falling asleep, near
misses, and accidents). ... Reduced mental sharpness was associated with elevated [odds ratios] while
driving to or from most shifts, though the greatest risk was found before early mornings and following
midnight shifts.”

De Valck et al. (2007) used a driving simulator with 36 shift workers from a chemical plant and
found that “Lane drifting [a sensitive indicator of driver drowsiness] was higher after a night shift than
after an afternoon shift”. Scott et al. (2007) collected log books from 895 full-time hospital staff
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nurses, completed on a daily basis for 4 weeks. They found that “Shorter sleep durations, working at
night, and difficulties remaining awake at work significantly increased the likelihood of drowsy driving
episodes.” Dorrian et al. (2008) collected log books for one month from 41 Australian nurses working 1
in 3 shifts, and found that they struggled to remain awake during

their commute.

Landrigan et al. (2008) set out to determine whether work hours, sleep, and safety changed
after the 2003 implementation of the Accreditation Council for Graduate Medical Education limits for
hours of work by resident physicians. They acquired 6,007 reports of near-miss and actual motor
vehicle crashes, occupational exposures, self-reported medical errors, and ratings of educational
experience from 220 residents and found few changes, including no change in rates of motor vehicle
crashes.

Mets, van Deventer, Olivier, Volkerts, and Verster (2009) reviewed the problem of driving
safety associated with shiftwork and have proposed countermeasures.

3. Firefighters

Paley and Tepas (1994) sought “differences in time-of-day interactions in firefighters’ sleep
length, sleepiness, and mood ratings as a function of shift.” “The study showed that firefighters
working on a rotating 8-hour shift schedule will sleep less and will report lower positive mood scores,
higher negative mood scores, and greater sleepiness ratings on the night shift. Additionally, it was
shown that over the course of a shift (two weeks), firefighters were unable to adapt to changes in their
sleep schedule.”

Knauth, Keller, Schindele, and Totterdell (1995) assessed “All 29 operators in the control room
of a fire brigade” as they “performed test sessions during work and leisure time at 2-hour intervals on a
day with a 14-hour night-shift, a day off and a day with a 10-hour morning shift.” “The circadian
rhythm of body temperature was hardly changed by a single night-shift. Parallel to the body
temperature, the subjective alertness fell significantly during the night-shift reaching a minimum value
at 06:00 h. The mean reaction times increased non-significantly at the end of the night-shift and the
results of the two Sternberg memory search tests showed no significant trends. The sleep of the
operators after the night-shift was on average reduced to 5 hs 34 min. ... Most results support the
conclusion that a 14-hour night-shift without extensive breaks is not acceptable.”

Paul and Miller (2005) assessed five different fire fighter schedules. “All five schedules were
predicted to sustain cognitive performance as long as there are no alarms during the night. If night-
time alarms occur, impact on cognitive effectiveness occurs similarly across all schedules with recovery
of cognitive effectiveness taking up to 48 hrs. However, since schedule 4 provides for 3 days of rest
after each 24-hr work period, cognitive performance is fully restored before the next duty period.”

Barger, Lockley, Rajaratnam, and Landrigan (2009) reviewed “the physiologic challenges
inherent not only in traditional night or rotating shifts but also in extended-duration shifts and other
nonstandard hours.” “The challenging schedules of those in particularly safety-sensitive professions
such as police officers, firefighters, and health care providers are highlighted.”

Landrum (2010) noted that “Compressed scheduling offers advantages to a law enforcement
agency.” Landrum provided support within the law enforcement community for the shiftwork
scheduling principle of good quality time off, one of the advantages of compressed work schedules.
“When using a compressed scheduling model the agents, their families, and the environment all
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benefit. This type of robust scheduling allows full-time employees to complete their work week in
fewer days. Agents who report to work fewer days per week have more time for personal events,
family events, and respite. A compressed schedule increases morale and recruitment while decreasing
attrition.” “Itis time for strategic leadership in federal law enforcement to create equilibrium between
the agents' vital needs and the mission of securing the United States of America. Implementation of a
compressed work schedule for border patrol officers in the United States Border Patrol is clearly a
sound strategic decision.”

4, Health Workers

Motohashi (1992) monitored circadian rhythms including salivary cortisol rhythm in seven shift-
working ambulance personnel. The data “confirmed the internal desynchronization of the circadian
rhythm in physiological rhythms like oral temperature and grip strengths, and was in favour of the
hypothesis of an internal desynchronization and clinical intolerance to shift work.” Subsequently, with
data from 42 ambulance personnel, Motohashi and Takano (1993) found that “shift work altered the
characteristics of circadian rhythms of ambulance personnel; nighttime naps seemed to have a
favorable effect on averting changes in circadian rhythms.”

Poissonnet and Véron (2000) reviewed the literature on the “effects on health of irregular
schedules in healthcare professionals”. “No conclusive evidence was found to favour any particular
work system, although there is evidence that extended workdays (9-12 h) should be avoided as much
as possible.”

Kilpatrick and Lavoie-Tremblay (2006) provided advice to managers of shiftwork in healthcare
settings, stating that “Guidelines must be developed and initiatives implemented and evaluated to
protect health care workers, especially older female shiftworkers, from the negative impact of
shiftwork as they represent a precious resource in a shrinking supply.” Choobineh, Rajaeefard, and
Neghab (2006) collected data from 432 health care workers at hospitals of Shiraz University of Medical
Sciences, Islamic Republic of Iran. They found that “Sleep, social and subjective problems were more
prevalent in shiftworkers than day workers. Irregular shiftwork schedules caused more social and
subjective problems, as well as work dissatisfaction. Voluntary selection of shiftworking produced
fewer health problems.”

Owens (2007) “outlines the causes and consequences of sleep loss and fatigue in healthcare
professionals, and provides an empirically based framework for developing strategies to recognize,
address, and manage sleep loss and fatigue.” Lockley et al. (2007) provided a review that led them to
conclude that “The weight of evidence strongly suggests that extended-duration work shifts
significantly increase fatigue and impair performance and safety. From the standpoint of both
providers and patients, the hours routinely worked by health care providers in the United States are
unsafe.”

A survey was completed recently by 906 healthcare professionals located in Australia, Brazil,
Croatia, and the USA, and the data were analyzed by hierarchical multiple regression. The regressions
“indicated that particular shiftwork characteristics have differential relevance to indices of work-to-
family conflict, physical well-being, and mental well-being” (Barnes-Farrell et al., 2008).

Barger, Lockley, Rajaratnam, and Landrigan (2009) reviewed “the physiologic challenges
inherent not only in traditional night or rotating shifts but also in extended-duration shifts and other
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nonstandard hours.” “The challenging schedules of those in particularly safety-sensitive professions
such as police officers, firefighters, and health care providers are highlighted.”

Barrau-Baumstarck et al. (2009) documented “the role of the type of schedule worked on QoL
[quality of life], fatigue, and burnout among critical care nursing and paramedical staff.” “The
univariate analysis showed QoL was best in the group working 12-hour shifts, compared with the other
2 groups, while their levels of fatigue and burnout were similar. The multivariate approach, which
sought to document the specific role of length of work shift on QoL showed that while the physical
component of QoL might be influenced by number of hours worked (staff working 10-hour nights had
lower QoL scores than either of the others), but the psychological component was not; only gender
and duration of commute were significantly associated with QoL.”

a. Nurses

Nurses have been the focus of and have provided data for many investigations of the
effects of shiftwork since about 1990. The issue of night work, nurse health and patient safety became
popular in the mid-1980s. For example, Kemp (1984) reviewed 250 relevant articles and concluded
that “Research into the effects of night work on females, who predominate in nursing, is very limited.”
In the extensive review commissioned by OTA, Shift Work and Nursing, Weisman (1989) noted, a
number of observations concerning shiftwork in nursing, paraphrased here:

. Nurses on rotating shifts tended to take more sick days than nurses on fixed shifts, and
rotating nurses tended to have more serious reasons for taking sick days.

o Nurses on rotating shifts had lower work performance scores than nurses in fixed shifts.

o It was unknown how shiftwork affected patient care.

. Nurses on fixed night shifts and on rotating shifts had more sleep problems than nurses
on fixed day or evening shifts. Nurses on fixed night shifts got the least sleep.

o Nurses on rotating shifts had more digestive disorders than nurses on fixed shifts.

o Nurses on rotating shifts had more mood disorders than nurses on fixed shifts.

o Little was known about the effects of shiftwork on the menstrual cycle.

o Nurses on rotating shifts had more disruption of family and social life than nurses on
fixed shifts.

Matsumoto, Kamata, Naoe, Mutoh, and Chiba (1996) conducted an extensive study of
nurse shiftwork in Japan. They surveyed 152 nurses who worked two consecutive night shifts and two
consecutive evening shifts, following a variable number of day shifts. This was a “rapid and
counterclockwise rotation” that was used by 71% of the 66 hospitals that they also surveyed. For
these nurses, daytime sleep problems were worst after the first night shift and the frequency of taking
sleep-inducing drugs was highest; feelings of fatigue were the highest after each of the two night
shifts; depression was relatively high; the older the nurse, the greater the aggravation of both sleep
problems and fatigue; sleep problems after day shifts were worse and depression was higher in nurses
classified as owls compared to those in nurses classified as larks; and there were no differences
between introverts and extroverts.

Clissold, Smith, Accutt, and Di Milia (2002) studied “female nurses working a continuous
3-shift roster.” They “found that the average sleep duration per 24-hours across the roster is almost
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one hour less for nurses who combine shiftwork, partner and parent roles. In particular, they are not
free to use the later starting afternoon shift as an opportunity to repay the sleep debt incurred on
night shift. The results show an interaction between work and family roles resulting in chronic fatigue
that is a risk factor especially when combined with the acute fatigue associated with night work. ... The
strain of shiftwork on personal and social relationships reduces the resources available for coping with
the emotional and physical stressors encountered by nurses in their work and family roles.”

Trinkoff, Geiger-Brown, Brady, Lipscomb, and Muntaner (2006) surveyed 2,273
registered nurses about their hours of work. They concluded that “The proportion of nurses who
reported working schedules that exceed the recommendations of the Institute of Medicine should
raise industry-wide concerns about fatigue and health risks to nurses as well as the safety of patients in
their care.” Sveinsdéttir (2006) surveyed 348 nurses in Iceland and found that “Nurses working
rotating ... shifts reported a longer working day, more stressful environmental risk factors, more
strenuous work and that they were less able to control their work-pace.”

Peate (2007) focused on “some of the consequences of a disrupted circadian rhythm,”
provided “advice on coping with shift work, in particular night-time shifts,” and offered “some practical
recommendations for practice.” West, Ahern, Byrnes, and Kwanten (2007) surveyed 150 final year
undergraduate students over their initial twelve months of clinical practice and concluded that
“although it is possible that improved preparation for shift work may assist the adaptation of New
Graduate Nurses to shift work during their first year of practice it is clear that attention to the
organisation of nursing shift work would also be timely.”

Samaha, Lal, Samaha, and Wyndham (2007) assessed chronic fatigue, anxiety, mood,
locus of control, and a number of lifestyle factors in 111 eldercare shift-worker nurses. They found
that “mood disturbance, locus of control and trait anxiety are statistically significant predictors of
chronic fatigue. Poor sleep quality was the lifestyle factor which most strongly contributed to fatigue.
... Whilst problem-focused coping behaviours were not associated with fatigue, coping by using
alcohol, letting emotions out and avoiding the situation significantly predicted chronic fatigue.”

Dorrian et al. (2008) acquired one month of logbooks from 41 Australian nurses. They
found that “Nurses reported exhaustion, stress and struggling to remain (STR) awake at work during
one in three shifts. Sleep was significantly reduced on workdays in general, and workdays when an
error was reported relative to days off. The primary predictor of error was STR, followed by stress.
The primary predictor of extreme drowsiness during the commute was also STR awake, followed by
exhaustion, and consecutive shifts. In turn, STR awake was predicted by exhaustion, prior sleep and
shift length.” Karagozoglu and Bing6l (2008) surveyed 418 Turkish nurses, finding that, in general,
nurses’ sleep quality was low and job satisfaction was at a moderate level, and that as sleep quality
scores increased, job satisfaction ratings increased.

Peters, de Rijk, and Boumans (2009) examined whether “satisfaction with irregular
working hours that are a form of shiftwork operates as a mediator between work and home
characteristics and health problems.” “All work characteristics, but no home characteristics, were
associated with satisfaction with irregular working hours. The work characteristics ‘job demands’ and
the home characteristics ‘autonomy at home’ and ‘home demands’ were associated with health.
Satisfaction with irregular working hours did not mediate between work/home characteristics and
health. Those reporting more social support, lower job demands and more job autonomy were more
satisfied with their irregular working times that were a form of shiftwork.”
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Studies of rotating versus fixed shifts for nurses were described in the section on
Schedule Structure, above, as were studies of 12-hour shifts. There have been at least two studies of
16-hour night shifts for nurses (Fukuda, Takahashi, & Airto, 1999; Takahashi et al., 1999). Josten, Ng-A-
Tham, and Thierry (2003) investigated the effects of 9-hour shifts in nursing, using questionnaires
completed by 134 nurses from three nursing homes in The Netherlands. “The 9-hour shift seemed to
combine the negative aspects of the 12-hour shift with the negative aspects of the 8-hour shift. Itis
suggested that the 9-hour shift had more negative effects than the 12-hour shift.”

Borges and Fischer (2003) studied sleep disturbances in night-shift nurses and Ribeiro-
Silva et al. (2006) napping. De Martino (2002) conducted a sleep study that indicated the need for
naps during the night shift. Boivin and James (2002) tested the efficacy of an intervention with bright
light therapy and work and light-protection goggles, while Grundy et al. (2009) assessed light exposure
and melatonin levels. These studies are described in the section on Health and Fatigue
Countermeasures, respectively. Two studies of driving safety were described, above, in the present
section (Dorrian et al., 2006; Scott et al., 2007).

Samples of the nurse population have been studied with respect to general health,
breast cancer prevalence and melatonin suppression, and other issues. Those studies are all described,
below, mainly in the sections on Health and Individual Differences.

A number of reviews and guides for nurses in shiftwork and their managers have been
produced (Admi, Tzischinsky, Epstein, Herer, & Lavie, 2008; Alward & Monk, 1994, 1993; Berger &
Hobbs, 2006; Circadian Technologies, 2005; Erenstein & McCaffrey, 2007; Surani, Murphy, & Shah,
2007; West, 2001; Wilson, 2002).

b. Residents

Physicians have also been the focus of and have provided data for many investigations
and innumerable discussions of the effects of shiftwork. Michaels described the problem as it stood in
1984: “The deleterious effects of night shift work are discussed in relation to emergency physicians.
Much of the early research is drawn from heavy industry sources and must be extrapolated to medical
work. Disruption of circadian rhythms and Zeitgebers, caused by adherence to contemporary social
schedules, causes recurrent difficulty for physicians who constantly change schedules. Adjustments in
both physical surroundings and social structure that can make the effects of traumatic schedule change
more tolerable are discussed.” Whitehead, Thomas, and Slapper provided a review in 1992.

Investigations of residents’ driving safety were discussed, above (Barger et al., 2005;
Steele et al., 1999). The experimental use of modafinil by residents is discussed in the Fatigue
Countermeasures section below (Gill, Herich, Westcott, Godenick, & Tucker, 2006; Suryadevara,
Zandifar, Guyer, & Kellman, 2008).

Steele, McNamara, Smith-Coggins, and W. Watson (1997) surveyed more that 2,000
emergency medicine residents with regard to lark-owl tendencies and found that they tended “slightly
toward eveningness.” Surveys acquired from nearly 1,000 other emergency medicine residents
allowed Steele et al. (2000) to characterize residents’ working hours and shiftwork tolerance. They
concluded that “residents generally tolerate shiftwork well and prefer 8-hour or 10-hour shift lengths
compared with 12-hour shift lengths.”

Smith-Coggins, Rosekind, Hurd, and Buccino (1994) monitored six physicians
electronically for two 24-hour periods, one with daytime work and the other with nighttime work.
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They found that “Attending emergency physicians get less sleep and are less effective when
performing manual and cognitive tests while working night shifts with day sleep compared with
working day shifts with night sleep.” A subsequent intervention “failed to significantly improve
attending physicians' sleep, performance, or mood on night shifts.”

Dula et al. (2001) sought to determine whether working five serial night shifts in the
emergency department results in a decline in physician performance as measured with an intelligence
test. They concluded that “Working a series of 5 night shifts results in a substantial decline in cognitive
performance in physicians working in the ED.” Rollinson et al. (2003) assessed the neuropsychological
performance of 12 interns at the beginning and end of a shift while they worked consecutive night
shifts in the emergency department. They found that “Interns working nights demonstrated a
significant reduction in visual memory capacity across the night shift.” Lockley et al. (2004) quantified
work hours, sleep, and attentional failures among 20 first-year residents working a traditional rotation
schedule that included extended work shifts or working an intervention schedule that limited
scheduled work hours to 16 or fewer consecutive hours. “Eliminating interns’ extended work shifts in
an intensive care unit significantly increased sleep and decreased attentional failures during night work
hours.” Gander et al. (2008) examined work patterns, sleep, and performance of 28 anesthesia
trainees and 20 specialists across a two-week work cycle in two urban public hospitals. “Consistent
with observations from experimental studies, the sleep loss of specialists across 12 consecutive
working days was associated with a progressive decline in post-duty psychomotor vigilance task
performance. However, this decline occurred with much less sleep restriction ... than in laboratory
studies, suggesting an exacerbating effect of extended wakefulness and/or cumulative fatigue
associated with work demands.”

Eastridge et al. (2003) hypothesized that “call-associated” acute sleep deprivation has
no effect on technical dexterity as measured on a minimally invasive surgery trainer, virtual reality
(MIST VR) surgical simulator. Data from 35 surgical residents indicated that “Call-associated sleep
deprivation and fatigue are associated with increased technical errors in the performance of simulated
laparoscopic surgical skills”. DeMaria, McBride, Broderick, and Kaplan (2005) assessed 17 surgical
residents’ learning of laparoscopic skills before and after night call. “Most parameters ... showed
improvement rather than deterioration post-call, which is consistent with learning of laparoscopic skills
despite lack of sleep from night call.” Leff et al. (2008) assessed the impact of seven successive night
shifts on the technical surgical performance of 21 junior residents. They found that “Newly acquired
technical surgical skills deteriorate maximally after the first night shift, emphasizing the importance of
adequate preparation for night rotas. Performance improvements across successive shifts may be due
to ongoing learning or adaptation to chronic fatigue.”

Landrigan et al. (2004) examined the rates of serious medical errors made by interns
while they were working according to a traditional schedule with extended (24 hours or more) work
shifts every other shift (an “every third night” call schedule) and while they were working according to
an intervention schedule that eliminated extended work shifts and reduced the number of hours
worked per week. “Interns made substantially more serious medical errors when they worked
frequent shifts of 24 hours or more than when they worked shorter shifts.” Barger et al. (2006) used
the monthly reports cited in the sub-section, Driving, above, to assess whether extended-duration
shifts worked by interns were associated with significant medical errors, adverse events, and
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attentional failures. They found that “extended-duration work shifts were associated with an
increased risk of significant medical errors, adverse events, and attentional failures in interns.”

McDonald, Ramakrishna, and Schultz (2002) developed a spreadsheet model of
residents’ work hours in the United States. The model allowed the input of multiple parameters (i.e.,
call frequency, call position, days off, short-call, weeks per rotation, outpatient weeks, clinic day of the
week, additional time due to clinic) and start and stop times for post-call, non-call, short-call, and
weekend days. The model was validated and then used to test proposed scenarios. The investigators
concluded that the “model is sufficiently robust to accurately estimate work hours on multiple and
varied rotations.” They used the model successfully “to test proposed alternative scenarios, to
overcome faculty misconceptions about resident work-hours ‘solutions,” and to make changes to our
call schedules that both are realistic for residents to accomplish and truly diminish total resident work
hours.”

A number of articles have addressed hours of service for junior physicians in the United
Kingdom (Ahmed-Little, 2008; Cass, Smith, Unthank, Starling, & Collins, 2003; Douglas, 2008; Jagsi &
Surender, 2004; Kapur & House, 1998; Pounder, 2008; Reid & Coakley, 2008; Vallely, 1991).

General reviews and guidance concerning residents’ work hours have been provided in
several articles (Fletcher et al., 2005; Goldstein, Kim, Widmann, & Hardy, 2004; Kuhn, 2001; McLean,
2005; Mion & Ricouard, 2007).

5. Maritime

a. Surface

The traditional 4-hour shift (watch) length is used in many, but not all, military and
commercial maritime surface operations. The nature of this schedule is described in detail by Miller in
Attachment 2 of his shiftwork manual (Miller, 2006). The main problems with the traditional 4-and-8
maritime watch plan are reduced total sleep time and fragmented sleep. With only eight hours off
between watches, the watchstander is never able to get the eight hours of continuous, uninterrupted
sleep found by clinicians and researchers to be the average sleep need. Thus, many maritime
watchstanders operate at a continual, unacceptably-low level of cognitive performance effectiveness
(usually about 80% to 90%) while the vessel is underway.

Condon et al., (1984) and Knauth et al., (1984) collected oral temperature data from 12
members of the crew of an oil tanker at sea, 9 of whom stood 4 on, 8 off fixed watches. The data
showed sleep interference caused by the watch schedule (Knauth et al., 1984) and suggested “that a
reasonable degree of adjustment of the temperature rhythm to the different sleep/wake routines
imposed by the work system had occurred. ... However, further investigations are needed to
substantiate these findings, and also to determine how long it takes for the rhythm adjustment process
to reach completion in inexperienced workers” (Condon et al., 1984).

Colguhoun (1985) reviewed the problems associated with hours of work and
watchkeeping duties on ocean-going vessels sailing between distant ports. Research findings from
submarine studies in the United States in 1949-1950 (see next section) were considered, as were the
studies by Colquhoun, Blake, and Edwards reported in 1968-1969 (Colquhoun, Blake, & Edwards, 1968,
1969; Colguhoun, Blake, & Edwards, 1969; Colquhoun, Blake, & Edwards, 1968) and the submarine
crew watch comparison by Caille and Bassano (1977; see next section). Colquhoun (1985) discussed
these findings “in relation to a proposed program of research aimed at determining the optimal system
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for maintaining efficiency in crews operating the modern, fully automated vessels now coming into
service.” This proposed program may have resulted in a 1987 study (Colguhoun, Watson, & Gordon,
1987) and the “Work at Sea” publications cited below.

Ely (1987) reviewed U.S. Coast Guard watchstanding schedules and collected
guestionnaire data. He reported that “Results indicate that there are minor differences between
performance during day watches and performance during night watches. Similarly, the study indicated
that performance within a given watch declines as time on watch increases for day watches only; this
pattern does not hold for night watches.”

According to Blassingame (2001),

Lauer 111 (1991) evaluated a segment of the surface warfare officer (SWO)
community assigned to shipboard command and control functions in a certain
operational condition. He reported that a great percentage of the tactical action
officers (TAOs) and officers of the deck (OODs) experienced systems of sleep deprivation
while underway and a very small percentage of the TAOs and OODs felt they were fully
alert at all times. The restricted nature of Lauer’s thesis prevents full publication of
actual percentages; authorized personnel should refer to his thesis for specific numbers.

Boulard, Telle-Lamberton, and Vezina (1989) (as reported by Donderi et al., 1995)
studied four crewmen on the 0000 to 0600h and 1200 to 1800h 2-section watches, four crewmen on
the complementary 2-section watch, and five crewmen who worked 0600 to 1930h during a month of
Canadian Coast Guard winter search and rescue operations. The comparisons of physiology and
performance among these three small groups produced no useful differences. Boulard et al. (1989)
recommended the use of three watch sections, including three fixed 8-hour watches starting at 2200h.

A series of “Work at Sea” articles appeared in 1988 from a group of investigators in the
United Kingdom, dealing with circadian rhythm disruption in maritime crews (Colquhoun et al., 1988;
Condon et al., 1988; Fletcher, Colquhoun, Knauth, De Vol, & Plett, 1988; Plett et al., 1988; Rutenfranz
etal., 1988). Condon et al. (1988) collected daily records of sleep, activity, body temperature,
performance, and subjective alertness from 15 watchkeepers on the 4-on/8-off system, and from 28
dayworkers, on both westward and eastward transatlantic voyages. They observed less daily sleep on
the eastward voyage than that on the westward voyage, and lower quality. “[M]orning levels of all
[circadian] variables were lower on the eastward voyage than on the westward, but evening levels
were higher. ... This problem can only be solved by the development of alternative watchkeeping
systems which take full account of these rhythms.” Plett et al. (1988) assessed the physiological
variables of the seamen and concluded that, for the watchkeepers, “full phase adjustment of the
circadian rhythms to shifted hours of work did not occur.” Rutenfranz et al. (1988) examined the sleep
patterns of the seamen. They observed that “All watchkeepers exhibited fragmented sleeping
patterns, which indicated a lack of adaptation of the sleep/wakefulness cycle to the hours of work. ... A
solution for this problem could perhaps be a new, stabilized system that allows a single uninterrupted
sleep, which is required for full recuperation, to be taken each day.” Fletcher et al. (1988) investigated
the use of a compressed schedule while underway, with mixed results.

Donderi, Smiley, and Kawaja (1995) compared “a new [2-section] 4&8 schedule to the
current [2-section] 6&6 schedule with regard to performance, mood and sleep”. “The two schedules
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were not significantly different in total sleep, performance (choice reaction time, short term memory)
or mood. ... We do recommend that the Coast Guard consider a variation of the 4&8 schedule
wherein the dayworker remains on the 4&8 schedule (which improved sleep length) and the night
worker remains on the 6&6 schedule (6&6 nightworkers slept better).” In their review of the
literature, Donderi et al. (1995) found only six previous studies of 2-section watchkeeping schedules:
Strong and Brown, (1989); Boulard et al., (1989); Wilkinson and Edwards, (1968); Colquhoun et al.,
(1975); and Colquhoun et al., (1969). These studies are listed in this bibliography as reported by
Donderi et al. (1995) and by Colquhoun (1985).

Sanquist, Raby, Maloney, and Carvalhais (1996) assisted the United States Coast Guard
(USCG) in undertaking “a multi-year research program to establish a technical basis for maritime
operational practice and regulatory guidance in work-rest scheduling and work hour limitations.” In
this study, data were acquired from 141 mariners on eight commercial ships. The investigators found
that the “incidence of critical fatigue indicators such as severely restricted sleep durations per 24-hour
period, very rapid sleep onset times, and critically low alertness levels suggest that fatigue regularly
occurs. The results point to sleep disruption, reduced time between watches, fragmented sleep, and
long workdays as principal contributors to the problem.” Several courses of action for fatigue
reduction were discussed.

Miller, Smith, and McCauley (1998) investigated crew fatigue on three types of USCG
cutters. “Evidence of mild fatigue, specifically daytime sleepiness and a degradation of vigilance
performance, was observed in many crew members. This study documented levels of workload,
performance, and fatigue found in normal, daily Coast Guard cutter operations. Principles of industrial
chronohygiene were considered in light of the analysis of crew member sleep patterns, circadian
rhythms, and watch schedules. This analysis led to recommendations for watch schedule alternatives
that may reduce the probability of crew daytime sleepiness and vigilance performance degradation.”

Comperatore, Kirby, Bloch, and Ferry (1999) evaluated crew alertness and the incidence
of sleep/wake cycle disruptions for 30 crewmembers aboard a USCG cutter during 32 days of low-
tempo underway operations. Wrist activity monitors and
short-duration, electroencephalographic (EEG) alertness tests were used. The data “revealed a 59
percent incidence of sleep/wake cycle disruption associated with high failure rates in the EEG alertness
tests. ... participants exposed to frequent watch rotations showed disrupted sleep associated with the
0000-0400 and 0400-0800 watch schedule.” A crew endurance education program was
recommended.

Nguyen and Miller (Miller, Nguyen, Sanchez, & Miller, 2003; Nguyen, 2002) examined
the effects of reversing the work-sleep schedules of the crew aboard an aircraft carrier involved in
night combat operations. Nguyen (2002) found “that a significant number of sailors have difficulty
adjusting to working nights and sleeping days. Additionally, the study finds that individuals working
topside have greater difficulty adjusting to the reversed schedule than do their counterparts who work
belowdecks.” Sawyer (2004) assessed sailor mood during this same period. “The results showed that
younger participants were angrier than older participants on night shiftwork. The results also indicated
that there was a significant interaction between repeated measures of mood states and gender. In
addition, female participants reported significantly higher mood scale scores than the male
participants, and topside participants were getting significantly less sleep than belowdecks
participants.”

31



Haynes (2007) used wrist activity monitors and the Fatigue Avoidance Scheduling Tool
(FAST) to predict the waking effectiveness level of sailors aboard DDG-93. “The results showed that
the Navy Standard Workweek does not accurately reflect the daily activities of Sailors.”

Gander, van den Berg, and Signal (2008) monitored the sleep and sleepiness of
commercial fishermen at home and during extended periods at sea while working a nominal 12 h on/6
h off schedule. “On the 12 h on/6 h off schedule, there was still a clear preference for sleep at night.
Comparing the last three days at home and the first three days at sea showed that fishermen were
more likely to have split sleep at sea.” ... “[O] 23% of days at sea, fishermen obtained < 4 h total
sleep/24 h, compared to 3% of days at home. ... [S]leepiness ratings remained higher after sleep at
sea.”

Harma, Partinen, Repo, Sorsa, and Siivonen (2008) examined fatigue and sleepiness in
185 Finnish bridge officers, 42% of whom worked two 4-hour watches per day, while 26% worked two
6-hour watches per day. Ninety-five officers completed a sleep diary for 7 consecutive days at sea.
“Compared to the 4/8 watch system, the officers working the 6/6 watch system reported shorter sleep
durations, more frequent nodding-off on duty ... and excessive sleepiness ... Subjective sleepiness was
highest at 04:00 and 06:00 h. ... Severe sleepiness at 04:00-06:00 h was especially problematic in the
6/6 watch system among evening types ... The results suggest the 6/6 watch system is related to a
higher risk of severe sleepiness during the early morning hours compared to the 4/8.”

b. Submarine

Large proportions of submarine crews work and sleep in low-level lighting conditions,
separated from strong photic Zeitgebers (Hunt & Kelly, 1995). It is possible that the influence of social
Zeitgebers is enhanced in this environment (Aschoff et al., 1971). However, as Mistlberger and Skene
(2004) noted, additional research on this issue is needed.

(1) Three-Section Watches. An alternative to the standard, fixed 4-and-8
watchstanding schedule was proposed in 1949 to the submarine fleet by
Dr. Nathaniel Kleitman, later to become the father of sleep research. Work compression was used
within each watch section to allow non-watch periods of 10 hours and more per section while
maintaining 8 hours of watch per section per day. “On the basis of the body temperature studies, the
proposed schedule was found to be a definite improvement over the present one” (Utterback &
Ludwig, 1949).

As noted above, in the Circadian Rhythms section, Colquhoun et al. (1978, 1979)
had the opportunity to collect temperature data (at 3-hour intervals) from eight submarine sonarmen
during a 48-day cruise. On the basis of their observations and parallel observations of body
temperature cycles in four officers standing fixed, 8-hour work periods, Colquhoun et al. (1978;
Colguhoun, 1985) recommended using a 1-in-3,
8-hour fixed work schedule in submarines. Alternatively, they recommended a modification of the
schedule suggested by Kleitman in 1949 in which the 8 hours of work are completed within a fixed, 12-
hour period (close work). They expected that the fixed periods would allow rapid re-alignment
circadian rhythms with the new work-rest schedule in the first week of the cruise, and that the 16-hour
off period would prevent sleep fragmentation and restriction.
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According to Caille and Bassano (1977), the French Navy used a variable,
“anhemeral” watch schedule with a 72-hour cycle and watches of 4 and 4 hours each day or 5 and 3
hours each day. The investigators were able to compare this schedule with a fixed, “hemeral” schedule
during the simulation of a 30-day submarine mission with a volunteer crew of 24 men. “The strong
advantage of the second alternative compared to the first is evidenced in the sleep process, behavioral
efficiency, mood, and circadian biochemical parameters.”

U.S. Navy submarines began operating on an 18-hour work-rest cycle with 6-
hour watches in the 1960s, in accord with a recommendation by Kleitman (Kleitman, 1949; Kleitman &
Jackson, 1950). All watchstanders stood watch for six hours and were then off for 12 hours. Then they
repeated the cycle. Subsequently, Stolgitis (1969) theorized that the 6-and-12 schedule would
encourage better performance among crewmembers. On the 18-hour work-rest cycle, watchstanders
slept about seven hours per 24 hours (Kelly, Grill, Hunt, & Neri, 1996; Kelly Grill, Ryman, Hunt, Dijk,
Mitchell, et al., 1996; Kelly, Ryman, & Pattison, 1996).

However, the 18-hour work-rest cycle, coupled with the absence of strong photic
Zeitgebers (daylight-darkness time cues), caused the circadian rhythms of the watchstanders to
desynchronize from the 24-hour daily cycle (Naitoh, Beare, & Biersner, 1983) and, in some cases, free
run with a period of about 24.5 hours instead of entraining to the 24-hour clock (Kelly, Grill, Ryman,
Hunt, Dijk, Mitchell, et al., 1996). Also, some watchstanders developed 18-hour cycles in addition to
24-hour cycles (Schaefer, Kerr, Buss, & Haus, 1979). The inability of the watchstanders’ circadian
rhythms to entrain to an 18-hour work-rest cycle was not surprising: the limits of entrainment were
shown in recent years to be about a 23- to 27-hour cycle in dim light (Wever, 1986; Wever,
Polascaronek, & Wildgruber, 1983).

An alternative to the 18-hour cycle schedule proposed by Miller et al. (1998) was
investigated in the laboratory and tested twice while underway (Duplessis, Miller, Crepeau, Osborn, &
Dyche, 2007; Miller, Dyche, Cardenas, & Carr, 2003; Osborn, 2004). The schedule did not appear to
allow adequate scheduling of drills and training. Presently, the U.S. Navy is considering fixed 8-hour
shifts for submarine operations.

Blassingame (2001) used data from the U.S. Naval Submarine Medical Research
Laboratory’s Watchstanding Survey (shown in the report as Appendix F) to help determine “what a
sub-sample of this population think about their sleep habits and ... if there are differences in the
reported amount of sleep between sailors in four different operational environments: 1) at sea, 2) in
port, 3) on shore duty, and 4) on leave.” Findings included “a positive correlation between the amount
of sleep obtained and the desired amount of sleep to function at every operational condition.”
“Submariners reported getting less sleep while ‘at sea’ than other conditions;” and “the inference that
subjects who report needing more sleep do indeed get more sleep.” However, “When in the ‘at sea’
condition, this correlation was much weaker indicating that subjects have much less control over the
amount of sleep they get when deployed.”

(2 Two-Section Watches. The submarine fleets of U.S. allies, including the
United Kingdom, Canada, Australia, and The Netherlands are restricted by submarine construction
techniques to two watchstanding sections. In a two-section plan, each watchstander works 12 hours
per day (actual) on every day. This arrangement means that half the crew is manning the ship at any
given time. Often, the two sections are called the “Port Watch” and the “Starboard Watch,” based
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upon an ancient practice of a section sleeping on one side of the ship or the other. This solution is
quite fatiguing: each section must work at least (168 hrs/2 =) 84 hours per week. The watches kept on
the square-rigged barques or windjammers of the late 19th century and in the British Royal Navy
consisted of five 4-hour periods and two 2-hour periods (dog watches). This pattern allowed the two
sections to alternate from day to day, so that the Port section had the mid-watch one night and the
Starboard section had it the next night.

In the often-used port-starboard plan, the two sections may alternate at 6-hour
intervals or at 12-hour intervals. These schedules may start at midnight or at other hours. For
example, the 6 and 6 schedule may start at 0300h, and the 12 and 12 schedule may start at 0600h. In
some cases, two watchstanders who perform the same task may alternate at less regular intervals.
The 6 and 6 schedule may be dogged. For example, start at midnight and dog the afternoon watch:
1200 to 1500h and 1500 to 1800h. The 12 and 12 plan also may be dogged by breaking the afternoon
watch into two 6-hour watches: 1200 to 1800h and 1800 to 0000h. Alternatively, one might wish to
dog the mid-watch: 0000 to 0600h and 0600 to 1200h.

Wilkinson and Edwards (as reported by Donderi et al., 1995) conducted a shore-
based investigation of a 2-section, 7-5-5-7-hour watch schedule (a mealtime-oriented modification of
the 6 and 6 schedule), with main sleep times from 0000 to 0700h and 1700 to 0000h (Wilkinson &
Edwards, 1969). The amplitude of the circadian rhythm in body temperature was flattened, but the
performance decrements during the night shift were minimal. Wilkinson and Edwards (1969) noted
that “In vigilance-type tasks calling for sustained attention it is probably the job rotation which is
important; in more intense cognitive tasks such as complex decision-taking it may be the stabilization
of daily shift times which confers the advantage, with job rotation doing more harm than good.”
However, they also noted the limited applicability of shore-based experimental results to at-sea
operations due to differences in the timing of sleep.

Strong and Brown (1989; as reported by Donderi et al., 1995) assessed eight
control room personnel, four on each watch, over 14 days while underway. Many data points were
missing, but it appeared that the port watch (the “day” watch) suffered a greater decline in
performance than the starboard watch.

Chapman (2001) measured the sleep-wake cycle of 25 submariners by wrist
actigraphy and sampled their saliva for melatonin levels during a week underway. This crew stood 2-
section watches of 6 hours on and 6 hours off starting at 0100h. Chapman also acquired similar data
from 22 submariners standing a 3-section watch and 10 on a 2-section watch during a 12-day transit.
Submarine lighting issues and the interactions among sleep, circadian rhythms and operational
schedules were reviewed. Chapman noted the following fatigue symptoms: (1) slowed speech, (2)
delayed response to orders, (3) greater number of malapropisms and incorrect sequencing of orders,
(4) delayed repetition of orders, (5) failure to acknowledge orders, (6) increase in vacant stares,
irritability and minor altercations between personnel, and (7) decreased ability to acknowledge
multiple sources of information during longer periods at sea.

Though the specific results of the data acquisition were not reported, Chapman
(2001) made comprehensive recommendations for a fatigue management system in submarine
operations. These recommendations included:

a) watch systems and scheduling, sleep management and strategic napping in the
COLLINS-class environment;
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b) development, practice and adherence to sleep management plans for personnel;

C) exploring the inclusion of personnel redundancies for those departments experiencing
high cognitive load (to assist in more effective fatigue management); and

d) modification of task rotation and time of completion to measure cognitive workload and
minimise effects of sleep loss (p. 4).

Eriksen, Gillberg, and Vestergen (2006) investigated subjective sleepiness and
sleep duration in connection with a 6 h on/6 h off duty system for 66 hours in a bridge simulator, with
two watch sections of 12 officers each, very similar to those found on ships. “The results showed that
the average level of sleepiness was significantly higher during the 00:00-06:00 h watch compared to
the 12:00-18:00 h and 18:00-24:00 h watches, but not to the 06:00-12:00 h watch. Sleepiness also
progressed significantly from the start toward the end of each watch, with the exception of the 06:00-
12:00 h watch, when levels remained approximately stable. ... Sleep duration during the 06:00-12:00 h
off-duty period (3 h 29 min) was significantly longer than during the 12:00-18:00 h period (1 h 47 min)
and the 18:00-24:00 h period (2 h 7 min). Sleep during the 00:00-06:00 h period (4 h 23 min) was
longer than all sleep periods except the 06:00-12:00 h period. ... In spite of sufficient opportunities for
sleep, sleep was on the average around 1-1 h 30 min shorter than the 7-7 h 30 min that is considered
‘normal’ during a 24 h period. ... An initial suppression of sleepiness was observed during all watches,
except for the 06:00-12:00 h watch. This suppression may be explained by the "masking effect"
exerted by the relative high levels of activity required when taking over the responsibility of the ship.
Toward the end of watches, the levels of sleepiness progressively increased to relatively high levels, at
least during the 00:00-06:00 h watch. Presumably, initially high levels of activity are replaced by
routine and even boredom.”

Paul, Nesthus, and Miller (2008) conducted an at-sea trial with wrist-actigraph
sleep data and unalerted response time data from 21 submariners while underway to model the
impact of the watch schedule on crew cognitive effectiveness. Three subjects were non-watch-
standers, 6 were from the 1-in-2 backwatch, 6 were from the 1-in-2 front-watch, and 6 were from the
1-in-3 engineers’ watch. “The data indicated increasing difficulty arising from sleep and a decrease in
subjective levels of ‘restedness’ over days at sea. Alertness also decreased over days at sea. ... While
there was no difference in sleepiness between watch system variants or over days at sea, sleepiness
levels were consistently elevated to mid-scale levels. Difficulty concentrating, slowed reactions, level
of fatigue, work frustration and physical discomfort increased during the trial relative to the pre-trial
baseline.” The investigators recommended that “An alternative watch schedule which is more sparing
of submariner cognitive effectiveness should be developed and implemented, if possible.”

6. Military

Hull’s “Military Applications of Circadian Rhythm Principles,” prepared for the U.S.
Congressional Office of Technology Assessment (OTA), provided an excellent, landmark summary of
what was known about the interactions of biological rhythms with the demands of 24/7 operations in
the aftermath of Operation Desert Storm (Hull, 1990; OTA, 1991). After examining schedules for
ground, air, and maritime operations, Hull noted that “Decisions concerning the disposition and
activities of personnel are guided by the demands of a given situation, and the effects of performance
decrements due to biological rhythm upset, fatigue, and other factors may be accepted rather than
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mediated in some wartime circumstances. A better understanding of those decrements and their
effects will ultimately aid military commanders in balancing the various factors that go into making
such decisions.” Fundamentally, Hull reviewed and summarized scientific evidence in support of
Napoleon’s admonition to his commanders almost 200 years earlier, “You must not needlessly fatigue
the troops” (Napoleon Bonaparte, to the Armée d’ltalie in 1796).

Pearson examined and modeled in FAST™ (described below) the work and sleep patterns of
workers who tested developmental and operational electromagnetic equipment at the Benefield
Anechoic Facility at Edwards Air Force Base, California, where employees’ work hours were often
extended considerably to meet test schedules (Pearson, 2004). “The results demonstrated that as the
week progressed and the volunteers’ sleep decreased, the effectiveness of their work performance
correspondingly decreased to a level where the safety of the test and the volunteers were both at
risk.”

Cosenzo, Fatkin, and Branscome (2005) identified various metrics that assessed the cognitive
processes used by individuals to make decisions. One objective of this study was to assess the utility of
those metrics for predicting performance in a multitask environment, an emergency operations center.
The second objective was to examine the effect of work shifts and cognitive uncertainty on
performance in the same environment. “Results showed that individual differences in coping with
uncertainty were related to call time.”

Miller et al. (2005) evaluated an Internet-based survey, conducted during the fall and winter of
2003-2004, to help assess the impact of U.S. Air Force shift worker fatigue on ground mishaps and
operational errors. Of 9,242 respondent 5,890 were shiftworkers and 1,866 were shift supervisors and
schedulers. “The survey results prompted recommendations concerning fatigue management and
sleep hygiene training, off-duty employment, shift work scheduling and worker rest policies,
operational risk management for fatigue effects, crew-rest periods, reporting fatigue-related incidents,
manpower and personnel planning, shift lengths, rotation speeds, schedule predictability and equity,
coming in to work on days off an automated shift work scheduling tool, and possible relationships
between shift work and suicide.”

1. NASA

The biological rhythm disturbances encountered by Shuttle astronauts working two 12-hour
shifts in orbit are not discussed here. Shiftwork operations for ground controller personnel have been
examined by several investigators (Hayes, Stewart, & Eastman, 1994, Kelly, Rosekind, Dinges, Miller, &
Gillen, 1994; Kelly et al., 1998; Stewart & Hayes, 1994; Wegmann, Gundel, Klein, & Samel, 1987).

8. Nuclear

The core meltdown in Unit 2 at the Three Mile Island (TMI) nuclear power plant occurred at
0400h in March 1979. It was caused primarily by mechanical failures, compounded by the failure of
the mid shift to diagnose the problem correctly and by poor control room display design. Though not
mentioned specifically in reports, it was rested personnel who diagnosed the malfunction correctly and
prevented a tragedy.

In 1982, DiSalvo and Pittman noted, “Since the TMI incident considerable interest has been
focused upon the human factor aspects of nuclear power plant operation. One of the concerns has
been the effects of shift work (rotation and length) and overtime on operator performance. In its

36



request for human factors research (RR-NRR-81-2), the Office of Nuclear Reactor Regulation requested
research be performed to identify the effects of shift work and overtime on operator performance”
(DiSalvo & Pittman, 1982). In this report, the NRC staff determined “the adequacy of using the
Licensee Event Reports (LERSs) to evaluate: the effects of shift work and overtime on human
performance in nuclear power plants, and the statistical nature of human error in nuclear power
plants; and given that the LERs are adequate to draw statistical conclusions about human performance
in nuclear power plants.”

Preuss, Herbert, Reinartz, and Saniter (1984) reviewed fundamental chronobiological
knowledge with respect to the effects of rotational shiftwork on operator performance, particularly in
the nuclear power industry. Smiley and Moray (1989) addressed the safety-related aspects of the use
of 12-hour shift work schedules at nuclear power plants. They examined the current literature for
information on accidents, fatigue and personal preferences, and interviewed operators and
maintainers. “Several factors related to 12-hour schedules were identified which could affect safety,
but which have not been adequately considered.”

Baker (1995) noted that “A growing number of nuclear power plants in the United States have
adopted routine 12-hr shift schedules.” Baker described a study of simulated 8-hr and 12-hr work
shifts that compared “alertness, speed, and accuracy at responding to simulator alarms, and relative
cognitive performance, self-rated mood and vigor, and sleep-wake patterns of 8-hr versus 12-hr shift
workers.”

9. Other Occupations

Levin, Oler, and Whiteside (1985) noted that “Reports of work accidents and increased absence
due to sickness among shift workers have suggested that their work performance and health are
adversely affected by interference with the body’s normal circadian or biological rhythm. Since the
rotating shift is the most disruptive of the work regimens, an investigation was undertaken of the
reportable occupational injuries of 1700 paint production and associated employees of one company
working only on rotating shift.” “[S]Jome time-of-day and circadian effects were indicated by an
increased rate of accidents on the night shift, particularly during the last 3 h of the shift.”

Wojtczak-Jaroszowa and Jarosz (1987) analyzed 2,772 accidents in two plants, finding a
“circadian rhythm of accidents.” This rhythm was “governed by the interrelationships between the
following endogenous and exogenous rhythmic factors: human factors, such as fatigue and circadian
fluctuation of biological functions; and multiple hygienic and social components.” “In both plants, the
circadian rhythm of accidents was approximately parallel to the circadian rhythm of activity of the
plant as a whole rather than to the activity of shift workers only, with a peak around 1100 hr. The
lowest number of accidents was noted during night shifts; some increase was observed after midnight,
however, in spite of the lowest level of plant activity at that time.”

These findings underscored the need to take into account the numbers of operations that
occur, i.e., the exposure to risk, at varying times of day and across shifts. Without knowledge of
exposure, one runs the risk of underestimating risk when exposure is low. Harris (1978) emphasized
this issue in his classic circadian analysis of the risk of single-vehicle accidents in commercial trucking.

Novak, Smolensky, Fairchild, and Reves (1990) provided a retrospective study of 242
shiftworker and 224 nonshiftworker injuries at a chemical manufacturing plant. The shift schedule
used 8-hour shifts and a 7-day backward rotation. Overall injury incidence rates were not significantly
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different between the two groups. The “average number of injuries was two-three times higher during
the first four days of the day and night shift, yet were not elevated during the evening shift.”

Chan et al. (1993) examined health complaints, blood pressure, sleep and sickness absence
experience in 308 female electronics workers for at least one year on 12 h shifts. Two-hundred fifty
three workers were on permanent shift schedules and 55 were on rotating shift schedules; 75 8-hour
day workers acted as controls. “Although subjects on the night shift had shorter sleep than controls
and 12h day workers, only the group on rotating schedule had a higher proportion of workers who did
not sleep well compared to the controls. ... The results indicate no serious health problems among
workers on 12 h shift for over a year.”

Cantwell (1997) addressed general circadian, sleep loss and shiftwork topics for ship
production. Cantwell discussed how “These factors affect the quality and safety of the product,
process and personnel, and should be considered throughout all phases of design, management and
production.”

Prunier-Poulmaire, Gadbois, and Volkoff (1998) examined “the combined impact of different
shift schedules and job demands on the physical health of customs officers.” “The analyses highlighted
the dominating effect of the 3x8 hour and 4x6 hour schedules on the occurrence of health problems
but also showed strong effects for confrontation with travelers. The conflictual relations with travelers
had the largest and most marked influence, it played a role in the area of sleep and cardiovascular and
digestive problems. All of the 3 central job demands had an effect on sleep. The results point to a
need for a multifaceted approach to research and intervention regarding the difficulties encountered
by shift workers, from both the occupational medicine and the work design point of view. This
conclusion seems particularly relevant for several professional sectors in which workers are confronted
with both shift work and customer-focused jobs (police, prison guards, nurses, and the like).”

Parkes (1998) reported “a two-part study of human factors, shift work and alertness in the oil
industry, with particular reference to control-room personnel working offshore.” Part | reported a
questionnaire survey of 172 control-room operators, employed either on North Sea platforms or at
onshore terminals, comparing the two work environments, and assessing their implications for
employees’ physical and mental health, work satisfaction, and sleep patterns. “The offshore group
showed significantly higher anxiety than those working onshore ... A higher incidence of sleep
problems, marked dissatisfaction with shift schedules, and higher perceived workload also
characterized offshore employees as compared with those onshore.” Part Il reported a smaller-scale,
more intensive, study of alertness among offshore operators. “The results demonstrated significant
fluctuations in alertness and performance over the course of the two-week offshore work cycle; effects
associated with different times within shifts were particularly apparent, but different phases of the
offshore cycle (night shifts, shift-change, and day shifts) also showed significant patterns of results.

The most marked and adverse effects occurred during the shift-change phase.”

Chaikittiporn, Kawakami, and Kogi (2001) examined “the working conditions of shift workers in
a multinational [glass manufacturing] enterprise in Thailand” to identify practical support measures for
improvements. “The direct observation study identified safety and health risks during the night work
periods. The risks included insufficient lighting, height gaps on the floor, excessive exposure to heat,
inappropriate workstations, and sleepiness and fatigue feelings among shift workers. Working
consecutive double shifts and overtime work was often seen. An advisory meeting was held based on
the study findings to assist managers and workers in improving their working conditions. A follow-up
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visit six months later confirmed that the glass factory implemented several improvements to help night
and shift workers. It was concluded that the direct observation methods associated with the time-
budget study were helpful for identifying practical action points and strengthening workplace
initiatives.”

Kogi (2004) examined “Voluntary industry-based guidelines on night and shift work for
department stores and the chemical, automobile and electrical equipment industries.” “Both the
guidelines and the plant maintenance work checkpoints were found to commonly cover multiple issues
including work schedules and various job-related risks. This close link between shiftwork arrangements
and risk management was important as shiftworkers in these industries considered teamwork and
welfare services to be essential for managing risks associated with night and shift work. Four areas
found suitabl