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Equivalence Testing as a Tool for Fatigue Risk
Management in Aviation

Lora J. Wu; Philippa H. Gander; Margo van den Berg; T. Leigh Signal

BACKGROUND: Many civilian aviation regulators favor evidence-based strategies that go beyond hours-of-service approaches for
managing fatigue risk. Several countries now allow operations to be flown outside of flight and duty hour limitations,
provided airlines demonstrate an alternative method of compliance that yields safety levels “at least equivalent to” the
prescriptive regulations. Here we discuss equivalence testing in occupational fatigue risk management. We present
suggested ratios/margins of practical equivalence when comparing operations inside and outside of prescriptive
regulations for two common aviation safety performance indicators: total in-flight sleep duration and psychomotor
vigilance task reaction speed. Suggested levels of practical equivalence, based on expertise coupled with evidence from
field and laboratory studies, are = 30 min in-flight sleep and = 15% of reference response speed.

Equivalence testing is illustrated in analyses of a within-subjects field study during an out-and-back long-range trip.

During both sectors of their trip, 41 pilots were monitored via actigraphy, sleep diary, and top of descent psychomotor
vigilance task. Pilots were assigned to take rest breaks in a standard lie-flat bunk on one sector and in a bunk tapered 9”

Total in-flight sleep duration (134 = 53 vs. 135 = 55 min) and mean reaction speed at top of descent (3.94 = 0.58 vs.

Equivalence testing is a complimentary statistical approach to difference testing when comparing levels of fatigue and

METHODS:
from hip to foot on the other sector.
RESULTS:
3.77 = 0.58) were equivalent after rest in the full vs. tapered bunk.
DISCUSSION:
performance in occupational settings and can be applied in transportation policy decision making.
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occupational sleep medicine, evidence-informed regulation, in-flight sleep and performance, pilot fatigue, flight safety.
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he use of ongoing data collection and monitoring has
great potential for advancing safety and promoting
evidence-informed regulatory approaches in transpor-
tation. Data-driven fatigue risk management systems in com-
mercial aviation are designed to use this potential.'® The U.S.
Federal Aviation Administration® and European Aviation
Safety Agency” allow airlines to operate outside of prescriptive
flight and duty time requirements if they demonstrate an alter-
native that provides a “level of safety that is at least equivalent to
that” of the prescriptive regulations. For a fatigue risk manage-
ment system to be approved as an “alternative means of compli-
ance” in this context, an airline must estimate the level of
fatigue-related risk associated with the operation(s), propose
appropriate mitigations to manage that risk, and monitor
fatigue and related risk on an ongoing basis.
Traditionally, difference testing is used to determine whether
means or distributions of measurements differ between

conditions by testing the null hypothesis that they are not dif-
ferent. If the probability that the conditions are not different is
below a predetermined threshold (alpha level, usually < 0.05),
the null hypothesis is rejected and it is inferred that the condi-
tions are different. It is inappropriate to conclude that the con-
ditions are the same when the null hypothesis is not rejected,
although this is a common mistake in the interpretation of dif-
ference tests.”* In this paper we discuss equivalence testing, an
alternative statistical approach used to determine whether con-
ditions are practically equivalent to one another by testing the
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null hypothesis that they are not equivalent.'® If the null hypoth-
esis is rejected, equivalence is inferred; if it is not rejected, this
does not imply the conditions are different. The two most com-
mon approaches for testing equivalence are: 1) the two one-
sided t-test (TOST) procedure; and 2) the mathematically
equivalent confidence interval approach.!7?%2

A critical component of equivalence testing is defining
“practical equivalence,” a tolerable difference that has no practi-
cal implication and thus is considered inconsequential. Defin-
ing the margin of equivalence requires expert knowledge of the
field and the commonly used outcome measures, as well as the
context of the operation. This paper examines approaches for
defining practical equivalence in the field of aviation for two
measures of pilot fatigue during long-haul flights and illustrates
the use of equivalence testing through a case study.

Appropriate safety performance indicators®!®!! are used to
compare alternative operation(s) with those that remain inside
the prescriptive regulations. Two recommended safety perfor-
mance indicators in long-haul flight operations are total in-
flight sleep duration (measured with actigraphy or sleep diary)
and psychomotor vigilance task (PVT) performance at critical
phases of flight. While these indicators are commonly used,
neither has an established margin of equivalence.

On long-haul flights operated by augmented crews (addi-
tional pilots), each crewmember has the opportunity for sleep
in a bunk. The definition of practical equivalence for total in-
flight sleep duration must represent a difference that is suffi-
ciently small to yield no meaningful change in pilot functioning
by the end of the flight. Available scientific evidence cannot
define an absolute amount of sleep reduction that is associated
with an operationally significant change in pilot performance
capacity, for three main reasons. First, in most laboratory
studies examining the effects of sleep restriction on waking
function, participants slept at night in an ideal laboratory envi-
ronment, which is not comparable to pilots’ sleep during long
haul flights. Second, there are stable, trait-like individual differ-
ences in sleep need and resilience to the effects of sleep loss on
performance.”® Third, the link between an individual pilot’s
sleep loss and changes in team performance of flight crew are
complex and poorly understood.'>!*

It is generally accepted that some sleep in-flight is preferable
to none. In a study of pilots afforded a 40-min flight-deck nap
or no nap, those who napped (average sleep duration 26 min)
had better PVT performance toward the end of the flight.'® It is
unclear whether obtaining 26 min sleep in addition to the 200+
min of sleep typically obtained during long-haul flights*!®
would make a difference in performance at the end of the flight.

A polysomnographic study conducted on ultra-long-range
flights (mean duration 15.5 h) compared in-flight sleep dura-
tion of 14 command crew (performing takeoff and landing)
and 16 relief crew on the outbound Singapore-Los Angeles sec-
tor (4-pilot crews; mean departure time 16:08 domicile time?!).
The relief crew took the first (short), third (long), and fifth
(short) breaks, while the command crew took the second (long)
and fourth (long) in-flight breaks. On average, the command
crew had 47 min more break time available for sleep. At top of

descent (TOD), the command crew obtained on average 52
min more in-flight sleep than the relief crew (201 vs. 149 min)
and rated their fatigue and sleepiness lower than the relief crew.
There was no statistically significant difference in PVT mean
reaction time between command and relief pilots at TOD
(command = 265 * 56 ms, relief = 257 * 53 ms). While
52 min additional sleep was associated with measurable changes
in fatigue and sleepiness ratings, results suggest that a larger dif-
ference would be required to generate a statistically significant
and operationally meaningful difference in PVT performance
between the groups.

A laboratory sleep restriction study with healthy adult par-
ticipants (range 24-62 yr, comparable to long-haul pilots)
examined the effects of reducing time in bed from 8 h per night
during 3 baseline nights (average sleep duration about 7.0 h,
measured by polysomnography) to 5 h or 3 h per night for
1 wk.? Average sleep duration was 2.9 h for those allowed 3 h in
bed and 4.7 h for those allowed 5 h in bed. The effects of sleep
restriction on PVT performance averaged across four daily
10-min tests were cumulative and dose-dependent, but signifi-
cant changes did not occur until the second night of sleep
restriction in the 3-h group. Thus, significant decrements in
PVT performance were not observed until after about 8.2 h
cumulative sleep loss in the 3-h group and ~6.9 h in the 5-h
group. This study considered the effects of sleep loss across
multiple days with performance averaged across several tests
each day. In contrast, in-flight sleep and performance at TOD
occur in a relatively short timeframe, and it is possible that
smaller differences in sleep loss have a greater impact in this
scenario.

We propose a difference of = 30 min in-flight sleep as a mar-
gin of practical equivalence by considering the available evi-
dence. Results from the study of pilots sleeping during 15.5-h
flights suggest that practical equivalence for in-flight sleep
duration should likely be less than 52 min. The field and labora-
tory study findings taken together suggest that a reduction in
total sleep time of up to 30 min in a 24-h period would not
result in meaningful changes in PVT performance, sleep
latency, or sleepiness ratings. A difference of = 30 min is a con-
servative initial definition of practical equivalence. An impor-
tant caveat is that flight duration determines the amount of
time available for in-flight rest breaks, and is thus strongly asso-
ciated with in-flight sleep duration. This definition can only be
applied to flights of similar duration to those on which the
arguments are based, and a change in sleep duration relative
to available rest periods will be more appropriate in other
operations.

The PVT is a widely used simple reaction time task™* that
can be administered on a portable device?® and has no practice
effect once a participant knows how to use the test device. The
definition of practical equivalence in mean PVT response speed
for pilots on long-haul flights should be sufficiently small, such
that it can be expected to have no practical effect on flight safety.
Reaction speed (mean of 1/reaction time*1000) is a relative
measure of performance and, aside from using lapses (usually
reaction times > 500 ms), there is no laboratory benchmark
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that defines PVT performance as too slow to be safe. The defini-
tion of “too slow” varies depending on the situation and changes
within and between flight operations. For example, the reaction
speed of one pilot operating as part of a two-pilot crew during
the cruise portion of a long-haul flight would normally be less
operationally significant than the same reaction speed during
the critical landing phase. In addition, there is minimal infor-
mation about the extent to which PVT performance of one
crewmember influences the safety of a flight operated by two
crewmembers, or indeed about the decision making of a two-
pilot crew at all.”

A study of 67 fatigued and rested B747 2-pilot crews com-
pared simulated flight performance during a 60-70 min flight
with a critical decision event (whether or not to divert the flight
from the scheduled destination).!>!* Participants were catego-
rized into low, moderate, or high fatigue groups based in part
on 5-min PVT response speed prior to the simulated flight
(specific details of categorization were not published). Preflight
PVT performance was not a consistent predictor of changes in
crew threat and error management. A greater proportion of
moderate- and high-fatigue crews acquired information regard-
ing the weather and trend forecasts for the destination airport
and chose to divert compared to low-fatigue crews.'* It is thus
arguable that in this scenario, worse preflight PVT performance
was associated with greater flight safety (although in the simu-
lator, crews did not have to deal with the logistical and financial
consequences of diverting a plane full of passengers). While
PVT response speed may not be a useful predictor of complex
performance, it remains sensitive to sleep loss.

Since the implications of differences in PVT response speed
are unclear and likely vary according to the type and phase of
flight operation, we considered the variability in PVT response
speeds at TOD on long-range flights (compliant with flight and
duty time limitations) and ultra-long-range flights (conditions
approved by the regulator) flown with four-pilot crews. We
argue that mean PVT response speed at TOD can be consid-
ered equivalent if the difference between two conditions is
within the range of variability in response speeds observed on
these flights. Analyses were based on data from previous studies
which included 185 pilots from 3 airlines flying between 23 city
pairs.”?**” A 5-min PVT test (PalmPVT) with an interstimulus
interval of 2-10 s was completed at TOD. Of the 424 perfor-
mance tests (1-4 per participant), most (81%) were completed
on B777 aircraft, with a minority completed on A340 aircraft.
Mean PVT response speed at TOD was 3.97 (% 0.55) and the
coefficient of variation (standard deviation relative to the mean)
was 14%. The distribution of TOD PVT response speeds is
shown in Fig. 1. When TOD PVT response speed was com-
pared between city pairs, the difference between the fastest and
slowest mean speed was 0.58, or 15% of the mean of all TOD
speeds.

We argue that practical equivalence can be defined as PVT
speeds within 15% of the reference value (i.e., the value
on flights that are compliant with regulatory requirements),
assuming that the data are normally distributed and have a sim-
ilar standard deviation to that observed in these data. We now

EQUIVALENCE TESTING IN AVIATION—Wau et al.

illustrate the use of equivalence testing in a study where safety
performance indicators are compared between a standard (reg-
ulation-compliant) and nonstandard flight operation.

A number of regulations worldwide (e.g., United States,
European Union, Singapore) specify that the maximum flight
duration allowed for an aircraft with crew rest facilities depends
on the quality of those facilities. The Federal Aviation Adminis-
tration requires that Class 1 flight crew rest facilities have a
minimum bunk size of 78" x 30".° The aim of this study was to
compare total in-flight sleep duration and mean PVT response
speed at TOD after pilots had slept in a full-size bunk vs. a bunk
that had a taper on one side (due to the shape of the aircraft),
from 30" at hip-height to about 21" at the foot.

METHODS

Subjects

Commercial pilots were recruited on a voluntary basis, pro-
vided written informed consent before participating, and
were compensated for their participation in accordance with a
union agreement. The study protocol was approved in advance
by the Massey University Human Ethics Committee (South-
ern A).

Procedure

Pilots were observed across an out-and-back trip between Seat-
tle, WA, United States, and Shanghai, China. Sleep was moni-
tored via actigraphy and sleep diary throughout the trip and
in-flight sleep was summed across rest breaks within each
flight. Participants completed a 5-min PVT near TOD during
each flight (PalmPVT). The design was within-subjects and
participants were assigned to use either the full (reference) or
tapered (experimental) bunk during outbound rest breaks and
the other type during inbound breaks. Aside from bunk assign-
ment, pilots were not instructed to change their typical rest
break behavior.

Statistical Analysis

We hypothesized that total in-flight sleep in the tapered and full
bunks would be equivalent within 30 min, and that the mean
PVT response speed at TOD following rest in the tapered bunk
would be within 15% of mean response speed following rest in
the full bunk. The paired samples -test was used to test for a
significant difference between measurements following rest in
the tapered or full bunk. Equivalence was tested with TOST in
R (version 3.3.0, R Core Team, Vienna, Austria).

RESULTS

The 41 participants included 17 Captains and 24 First Officers
operating as part of 4-pilot crews. Mean age was 56.2 = 3.8 yr
and pilots reported a median of 18,500 h flight experience.
The outbound flight (Seattle-Shanghai) departed Seattle at
14:46 (median; range 14:02-15:37) local time and was 12.2 h
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The proposed equivalence
value of 30 min constituted 22%
of the total in-flight sleep obtained
in the full bunk in this flight. Total
in-flight sleep duration was equiv-
alent within £ 30 min between
the tapered and full bunks (TOST
P < 0.01). The confidence interval
around the difference in total in-
flight sleep during rest periods

taken in the tapered vs. full bunk

5 are shown in Fig. 2.

PVT data at TOD were avail-
able for 33 pilots after sleep in
both bunks and were included
in the within-subjects analyses.
On average, TOD PVT tests

occurred at 01:41 (range 00:45-
03:08 domicile) on the outbound
and 07:49 (range 06:25-10:15
domicile) on the inbound sec-
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Fig. 1. A) Density estimate and B) boxplot of mean PVT response speed at top of descent in 424 long-range flights

compliant with applicable flight and duty time regulations.

(median; range 11.5-12.5 h) in duration. The layover in
Shanghai was 40.3 h (median; range 38.2-41.9 h; excluding
four planned 64.4-h layovers). The inbound flight departed
Shanghai at 21:12 (median; range 21:01-22:01) domicile
(Seattle) time and was 11.3 h (median; range 10.4-14.3 h) in
duration.

Assignment of bunks was balanced between outbound
and inbound flights (21 pilots used the tapered bunk on the
outbound and the full bunk on the inbound flight; 20 had
the reverse pattern). All pilots attempted and obtained in-
flight sleep in the bunks (range: full 28-241 min; tapered
22-229 min). Total in-flight sleep duration and the within-
subjects difference in duration between bunks were nor-
mally distributed, and the variance between bunks was
equal. The within-subjects difference in total in-flight sleep
duration (mean * SD) was not different between bunks [full =
134 * 53 min; tapered = 135 * 55 min; #(40) = —0.04,
P =10.97].

tors. The comparison of perfor-
5 mance following rest in the full
or tapered bunk was counter-
balanced. Mean PVT response
speeds at TOD and the within-
subjects difference in speed
between bunk types were normally distributed, and variance
was equal between bunks. Mean PVT response speed at TOD
after sleep in the full bunk (reference value) was 3.94 = 0.58;
practical equivalence defined as 15% of this value is * 0.59.
Mean PVT response speed at TOD after sleep in the tapered
bunk was 3.77 = 0.58. Difference in PVT response speed was
statistically different from 0 between bunks [#(32) = —2.16,
P = 0.04]. Mean PVT response speeds at TOD were equivalent
within 15% of the reference value after sleep in the tapered vs.
full bunk (TOST P < 0.01). The confidence interval around the
difference is shown in Fig. 3. There is an apparent paradox
between the finding that the difference in response speed
between bunks at TOD is significantly different (from 0), while
also finding that response speed at TOD was equivalent. This is
because the difference (0.17 units) represents only 4% of the
reference (full bunk) mean response speed, which is well within
the defined equivalence range of = 15% of the reference mean
PVT response speed.

DISCUSSION

The definition of practical equiv-
alence needs to be appropriate to
the context and based primarily

=30 min 0
Difference

on expertise, scientific evidence,

+30 mi
™ and operational knowledge. In

Fig. 2. The 95% (outer tick) and 90% (bold inner tick) confidence interval around the mean difference in duration of bioequivalence studies, 20% of

in-flight sleep obtained during rest periods taken in the tapered vs. the full bunk in 41 pilots.

the reference value is often used
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I
I
1
1
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|
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time (assuming no circadian
adaptation on the layover) and
after in-flight sleep. Notably, dif-
ference testing showed statisti-
cally significant differences in
PVT speed at TOD between con-

=-15% 0
Difference

Fig. 3. The 95% (outer tick) and 90% (bold inner tick) confidence interval around the mean difference in PVT response

speed at top of descent following rest in the tapered vs. the full bunk in 33 pilots.

as a benchmark of equivalence.?> When developing equivalence
thresholds in behavioral research, it is important to be aware of
the operational relevance of the measure and the population to
whom it is being applied. Furthermore, equivalence thresholds
are likely to change depending on a number of factors and
should be tailored to suit the application.'

The suggestion of using a difference of up to 30 min in total
in-flight sleep as a definition of practical equivalence is based in
part on a polysomnographic study of the in-flight sleep of pilots
in four-pilot crews with access to gold-standard rest facilities
(equipped with horizontal sleeping bunks).?! The data from the
laboratory study considered in this definition® suggests that 2
nights of sleep restriction (3-5 h in bed) is required before sig-
nificant changes in PVT performance are observed. However, it
is important to note the following caveats in the present opera-
tional context. First, the laboratory study involved a single sleep
period during an appropriate time in the circadian cycle. In
contrast, the in-flight sleep of pilots during long transmeridian
flights is frequently taken during two rest breaks and at subop-
timal times in the circadian cycle. Pilots” in-flight sleep is also
lighter and more fragmented than their sleep on the ground,'®
and the impact of this on PVT performance is not known. In
addition, layover sleep between flights is often split into multi-
ple episodes. Second, the effects of the sleep restriction experi-
enced by individual pilots on their functioning in a two-pilot
flight deck crew remain poorly understood. Nevertheless, the
findings of the laboratory study suggest that significantly more
than a 30-min reduction in sleep in one 24-h period is needed
to produce statistically significant changes in mean PVT
response speed (if there is a sleep opportunity of 3-5 h at an
appropriate time in the circadian cycle in ideal sleeping
facilities).

The suggestion of using 15% of the reference value as a defi-
nition of practical equivalence for mean PVT response speed at
TOD is based on current knowledge of PVT performance of
long-haul pilots in four-pilot crews on routine flights operat-
ing within the prescriptive limits or with specific regulatory
approval. Although the 15% recommendation applies only in
this context, the approach on which it is established (examining
the range of values at TOD on a large number of compliant
flights) is generalizable. Performance within 15% of the refer-
ence value is likely a conservative estimate, as the data presented
here were collected during flights in which pilots had access to
Class 1 rest facilities, which provide the best environment for in-
flight sleep. Both PV'T tests occurred at an unfavorable circadian

ditions, while equivalence testing
showed that the speed was equiv-
alent within a specified margin of
variance. It is not expected that
the difference in speed of 0.16
would be related to a meaningful difference in performance.
This demonstrates the difference between statistical and practi-
cal significance, and highlights the utility of equivalence testing
in applied fatigue risk management research. Future opera-
tional studies which include a greater variety of flights (different
flight durations landing at different times of day) will further
illuminate whether the equivalence ratios presented here are
generalizable to other operations.

Fatigue remains a major human factors-related risk to safe
transportation systems. We introduce the use of equivalence
testing as a methodology for comparing safety performance
indicators between flight operations, develop suggested mar-
gins of practical equivalence for commonly used fatigue met-
rics in transportation (sleep during breaks, reaction speed) and
apply the margins to a study of fatigue in long-haul pilots. The
methodology and findings can impact safety policy decision
making and provide guidance to transportation regulators,
operators, and researchers. We conclude that equivalence test-
ing is a fundamental tool where performance-based regulatory
approaches are available and operators are required to demon-
strate that an alternative way to conduct operations can provide
a level of safety that is “at least equivalent” to that afforded by
remaining within the prescriptive regulations. However, care is
needed when defining “practical equivalence” in different con-
texts, and multiple safety performance indicators need to be
evaluated.*!” Monitoring in-flight sleep duration and PVT per-
formance and the use of equivalence testing in fatigue risk man-
agement strategies are only a part of monitoring and mitigating
fatigue in aviation operations, and these methods are not to be
used in isolation of other important aspects of systemic fatigue
risk management.

+15%
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