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Abstract— Unlike professional pilots who are limited by the
FAA's age rule, no age limit is defined in generahviation (GA).
Some studies revealed significant aging issues oncalent rates
but these results are criticized. Our overall goals to study how
the effect of age on executive functions (EFs), higavel cognitive
abilities, impacts on the flying performance in GApilots. This
study relies on three components: EFs assessment,lopi
characteristics (age, flight experience), and the avigation
performance on a flight simulator. The results showe that
contrary to age, reasoning, working memory (WM) andtotal
flight experience were predictive of the flight peformance. These
results suggest that “cognitive age”, derived in tis study by the
cognitive evaluation, is a better mean than “chronlogical age”
consideration to predict the ability to pilot, in particular because
of the inter-individual variability of aging impact and the
beneficial effect of the flight experience.

Keywords. piloting performance, executive functions, flight
experience, decision making, normal aging.

. INTRODUCTION

The population of GA pilots is getting older in tHSA [1]
and in European countries like France where fony percent
of private pilots are more than fifty (BEA2008). Unlike
professional pilots who are limited by the FAA'ss&®b rule,
no such restriction exists for GA pilots. Moreoveontrary to
commercial aviation (CA) npilots,
necessarily experienced a professional trainingnfbstly on
their own, without any co-pilot and very few asaigte
systems, have less support from the air traffictrobrand are
more affected by weather conditions. Not surprisingy GA,
the accident rate is considerably higher than inf[@A

Several studies have revealed significant agingesson
accident rates in GA [3] [4] [5], though these fesare called
into question [6] [7]. The assessment of the caognit
functioning is a key issue in pilot’s aging as la®yits decline
represents a much higher risk of accidents thadesughysical
incapacitation [8]. A substantial literature focsisen the
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evaluation of the cognitive state of pilots but ésnclusions
remain contradictory. Several reasons may expldie t
difficulty to draw a definitive conclusion on thdfexts of
aging on flight performance in GA pilots. Theraigreat inter-
individual variability in the deleterious effectd aging on
cognition [9]; the evaluations performed in claasibuman
factors studies are rather nonspecific in termsexplored
cognitive functions and do not necessarily focusttmn ones
that are the most impacted by aging; very few mebes
attempt to link, in the same population, the cadgait
performances to the flight abilities; the greatpatt of the
studies is interested on safety aspects like corimations
[10], or decision making during landing [11]; fewsearches
are exclusively related to the GA population; fipabnother
source of complexity arises from the suspected emsgtive
role on aging effects of the flight experience [12]

Il COGNITIVE FUNCTIONS AND PILOTING

Numerous studies have been conducted to attemipikto
the cognitive functioning with the flight performam Different
measurements of cognitive efficiency have beentifieth as
crucial to the piloting ability, for example: tingaring [13],
speed of processing [14], attention [15] or problsaiving
[16]. Cogscreen-AE [17] is among the most widelyedis
cognitive tests batteries in pilots aging studiesonsists of a

GA pilots have not series of computerized cognitive tasks that evalaalarge set

of cognitive functions. This battery has been shaeevbe able
to successfully discriminate between neurologicaityaired
and cognitively intact pilots [18]. Some Cogscrédn-
variables were predictive of flight parameter vima in
Russian CA pilots [19]. Furthermore, Taylor andleajues
[20] were able to predict 45% of the variance of flight
simulator performance with four Cogscreen-AE predic
(speed/WM, visual associative memory, motor cociiom
and tracking) in a cohort of 100 aviators (aged6S0years).
Contrary to this latter study that involved Cogseré\E, a
rather generalist battery in terms of explored dbgn
functions, we propose to focus specifically on Elsleed,
these functions are the earliest ones to be imgaryeaging
[21] and represent excellent clues of aging effemts the



cognitive performance. The study of EFs has appeaeently the total flight experience to assess their respect
in aeronautics, for instance, Hardy [22] found #igant age- participation to the flight performance variatiorOur
related differences in pilots’ executive functiogin(e.g. hypothesis is that the “chronological age” is nosudficient
inhibition, set-shifting) and Taylor [23] establesh a criterion to predict the piloting performance aruatt the

relationship between interference control and théity to “cognitive age”, evaluated by the cognitive funaoiitg, is a
follow air traffic instructions. more relevant criterion.
I1l.  EXECUTIVE FUNCTIONS AND PILOTING V. METHODS

EFs underlie goal-directed behavior and adaptatiorovel -
and complex situations [24]. They allow the intidit of /A Participants
automatic responses in favor of controlled and letgd The participants were 24 private licensed pilotegmage
behavior, in particular when automatic responsesnar more = 43.3 years§D = 13.6) rated for visual flight conditions. The
adapted to the environment. Three major low levies Ere  pilots that had no longer flown during the past tyears were
moderately correlated with one another, but cleadparable excluded because of the potential impact on flightulator
[25]: set-shifting between tasks or mental setsifting”), performance. Inclusion criteria were male, righhded, as
inhibition of dominant or prepotent responses (flition”), evaluated by the Edinburgh handedness inventorly [2@ive
and updating and monitoring of WM representationsFrench speakers, under or postgraduate. Non-ioclusiteria
(“updating”). The prefrontal cortex (PFC) plays andnant were expertise in logics, airline pilots and seisaueficits,
role in the implementation of EFs that also encasspa heurological, psychiatric or emotional disordersl/an being
decision-making [26] or reasoning abilities [27)codrding to  under the influence of any substance capable ettfig the
our hypotheses, EFs are crucial to piloting. Indé¢leig activity — central nervous system. All subjects received cetapl
takes place in a dynamical and changing contextrevnew information on the study’s goal and experimentatditions
information must be integrated and updated contislyo We  and gave their informed consent. Given that fligkperience
assume that flying light aircraft with no autopitid very few may moderate age related deficits in the performant
assistant systems (like the TCASor weather radar) domain relevant task [12], we attempted to homagerie
presupposes a strong involvement of the EFs fodlhmnthe  flight experience distribution across the life sjphour sample.
flight, to monitor the engine parameters, to plaa havigation,
to maintain and update situation awareness andmeatly B. Flight performance
adapt to traffic and environmental changes and operf 1) Navigation

accurate decision-making by inhibiting wrong bebeat The flight scenario has been setup in collaboratigti

responses. flight instructors to reach a satisfying level dffidulty and
realism. To familiarize the participants with th€-Based flight
IV.  EXECUTIVE FUNCTIONS AND NORMAL AGING simulator and minimize learning effects in order dbtain

Functional neuroimaging brings evidence that trairbis ~ '€liable flight simulator ~ performances, each voaant
subject to anatomical and physiological modificasioin ~underwent a training session. Before the navigatitey
normal aging [28]. The prefrontal lobes appear ® the received the instructions, a flight plan and vasidachnical
earliest cerebral regions to be affected [29] army mccount information related to the aircrafe.§. aircraft's crosswind
for a great part to age-related cognitive changég Because imit). Basically, the scenario implied to take ,ofeached a
the prefrontal lobes mainly implement EFs, agingtispected ~Waypoint with the help of the aircraft radio naviga system
to provokes a selective alteration of these laftar,example ~and finally, land on a given airport. The pilotsre/enstructed
the reasoning [30], inhibition [31] or updating [3&bilities. ~ that they were in charge of all the decisions dad they could
However, the executive changes vary considerablpsac only received an informative W(?ather report befareling. In
people. The complex interactions between the carebrorder to increase the subject's workload, the pilbad to
structures underlying EFs [9], sociocultural fastand genetic Perform a mental arithmetic calculation of the grdspeed

factors [33] may explain the heterogeneity of thésline. (thanks to the embedded chronometgr). Moreovmjlwé of
the compass was scheduled. After this failure pilegs had to

In this experiment, we proposed to evaluate sadifithe  navigate thanks to the magnetic compass, whichepteshe
EFs, high level cognitive abilities that presentstiong particularity to be difficult to use as it is adirectional. The
vulnerability to aging effects [21]. More preciselye assessed flight scenario lasted approximately 45 min. Thefqrenance
three low levels EFs (shifting, inhibition and updg) and a assessment was exclusively founded on the flighth pa
more established general ability: the reasoning fEasoning deviations (FPD), expressed in terms of amount rafubar

performance reflects fluid intelligence, that suppgmocesses deviation in the horizontal axe from the idealliligoath.
relevant for many kinds of abilities (verbal, sphti

mathematical, problem solvireic.) and adaptation to novelty. ¢ Neuropsychological battery

It is a concept very close to the executive fungtig [34] [35]. o

The speed of processing was also collected becituse 1) Targethitting _ _
represents a reliable measure of general cognifieeline This test provides a basic psychomotor reactioe §i&7].

during aging. Finally, we have also taken into antage and The instruction is to click as fast as possibleeaoh target. The
’ performance is measured by a velocity index insplrg the

Fitts’ law [38]. The index is the average ratiotbhé base 10

2 Traffic Collision Avoidance System.



logarithm of the distance in pixels between twaés, divided
by the time in seconds to go from the first tatgethe second.

2) The 2-back test.

The 2-back test aims at assessing working memoty)wW
in particular maintenance and updating abilities] [$ubjects
view a continuous stream of stimuli and have toeeine
whether the current stimulus matches in a spedifitension
(shape for our test) the stimulus 2-back in theuisage (Figure
1). For each condition, the percentage of corespanses was
collected.

2-back

S00 ms

21500 ms

g™

Figure 1. The 2-back test. The participant stateélde current shape match to
the 2-back shape in the sequence thanks to thenssox.

3) Deductive reasoning

The logical reasoning test has been used in aqureatudy
to assess executive functioning [40]. The goaheftask is to
solve syllogisms by choosing, among
solutions, the one that allows concluding logicaByllogisms
are based on a logical argument in which one pitpogthe
conclusion) is inferred from a rule and anothemppsition (the
premise). We used four existing forms of syllogismmedus
ponendo ponens, modus tollendo tollens, setting the consequent
to true and denying the antecedent. Each participant had to
solve 24 randomly displayed syllogisms. The measard
was the percentage of correct responses.

4) The computerized Wisconsin Card Sorting test

The Wisconsin Card Sorting test (WCST) [41] gives

information on the subject’s abstract reasoninggrifnination
learning and shifting abilities [42]. The test vershere was a
computer implementation very similar to the clithiearsion of
the WCST [43]. The participant must sort cards ediog to
three different unknown categories (color, shapenlver); an
audio feedback indicated whether the responserisatar not

(yesno). When the participant categorized successfully te

cards, the target category was automatically ctdingee task
ended when six categories was achieved (color esmmber,
color, shape, number) or when the deck of 128 cardsused.
The total numbers of perseverative errors (at lemsi

unsuccessful sorting on the same category) waseatkfrom

the individual cards’ records (Figure 2).
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Figure 2. The Wisconsin card sorting test. Theigipeint sorted the cards
according to a specific dimension. An audio fee@thatormed if the sorting
was correct or no.

5) Spatial stroop

Spatial Stroop tests generally assess the cotibtiveen
the meaning of a word naming a locatiag( “below”) and
the location where the word is displayed. The ghib restrain
a response according to the localization of thedwgives
information on inhibition efficiency. This conflieippears to be
provoked by the simultaneous activation of bothanabrtices
[44]. Our test encompasses four control conditigrigure 3).
“Stroop neutral meaning” (SNM): a motor answeriigeg with
the appropriate hand according to the word mearfiagpop
neutral position” (SNP): the response is given atiog to the
location of a string of XXXXX, displayed at the fefr the right
of the screen; “Stroop meaning incompatible/contybeiti
(SMI/SMC): the response is given according to tleaning of
the word, compatible or incompatible with its Idoatat the
screen. In order to get the pure effects of iniubijt the
interference score was calculated to control repdimd
localization effects by:

SNP = SNM
SNP+ SNM

SMI —

SMIISMC

500 ms

SNP

incompatible

Figure 3. The four conditions of the spatial stro@m the left: SNM, the
participant pressed on the left/right button actwdo the meaning of the
word; SNP, the participant pressed the left/righttdn of the response box
according to the location at the screen of theepatbf XXXXX. On the right:

SMC/SMI, the participant pressed the left/right tbnt according to the
meaning of the word, congruent or incongruent tghocation at the screen.



D. Pilots caracteristics

Age and total flight experience in hours were cribie to
assess their effects on the flight performance.aftempted to
homogenize the flight experience distribution asrtise life
span of our sample in order to minimize the pedtidn of this
parameter on the flight performance measurement.

VI. RESULTS

A. Statistical analysis

All data were analyzed with Statistica 7.1 (© StdtS The
relationship between age and the total flight elqmee was
examined thanks to Bravais-Pearson correlation.akdiléy of
our control variables to predict the piloting penfiance was
tested using exhaustive regression (ER) that sesrfir the
best possible fit between a dependent variable aarseét of
potential explanatory variables. Contrary to clealsstepwise
approach, ER searches the entire space of potemdels and
returns those for which all parameter estimatesstatistically
significant. Thus, ER results are not affected oy order in
which the variables are introduced in the modek §hodness
of fit of the models was evaluated by the adjusteefficient of
determination2,

B. Age and experience relationships
The mean total experience of our sample was of her8s

of flight (Range = 57-13000). The Bravais-Pearson correlation

revealed that there was no relationship betweenaagdetotal
flight experience. However, in particular becautéhcee aged
pilots that owned a large total flight experienaspectively 61
and 13000 hours; 61 and 5000 hours; 58 and 670dbe
correlation was close to reach the significanre (0561,r =

+.39).

C. Explanatory variables of the piloting performance

The mean FPD amplitude was 27.@ (= 10.38). The ER
revealed that the performances of two cognitivéditas were
predictive of the FPD: the reasoning and the WMeetively,
p =.0083,F(1,15) = 9.20p = .0395,F(1.15) = 5.08. Moreover,
the total flight experience was also a significarplanatory
variable p = .0275,F(1,15) = 5.95, see Figure 4.

The most the reasoning (see Figure 5 and Figuam@}he
WM abilities were efficient, the smaller was theOERn the
same way, the most the pilots were experiencedstheler

was the FPD. The adjustetishowed that this model explained

44.51% of the FPD.

As expected, the ER did not revealed any signifiediect
of age on the piloting performanqge#£ .2488,F(1,15) = 5.95).
In the same way, the speed of processing and theothers

low level EFs, set-shifting and inhibition, weret navedictive
of the flight performance (respectively,= .5603,F(1,15) =
0.35;p = .8979,F(1,15) = 0.17p = .9008,F(1,15) = 0.16, see
Figure 4.

It is interesting to note that the worst pilotingrfprmance
(FPD = 52.01) has been done by a rather old @i®} with a
very small total flight experience (90 hours) wleesretwo
others aged pilots (both 61) with a high experigfi&H00 and
5000 hours) demonstrated correct flight performance
(respectively FPD = 21.08 and 32.30).

Pareto diagram
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Figure 4. Synthesis of the ER. The Pareto diagtaows the three predictive
variables of the flight performance: the reasoraibdities, the updating and
the total flight performance.
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Figure 5. FPD as a function of the reasoning petéorces. The ER revealed
that the reasoning performance predicts signiflganthe FPD.
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Figure 6. Flight path of two pilots and their resipee reasoning

performances. In blue, the pilot had a small fligath deviation and a good
reasoning performance (83.3% of correct answenspirik, the pilot had a
large flight path deviation, he lost himself andwil by mistake above the
Blagnac airport. His flight path deviation was veiyportant and his

reasoning performances were very low (41.6% ofextranswers). Flight path
are rendered with FromDady [45], the width of time Icodes the altitude.

VII. DISCUSSION
A. Aging and piloting performance

According to our hypotheses and other authors{g]the
chronological age was not a relevant variable &djgts the
piloting performance. However, although the totéight
experience was not correlated with age, it may hdsged a
beneficial effect on some aged pilots. It is inséirey to note
that the worst piloting performance has been peréar by a
rather old pilot with a weak experience, whereas tthers
aged pilots, with a high experience, demonstratgte qgood
flight performances. In spite of these observatians results
raised the limitation of using the chronologicakaas a single
criterion to decide if a given pilot is able to for not. In
accordance with such statement, Schroeder [46] hairged
out the necessity to use neuropsychological tegtser than
relying on chronological age.

B. Neuropsychological tests and piloting performance

The pilots performed a neuropsychological battegt t
taped three crucial low-level executive functior#b][ plus
reasoning and speed of processing. Finally, asaledeby the
ER,
pred|ct|ve of the ab|I|ty to pilot in our study. iBhresult is not
surprlsmg the reasoning abilities were stronglyoived in our
scenario. The pilots ought to perform numerous fasens
during the navigation to estimate their positiod #&mey had to

use the radio navigation systems to reach a watpoin

Moreover, the scheduled compass failure requirkdspio use
the anti-directional magnetic compass as a backiupe
utilization of this instrument is complex and cobld a source

of difficulty. Although we did not assess precisée errors
associated with the use of this instrument, it selékely that it
has participated to increase the path deviatiosoofe pilots.
These results concerning the reasoning are inliteWiggins
and O’Hare [47] that have highlighted the links vietn
reasoning performance, evaluated by a syllogisnolugen
(duncker’'s candle problem), and piloting performeandhe
reasoning performances reflect fluid reasoning, treén
cognitive ability linked with various types of mahtactivity
(mental calculation, problem solvirgc.) and essential to the
adaptation to novel problems. Complex and novebleraos
cannot be solved directly by referring to a stofdong-term
knowledge but require analytic or fluid reasoninghe
complexity of our scenario with unexpected eveke lihe
compass failure appears to have contributed to rengst
involvement of reasoning abilities.

The total flight experience was also predictiveta FPD.
In accordance with other studies [12], this data ¢@nfirmed
the beneficial impact of experience on flight periance. This
is coherent with Taylor’s results [5] that showethtt more
expert pilots demonstrated better flight summarypres,
especially in the communication and approach-tdizm
Moreover, this 3- year longitudinal study showedt taviation
expertise was associated with less declines ihtfégmulator
performance over time.

Finally, updating ability was also linked with thgglot’s
performances. This is coherent with our expectatiodeed,
the pilot's activity takes place in a dynamical actthnging
context where new information must be integratedi @dated
continuously. The updating performances are cruciathis
context. Another study of Taylor et al. [20] foutiat the WM
and the speed of processing were predictive ofpilating
performance. We are partially in line with thessuts. We did
not retrieve a significant effect of the speed mfgessing. The
mean age of our sample was relatively low (483,= 13.6)
and only seven participants of more than fifty wienelved in
the experiment. We may argue that more severe afegts
on speed of processing occur later in life, thepdarof Taylor
was more extreme and included participants froty fd sixty-
nine, these latter probably demonstrated more proced
variations of speed of processing. Moreover, tisi that we
used to assess the speed of processing had a strotug
component that could have been less relevant ghtfli
performance assessment.

Our overall results suggest that “cognitive agea ibetter
criterion than “chronological age” to predict thieildy to fly
and that reasoning and updating are good candidagissess
the cognitive age. The design of such neuropsygtab
batteries of tests that could be administratedndutine pilot’s
periodic physical examinations could help to detagnitive

reasoning performance was the variable the mostpairment associated with increased risk of acttileFurther

research will include a larger sample of pilots amidl be
conducted on a more realistic flight simulator.
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