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Abstract

The psychological workload a pilot is exposed to during military flying is considered to be high,
and good stress tolerance is needed. During military flying a huge amount of environmental
information is transformed to neural signals which finally lead to motor and behavioral changes,
and also to chemial secretion of neuroendocrine hormones.

This study deals with neuroendocrine measurements performed in four procedures: psychomotor
test during military pilot selection, instrument flying (IFR) with piston-engine primary trainer, real
and simulated jet trainer flight, and simulated combat fighter flight. Neuroendocrine hormones,
hypothalamic CRH, pituitary ACTH, beta-endorphin, prolactin and vasopressin, the adrenal
hormones cortisol, adrenaline and noradrenaline and a cardiac hormone, ANP, were assayed from
plasma by using immunoassay and HPLC techniques.

In the psychomotor test (procedure 1) plasma prolactin, ACTH and cortisol responses were
associated with a high number of delayed responses, which was used as an indicator of information
overload. Anticipatory type ACTH response, i.e. high ACTH level before the test, predicted poor
overall result in the psychomotor test. In response to IFR flying (procedure II ) the student pilots
showed increased plasma prolactin, ACTH, cortisol, adrenaline and noradrenaline levels. Postflight
adrenaline response correlated significantly with poor flight performance as well as a poor
psychomotor test result. Low emotional control and high performance motivation measured by an
aviation psychologist correlated significantly with neuroendocrine responses after the instrument
flight. Flight with jet trainer (procedure III ) led to increased plasma prolactin levels, evidently due
to psychological workload, but no statistically significant plasma prolactin increase was found in
the simulator. This suggests that psychological workload in the flight simulator is lower compared
to real jet trainer. A significant ANP response to jet trainer flight was apparently associated with
increased heart rate due to psychological workload of the flight mission. Simulated combat fighter
flight (procedure IV) resulted in an anticipatory type stress reaction as judged from the elevated
preflight plasma ACTH, and a direct type reaction was observed in cortisol. In one pilot the
neuroendocrine activation was extreme and global, suggesting low stress tolerance under high
information load.

Increased neuroendocrine activation is associated with psychological workload of military
flying. Neuroendocrine measurements can be used in a follow-up system of military pilots.

Key words: stress, aerospace medicine, hormone, catecholamines
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1. Introduction

This study is a part of the long-term development program of the Finnish Air Force
(FAF), aimed at identifying and quantifying the level of physical and psychological
workload associated with military flying. It has been put forward that information
processing capacity and stress tolerance play an important role in military flying (Tsang
and Vidulich 1989). Modern fighter cockpits include cathode-ray tube (CRT) displays,
which can provide information overload in combat situations, leading to experience of
stress.

Experience of stress is a complex brain procedure including behavioral, motor,
autonomic and hormoral responses. Neuroendocrine research offers an interesting tool,
because it is otherwise difficult to obtain objective information on brain functions in
living humans flying military aircraft. With neuroendocrine reactions some stress
functions of the human body can be revealed by measuring circulating hormones
originating from the brain and adrenal glands. Therefore, the aim of this study was to find
out how the psychological workload of military flying affects circulating neuroendocrine
hormones. The observed neuroendocrine responses can also be correlated with flight
performance and psychological parameters evaluated by an aviation psychologist .

Positive-pressure breathing anti-G system and full cover G-suits of the Finnish F-18
Hornet have lowered the physical workload of military flying. On the other hand, F-18
Hornet sets even greater psychological requirements for fighter pilots of the Finnish Air
Force (FAF). Hopefully the present study can give flight surgeons, aviation psychologists
and commanders of the Finnish Air Force a new tool when evaluating the stress tolerance
of military pilots.



2. Review of the literature

2.1. Psychological workload of military flying

As early as 1936 endocronologist Hans Selye used the term “stress”. Later he defined it:
Stress is the nonspecific response of the organism to any demand made upon it (Selye
1973). Recently, the concept “stress” has been devided into three subcatecories: stressors
from the environment, stress responses of the subject, and activity caused by stress
combined with social behaviour (Ursin & Murrison 1984). With these adaption
mechanisms a subject tries to control stressful situations. If the subject fails to control a
stressful situation, psychological balance will be disturbed and strong physiological stress
responses become activated (Ursin & Murrison 1984). Stress arises as a result of the
evaluation individuals make of the demands which they belive to be placed upon them
and the ability they feel they have to cope with these demands. One of the features of
stress is that a situation which causes high stress in one individual may not have the same
effect on another (Greenet al. 1991), i.e. individual variation in the stress responses are
considerable.

However, psychological workload is a wider concept than stress. In different
circumstances psychological workload is understood to involve environment, life
situation, emotions, information processing and risks. In research it is practically
impossible to standardize all these elements, and during fighter flying all these elements
are reality and affect flight performance. In this study psychological workload is defined
to involve all the mental elements that affect performance in a test situation.

Rear Admiral (ret) Paul Gillcrist, US Navy, has described the abilities of the best scoring
Finnish fighter ace of WW II as follows: Aggressive - always one to attack; Superb
situational awareness; Good eyesight and always looking around; A natural shooter;
Understanding of his and enemy aircraft strengths and weaknesses; A natural pilot;
Pushing his aircraft to the edge and fighting at the edge; Physical endurance; Self-
confidence and coolness under fire (=stress tolerance).



2.1.1. Information processing in combat flying

Psychological workload in flight situations is mainly associated with information
processing (Mulder & Mulder 1987). Information processing is divided into two
subcatecories: controlled and automatical processing (Shiffrin & Schneider 1977).
Controlled processing is involved in tasks that are new to a subject, and tasks that require
the operator`s entire power of observation. The process also requires sufficient working
memory. Automatical processing is involved in tasks that are familiar and ingrained, not
requiring active processing.

Especially in combat flight situations modern fighters provide very much information
on large cockpit displays. A pilot has to priorize the most relevant information in order to
make the correct decisions. In a rapidly changing aviation environment human
information processing and decision-making represent a theoretical model called situation
awareness or SA (Endsley 1995). SA is a combination of the following factors: memory
capability, the goals and objectives the subject has set up, personal abilities, stress
tolerance, workload the subject is exposed to, training system capability, situation
complexity and automation, interface design and experience. Perception and
comprehension of flight situation as well as situation projection of future status play
important roles in the model as well (Fig.1.)

Fig.1. Model of situation awareness in dynamic decission making (Endsley 1995).



It is of great interest that a WW II fighter ace of FAF desribed air combat with words
that fit well the term situation awareness presented before.

In air combat one always has to take into account tactical skills of fighter pilots: it is
composed of correct maneuvering, exellent marksmanship, sharpness of thinking, rapid
reflexes and of course determination. And above all is unflagging observation, which is
combined to anticipating thinking: a fighter ace instinctively reads the opponent’s
maneuvers beforehand.

col (ret) Jorma Karhunen
In: Siiven alla kuolema, Otava, Keuruu, 1973.

Combat situation is an inherently stressful environment that exposes the aviator to
significant risks (King & Lochridge 1991). Previous reports have shown that combat
fatigue plays an important role also in fighter community and can decrease pilots`
performance via information processing (Jones 1987). Stress with depressive feelings is
still a problem among military aviators involved in contingency missions (Parsa &
Kapadia 1997).

2.1.2. Neuroendocrine responses and psychological factors

Behavioral response to a stressful situation - fight or flight reaction - is a well-known and
essential mechanism for survival (Cannon 1914). Brain areas which control the reactions
and adaptation to stress are located in limbic and hypothalamic structures, and they
protect humans from adverse environmental influences in life-threatening situations
(Folkow 1988). Their expressions form a triad, a situation-specific behavior, autonomic
and neuroendocrine responses. Since it is not possible to measure the secretion of
neuroendocrine hormones at tissue level in living humans, the measurements of hormones
in peripheral circulation can only be used as indicators of psychological workload.

The term neuroendocrine refers to a CNS neurone capable of transforming electrical
activity to hormonal secretion. A CNS neuroendocrine cell can stimulate peripheral
tissues by its own hormones directly or indirectly via the pituitary gland. In human
subjects neuroendocrine stress responsiveness probably has a large genetic component,
but it is also known to be modified to stressful experience (Hellhammer & Wade 1993).

Relationship between performance and level of stress have been described with an
inverted U model (Greenet al. 1991). In low stress level performance becomes improved,
but in high level of stress performance collapses with high neuroendocrine activity as a
marker of high arousal (Fig.2.)

Acute psychological stress during computer-based performance test is known to
increase serum ACTH and beta-endorphin levels, but prolactin was not affected (Muttiet
al. 1989). In another study the results of psychomotor performance correlated negatively
with catecholamine response and the level of anxiety (Sharmaet al. 1994).
Uncontrollable noise stress results in specific neuroendocrine responses with synthesis of
ACTH and cortisol (Breier 1989). During routine flight control duties 20 % of 381 air



traffic controllers showed large increases of plasma cortisol, and these subjects tended to
miss more critical information at high level of workload (Rose & Fogg 1993). The study
supports the conclusion that hormonal responses are specific, and they do not have a
global tendency to respond to increased information load.

Iyer and his colleages (1994) were able to demonstrate that good flight performance
was significantly connected with the increase in the noradrenaline/adrenaline (NA/A)
ratio. However, flight cadets with a decreased NA/A ratio failed in a flight test.

It has been shown that also social and cognitive factors influence the pituitary-adrenal
response to stress. At least two independent parameters are involved in psychological
performance: the intrinsic capacity of the nervous system and motivational factors (Sahgal
1990). Some stress-induced factors can modify the stress response, e.g. vasopressin acts
on motivational and arousal processes.

Personality features such as level of anxiety, emotional lability and type A behavioral
characteristics have been highlighted as important factors behind the neuroendocrine
responses to stress (Ur 1991). Some but not all neuroendocrine hormones do have
behavioral effects. For instance, vasopressin and oxytocin increase activation and
attenuated arousal and anger, and vasopressin also improves short-time memory. ACTH-
related peptides increased memory capability, sensitivity and diminished extraversion,
while cortisol administration led to increased activation and concentration. The authors
concluded that the pattern of hormonal changes in mood may have adaptive functions by
preparing the human body for behavioral and cognitive coping with stress (Pietrowsky et
al. 1992).

Fig.2. Relationship between level of stress and performance (Green et al. 1991).



2.2. Hypothalamic releasing factors

The release of pituitary hormones is mainly regulated by hypothalamic releasing and
release-inhibiting factors. We know presently at least six hypothalamic factors which
regulate the secretion of the pituitary hormones. These factors are: thyroid-stimulating
hormone-releasing hormone (TRH), growth hormone-releasing hormone (GRH),
somatostatin, corticotropin-releasing hormone (CRH), luteinizing hormone-releasing
hormone (LRH) and dopamine (DA). Hypothalamus is also a main target to negative
feedback of peripheral hormones such as thyroid hormones and steroids. The negative
feedback of peripheral hormones decreases pituitary hormone secretion directly or by
affecting the synthesis of hypothalamic releasing factors.

As stated before, neural signals are converted to chemical secretion in the
hypothalamus. Hypothalamic neurons synthesize hypothalamic releasing factors which are
transported by axonal flow to eminentia medialis. From there they are transferred to portal
vessels to reach the pituitary, where they bind to specific receptors and specifically
stimulate or inhibit the secretion of pituitary hormones.

2.2.1. Adrenocorticotropin-releasing hormone

Adrenocorticotropin-releasing hormone (CRH) is mainly secreted from neurons in the
large cell part of nucleus paraventricularis which has neural connections to nucleus
dorsotegmentalsis, supraopticus, locus coeruleus, substantia nigra, nucleoli Raphe and
nucleoli mamillare. These connective tracks use acetylcholine, noradrenaline, dopamine,
serotonin and histamine as transmitter substances (Palkovits 1986). Through portal
vessels CRH reaches anterior pituitary and increases ACTH via pro-opiomelanocortin
(POMC) secretion. It is an open question whether CRH can be detected in peripheral
circulation in normal subjects. CRH has been shown to have cognition-enhancing effects
in rats (Behanet al.1995). In aerospace medicine there are no studies of plasma CRH.

2.2.2. Dopamine

In human brain there are three independent dopamine systems: the tuberoinfundibular
dopamine system (TIDA), the hypothalamic dopamine system and the mesolimbic
dopamine system (Palkovits 1986, Rogawski & Barker 1985). Dendrites of TIDA-
neurons are in nucleus arcuatus and these neurons are responsible for dopamine secretion
from hypothalamus to hypothalamic-hypophysial portal vessels. Dopamine controls
negatively prolactin secretion from anterior pituitary. Peripheral blood dopamine
measurement mirrors mainly the symphathetic nerve activity, like noradrenaline.
Homovanillicacid (HVA) is the main metabolite of dopamine and secreted to urine



(Sterberget al. 1983). In aerospace medicine there is evidence that the increase in urine
HVA during military pilot selection is connected with success in primary military flight
course (Kuoppasalmiet al. 1990). In other words, this means that increased prolactin
secretion during pilot selection would be connected with poor flight training scores. Also
during pilot selection, urine HVA correlated (r=0.78, p<0.001) with urine
vanillylmandelic acid (VMA), which is the main metabolite of adrenaline and
noradrenaline (Kuoppasalmiet al.1990).

2.2.3. Other releasing factors

Other hypothalamic-releasing hormones are thyroid-stimulating hormone-releasing
hormone (TRH), growth hormone-releasing hormone (GRH) and luteinizing hormone-
releasing hormone (LRH). Somatostatin (SS) is a factor which inhibits the secretions of
GH and TSH. As with CRH, measurements of peripheral blood TRH, GRH, LRH or SS
are not reliable and do not necessarly reflect hypothalamic function, since these releasing
factors are also synthetized in other tissues. There are no previous studies in aerospace
medicine dealing with these hypothalamic hormones.



2.3. Hormones of anterior pituitary

Pituitary hormone secretion is controlled by hypothalamic releasing hormones secreteted
to hypothalamic-hypophysial portal vessels, CNS stimulus and feedback system (Reichlin
1981). Some pituitary hormones secreteted from the anterior pituitary control hormone
levels secreteted from peripheral glands such as ACTH, TSH, FSH and LH, but some
have direct effects, such as GH and PRL. However, the goal of hormonal responses is
clear: to improve performance in stress situations. Stressors, increased psychological or
physical workload, physical workload and changes in the temperature of the environment
affect hormone secretion from anterior pituitary. Pituitary hormone responses differ from
each other in their level of response to stressor. Some characteristics of pituitary
hormones are shown in Table 1.

Table 1. Some characteristics of pituitary hormones
____________________________________________________________

Pituitary Structure Main biological Hypothalamic Stimulating
hormone effect releasing factor factor/condition
_______________________________________________________________________

ACTH 39 aminoacids Cortisol stimulation CRH Stress, diurnal
drive

BE 31 aminoacids Blocks pain receptors CRH Stress, diurnal
drive

GH 121 aminoacids Stimulates cell growth GRH, SS Hyponutrition,
heat

PRL 120 aminoacids Milk production DA Nipple
stimulation

FSH Glycoprotein Stimulates estrogen LRH Ovulation,
menstruation

LH Glycoprotein Stimulates progesterone LRH Ovulation,
menstruation

TSH Glycoprotein Stimulates thyroid TRH, SS Hypothyreosis,
cold

AVP 9 aminoacids Antidiuresis - Osmolality,
hypovolemia

OT 9 aminoacids Uterus contraction - Delivery
_______________________________________________________________________



2.3.1. Pro-opiomelanocortin

Pro-opiomelanocortin (POMC) is a large precursor peptide which is sliced into smaller
peptide hormones such as adrenocorticotropin (ACTH) and beta-endorphin (BE). The
secretion of POMC is thought to be under the influence of hypothalamic corticotrophin-
releasing hormone (CRH) and under negative feedback control of cortisol.

2.3.1.1. Adrenocorticotropin

Adrenocorticotropin (ACTH) is a peptide hormone derived from the precursor (POMC)
and its secretion is stimulated by CRH and by AVP to a lesser degree. The release of
ACTH is inhibited by aminergic CNS stimulus. The physiological function of ACTH is to
stimulate the production of adrenocortical hormones, especially cortisol, but ACTH also
stimulates lipolysis (Reihlin 1981). Physical as well as psychological workload increases
ACTH secretion (Larret al.1981, Rose and Sachar 1981).

Finnish Air Force did a study in which 53 selected pilot candidates performed a
psychomotor APG-test, and no ACTH changes were observed during short-term test
(Skyttäet al.1990).

2.3.1.2. Beta-endorphin

Beta-endorphin (BE) is also peptide hormone originating from POMC which is sliced into
beta-lipotrophin (beta-LPH) and further to BE. BE binds to opiod receptors related to
pain perception and may have a role in inhibiting signals to the brain arising from extreme
stress (Krieger and Martin 1981). Also BE secretion is stimulated by physical (Larret al.
1981) and psychological workload.

2.3.2. Glycoprotein hormones

Thyroid-stimulating hormone, luteinizing hormone and follicle-stimulating hormone
belong to the glycoprotein hormone family secreteted from the anterior pituitary.



2.3.2.1. Thyroid-stimulating hormone

Thyroid-stimulating hormone (TSH) secretion is stimulated by TRH and noradrenergic
CNS stimulus. Negative feedback of thyroid hormones and dopamine decreases TSH
secretion. Physical workload (Galbo 1981, Morettiet al. 1981) as well as the
psychological stress of parachute jumping (Noelat al. 1976) increase TSH in blood. The
effect of the psychological workload of military flying on TSH secretion has not been
studied.

2.3.2.2. Luteinizing hormone and follicle-stimulating hormone

Luteinizing hormone (LH) controls the secretion of testosterone from testes in males and
the secretion of estrogen and progesterone from ovaries in females. LH also plays an
important role in ovulation. Follicle-stimulating hormone (FSH) promotes the formation
of sperm in testes and causes growth of follicles in ovaries prior to ovulation. A general
observation has been made that stressful situations decrease the secretion of LH and FSH.
However, transport flying increased significantly plasma LH and FSH levels, and in
female pilots disturbance of the menstrual cycle have been reported (Shen & Wang
1990).

2.3.3. Prolactin and growth related hormones

2.3.3.1. Prolactin

The main action of prolactin (PRL) is to stimulate lactation in females, but it also affects
the ovaries and testes in mammals. Secretion of PRL is mainly controlled by the tonic
inhibitory effect of dopamine (DA). Hypothalamic stimulator of PRL is not known, at
present but administrations of TRH, estrogens and VIP lead to increased PRL secretion.
Drugs such as haloperidol and remoxipride used in schizophrenic patients block
dopamine secretion and increase PRL in short-term use (Lahdelmaet al.1991).

As with most other hormones from the anterior pituitary, psychological workload
stimulates PRL release (Noelet al. 1976). PRL decreased significantly after a
psychomotor APG-test during military pilot selection (Skyttäet al. 1990). PRL has not
been demonstrated to have anticipatory-type secretion before psychological stress
(Richter et al. 1996). Physical workload has a dose-dependent effect on PRL secretion
(Moretti et al. 1981) and + Gz acceleration increases PRL levels in plasma (Ahoet al.
1986).



2.3.3.2. Growth hormone

The secretion of growth hormone (GH) depends on balanced secretions of hypothalamic
releasing factor, GRH, and inhibitory factor SS. Serotoninergic, dopaminenergic and
noradrenergic CNS stimuli participate in the regulation of GH. GH affects body
metabolism indirectly via various growth factors in an anabolic way, causing growth of
tissues, increasing cell size and mitosis. Physical exercise increases GH secretion (Galbo
1981, Moretti et al. 1981). Psychological workload also has an influence on GH
secretion: after a parachute jump serum GH was significantly increased (Noelet al.
1976). On the other hand, no significant changes in plasma GH were observed after a
psychomotor APG-test (Skyttäet al.1990). Military flying increases GH secretion both in
cadets and flight instructors (Ferraceet al.1996).

2.4. Hormones of posterior pituitary

Vasopressin (AVP) and oxytocin (OT), the hormones of posterior pituitary, are
synthesized by the neurons located in nucleus paraventricularis and in nucleus
periventricularis (Palkovits 1986). AVP and OT are stored in the posterior pituitary and
released to circulation by stimulation of hyperosmolality and 3rd trimester pregnancy,
respectively.

AVP plays an important role in the maintenance of water balance by inhibiting the
formation of urine. There is also evidence that AVP has a role in the consolidation and
retrieval of memory (Koob & Bloom 1982). + Gz-stress (Roggeet al. 1967), black-out
(Mills 1983), exercise (Claybaughet al.1997) and motion sickness (Kohl 1992) are
connected with increased AVP secretion. There are no studies on OT in aerospace
medicine.

2.5. Catecholamines

Noradrenaline (NA) and adrenaline (A) are catecholamines secreted from adrenal
medulla, which is functionally a part of the sympathetic nervous system. Part of
circulating NA is derived from the nerve endings of the sympathetic nervous system.
Sympathetic stimulus releases NA and A which have direct stimulation effects on
peripheral tissues, e.g. vasoconstriction, increased heart activity, inhibition of
gastrointestinal tract and dilatation of the pupil of the eye.

As early as in the 1950s, Nobel-prize winner Ulf von Euler and his colleague tested
their methods for urinary catecholamines in military pilots and were able to show that
catecholamine secretion was related to the intensity of flight stress (von Euler &
Lundberg 1954). In later studies intensive military flying and aerial combat maneuver



flight missions (Iyer et al. 1994, Krahenbuhlet al. 1980, Sarviharjuet al. 1971),
repetitive flight missions (Nakamuraet al. 1989, Taruiet al. 1991), commercial and
military flying in emergency situations (Krahenbuhlet al. 1985, Sive & Hattingh 1991)
and parachuting (Schedlowskiet al. 1993) have been reported to enhance the secretion of
sympathetic-adrenal hormones. Aircraft type, crew positon and flight experience
(Nakamuraet al. 1989, Sive & Hattingh 1991) have an effect on catecholamine secretion.
In the flight simulator, repeated missions resulted in diminished catecholamine secretion,
unlike in real flights performed with high-performance aircraft (Krahenbuhlet al. 1980).
Most of these studies concerning catecholamines and flying have been performed by
using urine sampling. Because the results are expressed as secretion per minute or hour,
rapid changes in the secretion of catecholamines may have been missed.

2.5.1. Noradrenaline

Noradrenaline (NA) is a catecholamine synthesized in three steps. The first step, tyrosine
hydroxylase, is a rate-limiting step. It converts tyrosine into DOPA, which is converted to
dopamine and NA.

During pilot selection plasma NA has been found to increase significantly in
psychomotor APG-test (Skyttäet al. 1990). In general, there appears to be a significant
difference in noradrenaline responses between stress-resistant and non-stress-resistant
persons (de Leeuweet al. 1992). In first time parachute jumpers a significant increase in
plasma A was found 15 min before exit, i.e. anticipatory type secretion before stress
(Richteret al.1996).

2.5.2. Adrenaline

Adrenaline (A) is also catecholamine synthesized in four steps. The first step, tyrosine
hydroxylase, is a rate-limiting step. It converts tyrosine into DOPA, which is converted to
dopamine and NA, the precursor of A. The secretion of A is primarily under neural
control. Increased plasma A indicates activation of adrenal medulla.

An increment of adrenaline is known - to a certain extent - to make reaction time faster
and to improve psychomotor performance. Plasma A has been observed to increase
significantly after psychomotor APG-test in pilot selection of FAF (Skyttäet al. 1990).
However, the decrease in the NA/A ratio was shown to correlate with poor flight
performance in student pilots (Iyeret al.1994).



2.6. Adrenocortical hormones

The cortex of adrenal glands secretes several steroid hormones that have metabolic
functions, as well as a role in ion balance maintaining. The main hormones are cortisol,
aldosterone and androgenic hormones.

2.6.1. Cortisol

Cortisol, the most important glucocorticoid, is a steroid hormone produced by the adrenal
cortex. Its release is stimulated by ACTH. Physical exercise already in the form of static
muscule contractions (Fewet al. 1975) and aerobic exercise (Galbo 1981) as well as hot
environment (Aldercreutzet al. 1976) stimulate cortisol secretion. Cortisol has catabolic
effects, such as increase of blood glucose level and decrease of amino acid uptake of
cells. It also has anti-inflamatory effects. Interestingly, almost any type type of stress,
whether physical or psychological, will lead to a delayed type of secretion of cortisol.

Air traffic controllers have been shown to have elevated plasma levels of cortisol
during routine work, especially at higher levels of psychological workload (Rose and
Fogg 1993). However, only 20 to 25 % of air traffic controllers had these large increases,
and they also tended to miss information at a high level of psychological workload. These
findings support the conclusion that increases in plasma cortisol are specific to stress but
do not that increased psychological workload would globally stimulate cortisol secretion.
Similar results were found in APG-test during pilot selection: 6 out of 53 pilot candidates
showed an over 25 % increase in plasma cortisol after psychomotor test, but no
significant over-all plasma cortisol changes were observed (Skyttäet al. 1990). However,
plasma cortisol showed a significant correlation with APG-test results in the study.

In aerospace medicine intensive military flying (Shen & Wang 1990), aerobic flying
(Pinter 1974), +Gz-stress (Wegmannet al. 1966), flight-induced motion sickness
(Drummeret al. 1990, Eversmann 1978), parachuting (Nattrasset al. 1987, Schedlowski
et al. 1992) and commercial flying in emergency situations (Sive & Hattingh 1991)
increase cortisol levels. Plane type, crew position (Leedy & Wilson 1985) and flight
experience (Biselliet al. 1993, Kakimotoet al. 1988, Sive & Hattingh 1991) also have an
effect on cortisol secretion.

2.6.2. Other adrenocortical hormones

Aldosterone, the most important mineralocorticoid, accounts for 95 % of
mineralocorticoid activity in plasma. Aldosterone stimulates sodium reabsorption in distal
tubulus and increases potassium excretion. Aldosterone also has a role in the
maintainance of water and electrolyte balance. There are no studies available where the
effect of the psychological workload of flying on aldosterone secretion has been studied.



2.7. Natriuretic peptides

Cardiac myocytes, especially atrial cells, synthesize atrial natriuretic peptide (ANP).
Within the cells ANP is stored as a prohormone, which at the moment of release is split
into biologically active ANP and a aminoterminal fragment, NT-proANP. ANP is
eliminated rapidly from plasma but NT-proANP is more stable. The main stimulus for
ANP secretion is pressure or volume load of cardiac atria (Ruskoaho 1992).
The physiological effects of ANP are stimulation of vasodilatation, natriuresis and
diuresis, as well as the blocking of the release and/or actions of several hormones,
including renin, aldosterone and AVP (Ruskoaho 1992).

ANP secretion from the heart is stimulated in response to an increased heart rate (over
140 bpm), AVP, weightlessness, and cateholamines (Norsk 1992, Ruskoaho 1992). On
the other hand, + Gz stress decreases plasma ANP levels (Norsk 1992). There is no
evidence so far that basic military flight with minimal physical workload has any
influence on plasma ANP (Wang & Shen 1990).

2.8. Other hormones

Hormonal regulators, such as the renin-angiotensin-aldosterone system (RAA) play an
important role in maintaining the liquid balance in the human body. In aerospace
physiology there is evidence that these hormones are affected at least by +Gz-stress and
weightlessness (Mills 1983, Mills 1985).



3. Aims of the study

Experiencing a stressful situation is primarily a brain process. Quantitation or even
detection of this process in living human subjects is difficult, especially in aviation
environment. The secretion of brain and pituitary hormones and those derived from the
autonomic nerves offers an indirect but measureable way to look at stress processes.
Therefore the following questions were set up:

1. Which stress hormones react to psychological workload of military flying?
2. How does the psychomotor ability relate to stress hormone responses?
3. Do the neuroendocrine responses of military pilots correlate with psychological

evaluation of pilots?
4. Do the neuroendocrine responses of military pilots correlate with flight performance?
5. Do the neuroendocrine responses differ between real and simulated flight missions?
6. Can the neuroendocrine responses to psychological workload of military flying be

used in a psychophysiological follow-up system of FAF pilots ?



4. Materials and methods

4.1. Ethical approval

The study designs of four protocols were approved by the Ethical Review Board of the
Faculty of Medicine, University of Oulu.

4.2. Written informed consent

Subjects signed a written informed consent form after thorough written and oral
explanations of the purpose and procedures of the study. All subjects were informed of
their volunteer status and that they could withdraw from the study at any point.

4.3. Subjects

The study was carried out at the Department of Aviation, The Research Institute of
Military Medicine, Central Military Hospital, Helsinki; Air Force Academy, Kauhava;
and Fighter Squadron 11, FAF, Rovaniemi. All the subjects were healthy, and
aeromedical examination was performed to all subjects within 12 months.

4.4. Study design

Protocol I: In 1995 about 170 candidates participated in the third phase of military pilot
selection to the basic military flying course (ROC) of FAF. During the first day of the
third phase of the pilot selection information about the study was given to 83 male
applicants ( aged 18-22 yr ) of whom 80 volunteered for the study. Thereafter the subjects
were randomized to the test or control group. All the applicants had passed the medical



examination within the past 3 months. Any eating was prohibited 12 hours before and
during the test and control session. The subjects were not allowed to consume products
containing caffeine or to smoke during the study. The test group (n=40) performed
Wiener`s test, which evaluates psychomotor ability, and the control group (n=40) was
clinically examined. Venous blood samples were collected from the test group before the
test at 0930 hours and 1 min after the test, i.e. at 1030 - 1300 hours and the samples from
the control subjects were collected with the same time schedule. The test lasted about 10
minutes, and included visual and audiological stimuli to which the subjects were asked to
respond by pressing defined color buttons or using pedals. The subjects had a 5-minute
training period before the test. The amounts of right, wrong and delayed responses were
registered by computer. During the test the speed of visual and audiological stimuli was
accelerated towards the end of the test. Two applicants from the test group did not
continue the procedure after the first blood sample. All the other subjects completed the
study without any problems. Psychological tests were done after the procedure and
included MCAT (Multi Coordination and Attention Test) psychomotor test, 21 ability
tests and two personality tests (CMPS and 16 PF).

Protocol II. For this study 35 male student pilots (aged 19-21 yrs) of the Finnish Air
Force Reserve Officer Course (ROC) were selected on a volunteer basis. All the subjects
had about 30 flight hours at the time of the study. The student pilots performed a 40-
minute IFR flight mission and a control session on land in randomized order. The IFR
flight included 3 non-directional beacon (NDB) approaches with the Valmet Vinka
piston-engined primary trainer, and flight performance was evaluated by the flight
instructors. Psychological tests were done before the procedure and included
psychomotor tests (Wiener’s test and Multi Coordination and Attention Test), 21 ability
tests and two personality tests (CMPS and 16 PF). An aviation psychologist also
evaluated the subjects, giving 1 to 5 points to each based on the psychological test scores
and interviews with flight instructors. Blood samples were collected from vena cephalica
15 min before the flight or control session, and 5 min and 60 min after. All the samples
were taken between 11 a.m. and 3 p.m.

Protocol III: Five experienced flight instructors (aged 26 - 32 yrs) and five less
experienced flight cadets (aged 22 - 25yrs) on active flying status participated in this
study. All the pilots were selected on a volunteer basis and were stationed at the Air Force
Academy, Kauhava, Finland. The flight mission was performed with a BA Hawk Mk 51
double-seated jet trainer and a BA Hawk Mk 51 simulator. All the pilots were seated in
the front seats, operating and navigating the aircraft throughout the mission, having
minimal changes in G-forces both in the simulator and in the real jet trainer. All the
subjects performed the mission twice: first with the BA Hawk Mk 51 simulator and 2
days later with the BA Hawk Mk 51 jet trainer. The mission included: 1) start; 2)
instrument approach (ILS) to the minimum height; 3) visual approach and 4) landing. The
flight mission can be described as basic flying and not too demanding for either testgroup.
Blood samples, 22.5 ml each, were taken from vena cephalica 30 min before and 10 min
after the simulated and real flight. All the samples were collected between 12 a.m. and 4
p.m.

Protocol IV: Twelve experienced male military pilots on active flying status were
selected for this study on a volunteer basis. The subjects were stationed at fighter
squadron 11, Rovaniemi, Finland. Two pilots out of twelve dropped out from the present



experiments: one because of vasovagal syncope during the blood sampling and one due to
personal reasons. The subjects had breakfast at 0700 hours and the experiments were
started at 1100 hours. Eating was prohibited before and during the experiments. The
subjects were not allowed to consume products containing caffeine or to smoke during the
study. Each subject performed the same simulated combat military flight mission with a
Saab 35 S Draken simulator (DSS) in Rovaniemi, Finland, and had a control experiment
without flight simulation in randomized order. The venous blood samples were collected
15 min before the simulated flight mission and 1 min, 30 min and 60 min after it. During
the non-flight period the blood samples were collected with the same schedule at the same
time of the day. All the samples were taken between 1100 hours and 1600 hours. The
flight mission, which lasted 20 minutes, included four radar attacks in a one vs. one
situation with increasing psychological workload towards the end of the flight. The
attacks became more difficult towards the final attack which was the the most demanding,
also containing technical difficulties in form of an autopilot failure to which the pilot had
to react. The radar attacks were led by a tactical control officer and the pilots had not
performed the flight mission before. Simulated combat flight in our study was designed to
be like a real interceptor flight mission, although the flight mission was started and
finished at 10000 ft. All the subjects were fighter pilots who had passed their interceptor
training period and they performed the flight mission without problems. However, the
pilots evaluated the flight mission as a difficult one. During the non-flight control period
the pilots were allowed to do ground duties.

4.5. Blood sampling and handling

Blood was taken in EDTA tubes for plasma samples, and in EDTA-sodium
metabisulphite tubes for catecholamine measurements. Venous blood tubes were kept in
ice and centrifuged within 30 minutes and plasmas were stored at -20°C (based on
previous experience this storage time is not critical with respect to reliable results).

4.8. Statistical analysis

Data were evaluated by analysis of variance for repeated measures (ANOVA) followed
by the Student-Newman-Keuls of Duncan test used to assess the significance of
differences between specific time points. Statistical analyses were performed with the
Primer ™ program. Correlation tests were done by using Spearman and Pearson
correlation models with the SPSS ™ program. Results are expressed as means ± SEM.



4.9. Assays

The analyses for each variable were arranged so that each subject’s samples were run in
the same assay.

4.9.1. Adrenocorticotropin-releasing hormone

For adrenocorticotropin-releasing hormone (CRH) measurement, 1 ml plasma saples were
extracted with SepPak C-18 cartridges and measured in a radioimmunoassay (Ruthet al.
1993). Our RIA method was tested with plasma samples of third trimester pergnant
women known to have elevated plasma CRH levels (Ruthet al. 1993), and plasma CRH
concentrations between 15 and 20 pg/ml were found, confirming our RIA method
validity. Detection level for plasma CRH measurement was 4 pg/ml.

4.9.2. Adrenocorticotropin and beta-endorphin

For adrenocorticotropin (ACTH) and beta-endorphin (BE) measurement plasma samples
of 2 ml were extracted with Sep-Pak C-18 cartridges (Waters Corporation, Milford, MA)
using an ASPEC automatic sample preparation system (Gilson Medical Electronics,
Middletown, WI, USA). The Sep-Pak eluates were dried in Speed-Vac (Savant,
Farmingdale, NY, USA), reconstitued with RIA buffer and measured in ACTH and BE
RIA (Vuolteenahoet al 1981). The ACTH antiserum (West) was kindly donated by the
National Institute for Diabetes and Digestive and Kidney Diseases. The recovery of
synthetic ACTH 1-39 was 60.9 ± 3.2 % (mean ± SEM). The sensitivity of the ACTH RIA
was 0.82 per tube. The specificity of the BE antiserum has been documented previously
and it is specific to the aminoterminal portion of BE and cross-reacted fully with beta-
LPH (Vuolteenahoet al.1981).

4.9.3. Prolactin

Plasma prolactin (PRL) was analyzed with a two-site chemiluminometric immunoassay
using the Ciba Corning ACS-180 analyzer (Medfield, MA, USA). The recovery of known
amount of PRL processed in identical conditions was 100 % for PRL.



4.9.4. Noradrenaline

Plasma noradrenaline (NA) was purified by Al2O3 extraction (Eriksson & Persson 1982),
and HPLC with electrochemical detection was used for the analysis of NA. The sensitivity
in the NA method was 0.05 nmol/l. The interassay coefficient of variation for NA was
4.4%.

4.9.5. Adrenaline

Plasma adrenaline (A) was purified by Al2O3 extraction (Eriksson & Persson 1982), and
HPLC with electrochemical detection was used for the analysis of A. The sensitivity in
the A method was 0.05 nmol/l. The interassay coefficient of variation for A was 4.8%.

4.9.6. Cortisol

Plasma cortisol was measured by radioimmunoassay (Orion Diagnostica, Espoo, Finland)
according to the instructions given by the manufacturer.

4.9.7. Atrial natriuretic peptide

Plasma atrial natriuretic peptide (ANP) was analyzed radioimmunologically as described
previously (Vuolteenahoet al. 1985). The antiserum used for plasma ANP RIA was
prepared in rabbits against carbodi-imide conjugates of bovine thyroglobulin and the
respective peptides (human ANP 79-98) as described previously (Vuolteenahoet al.
1985, 1992). For the ANP RIA one-milliliter plasma samples were extracted with Sep-
Pak C-18 cartridges (Millipore-Waters, Milford, MA, USA). The RIA was performed as
described by Vuolteenahoet al. (1985), using antiserum "9-50" (final dilution 1/200000).
The antiserum cross-reacts fully with human and rat ANP, but does not recognize NT-
proANP (<0.01%). The sensitivity of the ANP RIA was 1.5 pmol/l and the within- and
between-assay coefficients of variation were <10 % and <15 %, respectively.



4.9.8. Arginine vasopressin

For the arginine vasopressin (AVP) measurements plasma samples were extracted with
SepPak C-18 cartridges (Water Associates, Milford, MA, USA), washed with 0.1 % TFA
and eluted with 80 % CH3CN by Gilson pipeting station. The eluates were dried with a
Savant vacuum cetrifuge, reconstituted with buffer and determined by radioimmunoassay
(RIA), as described previously (Vuolteenahoet al. 1985, Vuolteenahoet al. 1992). The
recovery of known amounts of AVP in identical contitions was 68.5 %. The sensitivity of
the assay was 1 pg/tube.

4.10. Psychological evaluation

Psychological evaluation in protocols I and II included psychomotor tests (Wiener’s test
and Multi Coordination and Attention Test), 21 ability tests and two personality tests. In
protocol II an aviation psychologist also evaluated the subjects, giving 1 to 5 points to
each subject based on the psychological test scores and interviews with flight instructors.

4.10.1. Personality tests

Pre-flight-training psychological evaluation included two personality tests: Cesarec-
Marke Preference Schedule (CMPS) and Cattel`s test (16 PF). These tests were done and
evaluated by an aviation psychologist.

4.10.2. Psychomotor tests

Wiener`s test, which evaluates psychomotor ability, lasted about 10 minutes, and included
visual and audiological stimuli to which the subjects were asked to respond by pressing
defined color buttons or using pedals. The subjects had a 5-minute training period before
the test. The amounts of right, wrong and delayed (reaction time over 2 sec) responses
were registered by computer and relative points, 1 to 9, were given for each response
performance. The mean of these three response points was also calculated and called the
Psychomotor Test Score. The highest (9/9) amount of delayed responses in the
psychomotor test was used as an indicator of information overload in our procedure.
During the test the speed of visual and audiological stimuli was accelerated towards the
end of the test.



Also another psychomotor test (Multi Coordination and Attention Test) was done.
MCAT evaluates discriminating attentiveness, maintenance of attentiveness and
information processing. In MCAT a subject is instructed to keep a cross in the display
centered by stick manuvers and a line symbol in the display centered by pressing pedals.
At the same time the subject has to react to light signals by pressing buttons, and to
remember and process number series.



5. Results

5.1. Plasma adrenocorticotropin-releasing hormone (IV)

To evaluate the route by which neural stimuli are transported to neuroendocrine responses
we measured plasma adrenocorticotropin-releasing hormone (CRH) in protocol IV before
and after the control period and the simulated combat flight. Plasma CRH was
undetectable in all the plasma samples measured.

5.2. Plasma adrenocorticotropin (I, II, III, IV)

Protocol I: Plasma adrenocorticotropin (ACTH) before and after psychomotor test
(Wiener`s test) and control period in FAF applicants was studied. Plasma ACTH after the
psychomotor test was significantly higher than before it. No plasma ACTH changes were
seen during the control period (Fig.3.a.).

Fig.3.a. Plasma ACTH before and after psychomotor (Wiener) test. Black column = 0930 h,
Gray column = after test of control (*p<0.01).



Protocol II: Plasma ACTH levels before and after IFR flight and control period in
student pilots were studied. Plasma ACTH was significantly higher before the IFR flight
compared to control level. Plasma ACTH level 5 min after the IFR flight was also
significantly elevated compared to the level 60 min after the flight and control level
(Fig.3.b.).

Fig.3.b. Plasma ACTH (mean + SEM) response to IFR flight with piston-engine primary
trainer.
* p<0.05 (40 min vs. 100 min level), + p<0.05 (control vs. flight).

Protocol III: The plasma ACTH concentrations of ten pilots before and after a real
and simulated flight were studied. No significant changes in plasma ACTH were found
(Fig.3.c.).

Fig.3.c. Plasma ACTH before and after real and simulated Hawk flight. Black column = 30
min before, gray column = 10 min after.



Protocol IV: Plasma ACTH concentrations before and after a control period and
simulated combat military flight in ten pilots were studied. Plasma ACTH in samples
taken before or after the control period did not change. On the contrary, plasma ACTH
decreased significantly (p<0.01) after the flight mission. Plasma ACTH was also
significantly (p<0.05) elevated before the flight when compared to the level before the
control period. Individual changes in plasma ACTH during the flight mission (Fig.3.d.)
were also observed, as suggested in the literature (Matthews et al. 1990). For example,
one pilot having 251 flight hours with Saab J35 Draken had 4-to10-fold ACTH responses
to simulated combat military flight and his responses are shown in Table 2.

Fig.3.d. Individual plasma ACTH responses to simuated combat flight.



Table 2. Hyperactivation of POMC-derived hormones and cortisol before and
after the simulated combat flight in one fighter pilot
_______________________________________________________________________
Hormone Time Related to the Simulated Flight or Control_____
Measured - 35 min 1 min 30 min 60 min
_______________________________________________________________________
ACTH (pg/ml)
Simulated Flight 88 118 30 25
Control 18 11 16 32
BE (pg/ml)
Simulated Flight 51 82 45 40
Control 31 25 31 30
Cortisol (µmol/l)
Simulated Flight 0.48 0.78 0.82 0.60
Control 0.17 0.19 0.16 0.15
_______________________________________________________________________

5.3. Plasma beta-endorphin (I, II, III, IV)

Protocol I: Plasma beta-endorphin (BE) levels in Finnish Air Force applicants before and
after the psychomotor test (Wiener´s test) and control period were studied. Plasma beta-
endorphin increased significantly (p<0.01) after the test compared to control level
(Fig.4.a.).

Fig.4.a. Plasma BE before and after psychomotor (Wiener) test. Black column = 0930 h, Gray
column = after test of control.



Protocol II: Plasma BE was studied in student pilots before and after the IFR flight and
control period. Plasma beta-endorphin was significantly (p<0.01) elevated before the IFR
flight when compared to control level (Fig.4.b.).

Fig.4.b. Plasma BE (mean + SEM) response to IFR flight with piston-engine primary trainer.
* p<0.05 (-15 min vs. 40 min level), + p<0.05 (control vs. flight).

Protocol III: Plasma BE concentrations before and after a real and simulated flight
were studied in ten pilots. No significant changes in plasma BE were found (Fig.4.c.).



Fig.4.c. Plasma BE before and after real and simulated jet trainer flight. Black column = 30
min before, Gray column = 10 min after.

Protocol IV: Plasma BE levels before and after the control period and the simulated
combat military flight were studied, and individual BE changes are shown in Fig.4.d. As
expected, the results resembled those of plasma ACTH, but plasma BE levels did not
differ significantly before and after (1-60 min) the flight mission, nor did they differ from
control values. The changes of plasma BE in one pilot before and after the flight mission
were similar to the ACTH results, confirming the pilot`s great neuroendocrine response to
simulated combat military flight (Table 2).

Fig.4.d. Individual plasma BE responses to combat flight.



5.4. Plasma cortisol (I, II, III, IV)

Protocol I: Plasma cortisol levels of FAF applicants before and after the psychomotor test
(Wiener`s test) and control period were studied (Fig.5.a.). The plasma cortisol increase
after the psychomotor test was not statistically significant, but plasma cortisol decreased
in the control group during the study (p<0.05).

Fig.5.a. Plasma cortisol before and after psychomotor (Wiener) test. Black column = 0930 h,
Gray column = after test of control. * p<0.05.

Protocol II: Plasma cortisol before and after the IFR flight and control period in
student pilots was studied. Plasma cortisol increases before and 5 min after the IFR flight
were statistically significant, as compared to control levels. Also the plasma cortisol level
after the IFR flight was significantly (p<0.05) higher compared to the pre-flight level
(Fig.5.b.).



Protocol III: Plasma cortisol concentrations in ten pilots were studied before and after
a real and simulated flight. No significant changes in plasma cortisol were found
(Fig.5.c.).

Fig.5.b. Plasma cortisol (mean + SEM) responses to IFR flight with piston-engine primary
trainer. * p<0.01 (-15 min vs. 40 min level), + p<0.05 (control vs. flight).

Fig.5.c. Plasma cortisol before and after real and simulated jet trainer flight. Black column =
30 min before, Gray column = 10 min after.



Protocol IV: Plasma cortisol before and after the control period and the simulated
combat military flight was studied. Plasma cortisol increased significantly (p<0.05)
immediately after the flight when compared to the level before the simulated flight. The
control level at 1min after the flight was also significantly lower than the level after the
simulated flight. Individual plasma cortisol changes are shown in Fig.5.d. Plasma cortisol
levels were observed to have changed after the flight mission, and the same pilot had
again a marked plasma cortisol response 30 min after the flight (Table 2).

Fig.5.d. Individual plasma cortisol responses to simulated combat flight.

5.5. Arginine vasopressin (III)

Protocol III: The change in plasma arginine vasopressin (AVP) both in response to the
simulated flight and the real flight in cadets and flight instructors was studied. The plasma
AVP level was significantly higher after the mission performed in the simulator (p =
0.034). However, only the plasma AVP level of the cadets was significantly higher after
the simulated flight.



5.6. Plasma prolactin (I, II, III)

Protocol I: Plasma prolactin (PRL) in FAF applicants was studied before and after the
psychomotor test (Wiener`s test) and control period (Fig.6.a.). The plasma PRL increase
after the test was not statistically significant.

Fig.6.a. Plasma PRL before and after psychomotor (Wiener) test. Black column = 0930 h,
Gray column = after test or control.

Protocol II: Plasma prolactin levels of student pilots were sudied before and after
the IFR flight and control period. The plasma prolactin increase after the IFR flight was
statistically significant (p<0.05) compared to control and before the flight levels
(Fig.6.b.). Prolactin responses to IFR flight correlated significatly with pro-
opiomelanicortin (POMC) secretion changes. Plasma prolactin change from before to 5
min after the flight correlated with ACTH (r=0.48,p=0.003) and cortisol (r=0.46,
p=0.006) changes.



Fig.6.b. Plasma prolactin (mean + SEM) responses to IFR flight with piston-engine primary
trainer. * p<0.01 (-15 min vs. 40 min level), + p<0.01 (control vs. flight).

Protocol III: Plasma prolactin levels of all military pilots was studied both in simulated
and real flight. The plasma prolactin level was significantly higher after the mission
performed by jet trainer (p = 0.037), but not after simulated flight (Fig.6.c.). Both cadets
and flight instructors had significantly elevated plasma prolactin levels after the real
flight. The level of cadets after the real flight was slightly higher than that of flight
instructors, but the difference between them was not statistically significant.

Fig.6.c. Plasma PRL before and after real and simulated jet trainer flight. Black column = 30
min before, Gray column = 10 min after.



5.7. Plasma noradrenaline (II, III)

Protocol II: Plasma noradrenaline (NA) levels of student pilots were studied before and
after the IFR flight and control period. A statistically significant (p<0.01) increase in
plasma noradrenaline was observed 5 min after the IFR flight (Fig.7.a.).

Fig.7.a. Plasma noradrenaline (mean +SEM) responses to IFR flight with piston-engine
primary trainer. * p<0.01 (-15 min vs. 40 min level), + p<0.01 (control vs. flight).

Protocol III: Plasma NA concentrations before and after a real and simulated flight in
ten pilots were studied. No significant changes in plasma NA were found (Fig.7.b.).

Fig.7.b. Plasma noradrenaline before and after real and simulated jet trainer flight. Black
column = 30 min before, Gray column = 10 min after.



5.8. Plasma adrenaline (II, III)

Protocol II: Plasma adrenaline (A) was studied in student pilots before and after the IFR
flight and control period. Plasma A was already significantly (p<0.01) increased before
the flight and it increased further significantly (p<0.01) 5 min after the IFR flight
(Fig.8.a.).

Fig.8.a. Plasma adrenaline (mean + SEM) responses to IFR flight with piston-engine primary
trainer. * p<0.01 (-15 min vs. 40 min level), + p<0.01 (control vs. flight).

Protocol III: Plasma A concentrations before and after a real and simulated flight in
ten pilots were studied. No significant changes in plasma A were found (Fig.8.b.).

Fig.8.b. Plasma adrenaline before and after real and simulated jet trainer flight. Black column
= 30 min before, Gray column = 10 min after.



5.9. Plasma atrial natriuretic peptide (III)

Protocol III: The change in plasma atrial natriuretic peptide (ANP) both in simulated
flight and in real flight in all military pilots was studied. The plasma ANP level was
significantly higher after the mission performed with a jet trainer (p < 0.05), but did not
change after simulated flight. The plasma ANP levels in response to the jet trainer flight
were similar in both cadets and flight instructors.

5.10. Psychological evaluation and neuroendocrine responses (I, II)

Protocol I: Stress hormone responses also correlated with other results from
psychological evaluation made by an aviation psychologist before flight training. The
statistically significant correlations are shown in Table 3 and Table 4.

Table 3. Correlations ( r ) between neuroendocrine increments to Wiener test and
psychological test results( *p<0.05, ** p<0.01).
_______________________________________________________________________

Psychological test ACTH BE Cortisol Prolactin
_______________________________________________________________________

Vigilance Test
(simultaneous capacity) - 0.12 - 0.25 - 0.47** - 0.15

ACH Scale in CMPS
(need to perform well) 0.13 0.13 - 0.09 0.40*

MCAT - 0.34 - 0.36* - 0.19 - 0.35*
_______________________________________________________________________



Table 4. Correlations( r ) between pre-test (Wiener) hormone levels and psychological
test results (*p<0.05).
_______________________________________________________________________

Psychological test ACTH BE Cortisol Prolactin
_______________________________________________________________________

ACH Scale in CMPS
(need to perform well) 0.19 0.11 0.32* - 0.23

16 PF test
(hardness-sensitivity) 0.34* 0.17 0.33* - 0.21
_______________________________________________________________________

Protocol II: Results from psychological evaluation were correlated with the
neuroendocrine responses to IFR flight. Especially low emonational balance and high
performance motivation correlated significantly with high neuroendocrine responses.
Fig.9. shows correlations between flight performance, psychomotor test result and plasma
A responses to IFR flight. A high adrenaline level before the flight correlated significantly
(r=0.43, p=0.02) with a below average result in the overall evaluation made by an
aviation psychologist.

Fig.9. Correlations between Vinka IFR flight performance, psychomotor test result (MCAT)
and plasma adrenaline increase during the flight.



5.11. Psychomotor test results and neuroendocrine responses (I, II)

Protocol I: Psychomotor test results showed significant correlations with neuroendocrine
responses. Fig.10. shows the correlation between plasma ACTH before the test and the
Psychomotor Test Score. Elevated plasma ACTH before the test as an anticipatory type of
stress reaction predicted significantly (r=-0.36, p=0.02) a poor overall result in the
psychomotor test. Fig.11. shows that plasma ACTH increases after the psychomotor test
were associated with the amount of delayed responses in the psychomotor test as an
indicator of information overload. Use of a plasma ACTH increase of over 20 pg/ml
resulted in a specificity of 100 %, but in a sensitivity of only 40 % to the information
overload. Information overload situation was defined to be the highest (9/9) category of
delayed responses in the psychomotor test.

Fig.10. Correlations between plasma ACTH before psychomotor (Wiener) test and
psychomotor test score ( r = - 0.36).



Plasma beta-endorphin increase did not correlate with psychomotor test score (data not
shown).

Fig.11. Plasma ACTH change during psychomotor test and late responses in psychomotor test.

Plasma prolactin increase was not statistically significant, but it was associated with the
amount of delayed responses in the psychomotor test as an indicator of information
overload (Fig.12.). Use of a plasma prolactin increase of over 2 µg/l resulted in a
specificity of 92 %, but in a sensitivity of only 40 % to the information overload.
Information overload situation was defined to be the highest (9/9) category of delayed
responses in the psychomotor test.



Fig.12. Plasma prolactin change during psychomotor test and late responses in psychomotor
test.

The relationship between plasma cortisol increase after the psychomotor test and the
amount of delayed responses in the psychomotor test is shown in Fig.13. Use of a plasma
cortisol increase of over 0.1 µmol/l resulted in a specificity of 85 %, but in a sensitivity of
only 35 % to the information overload. Information overload situation was defined to be
the highest (9/9) category of delayed responses in the psychomotor test.

Fig.13. Plasma cortisol change during psychomotor test and late responses in psychomotor
test.
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6. Discussion

6.1. Prolactin responses to military flying

Prolactin (PRL) seems to be one of the best neuroendocrine stress parameters in response
to a real flight situation indicating a high psychological workload. Plasma PRL increased
after IFR flight in student pilots (ROC), in cadets and in flight instructors, when the flight
mission was difficult enough at their level of flight experience. However, during military
pilot selection the psychomotor test did not generally resulted in an increase in plasma
PRL. Though PRL did not significantly increase in the psychomotor test, high individual
PRL responses were associated with information overload, i.e. delayed responses in test.
However, not all of the overload subjects had high PRL increments, which mirrors
individual stress tolerance and considerable variety in stress reactions (de Leeuweet al.
1992).

Because no prolactin changes were observed during the control periods, diurnal drive of
prolactin does not explain the phenomenon. All these findings are in line with a study
(Biselli et al. 1993) which reported increased PRL levels after a test flight in student
pilots. However, they did not use controls and were therefore not able to establish the
nature of prolactin response to such a stressor.

A flight training mission, performed in the flight simulator and under actual flying
conditions, resulted in increased PRL levels after the flight mission performed with a jet
trainer but not after the simulated flight (procedure III). It is interesting that the same
mission performed with the simulator did not raise plasma prolactin levels. This finding
suggests that the psychological workload in a flight simulator is not equal compared with
the psychological workload of a real jet trainer flight.

PRL secretion is known to be mainly under the negative influence of dopamine (DA)
released from the hypothalamic TIDA neurons to portal vessels. Therefore it is possible
that stressful flying interferes with the release of dopamine to the portal veins, leading to
secretion of PRL from the anterior pituitary to systemic circulation. Since PRL increases
in plasma were observed after the flight situations and not before the flight, psychological
workload of military flying apparently directly generates brain processes leading to
decreased DA release.



In an earlier study, different types of psychological stressors had led to variable
responses in plasma PRL (Sempleet al. 1988). It has been suggested that increases in
plasma prolactin mirror passiveness in crisis situations (Theorellet al. 1992), such as
military flying with high psychological workload. Some individual pilots can develop
high PRL increases during a flight, if they have problems with stress tolerance under a
high information load. Flight experience also has an effect on PRL responses (Ferraceet
al. 1996). It should also be noted that plasma PRL responses to military flying do not
involve anticipatory type PRL secretion.

6.2. Responses of pro-opiomelanocortin releated hormones and
cortisol responses to military flying

It is generally agreed that different stressors activate the pituitary pro-opiomelanocortin
(POMC) system by increasing the release of hypothalamic CRH. CRH radioimmunoassay
detected CRH levels of 4 pg/ml, and all our samples were undetectable, although they
were extracted and concentrated by a solid phase system. Since ACTH and BE levels
were elevated before the simulated flight inprocedure IVit is possible that increased
amounts of CRH were secreted before and during the flight, but CRH was so diluted after
entering the systemic circulation that the levels were undetectable.

ACTH and BE are derived from the same prohormone, POMC, and their levels should
follow each other (Guilleminet al. 1977). ACTH increased significantly during the
psychomotor test in subjects participating in military pilot selection of FAF (protocol I).
More interestingly, ACTH increase was associated with a high number of delayed
responses in the test, which was an information overload indicator in this study. Because
not all the subjects who scored a high number of late responses in the psychomotor test
had a high ACTH response after the test, we propose that individual stress tolerance also
has an effect on ACTH responses. On the other hand, stress tolerance is one of the
personal characteristics required of a fighter pilot. The pilot selection system of FAF was
able to find these applicants who experienced a great deal of stress before flight training.

Plasma ACTH increased before the test as an anticipatory type of stress reaction in
some subjects. This ACTH increment correlated significantly with a poor overall
psychomotor test result. Anticipatorily elevated stress hormones are a well known
phenomenon and our result suggests that a large increase in plasma ACTH before a stress
situation does not predict good psychomotor performance.

Plasma beta-endorphin increased significantly after the psychomotor test, as did ACTH
(procedure I). However, the cortisol response was not significant but correlated
significantly with the information overload parameter. This may indicate that those
subjects who had a plasma cortisol increment after the psychomotor test have reduced
stress tolerance under a high information load.

ACTH increased significantly before and immediately after the instrument flight of
student pilots(protocol II). Also the beta-endorphin increase was statistically significant
before the instrument flight, showing the anticipatory type stress reaction. The cortisol
response demonstrated both the anticipatory and the direct type of stress reaction, as did
ACTH. However, contrary to ACTH and beta-endorphin changes plasma cortisol



increased compared to preflight level. It was evidently due to fact that it takes 10-30 min
for exogenous ACTH to increase plasma cortisol.

The levels of pro-opiomelanocortin-derived hormones, ACTH and beta-endorphin, did
not change significantly during real and simulated Hawk jet trainer flights (protocol III).
In this procedure blood samples were drawn 10 min after the real and simulated flight.
This demonstrates that a simple post-flight plasma sample cannot give all the
neuroendocrine information required. Blood samples must be taken at least twice:
immediately after the flight and 60 minutes after the flight mission, as we did in
procedures II and IV.

Base levels of plasma ACTH and BE normally decrease in the afternoon because of
their diurnal rhythm. Therefore the significance of the slightly inreased plasma ACTH
levels after the flight in protocol III might represent a true stimulation. Plasma cortisol did
not increase significantly in either group, although plasma cortisol levels of the cadets
were slightly but not significantly higher compared with those of the flight instructors
during the jet trainer flight.

A significant increase in plasma ACTH was observed before the simulated combat
flight, indicating the presence of the anticipatory type of response in the neuroendocrine
system (procedure IV). Increased cortisol just after the simulated combat flight is most
probably a result from the anticipatory stimulus of ACTH. There might have been similar
changes in plasma BE, due to the methodological fact that the BE antiserum used in this
study cross-reacts fully with beta-LPH which has a half-life twice as long as ACTH and
three times longer that BE (Petragliaet al. 1983). Therefore changes in plasma ACTH
were greater than those in plasma BE.

The hormone responses in one out of ten pilots were highly interesting during simulated
combat flight (procedure IV). This pilot had high ACTH, beta-endorphin and cortisol
responses to the flight mission and the hormonal levels were clearly high before the flight,
reflecting an anticipatory effect. Also plasma ACTH and BE rose further after the flight,
which can be regarded as a direct stress rection. This is why his plasma cortisol peak
appeared 30 min after the flight misson. The high responsiveness of the POMC related
hormones of the pilot suggests low individual stress tolerance under a high information
load.

6.3. Catecholamine responses to military flying

Plasma catecholamines increased significantly in response to the instrument flight
(procedure II) and a summary of the neuroendocrine results is shown in Table 5. Plasma
adrenaline was already elevated before the flight, but plasma noradrenaline did not show
significant pre-flight changes. Immediately after the flight plasma noradrenaline was
significantly increased. Elevated noradrenaline level after flight mirrors sympathetic
activation of the subjects. The anticipatory reaction of adrenaline, as judged from
elevated plasma adrenaline before the flight, has not been previously described in
connection with psychological strain before flight. High sympathetic activation is known -
to a certain level - to make reaction time faster and to improve performance (Iyeret al.
1994), which are both needed in instrument flying. Iyeret al. also reported that the



noradrenaline/adrenaline ratio increased significantly in student pilots who did well in a
flight test situation, and our findings are in line with these results. Poor flight performance
in this study correlated significantly with high plasma adrenaline responses. Even seven
repetitive fighter flights resulted in elevated catecholamine levels after flight (Tarui &
Nakamura 1991).

In protocol III plasma catecholamines did not change significantly. The samples in this
procedure were collected 10 minutes after the mission performed with a real Hawk jet
trainer or Hawk simulator. That could be too late to detect statistically significant levels
of plasma catecholamines. The preflight levels of plasma adrenaline of the cadets tended
to be higher compared to those of the flight instructors before the jet trainer flight. This
supports an earlier study which showed that military flight experience correlates with
catecholamine secretion (Svenssonet al.1988).

The finding that plasma adrenaline showed the anticipatory type stress response before
the IFR flight (procedure II) whereas plasma noradrenaline did not may be related to the
origin of plasma catecholamines. Plasma adrenaline is secreted to plasma from the
adrenal cells, but plasma noradrenaline originates mainly from autonomic nerve endings
in the circulatory system.

Earlier studies have shown that adrenaline is a better marker of psychological workload
than noradrenaline. The major problem in adrenaline measurements is that adrenaline is
secreted to the blood in short secretion episodes. Furthermore, the high and episodic
plasma levels of adrenaline also disappear very quickly, even within 10 minutes (Nattrass
et al. 1987). The same also holds true for the measurements of noradrenaline.
Traditionally, catecholamine measurements have been made using urine samples.
However, urine catecholamine measurements after military flying can miss some rapid
catecholamine changes and therefore the use of plasma measurements is recommended.

Catecholamine analysis has been used in aerospace medicine to identify the level of
stress (Krahenbuhlet al. 1980). Mefferd and his co-workers (1971) concluded that stress
monitoring should be used when selecting personnel for jobs requiring high cognitive
performance under great psychological strain. However, this should be done precisely and
carefully, and the test situation should be strictly controlled. This study shows that
anticipatory responses and the right timing of blood samples also have to be taken into
account.

6.4. Arginine vasopressin responses to military flying

Plasma arginine vasopressin (AVP) of cadets, but not of flight instructors, increased
significantly after the mission performed with a Hawk jet trainer simulator (protocol III).
When the mission was performed with a jet trainer, the plasma AVP level of the cadets
after the flight was slightly higher compared to the plasma AVP level of the flight
instructors, but in neither group did plasma AVP increase significantly. The observation
that the AVP response was significant in cadets after the simulated jet trainer flight, but
not after the real jet trainer flight, was unexpected. Since the simulated flight was
performed first due to practical reasons, it is possible that the increase in AVP levels is a "
first - time " phenomenon. The first - time phenomenon had less pronounced effects on



the secretion of other hormones measured in protocol III and appeared to be greater in
less experienced pilots.

6.5. Atrial natriuretic peptide response to military flying

Wang & Shen (1990) showed that normal military flight stress without + Gz-forces or
weightlessness would not lead to changes in plasma atrial natriuretic peptide (ANP). This
study clearly demonstrates a significant increase in plasma ANP after a mission
performed with a Hawk jet trainer. An earlier study suggested that the renin-angiotensin-
aldosterone system (RAAs) is the only system contributing to the water and electrolyte
balance during a military flight (Shen & Wang 1990), but according to the present study it
is possible that also ANP participates in the maintenance of water and electrolytes.
However, it is more likely that the elevated plasma ANP levels we observed in the study
would rather indicate an increased workload of the heart and sympathetic stimuli caused
by the psychological workload of real flying. The heart rate analysis made in the same
procedure supports this conclusion (Ylönenet al. 1997). In one pilot resting plasma ANP
levels were between 306 pg/ml and 381 pg/ml duringprotocol III, and the plasma ANP
increase after flight was procentually similar to other subjects. The reason for the high
plasma ANP in this pilot is not known, but it may relate to changes in the elimination
process of ANP or to the tissue receptors of ANP.

6.6. Psychological evaluation and stress hormone responses

During the selection of military pilots for the FAF (protocol I) it was shown that the
anticipatory ACTH increase correlated inversely with the results in Wiener`s
psychomotor test, and hence the anticipatory responses do not necessary improve flying
performance. Psychological factors also appeared to be behind neuroendocrine responses.
Subjects with good scores in the ability test evaluating logical thinking had significantly
lower neuroendocrine responses. These persons are likely to experience less stress in
situations requiring logical thinking, good information processing and high stress
tolerance, because their reactions in a given situation are based on reasons, rather than
emotions. The subjects also underwent several personality tests, and according to the
ACH scale in the CMPS test the subjects who have a higher need to perform well were
likely to have higher neuroendocrine activation after the test. Thus it is very important
that motivation in the test situation is equally high in all subjects. The 16 PF test
demonstrated that emotionally sensitive persons are likely to have higher neuroendocrine
activation after the test situation.

Results obtained after the IFR flight with Vinka (protocol II) showed that if subjects
had a weaker ability to control their emotional balance , which was measured in
personality tests, they tended to have higher neuroendocrine responses after the IFR
flight. Also a high need to perform well resulted in high neuroendocrine responses to the



IFR flight. Flight performance, high plasma A response to the IFR flight and psychomotor
test (MCAT) result were significantly connected with each other.

Blood sampling itself is a stress situation and may have an influence on neuroendocrine
responses. Therefore control periods and flights were performed in randomized order
(protocol II & IV). Due to practical reasons randomization of experiments was not
possible inprocedure III. In procedure Ia high number of controls (n=40) was used to
minimize the effect of blood sampling.



7. Summary and conclusions

The aims of the study put forward specific questions for the study. Based on the thesis the
following answers can be given:

1. Instrument flying (IFR) led to increased postflight plasma prolactin, ACTH, cortisol,
adrenaline and noradrenaline levels in student pilots. Hawk jet trainer flight also increased
postflight plasma prolactin levels. After simulated combat flight a direct type
neuroendocrine reaction was observed in plasma cortisol. Anticipatory type
neuroendocrine activation was observed in plasma ACTH, beta-endorphin, cortisol and
adrenaline before the IFR flight. Simulated combat flight resulted in anticipatory type
neuroendocrine reaction as judged from the elevated preflight ACTH.

2. The psychomotor test procedure showed that high plasma prolactin, ACTH, beta-
endorphin and cortisol responses were associated with a high number of delayed
responses in the psychomotor test. This indicates that the high responses of these
hormones are associated with information overload.

3. Weaker emotional balance and high performance motivation measured by an aviation
psychologist correlated significantly with increased neuroendocrine responses after the
flight.

4. High adrenaline response after IFR flight correlated inversely with flight performance
and psychomotor test score.

5. Plasma prolactin increased in response to Hawk jet trainer flight, but not to the
simulated flight, suggesting that the psychological workload was lower in the simulated
flight compared with real flight.



6. According to this study, neuroendocrine responses to psychological workload of
military flying can be used in a follow-up system of military pilots. The high
neuroendocrine responses to simulated combat flight in one pilot (protocol IV) indicated
problems in stress tolerance under a high information load. However, there are limitations
to neuroendocrine measurements and therefore test standardization should be carefully
controlled.

In conclusion, psychological workload associated with military flying led to elevated
plasma levels of neuroendocrine hormones. Increased neuroendocrine activation during
military flying is likely a result from altered stress tolerance under a high information
load.



8. Recommendations

High neuroendocrine activation during flight missions with low physical workload seems
to be connected with problems associated with low stress tolerance. Further studies are
needed to gather more evidence of how information processing and stress tolerance are
connected during combat flight situations. Because of flight safety, these experiments
should be done in flight simulators. Combination of neuroendocrine research with
cognitive analyses of combat flight would give valuable information about stress reaction
associated with military flying.

Flight cadets could be tested before interceptor training by using neuroendocrine
methods if there is any reason to evaluate in-flight stress tolerance. Flight tests should be
carefully standardized and done at least twice in order to minimize bias in the procedure.
These flight tests can be done in the BA Hawk Mk 51 flight simulator, and simulated
flight missions should contain a high information load and last a minimum of 20 minutes.
At least prolactin, ACTH, cortisol, adrenaline and noradrenaline should be analyzed from
plasma samples in order to get an overview of neuroendocrine activation.

However, neuroendocrine tests do not alone give an answer to the question whether the
pilot has capacity to complete his/her interceptor training. The tests can give new data for
flight surgeons as a part of the psychophysiological evaluation of military pilots. The
psychophysiological follow-up system of military aviators should be multi-professional
teamwork. Teamwork of squadron commanders, flight instructors, aviation psychologists
and flight surgeons at fighter squadron level would lead to advances in flight training, and
ultimately in military flight safety.

QUALITAS POTENTIA NOSTRA
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