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PREFACE

Atirregular intervals the Aerospace Medical Panel (AMP) of AGARD has organized Specialists’ Meetings in which
selected topics from Space Physiology and Medicine were discussed. The last meeting of this kind was held in Brussels in
January 1979. At that time the USA and Europe were preparing for a new era of manned exploration and uuhzauon of
space with the reusable Space Transportation and Spacelab System.

Meanwhile, a number of Shuttlc flights as well as the first co-operative NASA-ESA mission of the Space Laboratory
{SL) were carried through. With 72 experiments from different disciplines (including 16 from the Life Sciences) and 4
Science Astronauts on board the latter carried the greatest scientific payload ever flown in space operatmns Also, new
information had been obtained during a French- Sowet collaborative project on Salyut 7.

In view of this development the AMP considered it to be appropnate to familiarise its members in another meeting with
objectives, methods and results of recent medicel research in space and glve the specialists’ knowledge on human adaptation
to the space en\nronmem a wider dissemination. .

The one-and-a-half—day Symposium was held at Istanbul, Turkey, on 25—26 September, 1984, The programme
contained 13 invited presentations. It was opened with a report and film of Dr Ulf Merbold on Spacelab Mission 1 and his
experience as a Science Astronaut. The other papers focused on the following topics.

Session | — VESTIBULAR AND SENSORI-MOTOR RESPONSES
Five reports dealt with the consequences of weightlessness on gravity perception and posture, with the cause and
symptomatology of space motion sickness, and with mass discrimination.

Session Il = CARDIOVASCULAR RESPONSES
Cephalic fluid shift and subsequent cardiovascular changes were addressed by three speakers.

. Session Il - SLEEP, IMMUNOLOGICAL AND RADIOBIOLOGICAL RESPONSES
_ There was one presentation on each of the following subjects: the electrophysiological recordings of eye-movements
and ruuscle-activity, the significance of gravny on lymphocytes’ activation, and the biological effects as well as the
impact on man of heavy particles of cosmic radiation.

The Proceedings contain the papers together with the comments and remarks of the discussicn periods. For those who
wish to obtain a deeper insight into the matter reference is made to some recent publications: Science 225, 205-234, July
1984, and “Life Science Research in Space”, ESA SP-212, Paris, August 1984.
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_ inevery condition and situation. Man should have a complete education and training, discipline and a high morality, and

OPENING ADDRESS

by

Major General Ahmet Corekgi '
Commander
Turkish Air Force Academy
Yegilyurt — Istanbul
Turkey

Mr Chairman, ladies and gentlemen,

| am very glad to welcome all members of the Aerospace Medical Panel who have beea invited to attend their
respective committee meetings in Istanbul and [ am very happy and honoured to make an opening speech to the
distinguished members of the Aerospace Medical Panel who will discuss the “Results of Space Experiments in Physiology
and Medicine”,

First of all, [ cordially congratulate the members who decided to hold this meeting in Istanbul during your previous
meeting in London in October 1983. We feel very happy to host you, to get to know you in our country, and we are sure that
you will make the best decisions and discussions concerning the body's responses in space and related subjects. -

As we all know, knowledge changes now at a rate unparalleled in human history. More than two thousand years ago, the
Greeks imagine * Daedalus, the man who fashioned wings for himself. Leonardo Da Vinci drew sketches of flying machines
and a Turk named Hazarfen Ahmet Celebi flew with his wings for 3,000 metres from the Galata Tower across to the
Anatolian side of Turkey in the 17th Century. But for centuries man remazined earthbound. Just over fifty years after the
Wright brothers had sold the United State its first military aeroplane, man set foot on the moon.

Not only in aerospace technology but in all areas, our world is changing with unprecedented rapidity, and there is no
reason to believe that the rate of change will slow. In all environments ~ technological, medical, economic, social, political —
our society is becoming increasingly complex, diverse, specialized and dynamic.

As you mentioned in your programme announcement, “With man’s presence in space continuously increasing, a better
comprehension of adaptation mechanisms to the space environment and of their consequences for readaptation to terrestrial
conditions is urgently required”.

For that reason, the members of the Aerospace Medical Panel committed to human responses will show more effort
than before in order to maintain human superiority and avoid technological surprise.

As we know, even though the technology improves very rapidly in all areas, the human factor has never lost its position

should progress psychologically and mentally. Otherwise. those environments, especially weapons, machines and means. will
not be any more valuable than a pile of iron or steel. ‘

Mr Chairman, NATO and the scientific community will eventually obtain the results of your very important and highly
valuable discussions and experimentr and I am also sure that the informal briefings to be given by members of the F-16
Medical Working Group will be most useful to all of us, especially the Turkish Air Force. Turkey is planning to purchase the
F-16 aircraft in the near future and any operational experience gained by our NATO allies will be of considerable use to us
in our aeromedical training and operational fiying programmes.

In conclision, let me thank all of those individuals who worked very hard in organizing the scientific programme and
arranging the many administrative, accommodation, transportation and social activities details.

1 am sure your symposium will be a great success and | hope you will enjoy yourself in Istanbul and return home from
our country with many beautiful memories.

Thank you.



TECHNICAL EVALUATION REPORT
by

Prof. Dr K.E Klein
Director, DFVLR Institut fiir Flugmedizin
Linder Hohe
Postfach 906058
5000 Kéln 90
Federal Republic of Germany

The exploration of space exposes man to a unique environment since it contains features which do not exist naturally
and can hardly be simulated on earth. Prominent in this respect is the relative absence of gravity which initiates changes in
the human organism mainly through three modes of action

- the specific effects on gravity sensing organs
— the lack of hydrostatic pressure affecting fluid compartments
- the reduction of deformation forces on load-bearing tissues.

Data collected during previous space flights demonstrated that almost all physiclogical systems are affected by the
space environment. Some of the most significant changes which have become known so far involve the vestibular, the
cardiovascular and the musculo-skeletal system as well as blood and metabolism.

However, many important scientific questions remained unanswered and many areas of rescarch have been neglected,
since the number of launches was limited, the subjects’ number small and often operational programme requirements were
not compatible with scientific research objectives. In this respect the situation is rapidly changing. The Symposium
impressively demonstrated the progress which presently is being made in some areas ~f space physiology and medicine.

" Particularly this is true for the system responsible for spatial orientation, the functional disturbance of which in
microgravity evokes space motion sickness in aimost 50% of the crews. But also other physiological consequences of space
flights become gradually clearer.

These aze the main conclusions which can be drawn from the Symposium Proceedings.

Session |

Since pitch and roll in microgravity do not result in otolith displacement, a sensory rearrangement becomes necessary
in which the CNS reinterprets all otolith outputs as linear motion (otolith tilt-translation reimerpretation. hypothesis).

The inability of otoliths to provide information on spatial orientation of head and body is compensated mainly by the
increased utilization of visual cues.

Spaceflight-related redistribution of EMG activities in muscles responsible for posture control occurs in agreement
with changes in otolith function.

Space motion sickness is most likely provoked by sensory conflicts, in particular during pitch and roll motious;
individual susceptibility still can not be predicted, however, the easiness of agaptation to head movements while wearing
reversing prisms may be indicative in this respect.

For the time being, the mechanisms behind the unexpected finding of a caloric nysfagmus in the absence of thermal
convection during orbital flight remains inexplicable.

Session 11

Left ventricular size and volume, in particular end-diastolic and stroke volume, transiently increase in-flight ar¢
decrease post-flight; findings with respect to heart contractility are still controversial and need further clarification.

As judged by the changes of central venous pressure and hematocrit the fluid redistributions after launch and landmg
are highly dynamic processes, the physiological principles of which are far from being understood.

Cerebral and femoral blood flow seem to stay fairly constant in microgravity; this has given rise to the speculation that
in view of an increased cardiac output renal and/or splanchnic blood flow might rise.




ol

New data support the idea that extensive pre-flight athletic training might be the reason for a pronounciation of
cardiovascular deconditioning, e.g. o post-flight end-diastolic volume decrease, and for longer recovery times.

Session 111

Cells are gravity dependent, e.g. microgravity strongly depressed lymphocytes® activation; the implication for
astronauts’ immune system has to be clarified.

Heavy particles of cosmic radiation may include dramatic changes in individual cells. however, the risk for man with
respect to orbital flight characteristics and time in orbit has yet to be assessed.

Future development of spacs activities will be characterized through (1) growing opportunities for research and
developmem, (1) widening pote. ials for ccmmercial and other ways of utilization of space, and (11I) expandmg presence of
. man in space with respect to the number of individuals and the duration of stay. Its implementation requires a deeper insight

Tl S s W T e T

£

into the principles and mechanisms of physiological responses to space flight, allowing a clear definition of hazards for health <
and performance and the development of prcvemwe measures and protective devices for man's work in orbit and his return .
to eanh :
' ' v

The AMP should closely follow this development. The results will have a bearing not only on aerospace medicine but 4
should be of zeneral significance to the medical sciences. For instance, they should contribute to a better identification of -
man'’s adaptive capabilities and will improve the definition of permissible ranges of variation in human physiological space f:
research. It should be worth while to discuss the progress again in 2—3 years time. e
f :’
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INTRODUCTION A LA PARTICIPATION FRANCAISE -
AU SYMPOSIUM SUR LES RESULTATS DES EXPERIENCES SPAT!ALES
EN PHYSIOLOGIE ET EN MEDECINE

par
Meédecin Général Inspecteur Colin
Directeur de 'EASSAA ct du CERMA
26 Bouievard Victor

75996 Paris Armées
. France

La mission franco-soviétique sur Soyouz T-6 et Saliout 7 s’est déroulée du 24 juin au 02 juillet 1982, dans le cadre
d'une collaboration C.N.ES.-INTERCOSMOS. Elle a permis le vol du premier spationaute frangais, le Colonel

J.-L.Chrétien et la réalisation avec succes du programme scientifique prévu.

Pour permettre de cadrer les exposés frangais dans I'ensemble de ta mission franco-soviétique, nous rappellerons

succintement les aspects scieniifiques et techniques principaux de cette mission.

1. PROGRAMME SCIENTIFIQUE
- Le programme scientifique comprenait des expériences effectuées dans quatre volets:

1. Science de la Terre et de I’espace

— PIRAMIG: chambre photographique a haute sensibilité pour I'étude dans le visible ¢t le proche infra rouge du

milieu interplanétaire, des galaxies et de I'atmosphére terrestre;

— P.C.N.: photographie des sources de faibles luminosité du ciel nocturne;

2. Elaboration de matériaux dans I'espace
— calibration du fcur MAGMA-F destiné a I'obtention de cristaux dans l'espace;
— DIFFUSION: étude de la vitesse de dissolution d’un alliage solide dans sa propre phase liquide;

— IMMISCIBILE: étude de la solidification d'alliages de composés non miscibles en microgravité;

3. Biologie
— CYTOS-2: comportement en microgravité de différentes espéces bactériennes vis-a-vis de divers

— BIOBLOC-3: étude des effet des rayons cosmiques sur des ocufs d’Artenna Salina et des graines

4.  Médecine

antibiotiques;

de tabac;

— ECHOGRAPHIE: étude en vol par un appareil a effet Doppler et un échotomographe a balayage électronique

de la fonction cardiovasculaire;

" — POSTURE: étude de I'adaptation des ajustements posturaux liés 4 la mobilisation volontaire du
corps entier a la microgravité;

ras ou du

— METABOLISME hydrominéral et calcique: étude sur des échantillons de sang et d'urine prélevés avant et

apres le vol.

2. SELECTIONET SURVEILLANCE MEDICALE DES SPATIONAUTFES

La sélection médicale a été effectué avec le concours des experts et des m&yeéfis du Service de Santé des A
400 candidats, 193 ont été retenus, sur lesquels 5 ont été sélectionnés (dont une femme) 4 la suite des différent
d'évaluation physique, médicale et de connaissances scientifique et techniques. En 1980, le choix final se portd
J.L.Chrétien et P.Baudry. pilotes de 'Armée de I'Air. Ces deux candidats se sont rendus en septembre 1980 2
Etoiles pour suivre I'entrainement des cosmonautes.

La surveillance médicale a été assurée, du coté frangais, par le Médecin Chef des Services Carré, du Serv
pour 'Armée de I'Air. Cette surveillance s'est exercée avant le vol, pendant le vol, i P'atterrissage, et aprésle v

\rmées. Sur
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3. DEROULEMENT DU VOL .

Le vol du Soyouz T-6 s'est dans I'ensemble déroulé conformément aux plans établis, exception Liite d'une panne de
l'ordinateur de bord du Soyouz qui a obligé le pilote V.Djanibekov a effectuer la phase finale du rendez-vous avec le Salioui
par les commandes manuelles. - '

A bord du Saliout 7, toutes les expériences prévues ont été réalisées, mais il a été nécessaire d'aménager le programme
initial de réalisation des expériences, le temps nécessaire pour les effectuer s'étant révélé nettement plus long que celui prévu
par les scientifiques frangais.

4. BILANDUYOL

Sur le plan scientifique et technique, le programme de recherches a été réalisé avec succés de Monsieur Lestienne sur
I'expérience POSTURE, et du Professeur Pourcelot sur I'exprience ECHOGRAPHIE démontreront tout lintérét de leurs
expériences dans le domaine de la médicine spatiale, 2 1a fois par les résultats acquis au cours de la mission franco-
soviétique, et par ceux que I'on peut attendre des expériences prévues dans un avenir proche sux la ns.. ette spatiale en
coopération avec la NASA. :

Mais hormis les résultats des expériences scientifiques, le vol de J.L.Chreticn aura aussi permis aux spécialistes frangais
d'acquérir une expérience dans le domaine des vols habités. Cette expérience sera précieuse car le C.N.E.S. envisage un vol
humain tous les deux ans environ, soit avec les Américains, soit avec les Soviétiques. Dans un avenir plus loiatain, cette
expérience sera également précicuse dans le cadre Jd'une collaboratior européenne pour des programmes tels qu'Eureca
(plateforme mise en orbite 2 500 km) ou Hermes (planeur hypersonique habité lancé par Ariane 5).
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EXPERIENCE OF SCIENCE ASTRONAUT
ON THE SPACELAB-1 MISSION

by
o Dr Ulf Merbold
DFVLR
PT-PR
Linder Hohe
D-5000 Kéln 90
Federal Republic of Germany

1. introduction

The first Spacelab flight, also called STS8 9, took place during the period 28th Novembe
through 8th December, 1983,

Its primary objective was to verify Spacelab as a new platform for experimental space
sciences in orbit.

The configuration flown on the first mission comprised the long
module and one pallet.

Fig. 1: Spacelab's long module in Columbia's
cargo bay

The secondary objective of the flight was to carry.out 72 experiments selected from 8
different science-disciplines. .

Table 1 summarizes the basic mission parameters.
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Launch: 28 November 84 16:00:100 GMT
Kennedy Space Center/Florida
Landing: . 8 Detember 84 23147124 GMT
Edwards Air Force Base/California
Orbat: circular
’ altitude & 240 km
inclination: 57°
Table I -~ 873 9 Mission Parameters
2. SL Plight Performance and Mission Peculiarities

Originally, the mission was planned to last for 9 days, but because Spacelab and the sci-
entific instruments flown consumed less power than anticipated, the flight could be ex-
tended to 1o days, 7 hours and 47 minutes. The mission thus established the long-duration-

record for Space Shuttle flights. Some other "firsts" related to Spacelab 1 are described
below:

1) It was the first time that NASA had launched a large system on a manned
?light which was not built in the United States. With the first flight
of Spacelab, which was built by the European Space Agency (ESA), the era
of manned space flight with European involvement began.

11) The inclination of 57° (the typical inclination for a low earth orbit of
the Shuttle is 28,5°) caused a ground track oscillating between 57°
northern anéd 57° southern latitude.

The primary objective - verification of Spacelab - could be achieved with a great deal of
success. Spacelab, as a system and a platform to utilise the Shuttle's potential for ex-
perimental space research, worked superbly and proved the soundness of the design and the
high standard of workmanship. Spacelab supported the experiments exactly as planned and
provided an excellent and pleasant working environment for the crew inside the habitable
module, As a general summary, it can be stated that:

Spacelab (built by ESA) is now a proven platform
for space science. It is very versatile and
supports a large variety of experiments. Its
working environment is excellent.

3. Crew

The crew who flew on STS 9, compfiling 6 astronauts, can be split into the Shuttle crew
and the Payload crew. '

The Shuttle crew was made up of Commander John Young and Pilot Brewster Shaw; the Payload
crew consisted of Mission Specialists Owen Garriott and Robert Parker and the two Payload
Specialists Byron Lichtenberg and Ulf Merbold

Fig. 2 : Crew of STS 9
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For the first time the crew on 8T8 9 workud in two shifts around the clock.

. The flight demonstrated that two-shift T
operation works extremely well and
enhances the gcientific return substan-
tially.

The Fayload Specialists were non-career astronauts. They were selected by the Principal
Investigators and worked on board as their surrogates. The Payload Specialists were
the prime operators of the experiments and exclusively dedicated to the science.

The Mission Specialists were responsible for the maintenance of épacelab as a system
and for the verification objective, Since there were almost no problems associated
with Spacelab, they were also heavily involved in experiment operation.

The payload crew conducted the experiments interactively so as to optimise the
scientific return and at least ensure high quality. data.

First analysis of the enormous amount of data acquired during the SL-1 Mission (more
than 1012 bits) reveals many spectacular discoveries, such as the observation of
caloric nystagmus in weightlessness (1), the appearance of circumnutation during the
growth of sunflowers (2), the observation of beam-plasma interactions (3, 4) and
suprathermal electrons (4), the successful growth of large protein single crystals (S)
or the observation of Marangoni flows in large columns of silicon oil (6).

The scientific success of the mission proves the concept:

The Lest guarantee for acquiring good science
on a scientific spaceflight is to send scien-
tists (Payload Specialists) into orbit.

As a personal remark, I'd like to mention that all crewmen aboard worked hand~in=hand
to form-an effective team.

3.1 Crew Training

The training programme was aimed at enéblinq each member of the Payload
Crew to conduct any experiment, e.g. full crew training.

The conséquence was that all of us were forced to study new disciplines, starting fron

their basics and ending in an area between the known and the unknown from where good
experiments come from.

Training was decentralised, which means that the Payload Crew went to the sites of the

' Principal Investigators. The disadvantage of the heavy travel load was more than com-
pensated by the advantage of being able to meet not only the Principal Investigator

in his laboratory but also his co-workers and experts on optics, electronics, data

acquisition, software, etc. For that reason it can be said:

For a complex mission (like Spacelab 1), '
decentralised training is optimal.

4, Control of Experiments and Operations

As mentioned above, Spacelab offers for the first time the capability tc perform ex-
periments interactively; that is to say, the data acquired by an instrument can be
analysed in real-time and, hased on the result, commands can be issued so as to
optimise science return. In other words, close-~loop control is typical for the
operational philosophy of Spacclab experiments.

A total of 5 different control loops can be identified (Fiqure 3) (7).
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Pig. 3: Data flow and control of Spacelab experiments

The fastest control over an instrument is achieved by a dedicated microprocessor which

is considered as being part of the experimental hardware. Typical response time is in
the order of t» /uec.

In case more conmplex software is needed for optimal control the experiment computer
(CDMS = Command and Data Management System), provided by Spacelab, can be utilised
and is an example of the support given to the experiments.

The scientific instrument communicates with the CDMS 'via the Remote Acquisition Units
(RAU's) which are standardised interface boxes.

The RAU can cope with analog and discrete signals, as well as with serial information.
All channels are serviced via the General Measurement Loop (GML) with a fregvency
of typically 1 Hz. The reaction time of this loop is in the order of t B 10 msec.

The third loop bringe the Payload Crew into play. The scientists aboard receive informa=-
tion from a display unit. They issue commends from a keyboard.

The ability of a human being to learn and react flexibly is an essential ingredient
for mission success. '

An automated system can only act as progrz~—-1 pre~flight, and should be used for
routine operations., However, in situation: /™ 2re things happen in an unforeseen way

(such as in fluid physics on Spacelab 1}, kmgzmputer will not ensure a meaningful
approach. '

But a trained Payload or Mission Specialist in this situation is extremely successful

in acquiring good science. The typical response time of the sclentist on boerd is
t & min,

The forth way of experiment control is based on a downlink data channel. Its
digital data transmission capability is 50 Mb/ses, This high rate of data allows
control of experiments from the Payload Operations and Control Center (POCC) on the
yround in real time. The uplink channel is available to send commands from POCC to

the experiments. The response time is typically t 2 hours, but it can be much
shorter,

A shortcoming of the control by POCC is that the downlink and uplink are only available
during periods of contact via relay-satellite.

The last loop is non-interactive during the mission. It is based on samples or'exposed
film brought back from space which are analysed post-mlssion. The only way to react

on results obtained is to repeat the experiment in a modified way on another flight
in the future.
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In summarizing, it can be stated that the most important lesson learxned on SL-1 i3 the
following:

In order to optimise the scientific result
of space-~science experiments or to ensure at
least good-quality data, they should be per=~
formed interactively in realtime.

{Two methods are feasible:

= The trained scientist on board conducts
the experiment.

= Data are sent to POCC in realtime where
the Principal Investigator conducts his
experiment (limited to periods of contact).

S. " Scientific Disciplines on Spacelab 1

The Spacelab-1 Mission was unique because of its complexity and the many scientific
disciplines involved.

Table 2 gives an overview of the relative numbers of experiments per discipline and
splits them between experiments selected by NASA and those selected by ESA.

- DISCIPLINE
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&
>

ESA

3
2

Astronomy
Atmospheric Physics
Earth Observation
Life Sciences
Material Science
Solar Physics

Space Plasma Physics
Technology

At § o3 bt
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w
(V.4
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-3
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INS 002 ; SEPAC experiment
Principal Inveltigatot H T. Obayashi
University of Tokyo'

TABLE 2 - SCIENTIFIC DISCIPLINES

Table 2 reveals that the number of European experiments (59) was more than four times
higher than che number of US experiments (13).

The resources of the flight, e.g. mass, energy'and crew-time, were shared between NASA
and ESA on a 50:50 basis. In spite of the resulting smaller average resource budget

allocated to an average European experiment, the scientific accomplishments are quite
spectacular.

5.1 Human Physiology Experiments

Eleven of the experiments from the life sciences discipline dealt with

human physiology. They all were special for the crew because the crewman was operator
and test subject at ¢ne and the same time.

The human physiology experiments. can be divided into three categories:
1. Vestibrlar Organ and Neurophysiology ‘
1 NS 102 : L. Young et al. / MIT Cambridge
" Vestibular Experiments"

1 NS 104 : M. Reschke et al. / NASA-JSC, Houston
"vestibular-Spinal Reflex Mechanisms"

1 ES 201 : R. V. baumgartz:n et al.,/ Universitit Mainz
" Effect of Rectilinear Rcceleration etc,”

1 ES 025 : H, Ross, University of Stirling
“Mass Discrimination during Weightlessness®

1 ES 030 ¢+ H, - L. Green / Clinical Research Center, Harrow
"Personal Miniature Electro-Physiclogical Tape Recorder®
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11, Cardiovascular Adaptation and Blood Volume Regulation

1 B8 026 :+ K. Rirsch, Preie Universitiit/Berlin
"Central Venous Pressure”

1 ES 0280 3 A. Scano, University of Rome
*"Ballistocardiographic Research in Weightlessness”

1 B8 032 ¢+ K. Kirsch/L. RScker, Freie Universitiit/Berlin
*Coliection of Blood"

1 %8 103 1+ C. Leach/ NASA-JSC, Houston
"Influence of Space Flight on Eurythrokinetic in Man"

‘111, Immune System

T . 1 %8 031 1 A, Cogoli/ ETH, Zlirich
. . "Effect of Weightleassness on Lymdhocyte Prolifaration'

1 N8 105 ¢+ E. Voss, Univerajty of Illinois
"Effects on Prolonged Weightlessness"

All of the human physiology experimenters established a sound set of baseline data by
pre~ and post-flight tests so as to observe the impact of the space environment by
compariscn. Baseline data were acquired on each individual member of the Payload Crew
S0, 6o, Jo and 15 days prior to flight and also during the week following the landing.
The testing was 80 excessive that some crewmen were test subjects for 13 consecutive
houra. Since the load of testing ias accumulative, the subject might hecome exnausted

after such a period of time. In this case, the scientific significance of data would
be impaized. Therefore:

Medical testing should be limited to such
an extent that subjects do nct become
exhausted,

6. Summary ' !

My experience on Spacelal; 1 can be summarised as foilowlz;

= The Spacelab-1 Mission was highly successful because the verification
of Spacelab demonstrated the soundness of the design and the quality
of workmanship.

= The scientific results obtained to date are very good.

The major reacons for the scientific success were:

The interactive method of performing and optimising the experiménts
The presence of trllned scientists on board '

Two~ghift operatio

~ The capability to interact with the POCC and the vefy close cooperation
between the Principal Investigator on the around and the Payload Crew.

I am honored to have been part cf the S1-1 Mission, which started a rnew era in space ach!:a
I'd like to thank the Principal Investigators who patiently trained us for years and
who finally delegated so much |responsibility to the Payload crew.

I think this way of conducting operations combined with the capabilities of the
Shuttle/Spacelab opens up new jhorizons for basic reseaich and its applicatien.
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ABSTRACT

The Burcpean vestibular experiments on Spacelab | were decigned to explore vestibular adaptation to the
space environment and re-adaptation to the ground by conducting a series of vestibular tests which were re-
peated several times at different stages before, during, ana after the mission. The tests included the
threshold for linear oscillation, eys movements triggered by angular acceleration, optokinetic and caloric
stimulation, and measurements of posture. Slow-phase velocity of caloric nystagmus was increasing in the
course of the mission. The results of most tests could b interpreted as indicating a decreasing qnln of
CNS-processing ol otolithic information during vestibular adaptatiin to the space environment.

A series of vestibular tests were performed 12C, 9C, 60, 30 and 11 days before the Spacelab-l-mission and
again during the first 6 days after recovery of the space craft, Similar experiments were performed during
the mission on board Spacelab by the "red shift" of the Spacelab scientific crew.

_After our linear acceleration device "Space-Sled" was descoped for the SL 1-mission and postponed to the

D l-mission a body restraint system (BRS) was constructed which allowed linear oscillation of the experi-
mental subject in three different axes by hand operation of the operator. The test subject wore our vesti-
bular helmet, which contained the electrocculography amplifiers and a device for insurflation of heated or
cooled air into the ears during the caloric test. An infrared sensitive CCD-camera (EMIR) allowed to re-
cord the movements of the right eye including eye-rotation. The EMIR- system was computing the XY-cisplace-
ments of the eye for display on a atripchart recorder in the payload operation center. In front of the left

eye was a TV-monitor mounted in a visor of the helmet for optokinetic stimulation, calibration and target
cross resetting.

MEASUREMENTS OF LINEAR THRESHOLD

A linear oscillation dsvice was constructed using air bearings to minimize noise and vibration. The sub~
ject was oscillated on it during pre~ and postflight tests at a frequency of 0.3 hertz in the.¥,Y- and
Z-body axes, The accelerating stimulus could be increased or decreasad stepwise by 0.5 4B when the subject
indicated by joystick deflection that he crossed the threshold. Dstection of motion was tested seperately
from detection of direction of motion. The inflight data on threshold are at present still fragmentary.
Only measures taken on days 4 and 6 are available now. They show, that linecr threshold on both crew mem-
bers in all three axes was inflight considerably elevated as compared to the pre~ and postflight control
data. However we don't have the threshold yet »c the very early part of the flight. The postflight thresh-
old values were not significantly different from the preflight ones except for the Z-axis, which was sig-
nificantly elevated early postflight as compared to preflight. The threshold for detection of direction
of motion was, as expected, always higher than the threshold for motion regardless of direction.

ANGULAR ACCELERATION

Response to angular acceleration was tested on a hand driven rotating chair pre-, in- and postflight in

. the X- or Z-axis of the head. The eyes were either closed during the tests, or a fixed collimated light was

observed. The OR cain was found to be comparable pre- and postflight when measured with closed eyes. How-
ever, when measured with open eyes and fixation of a target, the gain of the VOR at 1 hertz was signifi-

cantly lowered post{light as compared to preflight. This could indicate an increased dependence of visual
as opposed to vestibular mechanisms in the course of space adaptation.

Eead movements in the pitch axis with closed eyes revealed a smaller gain of the VOR inflight than on the
ground. This experiment suggests that the otoliths significantly contribute to the gain of the VOR in the
pitch axis and that in the space environment the vestibular contribution as compared to the visual con-
tribution decreases during space adaptation. Possibly thé unusual pattern of impulses from the otolithes
during head movements in space contributes to space motion sickness, which stated by the astronauts as
being exicerbated during all pitching head movements.

OCCULAR COUNTER ROLLING TESTS

Occular counter-rotation was measured pre- and postflight at lateral tilt angles of 90 degrees left and
right. PS1, PS2 and MS1 had significantly less occular counter-rotation than preflight. Any preflight
assymetry between counter rotation when tilting to the left and to the right was indreased postflight.
These findings agree with counter rotation data already found after the STS8-flight.

LUMINOUS LINE TESTS

Measurements of the deviation of the subjective vertical from the true vertical (luminous line tests) at
“different tilt angles of the body were conducted pre~ and postflight. The deviation from the true vertical
at steep tilt angles was larger postflight than preflight. Again all subjects exhibited considerably more
bi-lateral assymetry when tilting to the left and to the right postfligh: as compared to preflight.
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CALORIC STIMULATION

Insuflation of air heated to 44°C into one ear and of air cooled between 35° and 20°C resulted in strong
nystagwus occured alresady after one to two minutes and changed readily iis direction when interchanging the
warmed with the cooled ear. The experiment was performed successfully on two crev members with the same re-
sults. The nystageu: vas supressed on the first day, but increased in strengh during the mission. The recor-
ded caloric nystagmus in space cannot be explained by Birdny's theory of thermoconvection since the latter
does not exist in orbital weightlessness,

Our preliminary vestibular data from the SLi-mission suggest the adaptation to the space environment in-
cludes a decrease of gain in the processing of otolith~signals and increasing dependenca on visual infor-
mation. Purthermore any bilateral assymmetries cf the otolith apparatus which were well compensated on the
ground, may be miscompensated in 0 ¢ environment until recompersation takes place. The compensation to 0 g
posaibly leads to temporary miscompensation again during the readaptation pericd on the ground.
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SUMMARY.

A oseries of experiments were performed during the flight of Spacelab 1
to explore changes in vestibular function and visual-vestibular {nteractions
associated with adaptation to microgravity. Tests were also conducted on the
ground during the four months before flight and over the six days post-flight.
Measurements were nade of the threshold for detection of linear oscillation and
of vestibulo-ocular reflexes elicited by angular and linear accelerationz and by
optokinetic and - caloric stimuli. These revealed changes assccisted with the
modified otolithic afference in microgravity, though the most unexpected finding

weas that caloric stimulation in orbital flight evoked nystagmus comparable to
ihat obtained on earth.

INCRODUCTION.

Spatial orientation in the atypical force environm-nt of orbital flight, as on tle surface of earth, is
dependeat upon information provided by the eyes anc y vestibular and somaesthetic mechanoreceptors. In
microgravity the greatest change will occur in those se _ory systems whose receptors are stimulated on earth
by the linear acceleration of gravity, notably, the specialised end-organs of the vestibular apparatus - the
utricular and saccular maculae (more commonly called the otolith organs). In microgravity the otoliths no
longer provide information of the orientation of the head in pitch and roll, though they will be stimulated by
the transient linear accelerations generated by voluntary movements of the head and locomotor activities.
Indeed, it is the presence of atypical signals from the otoliths, in the presence of veridical information from
the semicircular canals, that is regarded as the primary aeticlogy of space motion sickness (Reason & Brand,
1975; Benson, 1977; Oman et al. 1984) --a disability which has afflicted some 50% of astronauts during the
first few days of space flight. Adaptation to the weightless enviroiment is thus lilely to. involve, primarily, a
modification of the neural processing of signals from the otoliths, though this may also ‘impact those vlsual
and vestibular mechanisms (and their Intenct'.ms) which are intimately involved in equilibratory funetion.

The ' set of experiments. (coded ES201) proposed by the consortium of European investigators to be
performed on the First Spacelab Mission (SL-1) was designed to provide a better understanding of the effect
of microgiravity on vestibular function and visual-vestibular interactions in man, and of the process of
adaptation to this atypical force, environment. The absence of significant linear acceleration in orbital flight
also afforded an opportunity to test direetly the theory that the nystagmus induced by thermal stimulation

(caloric response) was caused by anisotropic changes in density (sic thermal convection) of the endolymph
within- the stimulated semicircular canal. )

)

METHODS.

_Ahmrlvn_tl%. The principal equipment employed in the flight experiments consisted of a peri-cephalic structure -
the 'Vestibular Helmet' - and a sketetal collapsible seat - the 'Body Restraint System' (BRS). The ‘vestibular
helmet' (fig 1) was equipped with two eye movement re~ording systems. One employed conventional electro-
oculography (EOG) to transduce vertical and lateral eye movements, the other (the EMIR system) consisted of a
CCD (charge—coupled device) televisicn camera which relayed a digitised image of the subject's left eye,
illuminated by IR emitting diodes, to ground equipment where the X and Y co-ordinates of eye position were  —
computed in real time. The helmet carried in front of the subject’'s right eye & collimated cathode ray tube
display which was used to present cither optokinetic stimuli or a target cross, the latter display also being
used for calibration of the eye movement recording systems. Calorie stimulation was achieved by insufflation
of air, heated or cooled by Peltier elements to controlled temperatures, into the external ear canals via small
tubes located in the ear-cups of the helmet. Also within the helmet were signal conditioning amplifiers for
the triaxial servo~accelerometers which were mounted either on the helmet or on the subject's dental bite, In
those experiinents where the subjeet had to signal his responses, a small two-axis joystick or a rotary coniiol,
which were mounted in & small box held by the subject in one hand, was employed.

The test subject's head was securely located within the helmet by adjustable pads and by an individually
moulded ‘'goggle' which Interfaced with the opties of the EMIR camera and the CRT display. In most
experiments the test subject was seated in a yogic position in the BRS and restrained by a five point
harness. The helmet was clamped to the backiest of the BRS so dynamic stimuli could be given without
significant relative movement between the: subject and the experimental hardware, The BRS could also be
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fixed in different orientations to a simple bearing located on the floor (rentre aisle) of Spacelab. This
configuration was employed in those sxperiments where responses to angular motion stimuli were investigated.

Por the ground-based tests, performed pre-and post-flight, a ‘vestibular helmet' similar to the flight
model was employed. In addition, a tiit-table able to orientate the subject In the roll axis in incremental
positions of up to 90° from the verticdl was used to study ocular counter-rolling and perception of the
vertical. Thresholds for the detection of linear motion were determined with the aid of a 1 m stroke,
horizontal linear cecillator (the BLTDD) fitted with an air bearing carriage to minimise adventitious motion
cues. Oculomotor responses to angular oscillation were elicited on a hand driven turntable on which the
subject could be oriuntated so that the X or Z axis of his head was either co-axial with, or 1 m distent
from, the centre of rotation.

Procedure. The battery of tests, to which the two Mission Specialists and two Payload Specialists were
subjected pre and post-flight, wers carried out in the Baseline Data Collection Pacility Laboratory at JASA
Dryden FRF, Edwards AFB, Ca. The ES201 experiments were integrated with those of other investigators and
were performed according to a fixed schedule in order to stabilise order and circadian effects. Pre-flight
measures were taken on five occasions (nominally, 120, 90, 64, 43 and 11 days before launch), and post-flight
measures were taken on the first, second, fourth and sixth day after landing.

During the flight of Spacelab-1, experiments were conducted throughout the mission, with major blocks
of time aliocated on the first and the sixth day for the ES201 experiments. These were performed,
principally, oy the two crew members (coded for anonymity) C and D. Further details of the equipment and
procedures employed accompany the description of the separate experiments which follow. "

RESULTS AND DISCUSSION.
Theesholds for Detection of Linear Oscillation.

Studies carried out by Walsh (1981) indicate that the perception of whole-body linear oscillation of
liminal intensity at frequencies below 1 Hz s primarily dependent upon the integrity of the otolith organs.
Thus, measures of the thr.sliold of detection of such motion stimuli provide information on the processing of
otolithic signals within the central nervous system and of how this may be altered by exposure to
microgravity.

Determination of the thresholds for detection of linear oscillatory motion at 0.3 Hz in the X, Y and 2
body axes were made both in-flight and on the ground. For pre-and post-flight tests a servo-controlled, eir-
bearing, mini-Sled (BLTDD) was employed to generate a continuous oscillatory stimulus which increased or
decreased in intensity by 0.5 dB per half cycle. The psychophysical proredure was a single staircase, with
threshold being determined by the method of limits (Engen, 1972). Typically, in each test seguence of 48
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oscillatory cycles there were 8-12 reverstls of the stimulus intensity trajectory. Two test procedures were
employed: in Mode ! the subject indicated, by means of a key switch, whenever he could detect the
oscillatory motion, in Mode 3 the subject had to signal the direction of the perceived motion. In flight, an
attempt was mede to roplicate the ground-based procedure. The test subject, restrgined in the BRS, was
moved by another crew member in an approximately sinusoidal manner at 0.3 Hz. As on the ground, the
smplitude of the linear oscillatory motion was increased until the sibject signalled detection of motion and
decreased until he ceased to signal. .

Analysis of variance of the pre and post-flight threshold data revealed a significant ovcrall difference
in the responses of the Red Crew (astronauts C and D) and the Blue Crew (astronauts A and B) which was
caused, principally, by their differing behaviour In the first post-flight test (R+1). The reason for this
difference Is uncertain, though as the Red Crew were always tested at the beglining of each test day and
the Blue Crew some 6 hours later, thers is a_priori justification for analysing and displiying (fig 2) the
results of the two crews separately.

Base-line measures of threshold determined by the Mode 1 procedure exhibited reasonable test-retest
reliability without consistent trend except for thc Z and Y axis thresholds of the Blus Crew which tended to
increase with repetition of the test procedure. Z axis threshold was, as expected (Gundry, 1978), consistently
(P=0.001) higher than the X and Y axis thresholds, the latter not differing significantly from one another.

Currently, data from the flight experiment are confined to one set of observations made on subjects C
and D on Mission Day 7 and on subject B fn the X and Y axis un Mission Day 5. The reliability of these
data is suspect because of a possible 1 or 2 bit' error in the digitisation of ine mcczlerometer signals:
However, with this caveat, all the measures obtained in flight were higher than any of the base-line values
for the respective subject and stimulus axis. Relative to the mean base-line thresholds, the thresholds
determined in flight were raised by a factor of 1.5-4.3.

On the initial post-flight test (R+l), the Red Crew showed & significant elevation, with respect to base-
line, of both the X axis (P=0.01) and Y axis (P=0.05) thresholds, but the Z axis threshold did not differ from
bese-line. In contrast, the 3lue Crew exhibited a significant (P=0,05) reduction in X and Y axis thresholds and
an even more intense (P=0.C1) reduction in Z axis threshold relative to the base-line measures.

On R+Z, the X, Y and Z axis thresholds of both crews did not differ signillcantly from base-line,
though on R+4 and R+8 the X axis threshold of the Red Crew was elevated (P=0.05). The Z axis threshold.of
the Blue Crew was also raised (P=0.05) on R+4. With the exception noted above, all thresholds had returned
to base-line by the sixth post-flight day. :

Responses recorded during the Mode 2 procedure in pre and post-flight tests were used to calculate
$0% detection thresholds, but the restricted number of stimulus cycles perforined in flight did not provide
adequate data on response frequency as a function of stimulus intensity from which detection thresholds could
be derived. Comparison of the thresholds obtained by the Mode 1 and Mode 2 procedures revealed a
- significant (P=0.05) correlation between the two measures in the Y and Z axes though nct in the X axis.
Thus the changes observed in the Mode 2 thresholds, post-flight, exhibited similar features to those found
using the method of limits. Notaoly, the Red Crew had an elevation (P=0.03) of X and Y eaxis thresholds on
R+1 but no change in the Z axis, whereas the Blue Crew showed lowered Z (P=0.01) and Y (P=0.05) axis
thresholds, on the initial post-flight test. Subsequent measures on both crews failed to yleld threshcids which
differed significantly from base-line.

Angular Vestibulo-ocular Reflex: Canal-otolith Interactions.

Vestibulo-ocular Reflex in Pitch and Yaw. It has long been recognised thut the semicircular canals are of
prime importance in the stabilisation of eye position, but the contribution of the otoliths to the vestibulo-
ocular reflex (VOR) is relatively poorly understcod. Some modulation of the VUR in the horizontal plane by a
changing linear acceleration vector has been demonstrated (Benson, 1970) as has the induction of a horizontal
nystagmus by linear oscillation in the Y axis of the skull (Niven et al. 1966). However, it is in the VOR
responses - to to angular hexd movements in pitch and roll that the otoliths might be expected to be of
greater functional significance. On earth, head movements in pitch and roll, apart from stimulating the vertical
semicircular canals, concomitantly stimulate the otoliths by virtue of tha change in their orientation to
gravity. In contrast, head movements in yav do not necessarily ulter the direction in which gravity acts on
the otoliths. It is difficult, on the ground, to assess the exact contribution of the otoliths to the vertical
- YOR. However, microgravity provides a privileged situation because the normally covrelated otolithic signal
during an angular head movement in pitch or roll is absent. It was hypothesised that in space the gain cf
the pitch VOR would be lower and that there would be larger phase errors than in the normogravie
environment, whereas the yaw VOR would be little affected. This hypothesis was tested by an ad hoe
experiment which the crew were instructed to perform following failure of the optokinetic pattern generator
on the first day in orbit.

The subject was Bsked to shake his head, with eyes open, at 1 Hz. Head movements were measured by
linear accelerometers and eye movements recorded by EOG and EMIR. When the subject reported no
oscillopsia with eyes open, it was astumed that head and eye movements were nearly the same (i.c. gain of
VOR=1). Head oscillation was then repeated at this emplitude, but with eyes closed. An approximate value of
VOR gain was obtained by comparison of the eye inovements made with eyes open and eyes closed. Two
methods of analysis were employed to determirs the VOR gain in pitch and yaw. In one, the peak to peak
values of the EOG were compared between samples of head oscillation of comperable amplitude and frequency
as indicated by the accelerometer signals. In the other, the amplitude of the. eye displacements was computed
from the reconstructed sinusoidal component for 20 cycles after elimination of saccades.

The mean values of the VOR gain in pitch and yaw for sudbjects C and D obtained on flight days §
and 7, and on the four post-flight tests are presented in Fig 3. Individual values of the yaw VOR gain
ranged from 0.4 to 0.69 in microgravity and from 0.5 to 0.85 in the post-flight tests. These values are
. comparable to the population norm in ground-based studies (Jell et al. 1982) and suggest that weightlessness,
at least in the adapted subject, is not associated with a change in the yaw axis VOR. Measures of pitch
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VOR gain during Night ranged from 0.43 to 0.75 and were similar to the VOR gains in yaw, but on the first
post-flight day, pitch VOR guin was elevated (range 0.95 to 1.11). On subsequent test days it declined
towards the more normal values obtained during flight. Whereas on the ground phase errors were small {mean
1° 00.0;3‘). in t:l)lcrognvlty the compensatory eye movements exhibited considerable and variable phase lag
(mean 20% 8.D. 8",

The absence of data on VOR gain before the subjects were adapted to weightiessness makes
intarpretation of these preliminary findings difficult. 7.4y do, however, suggest that on earth the otoliths
contribute to the oculomotor responses elicited by angular movements of the head in pitch. In the absence of
the normal otolithic signals, pitch VOR gain, but not phase, can be restored to its normal value. On return to

the 1g environment, the presence of otolithic information initially engenders an enhanced oculomotor response.

Vestibule - scular
reflex gain
Vastibulo- ocular 08
reftex gain
vor oI 1-0M2
/, oSk P le Cantric
o8l " --- ~ 0ark
’ PITCH oSl . Eccantric ]
/
o8- o or \/\L POy Eccantric with
o3k . visual target
‘\
. -
04 0ak -
08
YAW osr
)
o8- : 9 ot A s/\ 933
L)
=== Centric
. 03 ',./ . }Oerk
04 - . . L _4""‘\1/7" Eceentric
L | ] 1 ] 02 B ] )
’ & [ u i
Fs.7 Re1 *2 o 6 F-120 80 ~43 -0 Rel +2  s4 8
Flight Post-flight days Test day
Fig 3. Vestibulo—ocular reflex gain duriay volui= Fig 4. Yaw axis vestibulo-ocular reflex gain of
tary head oscillation at lHsz with eves astronaut C, during passive oscillation
closed. Mesn values for astronsuts C & D, at 0,33 and 1Hz in centric and ecceatri

configurations. :

Canal-otolith Interaction and Visual Suppression in Yaw. Another facet of vestibular adaptation to microgravity
was studied in an experiment which explored the interaction between angular and linear motion stimuli, as
well as the suppression of vestibular nystagmus by visual fixation. The angular stimulus was achieved by a
hand-driven oscillation of the test subject .at approximately 0.3 Hz and 1 Hz. Tests were conducted with the
subfect orientated so that the rotation axis was either co-axial with the Z axis of his head (centric mode) or
1 m distant (eccentric mode). In the latter orientation the vestibular stimulus was not only a changing angular
acceleration but also a changing tangential and radial accereration. In addition, further tests were conductad
in the Z cccentric mode with the subject fixating on a head-fixed visual target. Eye movements were
recorded in darkness by IR, CCTV and by EOG; turntable angular velccity was also recorded.

Analyses performed, to date, (Fig 4) have been confined to the lateral eye movements evoked by the Z
axis stimuli in one crew member (C). Using the technique developed by Barnes (1952), measures of vestibulo-
ocular reflex (VOR) gain, phase and offset werc determined over ten stimulus cycles in each of the five
experimental conditions.

Inspection of the data obtained during the four pre-flight test sessions failed to show any signif:oaut
difference between the VOR responses evoked by centric and eccentric oscillation in darkness, though, as was
to be expected, (Benson, 1970) the VOR gzain st 1 Hz (mean 0.5, range 0.51-0.79) wes nigher than at 0.3 Hz
(mean 0.33, range 0.2C-0.46). The values obtained on post-flight days 1, 2, 4 and 6 were comparable to the
pre~flight measures, the mean VOR gain being 0.58 (range 0.50-0.62) at 1 Hz ard 0,32 (range 0.22-0.55) at 0.3
Hz. In particular, the responses obtained in darkness on thc first post-flight day (R+1) yielded measures which
were within the range of those recorded pre-flight. In contrast, the gain of the VOR at 1 Hz, when reduced
by the presence of single collimated fixation target (subterding approx. 0.3° at the subject's right eye), was
significantly (P<0.05) lower on R+1 than on any other pre or post-flight test.

It would be hazardous to attach undue weight to the finding of a greater suppression of the VOR
response by vision in a single crew member when tested 14 hours after landing. However, if confirmed by
future experiments, it does suggest the’ one aspect of adaptation to microgravity is an increased dependence
of visual as opposed to vestibular mecnanisms in the stabilisation of the retinal image during head mecvement.

Ocular Counter-rolling.

Information on the functional state of the 'static' otolithic component of the vestibulo-ocular reflex was
provided by measures of ocular counter-rolling made pre-and post-flight. There is good evidence that on earth

 the counter-torsion of the eye, during sustained body tilt in. roll about a horizontal axis, is dependent upon

ithe stimulation of the otolith organs by the gravitational acceleration (Bardny, 1906a; Fischer, 1939 Woellner

s — ... .& Graybiel, 1960). Linear oscillation in the Y axis of the head also evokes a eyclical counter-rolling response
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(Lichtenberg et al. 1982) and an attempt was made to elicit this reflex response in s”celab-! by manually
oscillating the test subject in the BRS at 0.3 Hz, at an amplitude of approx t2 ms “. Unfortunately, the
quality of the video image provided by EMIR precluded the quantification of dynamic eye movements in roll.
However, measures of static counter-rolling were successfully made on the ground from 35mm colour
transparencies of the eye of the test subject.

Por these pre and post-flight tests the subject was restrained within a ramework which allowed him to
be rotated in roll about a horizontal axis at angles of up to 90° to the right or left from the vertical
position. A 35mm camera and ring flash were clamped to the framework snd positioned so that a full-frame
photograph of the subject's left eye could be taken. The tilt-table was moved in 15° increments from the
upright (0°) position initially to the left and then to the right. In each orientation two photographs of the
subject's eye were taken at not less than 15 sec after positioning. Measurement of the angular position of the
eye in roll was achieved by projecting an enlarged image of the eye onto a graphics tablet and entering the
co-ordinates of 10 iris landmarks into the computer. The X axis reference was' a line joining internal and
external canthi, and the calculated centre of gravity of the pupil defined the origin of the co-ordinate
system.

Figure 5 compares the mean ocular counter-rolling responses of the four Spacelab Crew (A, B, C and
D) obtained 120, 890 and 64 days before flight with those on days 1 and 2 post-flight. Statistical analysis
demonstrated a significant (P<.05) reduction, ' post-flight, in the magnitude of ocular torsion on body tiit to the
Jeft in all but one (astronaut B) of the test subjects. In contrast, when tilted to the right there was no
significant difference between the pre and post-flight responses. :

These findings imply that adaptation to microgravity involves a reduction in the gain and increased
ssymmetry in the 'static' compensatory eye movements engendercd by signals from the otoliths.

Ocular
counter -rolling Oeviation of swbjective
(deg) ©—0 Pre-tlight (F-90,F-30) vertical from
gravitational verticol
S~ YmX Post-flight (R*1,R*2) {deg)
Right LT od Poat-tlight
A Re 'Ro
4 Right | (Re1,Re2)
2 Pre-flight
{F-80 to F-11)
0
-2
-4
Left [ S L1 1 | J
5 90L s0L 0L 0 J0R E6O0R 9OR
) Body tilt (deg)
Fig 5. Comparison of pre and post-flight ocular Fig 6. Comparison of pre and post-flight results

counter-rolling induced by body tilt
about the X axis. Mean values from
astronauts A,B.C & D,

of luminous line test. Mesan values from
astronauts A,B,C & D,

The Subjactive Vertical: Luminous Line Test.

Perception of the gravitational vertical during whole-body tilt is dependent upon sensory inputs from the
vestibular apparatus, in particular, the otolith organs, siiaesthetic inputs arising from contact between the
body and the surfaces which support it, and kinaesthetic inputs from the joints and musculature of the body.
Microgravity modifies the neural information in all of these sensory systems, so it is possible that adaptation
to the - weightlessness will modify the astronaut's ability to perform a spatial orientation task on return to
earth. One such task, performed pre and post-flight by the crew of SL-1, involved the setting of a luminous
line to the perceived 'vertical' at different angles of body tilt about the X roll axis.

Bouy tilt, over tha range 90° left to 90° right in 15° increments, was achieved with the same
apparatus as was employad for the measurement of ocular counter-rolling. At each body orientation the subject
was required to set, by means of an electrical control, the angular position of a luminous line (1.1m long at
a distance of 3.5m) so that it was aligned with what he considered to be the gravitational vertical.
Deviations of the setting of the.luminous line from the true vertical were transduced by a potentiometer and
displayed by a digital voltmeter. Between each change in body position, made when the subject's eyes were
closed, the positicn of the lumincus line was arbitrarily perturbed by the experimenter.

The results of the pre and post-flight tests conducted on the four Sr~~~lab-1 crew members are
summarised in Fig 8. The measures obtained pre-flight exhibit only modest deviatior. * the subjective vertical
from the true (gcravitional) vertical, with relatively small A (Aubert) effect at lar  engles of body tilt and
no diseriminable E (Muller) effect. (See Howard, 1882 for a review of the effec’s >f body tilt on the visual
vertical and A and E effects). On the first and second post-flight days there w .e significantly larger errors
in the judgement of the apparent vertical, with a well defined E effect (max at 45° tilt) and A effect at
angles of body tilt greater than 60°. Subject B had the largest deviations in the subjective vertical (20° at
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48° tilt), though the crrors made by subjects A and C were also greater than those made in the pre-fiig
tests. As with the measures of ocular counter-rolling, thure was & marked asymmetry in the responses, with
smaller B effect on tilt to the right than to the left. .

R

Its most likely that this asymmetry in judgement of the vertical, like the asymmetey In ocular-torsie
is the manifestation of an order effect (cf. Miller ot .al. 1985), for the tilt positions were not randomise
They were always performed In .a set order, all tilt left positions being tested before the subject w
returned to the vertical and then tested at increasing angles of tilt to the right. However, the larger A &
B effects found post-flight indicate that, having adapted to microgravity, the astronaut on return to earth
less well able to judge his orientation with respect to the gravitional vertical. Indeed, the increase in A a
E effects is not dissimilar to that found in individuals with bilateral vestibular deficii (Miller et al. 196
The process of adaptation to microgravity may thus involve a reduction In the ‘gain' in the relaying
otolithic signals within the central nervous system, or, perhaps more likely, a re-interpretation of those sigmn
which in weightlessness do not convey useful information, as they do on earth, about spatial orientation witt
the co-ordinate system in which the astronaut operates. '

S _‘; )

R

’
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Visual-vestibular Interaction.

One approach to the study of how visual orientation cues interact with those of vestibular origin is
examine an individual's perception of the vertical whilst he views a wide field, textured display which rota
in roll about his line of sight (Dichgans et al. 1972; Held et al. 1975). The rotating visual stimulus inducer
semation of body motion in the opposite direction to that in which the pattern rotates and the subject, w
head erect, feels as if he is tilted, albeit to a limited extent, in the same direction as the continu
sensation of self-motion. Constraint on the angle of perceived tilt is probably due to inputs from the otoll
and somatosensory gravireceptors being In conflict with the ' visual stimulus, %0 any modification
gravireceptor cues is likely to be manifest by a change in the magnitude of the induced tilt. The latter «

be measured by requiring the subject to set a small line (or cross) within the centre’ of the rotating disp
to the apperent vertical.

The vestibular helmet had provision for making such measurements. The visual stimwulus, displayed on
CRT iIn front of the subject's right eye and subtending & 'x 60° was a random dot pattern which rota
at 40°sec in either the clockwise or anticlockwise ¢ r« tion. Superimposed upon this display was
asymmetric croes, subtending 10° the orientation of which vould be adjusted by the subject via & rotat
control located in the hand-held, 'response' box. Targe! cross
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In-flight, the video replay unit, in which the optokinetie patterns were stored, ceased to function after

one pass of the video tape, 30 only data from pere and post-flight tests are available on the two crew
members (C and D) who were investigated.

Pigure T summarises the results of the ground-based tests, performed with the subject's head in the
vertical position. The cispersion of the pre-flight measures preciudes statistical significance being attached to
sny' change in the responses obtained post-fiight. However, the individual records show that subject D had @
greater deviation in his perception of the vertical on R+l during clockwise (CW) puttern rotation than on any
of the pre-flight or subsequent post-flight tests. Subject C behaved in a similar menner on R+l except that
the outstanding response occurred when the visual stimuluc rotated in the counter-clockwise (CCW) dirsction.

The test procedure was also performed with the subject's head tiited in roll some 43° to the right and
to left, for it has been shown (Dichgans et al. 1974) that the deviation of the subjective vertical is enhanced
when the otoliths are placed in a less favourable position, the greatest potentiation occurring when the
stimulus moves in the opposite direction to that in which the head is tilted.

The effect of lateral head tilt on the apparent vertical during optokinetie stimulation in roll is -
summarised in fig 8. This shows that in the experimental conditions where the response is optimally
potentiated (i.e. CCW visual stimulus, head tilt right, and C+ visual stimulus, head tiit left), on R+1 there
was a larger deviation in the setting of the target cross thi: on any of the pre-flight tests. The responses
obtained in the complementary conditions did not exhibit such a difference between pre and post-flight.

These results, whilst 'they lack mtililen rigour, imply that the astronaut on return to earth has @
modest impairment in the utilisation of gravireceptor informaiion and hence experiences a larger deviation in
the apparent vertical when presented with a visual stimulus which induces vection in roll.

Vestibular Responses to Thermal Stimulation (Calorie Test).

Whereas the experiments, reported above, were intended to enhance our understanding of vestibuler
adeptation in microgravity, one experiment was specifically designed to test the theory that the nystagmus
evoked by caloric stimulation is caused ‘by 'thermal convection'. This theory, initially advancec by Barany
(1808b) and consolidated by Brinings (1911), is that the temperature gradient within the temporal bone
engendered by irrigation of the external ear canal with water above or below body temperature, ceauses
circulation of the endolymph within the semicircular duet by thermal convection. This circulation of endolymph,
in turn, deflects the cupula and hence alters the activity of the sensory cells in the ampulla. We now know
that the cupula occludes the ampulla and endolymph is not free to circulate by convection, so the more
modern concept is that the unequal alteration of the density of the endolymph, produced by the temperature
gradient, deflects the cupula by virtue of the differential pressure which develops across it.

Although there is a substantial body of both theoretical and experimental work to support the density
gradient model (reviewed by Proctor 1975), several authors have expressed doubts about the adequacy of the
theory. In particular, the relationship between the intensity of the evoked nystagmus and the orientation of
the stimulated semicircular canal to the Earth's gravitional field exhibits certain disparities (Coats & $Smith,
1967). These suggest that a component of the response is due to an alteration of the resting discharge of the
sensory cells brought about directly by the heating or cooling of the sensory epithelium. In microgravity,
anisotropie changes in mass per unit volume of the endolymph should not produce & differential pressure across
the cupula, and so a thermal stimulus should not evoke nystagmus, unless a linear acceleration is imposed in
the plane of the canal in which a thermal gradient is induced. : :

The experiment performed in Spacelab on astronauts C and D entailed sustained binaural stimulation
‘with air at temperaures ranging from 15°C to 44°C. At each temperature setting (detailed in Table 1)

] S SN AR

Fig 9. Records of nystagmus induced by binaural thermal stimulation in
microgravity of astronaut C on mission day 8. The traces, from
sbove downwards, are: temperature of insufflated air on left and
right; eye position recorded by mlectro~oculography (EOG) in
horizontal and vertical axes; sye position recorded by IR, TV
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0.3 Hxz. Pre=and post-flight tests were oonducted with the subject's head in the vertical position (e
transverse (X.Y) puno of his head horizontal) and th’ NASA 'Sled" (a horisontal linear oscillator) was used to
generate the dynamie, X axis stimulus (0.3 Hs, 3 ms

The records of eye movements (EOG and EMIR) obtained during ecaloric stimulation on the first and
third day of flight revealed a minimal nystagmic response which was too small to evaluate quantitatively, and
the eddition of the dynamic stimulus did not potentiate the eye movements to a discernable extent. However,
when the test procedure was repeated later in the mission (P+5, P+8) well defined nystagmus (fig 9) and
vertiginous sensations were elicited in the absence of any whole-body oscillatory motion. It is noteworthy that
the nystagmus recorded on these tests was similar, both in direction and pesk slow phase velocity, to that
obtained pre and post-flight (fig 10). Indeed, on reversal of the thermal stimulus, the intensity of the response
in flight was somewhat greater than that obtained on the ground. However, during the and post-flight
tests the subject's head was not in the optimal position (i.e. plane of lateral canal vertical foe the induction
of a maximal response. Evaluation of the caloric nystagmus during dynamic ctlmulntlon. both on the ground and
in flight, revealed no significant changu or modulation.

Omeeee® Pre=-flight
Noo=) Dyring tlight (FeS +8)

Slow phase ) .
velocity [0 XL o] Peﬂ-!llg‘m
(deg/s} i
10~
sP
Left
Temperature (°C) of ’ -
‘Insufflated Air Activiey i ,
Temperature of
Right Ear Left Ear . inswurflated it °C
37 37 Start of experiment 0P
o4 30 " Static 120s, Dynanic 30s
VY 20 Static 120s, Dynamic 30s
4 15 Static 120s, Dynamic 30s -5}
20 . &4 Static 180s, Dynamic 30s
15 “ Static 120s, Dynamic 30s
TABLE 1.  Protocol of Caloric Experiment. -0
sP
Right
-8 b

rig 10, Compariscn of pesk, slow phase velocity
of nystagmus evoked by binaural thermal
stimulation pre, per and post flight.
Mean values of astronauts C & D,

The demonstration of a substantial response to thermal stimulation in microgravity raises more questions
than . it answers., It suggests that mechanisms other than ‘density gradient' are responsible, though to what
extent, if at all, these contribute to caloric nystagmus when the test is performed on earth has yet to be
determined. Certainly, the similarity of the nystagmus, in respect to both its direction and magnitude, elicited
in orbit and on the ground, suggest a common mechanism. However, any postulated mechanism must account
for the fact that on the ground the direction in which the nystagmus beats is determined by the orientation
of the head to gravity (Coats & Smith, 1967). There is also a possibility that pulsatile pressure changes of
the air blown into the ear by the pump in the helmet could have generated a cyclicelly flucluating force
environment within the fluid systams of the inner ear which permitted differences in the specific mass of the
endolymph to deflect the cupulae of the semicircular canals. This is an inchoate hypothesis, but one which
will be put to the test on the D-1 Spacelab mission, when another method of thermal stimulation will be
employed. The lack of nystagmus to the caloric stimulus early in the mission may represent a suppression of
vestibular responses, similar to that seen during the transient weightiessness of parabolic flight (Oosterveld &
van der Laarse, 1969), but it is perhaps more perhaps more likely that it was caused by the drugs taken by
the astronauts as prophylaxis against space-motion sickness (detailed in Oman et al. 1984) By the third or
fourth mission day, the crew had adapted to microgravity, so that when the caloric tests were repeated later
in the mission responses were not suppressed by anti-motion sickness drugs.

Although the experiment performed in Spacelab-1 has brought into question an established theory about
how thermal stimulation iaduces nystagmus, it does not degrade the clinical utility of the caloric test. This
widely used procedure remains an effective means of testing the functional integrity of vestibular apperatus
and its central connections, and it will eontlnue to be of value in localising lesions within the vestlbum-
sensory system.

CONCLUSIONS.

The conclusions to be drawn from the findings of these experiments, which probed various aspects of
the adaptation of vestibular and visual-vestibular mechanisms in microgravity, must of necessity be tentative;
primarily because the number of subjects upon wiom measurements were made is small, and insufficient data -
' ana A ¢n  Aatesmi with etatistieal ricour the significance of an apoarent change in a particutar
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microgravity involves a modification in the utilisation of gravireceptor information by the central nervous
system. .

Post-flight, the reduction in ocular counter-rolling, the impeired judgement oi the vertieal during body
tilt, and the greater deviation of the apparent vertical during optokinetic stimulation, all point to a decrement
in the use of gravireceptor information, primarily from the otoliths, to determine the orientation of the head
and body with respect to the gravitational vertical. This could have been brought about by en attenuation in
the tranemission of the signals from the otoliths or even a modification of end-organ sensitivity by efferents.
However, it is more likely that thess changes are the manifestation of a ‘senrory rearrangement’ in which
otolithic cues are re-interpreted, rather than any overall loss of sensitivity, for in thoss situations involving
more dynamic stimulation of gravireceptors, responses were enhanced in early post-flight tests. In our
experiments, this was revealed in the eye movements evoked by oscillation of the head in pitch and in the
thresholds for detection of' linear oscillation of two of the four SL-1 astronauts. Other SL-1 investigators also
found increased sensitivity post-flight to dynamic linear acceleration stimuli. Notably, there was an improved
ability to null random Y axis linear accelerations (Young et . al. 1984) and a greater facilitation of the H
reflex. during an unexpected vertical drop (Reschke et al. 1284), although the latter finding must be tempered
by the fact that selectromyographic studies falled to demonstrate any modification. of otolithic-spinal reflexes
svoked by this type of transient vestibular stimulation (Young et al. 1984).

s ' e :.

" The dissociation of the adaptive changes in otolithic responses to static and dynamic stimulation does
not oconflict with the hypothesis of Parker (1983); namely, that adaptation to microgravity involves a ‘sensory
rearrangement’ in which signals from gravireceptors cease to be interpretated by the brain as changes in
angular position in pitch and roll but rather as linear movements of the head and body. In addition to such s
reinterpretation of gravireceptor signals, there may also be a shift in the ‘'weighting' given by the central
nervous system to signals from the otoliths. Experimental evidence suggests that this ‘'weighting' is Is
dependent upon the frequency content of the transduced stimulus, high frequency dynamic inputs being given

greater weight than the low or sero frequency inputs which- normally signal the ‘static' orientation of the
head to gravity.

The inability of the otolithe to provide information on the spatial orientation of the head in
microgravity is likely to be compensated by the increased utilisation of orientational cues provided by other
sensory systems. In particular, it appears that visual cues have greater dominance, as evidenced, post-flight,
by larger errors in the perception of the visual vertical on the rod and frame test (Youny et al. 1984) and
by the enhanced visual suppression of vestibular nystagmus.
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DISCUSSION

PARKER, USA

I would like to comment on the results Dr. Benson presented with respect to
subjects' variability in the response to straight lire motion by showing data we
have been able to obtain from other missions.

THRESROLDS FOR DETECTION OPF LINEAR OSCILLATION
FOLLOWING PROLONGED WEIGHTLESSNESS

D.E. Parkec®, M.P. Raschke**, A.P. Arrott*®s,
J.L. Homick**, B.K. Lichtenberg#®***

hd Department of Psychology, Miami University, Oxford, OH 45056
b gg;gc Biomedical Research Institute, NASA-Johnson Space Center (SB), Houston TX
8

st Payload Systems Inc. P.O. Box 38, Babson Park, Wellesley, MA 02157
INTRODUCTION

Dr. Benson has reported that linear self-motion detection thresholds, which were
tecorded as part of the European Vestibular Experimenta., varied across subjects. This

v:zi?ility is consistent with observations following the 8TS-8 and 8TS8-11 Shuttle
missions. ‘

METHOD

Three astronauts who participated in the 8TS-8 and srs-li (41-B) missions served as
subjects in this experiment.

The apparatus employed was the Miami Unfveruity Parallel awing. This apparatus is

described in Paper No. 3--REINTERPRETATION OF OTOLITH INPUT AS A PRIMARY FACTOR IN SPACE
MOTION SICKNESS.

Nominal amplitudes of parallel swing motion were d;terlined by recording the displace-
ment of a pointer attached to the swing bed relative to a scale taped to the floor. These

nominul amplitudes were compared with those determined with a three-axis accelerometer and
strip-~chart recorder.

The subject indicated his perception of self-motion ("yes® or "no") by manipulations of
a8 joystick that was connected to one channel of the strip-chart recorder.

A small signal lamp was mounted on an ear-pad support and was controlled by the experi-
menter's hand-held microswitch.

The procedure used to determine self-motion thresholds was similar to that used in
tracking audiometry. The swing was set in motion at a relatively high amplitude
(about 20 cm/sec/sec). In response to a signal from the experimenter, the subject reported
whether or not he perceived that he was moving. When his report was affirmative, the swing
was stopped and then set in motion at an amplitnde 5 cm/sec/sec smaller. Conversely, if
the subject failed to detect motion, the swing amplitude’ wvas increased on the subsequent
trial. The direction of stimulus amplitude change (increasing or decreasing) was altered
after two affirmative or negative responses from the subject, Threshold tracking was

continued until ten stimulus amplitude direction reversals had been completed or seven
minutes had elasped.

The experimenter ocontrolled the swing motiun manually. She/he slowly increased the
amplitude of swing motion unti{l the desired level was reached, After one or two

oscillations at the desired level, the subject was requested to report his self-motion
perception. )

RESULTS

The results of these observations are illustrated in PFigs. 1-4. The data from
Astronaut 1 suggest a nearly three-fold elevatjon of the self-motion detection threshold.
Virtually no threshold change was seen with Astronauts 2 and 3.

DISCUSSION

Prolonged weightlessness appeared to produce elevated self-motion detection thresholds
in one astronaut. However, a simjilar threshold elevation was not obtained from the other
two astronauts. The basis for this discrepancy is unknown but it may be related to altered

detection threshold criteria on the part of the astronaut who exhibited the threshold
change.

Failure to record threshold changes following prolonged wejghtlessness is consistent

with our otolith tilt-translation reinterpretation hypothesis. This hypothesis suggests

- that the sensitivity of the otolith receptors is not altered by weightlessness; rather the
way in which the brain interprets otolith information is changed.
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Our procedure required the subjects to report ANY motion. The subject was not required
to distinguish between linear motion and tilt. Consequently, the presence in the central
nervous system of any "above-the-noise® signal from the otolith receptors would result in a
motion report by the subject.

+ The otolith tilt-translation reinterpretation hypothesis would predict improvement in
performance on a task that requires the subjects to Gatect and respond to linear motion.
This predicition derives from the postulate that following prolonged weightlessness, all
otolith output is interpreted by the brain as indicating linear motion. Professor Young's

report that performance improved on the "otolith closed loop nulling task" supports this
predicition. ‘ .

Fig. 1. Thresholds for detection of whole-body,
Y-axis linear oscillation from Astronaut 1. The
ordinate indicates percent detection ard
abscissa values are peak half-amplitude of the
stimulus. The R+0 data were obtained 2.5 hours .
after landing.
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Fig. 2. Thresholds for detection of 1linear

oscillation for Astronaut 2. The R+0 data were
obitained 75 minutes after landing.
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rig. 3. Thresholds for detection of linear
oscillation for Astronaut 3. The R+O data were
obtained 2 hours after landing.

%4

I

Fig. 4. Summary of thresholds for detection of
linear oscillation recorded from Astronauts 1,2,
and 3.

AUTHCR'S reply
Thank_you, Don. I think your comment was adequately explained by yourself,

KLEIN, PRG )

When you pointed out the differences between tha red and blue crew I wondered what
influence on the results the time of day might have had, since the one group was on
day shift, the other one on night shift.

AUTHOR'S reply
We do not know the answer to that, although in the work we have done in the
laboratory there do not appear to be large circadian variations in the threshold we
are talking about. I think it is much more likely that these effects are either an
individual difference or a reflection of the other stimulation that they have been
given. . )
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MERBOLD, ESA ‘
I think the threshold is one of these measurements which might be influenced by
fatigue. I should mention that the Body Restrained System (BRS) - maybe because it
gave us some back pressure = put us asleep more or less immediately. And the same
is aleo true if you sit on that machine on the ground; it is a comfortable rocker=
chair and makes you sleepy. I 4o mot know what we can do to avoid that problesm.

AUTHOR'S reply '
Well, there are a number of things we could do to keep you avake. We are looking at a

different psycho-physical proceduring which would take care of people going to
sleep.

(SPEAKER unidentified)

A comment regarding the pulsatile pump. If you change temperature in space, you
still have that basic pulsatile flow in the same direction. Would that not mask any
thermal effects you had? In uther words, can you zule the pulsatile pump out,
because you do get the increase?

AUTHOR'S reply
.NOo experiments to my Kknowledge have been done on the characteristics of the
pulsatile pulse in terms of producing or modifying responses. The experiment that

should be done is using the same stimulus bve in different head positions in 1l g.
That would be much more critical.

(SPEAKER unidentified)
Was the same testing used pre-flight?

AUTHOR'S reply
Basically the same system was used for pre-flight, in-flight and post-flight tests.

- \\\
BN
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ARSTRACT

Uoususl vestibular respnnses to hesd movements in weightlessness may produce spatial orientation
.i1lusions and symptoms of spsce motion sickness. An integrated set of experiments was performed
during Apacelab 1, as well as pre and postflipght, to svalvate otolith organ and semicircular canal
mediated responses by & variety of messurements, including eye movements, postural control, percep-
tion of orientation and wotion sickness susceptibility,

: INTRODUCTION

A novel set of sensory cues is praduced hy head movements in weightlessnesa, Voluntary head
tilts are nn Jonger confirwed by static changea from the otolith organs to signa. head orientation
with reapect to the vertical, Indeed, with average linear acceleration equal to gravity during free
fall, the Yiuear accelernmaters of the non-suditory labyrinth tranaduce only transient linear
accelerstion and no longer indicate head pitch or roll angle, We hypothesized that vestibular
afferent signals, particularly from the ntricular and sacoular maculae, sre centrally reinterpreted;
for exampla, to represent linear acceleration rathsr than tilt. (1) Tt vas further supposed that this
central adaptation underlies the amelinration af symproms nf space adaptation avndrome, rthe apecisl
form of motion sicknens which afflicts roughly half nf all apacs travellers during the first twn to
four days on orbit, Tn order to localize this presumed adsptation, s set of interrelated experi-
ments wvare performed on four Spacelab ] crewmambers, Pre and postflight teats of pantural control

and wmotion perception, as well as of the inflight protocale, are used to evaluate readaptation to
esrth's gravity after reeotry, :

Viausl-Vestibular Interaction (2)

When viewing a full field rotation abont his sagittal (rol)) axis, a subject an earth with head
erect normally perceivea a sensation of continnous melf raotation in the direztion npposite to the
firld wotinn (civenlsrvection) cowbined with the raradowical perception of a steady angle »f tilt,
This liwitation has hean attrihuted to graviceptor aignals, particularly those from the otolith
organs, which do not confirm the viaual inaut anggesting contjnunus roll rate, (3) Visually induced
tilt in enhsnced when the head 'is placed in positinne nther than the erect (4) and can be
continuous ahout a vertical awia when s anhject lies supine, Tn weightlesaneas the absence of any
inhibiting ntolith signala might he expactad tn produce atronger and mnre compeliing visually
inducad roll although the absence of confirming nignala frowm the asmicircular canals might be
expacted to delsy the onset of cirenlarvection, Subjects viewed the polka-dot patternad innide of a
drum ("dJome"™) which rotated at speeds of 30, 45, or A0 dmg/nec abaut their roll axis, The head wan
fized hy » hitebosrd and ocular torsion (5) was recorded hy a viden camera, (Toraion results not yet
available.) The subject’s body alternately floated free ar waa reatrained hy atanding against
stretched elastiec cords which created an upvward force on the feet, Self-rotation illusion was
wanvslly indicated by magnitude estimation uning a potentiometer and by qualitative descriptions
from each suhject, There waa cnnxiderahle variability among the four crewmemhara in their reactions
op the ground, as well as in apace. There wan evidence for aowme degres of enhancement of the vection
during weightlesgneas, relative to grovnd arvect nor sunine teats, for at least 3 af the & sudbiscts,
Reactions varied from a sense that the snuhj~ct and Spacelab together weres rotating ahont a
stationsry dowe to feelings of incomplere vection, Tatancy to onsst of vectinn and average intensi~
ty of the self-motion indication generally confirmed the anhjecta’ repnrts nf atranger visual
effects in Spacelab than on the ground,

Early in the mission, elastic cord loading produced inhibition of visuslly induced tiit in ? of
3 subjects, By MD 5, the inhibitory influence of these localized 2omatic cues disappesred. Body sway
and peck torque in response to dome rotation was sensed by two subjects, but clearly visible only in




32

one, vhose trunx and legs rotated slowly by up to 10 des in the direction opposite to dome rotation.
Upon closure of the eyes for 3 of & subjects, circularvection unciyectedly
ceased immedistely, despite the absence of asny sensory cues to signal body deceleration. Tts onset
vas hastened by free rolling head movements. Muring post-flight rotating dome experiments, two sub-
jeets indicated aelf motion illusions not previously experienced lasting for up to five days
postflisht, :

Visaal cues concerning orientation appesr to take on sn incressing role in wveightlessness.
Tocalizahle tactile cues, which may partially subatitute for atatic ntolith cues early in the
nission for some subjects, no longer seem to play this role once vestibular adaptation has taxen
place,

fpace Bickness Mopitoring Pxperiment (6)

Symptoms and signs of space sicknens and fluid sahift vere observed and documented by four
specially trained crewmembers during this. physically demanding flight, An example of one subject's
discomfort index wmagnitude estimation is shown in Pig, 1, Two aubjscts wore head mounted accelero~
saters, but quantitative snalysia of hesd movewent data is not yet complete, Thres of four crewwen
exparienced persistent oversll discamfort, and vomited repmatedly, Symptoms diminished by the end
of tha third day, hut atill could be elicited with vigorous head movements through davs 4~5, One
subject who explored djifferent types of head sovewwnt found pitehing and rolling hesd mavementa par-
ticularly provacative, Rowever, on MN R he was asywptomatic sfter performing 5 minutes of vigorous
head to knee movements, Synmptom pattern waa generslly similar to that seen in the aare individuals
preflight, except that: pradromal nauses was brief or sbaent in 2 of 3 cases; facial pallor and
cold sveating were usually absent; one subject experieanced uccomfortahla "stomach elevation” and
difficulty burping, There is evideuce that "sudden® vomiting is characteristic of long duration
notion sickness, 21:d n1s0 of the responsas of relatively resistant subjects, (1) We tentatively
attribute ahsence of pallor and sweating to the presence of physiolopical fluid shift, and to ‘the
cool, dry environment of Rpacelsh, respectively, Rubjects reported that symptom intensity was clear-
ly modulated with head movement, and was erxacerbated hy reorientstion illusions csused by ambiguous
visual cues (as vhan assuming ~ or viewing another crevman in - an unucual orientation or when
travelling throupgh the tunnel connenting Rpacelab with tne orbiter), Tactile and propriocentive
contact cues provided Ly "wedping®™ the hody into a corner or a bunk cubicle were palliative, as was
closing the eyea, provided these contact cues were simultaneously present, Druga (0,5 mg scopola-
wine/ 2,5 mg dexedrine or 75 mg promethazine/ 7% mg ephedrine) known to be effective in preventing
motion sickness were sventually taken hy all, and wers judged helpful in redvcing discomfort with
only winimal side effectsa, One suhiect was asymptomatic, Among the othersa, only 2 of 12 vomiring
episodas occurred during the presumed period of maximal drug effectiveness. Although 811 reported
persistent head fullneas and congestion, and "fluid shift® facea were avident throughont the
mission, subjects denied difficulty wirth hearing or clecring their ears, Altogether, we believe
these results support the viaw that apece sicknesa is a form of motion sickness

Pre and Poat Flipht Tests of Motion Sickneas Susceptibilits (8)

In the paat, aingle praflicht tests have not haen predictive of space sickness (), Reginning
four years preflight, wa conducted six different formal tears of wotion sickness susceptibility;
horizontal lateral oscillation, heavy water ingestion, & dynacic visual-vestibylar interaction test
(10), horirzontal axis rotation in piteh and head movenents in parabolic flight.| The latter two were
repeated in the vesr preceding flight, Modified foriolis Rickness Susceptibility tests were
conducted hy NASA-JRC, Thene teats failed to predicr relative sausceptibility [in £light (11). Four
days post flight all four subjects performed more than 140 forehead to knee head movements during
the zero-g nhases of paraholic flight without eliciting any symntoma, whereaq all had shown some
symnptoms in one or the other of the nraflight teata,

‘Oto) ith-8ninal Reflex (12)

The hurst of gastrocramivacanlens electyamyagraphic (RME) activity occurring S0<150 meec after

the nnast af » audden fall ia cnnaidersad to he nredominantly atolith~apinal

inorigin, Tt is of

short and relativaly invariant latency, too early for a voluntary response, apd is time=-locked to

the acceleration atinmulna, (13) Tt can sl1so he aalectively ahalinhed by lahrin
and baboona (15) and is abment in lahrinth=defective huinan avhiecta (18).

Pravious studies have demnnsatrated that (1) the aire nf thia ntolith-spina

thectomy in cats (14)

resfonse iR propor-

tional to the aceeleration atimulus, (2) rthe responne may S reduced significantly by rotating the

gravity vector A0 degrees reiative to the hody (anhject rupine), or hy free

Fall as in parabolic

flight in an aircraft (17), and that (3) the response ateadily increanes in size during protonged
esxposurs to the supine position {18). The present experiments were designed tn measure szdaptation
and readantarion of the atolith-spinal system during.and.after prolongéd weightilessneas,

Pre and poat-flicht, tha auhijerta were sunnsed to sudden, unexpected vertical falla of 15
cantimetera, with stimilns amplitudes of 1,0, 067 and 0,33 g, The leaner| accalerations were
ohtained using » counter-weighted parachute harrean, Teatjng of twn subjecte was done on~orhit,

svhatituting for gravity with suitably adiuated elastier corde runping from =

torso harness to the

floor of Spacelah, Ve recognize that the mechanica) congequences tn the atalith argana of heing

accelerated downward by elasiic cords from fres fall are not eanivalent to thos

p of heing dronped in

1-g. Although atarting from a different bias position, lnwever, the in-flight shd ground atinuli are

similar atep changes in verticsl acreleration,
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Poat=~flight, a1l aubjecta mxperisnced difticulry mainraining halance when landing from falla,
Thie was dcamatic inftially, but returned to nnrmal withio a fow-days., Contributing factors
suggestsd by the auhjacts included leg mincle wenkneas, slower reactinn to the falla and landings,
ond some difficulty tolling where the Jegs wers, with the result that the feet were often forward of
or behind the hody center of gravity on landing, The latter phenomens ssemed to be present late in

:l\o flight as well, At that time, one aubject alan deacribed "pins and needles” sensations in his
egh.

Daspire impressionn of the subjects, carafu) comparison of pre end poat-flight EMGC dats oh-
tained no sarlier than R43.3 hours did not appear to show any aignificant changes in lotency or
amplitude of the early otnlith-apinal veaponse to sudden falla, These results are compatible with
previnue ground-hased atudies on otolith-spinal adaptation tn the supine poaition, (]18) The lack of
changs paeat=flight could be the reanlt of a readaptation rime course which vas too rapid to be
detected by the present experiment, Snclnding the poasibility of a nearly §nstantaneous readjustment
of the reapanne back to normsl upon return to the familiar 1 g anvirnnment, It is alan rossible
thar post=~flight chengea in otolirh function can only be demanatrated by lower frequency stimuli,
Thesa reanlta anggent, hovever, that post=flight postural inatahility ja more & reflection of
Altered proprioceptive or tactile senaation, or pnsaibly muscle wasting, and less the reault of
mdifjcation of the ventihuln=apjnnl reflexes studied hare,

Awsrenass of Position Experjment (19)

Subjerts were strapped hlindfolded to a flat surface and after 5-15 minutes rest were asked to
point to preeatablished targets and to describe the position of their Jimbs, Tf straps were left
loose, uncertainty of orientation with respect to the lahoratory geev slowly, as might be expected
due to the possibility of hody drift, Wowever, even with tight straps, there was an apparent
increasse in variahility of limb position estimate with muscles relaxed, as compared to pre-flight.
Post flight, occasional vary large errors pointing at high elevation tarpets wvere found through R4S,

Pre-Post ¥light Posture and Orjentation: (20)

Post-flight postural instahility, especially with eyes closed, has been noted praviously (21)
and ia ralarted to the duration of weightless exposure, Tn a sharpened Romhery test, all subjects
shoved considerable difficulty in eyes closed standing post-flight, exhibiting growing body oscilla-
tions prior to £falling off the 2 1/4 (5,7 ¢m) inch rail, As sahown in Pig. 2A, standing time dropped
to 75357 of pre-flipght on R+] and improved only gradually over the following week., The one subject
teated on R40 indicated performance even poorer than on R+, suggesting that a considerable amount
of readaptarion had taken place during rhe first twelve hours after return, as bornme out by the
crew's comments concarning instability in the dark and movement illusions.

Additional experiments were perfarmed while stsnding, eyes open and eyen closed, on a posture
platform which is rotated rapidly and unexpectedly in a step disturbance of 3-5 deg about the
ankles, Wessurements were made of platform torque, EMG sctivity from the tibialia anterior and the
gantrocnamina muscles and of hody position, Four houra post=flight, crevw members were unsteady:
They adopted a wide stanca, and for the firat time loat their halance during step disturbances on
the posture platform (tilt-up; eyea cloaed), As seen in Fig, 2B, post-flight activity in both
musclen was not significantly changed in Jatency or amplitude up te 250 ms following each tilt, but
atronger beyond 250 ms, By R+4 EMG, veaponaes returned to pre—flight lavels, Deapite preavions
reports of increased apinal activation post-flight (22), no increase in antagoniat EMG was found
during platform tilts, .

Vianal field dependence was measurad by the rod and frame teat (23) whersby subjects set »
Tuminous line to the vertical under the influence of & luninona frame in a darkened room. Pigure 3
shows that all four subjects were more field independent than the population aversge. The two most
field dependent (A and D) pre-flight both ahifted toward increassd field dependence post-flight,

. returning gradually hut not completely back toward their haseline by R+6, Subject A, who showed
partienlarly large variahility snd asymmetry post-flight, also showed large asymmetry in the post-
flight Tumirous Tine teat (24). The two leant field dependent showed no changes post-flight, ' An
incresase in time to make judgements of the vertical was noted for all suhiects,

Parception and control of lateral acceleration was measured using s servo contrnlled sled which
provided accelerations up to 0.7 g's over a 4 m track, The time to detect low step accelerationa
(0.001-0.08 g's) incressed slightly in variahility post-flight and showed some examples of long
delays and direction ervora, hut presented no consistent trends in either thresholds or the time to
detection of linear acceleration (25), For closed loop nulling of random disturbances in lateral
acceleration on the aled, the two subjects who were tested on the evening of the return perforwed
very accurately using only non-visual cnes. Their performance far exceeded pre-flight, and
aporoached their accuracy for the tsek with full viseual cues, Thin ability decayed gradually over
the week of post-flight testing. Dymamic ocular counterrolling, messured during lateral sinusoidal
oscillsution at 0.6 g (0,42 Rz and 0,83 Hz) appears to be teduced in gain on R+0,

DISCUSSION

The preliminary nature of the findings reported in this paper make concluiions and discussion
neccessarily speculstive. Nevertheless, all of the major findings are conmsistent with the principal
hypottesis: DNuring the course of adaptation to weightlessness the nervous system reinterprets
signals from the graviceptors (primarily the otolith organs) to represent fore~aft or left-right
linear acceleration, rather than pitch or roll of the head with respect to the vertical.
Maintenance of this reinterpretation during the post-flight period is maladaptive, resulting in
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postural instability with eyes closed, incressed reliance upon visual information for oriemtetion,
md fmproved ability to null latersl linesr wotion. Tndependent refiuement of the otolith reinter-
pretation hypothesis was proposed by Parker et al (26) to expiain their post-flight findings with
$78-8 and 8TS-11 astronauts, Self wotion reports and eye raflexes during roll motion showed
primarily linesr translation and reduced ocular counterrolling post-flight, relative to pre~flight.
The adapcation is presumably not reflected at the more peripheral end organ responses or in fast
reflex loops such as tie otolith-spinal reflex, One consequence of tLe presumed linear accelera-
tios sensor reinterpretation in-flight is the increased use of locel visual cues for apatial
orisntation and, st least eerly in the flight, the incressed attention to tactile and proprioceptive
faformation reparding both body orientation and sense of body movement.
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Pig. J. Magnitude estimate of discomfort (26) for one suhject during the first 14 hours on orbit,
A score of 20 indicates vomiting, Curves between data points interpolated by subject., Niawond
renresents medication (scopolamine/dexedrine), followed by horizontal bar representing period of
presumed waximal effectivenesn,
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Fig. 7. Posture contrnl with syes closed showed marked decrement immediately post-flight when
challenged by standing on a 2 1/4% (5,7 cm.) rail (A) or responding to wunexpected toe-up tilt of a
posture platform (B), Wodified sharpened Romherg test (A) measured total time standing on rail for
the best 3 of 5 one winute trials., 1In (B) one subiect's filtered FMG activity (arbitrary units)
from the tibialis anterior suscle during the firat eves riosed 5° toe up plarform tilt shows, for R
+ 0, increased magnitude and duratien of the lare reaponse, The drop in magnitude helaw nre-flight,
seen for R 4+ 0, war not seen for the other three subjects, :
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Pig. 3. Wod and frame mensurementa of field depandence, avarage absnlute deviation and standard
deviations, Mbject A alao shoved incraased asymmatry in visual field dependence as well as in body
tite (24) post=flight,

References

1. 1.k, Young, C.M, Oman, K.E, Money, R, Malcolm and D.G,ND, Vatt, Scientific and Technical Proposal
for Veetibular Experiment in Spacelab, 1976; T.R, Young in Space Physinlosy, CNFSR (Cepaudes *di-
tions), Toulouss, 1983; C.M. Owan, BAE Tech. Paper 830833, July 1987

2. lead investigator, 1RY. Performed by A and R on Mission Days (MP4) ), 2, 4, 5, 7 and by € and D
on MDs 3, 6, (MD 0 was the first day of the mission.)

3. J. Dichgans, ®, Reld, L.R, Young and T, Brandr, Science J78, 1217 (1972)

b, L.R, Young, C.M, Oman and J, Dichgans, Aviation Space and Environmental Medicine 46, 264 (1975);
J. Dichgena, E.C. Dienar and T, Brandt, Acta ntolarynp, 78, 391 (1974)

S. Specislly marked soft contact lenses to aid visualization of ocular torsion were adhered with
distilled water, Jens preparation hy L, Meshel,

lenses by Bausch and lowb snd Ocu-ese, fluide by Alcon., Eye examinations by W. Lipaky, L. Meahel and
A, Cavallerano. '

6, lead investigator, C(MO; additional details in €, Oman, B, Tichtenberg, and X, Money,
Paper 35, Prce. MATO-AGARD/ANP Symposium an Motion Sicknesa, Willismsburg, VA, 3 Way 1984, and
in 0. Bock and C.M. Oman, Aviat, Space Env, Med, 52:773, (1982)

7. T, Maitland, Brit, Med. J. 1,171 (1931);J, Reason and J, Rrand, Motion

Sicknesa, Academic Press, London; p.75 (1975)

8. Llasd inveatigator, KEM,
9. J. Bomick, J. Acta Astronautica 6,1259 (1979)

10, Tentz, J.M,, C, Rottyman, W, Hixson, and F, Guedry, "Norwative Data for .ujoff
Two Short Tects of Motion Reactivity,” NAMRI. Report #)243 AP. (1977)

11, However, s more promising test, adaptation to head movements while wearing reveraing prisms for
sqveral hours, is being pursued.

12. laad investigator DGDW. Performed in flight by A and B on MDs 0,1,6, The results of the
in-flight falls as well as hopping and stepping are being snalyzed. '

13, G. Melvill Jones and 0.G.D, Watt, J. Physiol. 219, 729 (1971)
14, D.G.D. Watt, J. Neurophysiol, 39, 257 (1976)
15. M. laicour, C. Xerri & M, Bugon, J. Physiol. (Paris) 74, 427 (1978)

16. R, Greenwood and A, Hopkins, J. Physiol, 254, 507 (1976a); R, Greenwood & A. Hopkins, Brain 99,
375 (1976b)

.
e 0

D
P2 Y

E

&

o

SrrEesy
Selofe s Nl

®s % %
LN )

"“

{ ]
[

:"-',
- .'.“-

. .« ..

AU

e L
PRERE AT

e % te Bl

g
.
.

Ly Bt LA Y -
[ .l._-..l...-‘{]
.

oa". %%

1

¥
LA

.
.'0

.g'_ L

B
“ .
«

PO
e,

3 e
o % T %t

)

L2
4.0

o

U N AR el et Y
.-" ..". "-"‘.‘f.tnfih’\l:'-:.lt :'.u‘_'

AN
ca,




5 g - . Tl Cling | ey v B 4 B - -
N AN N S R L B gl T T e Tl T T T T T AT R R T T e N A

26

17, 8.5, Backmea & D, C.D, Vatt, Paper presented at the Mhty for Weursscionce Anmual
Weeting, Atlants, Georgia, No/ember 1979

—
P.G.D, Vatt asd 8.5, Backman, Paper “:esented at the Cassd. Ved. Biol.”  foc. Anmual Westing,
St, Joha's, Wewfoundland, June 1980

18, D.G.D, Watt & L, Toml, Paper preserted at the Ioehty for Neuroscience Ansusl Weeting,
Boston, Massscbusatts, Novembexr 1983

19, lead imvestigator, XN, htfoud ca ¥ 1,6,7.
20, lesd imvestigator, 1XY, with R. Renyor, A, Arrott, 8. Iodutho. R. Banshavw end ¥, Shelbamer.

21, J.L. Bowick, W.F. Reschke, Acta Otolarynolgol. 83, kSS (1977)' M, 7. DReschke, D.J. Anderson,
J.L. Bomick, Science (this issue).

22, J.T. Baker, A, ¥, WNicosossism, ©1,W. Roffer, R, L Jobkason, J Fordinsky, in Mmd.}i.ll
from Skylab, R.8, Johnstow and L, ¥, Distlein, Xda, NASA 8P=377, Wash. D.C. p.131 (1977

23, 8. B, Asch and W,A . Witkin, J. Pxp. Psychel, 38, 455 (1948)

24, B, vos Baumgarten, A, Banson, A, Berthos, Th, Brand, U, Brand, W, Brusek, J, Dichgens, J, Kass,
Th, Probst, K. Schersr, T. Vieville, X, ¥ogel, J. \hutg, klmo (thlo {ssue),

25, G. Melvill Jovea and L. R, Young, Acte Otolaryng. 835, 45 (1978)

26, D.E., Parker, M.L. Beachke, A,P. Arrott, J,1, Fomick and B.X, Vichtanberg: DA0~0433, Suweary
Reports for 3T8-8 (1983) and Preliminary Report for 8T8-11 (1984)

DISCUSSION

BENSOM, UK .

You showed the ocular counter-rolling responses at 0.8 Hz. What I was postulatir
this morning was, that there would be a different form of reinterpretation ¢

. otolith signals which may of itself be frequency dependent. Have you any informatic
on ocular counter-rolling gain at frequencies othot than 0.8 Hz?

AUTHOR'S reply :
The question of the frequency dcpendencc of the changu in all of the otolit
dependent responses is an interesting one, because one possibility is that only t!
low frequency portion, the ¢tonic portion of otolith responses, would -}
reinterpreted, whereas the high frequency, phasic portion, remains adequate ar
would not be reinterpreted. We performed therfore the ocular counter-rollir
testing pre~flight and post-flight at two frequencies, 0.42 Hz and 0.83 Hz, Por t!

iwo subjects analysed so far the gain decrease at both frequencies was about ti

TERZIOGLU, 11U

What were your tactile cues which temporarily substituted otolith not
responsiveness? .

AUTHOR'S reply
Local pressure cues were applied to the soles of the feet during the dome experimet
by counterpressure from stretched elastic cords attached to a shoulder harness.

TERZIOGLU, TU

Which drugs did you use to alleviate the overall discomfort in space moti -

sickness?

AUTHOR S reply
Three crew men used 0.5 mg scopolamine and 2.5 mg dexedrine oraly in repeat
doses. Two also used metachlopromide, one crewman used 25 mg promethazine and 25
ephedrine. These were drugs which. have been selected by the crew members on t
basis of pre-flight testing for maximum effectiveness and minimum side effects.
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REINTERPRETATION OF OTOLITH INPUT AS A PRIMARY FACTOR
IN SPACE MOTION SICKNESS

Willard F. Reschke*, 0. €. Parkert**
Jd. L. Homick®, D. J. Anderson®+¢, A, P, Arrott*®es, B, K, Lichtenbergeeee

* Space Bicmedical Research Institute *et University of Michigan
NASA-Johnson Space Center (SB) $070 East Engineering
Houston, Texas 77058 Ann Arbor, Michigan 48104

*¢ Dgpartment of Psychology sate Paylosd Systems Inc,
Miamt Unfversity P.0. Box 38-Babson Park .
Oxford, Onhfo 45056 Hellesley, Mass. 02187

SUMMARY

It is hypothesized that exposure to prolonged free fall {s a form of sensory/notor
vearrangement rather than a direct change in otolith sensitivity or sensory compensa-
tion for a reduced otolith input. The rearrangement of stimuli will force a new inter-
pretation by the CNS of otolith fnput. This reinterpretation fs necessary for a struc-
tured and meaningful intersction with the new environment, )

Data fiom twe flight experiments are presented which support an otolith reinterpreta-
tion hypothesis., The first._gxperiment measured vestibulo-spinal reflex changes as a
function of sustained free fall., Findings indicate that when a monosynaptic reflex
(H-reflex), measured from the major postural muscles (soleus), 1s used adaptation to
space flight includes a change in how the CNS finterprets a fall, 1In a norma) gravity
environment a sudden unexpected fall will produce a potentiated H-reflex. After seven
days in flight an equivalent fall does not potentiate the reflex. Postflight a greatly
fncreased reflex is observed in those crewmen most susceptible to space motion sick-
ness,

In the second experiment self motion perception and torstfonal eyemrvements were modi-
fied as a function of exposure to sustained free fall, Preflight roll motion (about
the X axis) was perceived as pure roll, and the eye movements recorded were countertore
sfonal, Postflight, roll stimulation was perceived as linear translation (side to side
movement) with a small angular motion component. Eye movement measurements confirmed
significantly more horizontal motion, . :

»*
a
-

INTROOUCTION

e
N

Exposure to sustained free fall results in rearranged relationships between signnls
from visual, vestibular, and proprioceptive receptors. Motor performance and spatial
orientation perception are altered as a consequence of adaptation to this rearrange-
ment. Space motion sickness is a frequent by-product of the adaptation process.

The normal relationships between visual, vestibular and proprioceptive roceptor signals
are rearranged in space because of removal of the constant acceleratinn due to grav-
ity. The relationships between motion/orientation stimulation detected visually and by
the otolith receptors differ from those experienced on earth, Touch and pressure
receptors can be used tc :signal wmass and velocity as the crewperson pushes off of a
solid surface., Proprio« hkive input has new meaning as the legs are drawn up to modify
the body's center of grw, *y and the postural uuscles are relieved of the task of sup-
porting upright posture. "

The sensory rearrangement produced by space flight results in reinterpretation of oto-
lith signals, Otolith refnterpretation is revealed by changes in postural responses,
eye movement reflexes, and self-motion and orientation perception,

To support the concepts present above, this paper presents results from two separate
studies. One of these deals with vestibulo-spiral responses and the modification of
these responses as a function of space flight. The second is concerned with the ef-
fects of prolonged free fall on vestibulo-ocular reflex activity and perceived self-
motion., The results of both studies support an hypcthesized central reinterpretation
of otolith 1nput following prolonged space flight.

EXPERIMENT I:
VESTIBULO-SPINAL REFLEX MECHANISMS

Two of the most dramatic changes related tc or:ital flight have been postural disturb-
ances (1) and modified reflex activity in the m jor weight-bearing muscles (2). Taking
advantage of the powerful and established anatumical pathways that link the otolfiths
and spinal motoneurones, our laboratory 2% tnc Johnson Space Center has employed the
Hoffmann reflex (H-reflex) as a method of monosynaptic spinal reflex testing in con-
duanrtinn with Yinaar arralaratinn to assess otolith induced changes {in one group of
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Early in the ninetenth century, investigators began systematically to link the vestib-
ular apparatus to posture, Flourens observed disturbances of posture tn pircons when
the vestibular apparatus was ablated, However, 1t was aslmost & century later that
Magnus published his classic word describing vestibular function and body posture.
These papers include a description of the Sprungberefitschaft reflex, This reflex con-
sists of an extension of the hind and fore limbs in response to sudden downward accel-
eration, which disappears following ablation of the labyrinths. An English summary of
these early works is contained in Camis (3).

More recently Money anc 3cott (4) have used the Sprungbereitschaft reflex as a qualita-
tive measure of otolith *unction, They have also reduced the possibility, through sur-
gical dlockage, that the semicircular canals could contribute to this response. Under
these conditions the postural reflex to & sudden drop is stil1l exhidited. However,
following bilateral labyrinthectomy the response is abolished.

Recent experiments (5) have demonstrated a short latency EMG response, recorded from
the gastrocnemius in man, to the sudden unexpected finitfation of a short fall, This
response had a very consistant latency of approximately 75 msec regardless of the
height from which the subjects were dropped. Cats were found to exhibit a similar
short latencv regponse which s permanently abolished by dbilateral labyrinthectomy, but
not by surgical blocking of the semicircular canals (6).

Greenwood and Hopkins (7-9) have extended this earlier work .to find that in longer
falls (200 msec), the inftial short latency EMG burst was followed by a second peak of
activity time to occur before the moment of landing. These same investigators (8) also
have shown that the early burst of EMG activity is not present when labyrinthectomized
man is suddenly dropped, confirming the earlier animal work of Watt (6).

An effective means of measuring changes in this vestibulo-spinal system may be with a
clinfcal testing procedure which uses electrical stimulation to elicit, from the calf
muscles, a monosynaptic reflex known as the Hoffmann, or H-reflex. In contrast to the
short latency EMG activity elicited from an unexpected drop, the H-reflex would be par-
ticularly useful as a measure of central vestibular adaptation, That 1s, otolith
organ sensitivity may not change, but the lower spinal motoneurone pool may be subject
to charged presynaptic influences, and perhaps parallel descending vestibulo-spinal
information.

The procedures for elficiting this reflex have been well documented by Hugon (10).
Using this method Watt (11) investigated in decerebrate cats the effects of vertical
acceleration on motoneurone pool excitability in the lumbosacral spinal cord., A signi-
ficant reflex effect requiring a change in acceleration of 0.1-g or more, of the oto-
1ith apparatus on the postural mechanisms was observed,

Matthews and Whiteside (12) dropped human subjects in a seated position to fnvestijate
both stretch reflexes and the H-reflex as a function of zero-g. Their results indi-
cated a decrease in amplitude of the H-reflex which occured from 50 to 100 msec after
the subject was dropped. We feel that their results are open to question, Because
increased muscle activity in the soleus and gastrocnemius begins from 75 to 100 msec
following an unexpected fall, it appears unlikely that H-reflex amplitude (gain changes
in the motoneurone pool) w-uld be attenuated in the same time frame., It is possible
that the result from Matt’ - ws and Whiteside were due to the manner in which the sub-
jects were restrained or o ner methodological and mechanical problems,

In contrast, Greenwood' and Hopkins (13) exposed their subjects to an unexpected drop
while they were efther seated or hanging in a parachute harness. Unlike Matthews and
Whiteside they found an overall facilitation (200-500%) over control in the soleus
H-reflex which began approximately 30 to 40 mcec after release.

More recently, research in our laboratory (14-15) supports the findings of those inves-
tigators who show a potentifation of the H-reflex respoise as a function of free fall
and reduced gravity Jloads, Using human subjects we have employed Soleus/Spinal
H-reflex testing procedures in conjunction with an accelerative stimulus of approxi-
mately 1.8-g through l-g to free fall (provided by NASA's KC-135 parabolic airplane) to
assess changes in the vestibulo-spinal motoneurone pool as a function of variable back-
ground acceleration on the otoliths.

Based on the results of these studies where the H-reflex was modulated as a function of
gravity, it was hypothesized that exposure to free fall for a prolonged period of time
would reduce the necessity for postural reflexes in the major postural muscles, and
that postural! modification would reflect a change, not in the peripherial vestibular
organs (otolith), but more centrally (bratn stem). This postural adjustment would
reflect & sensory/motor rearrangement where the otolith input was reinterpreted to
provide an environmentally appropriate response.

METHOD: EXPERIMENT I

Four of the six crewmembers assfgned to the Spacelab-1 mission served as subjects for
this investigation. Preflight data were collected 151, 121, 65, 44 and 10 days prior
to the flight (F-151, F-121..., etc.}, on day’Z and\day 7‘of the,fllght (MET-01 and
asmim aan - A £V _er o AMa dain - n . Nn B a D a
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A later data point was collected on one of the crew at R ¢+ 120. Al four crewmembers
participated in the preflight and postflight testing. However, only two crewmen were
tested on R + O, H-refliex data in conjunction with the lincar acceleration was
qbtained inflight with one crew member on MET-0l and from two crewmembers on MET-06.
The Spacelab-l flight lasted for a total of 9 days.

Figure 1

Hoffmann Reflex

The H-reflex as shown in Figure 1 was obtained through elicitation of a monosynaptic
reflex recorded from the soleus muscle by electrical stimulation of the large group la
"fibers in the popliteal nerve. A needle electrode (modified 209 hypodermic needle),
which served as the cathode was inserted in the popliteal fossa at a predetermined and
permanently marked (tattoo) location on the right leg. The anode, a plate electrode,
was secured just above the patella., A 1 msec constant current peak limited to a maxi-
mum of 20 mA was delivered through an isolation unit under computer control. A differ-
ential amplifier and bipolar electrode configuration was used to record the reflex from
the soleus mustle, The reflex was a two-part response: a direct orthodromic muscle
response (M-wave) with a latency of S to 10 msec that was followed 15 to 20 msec later
by the monosypaphtic He-reflex, Because the MH-.wave represented a direct muscle
response, it was used as a control during vestibular (otolith) stimulation. The -
Hereflex amplitude reflected the sensitivity of the lower spinal motoneurone pool as
set by the descending postural control signals. Prior to vestibular stimulation, the
H-reflex‘uas established at 50X of the maximum value, and the M-wave was minimal but
detectible,

Vestibular Stimulation

Vestibular (otglith) stimulation during preflight and postflight testing (Figure 2) was
provided by unexpectedly dropping the subject in a special harness, designed to leave
the arms and ldgs free, from a quick-release helicopter cargo hook., For each drop the
subjects were shocked three times., Shock sequence consisted of a conditioning, control
and test shock The conditioning shock established the condition of the neural tis-
sue, . Three seconds later the control shock was delivered. Three to 5 sec later the
test shock was delivered during the drop. Shocks during the drop occurred coincident
with the drop (|0 msec delay) or at 10 msec intervals up to 80 msec following inftiation
of the drop. n experimental session was comprised of four drops at nine delay times
(randomized) far a total of thirty-six drops. The averaged response to the test shock
was normalized (with respect to the averaged control shocks and presented as a percent
change in H-wave (or M-wave) amplitude.

A dedicated microcomputer (LS51-11) was used on-line to control the experiment. Four
e programs were suppiied with the computer. These included: (1) control of the drop
Teghanism. (2) | H-reflex stimulus sequenca/delay, (3) data collectfon and analysis, and

4) graphics.

Inflight, we used the Canadian "hop and drop" station, a special harness arrangement,
drop apparatus| and calibrated bungee cords to pull the subject to the floor of the
Spaceladb {17). The drop-to-shock delay times employed infiight also differed from
those used preflight and postflight. An experimental session was comprised of efght
shock-to-drop delays ranging from 0 to 70 msec in 10 msec fincrements., fn MET-0l four
responses at each of the eight delays were recorded. This was reduced on MET-06 when
only two responses at each of the delay times were obtained. The inflight computer (a
modified POP-8e) was used to control the experiment, release the drop mechanism, time
the electric shock and collect the data. The data was either “dumped" real time to the
ground, or stoned on digital tape until it could be dumped, .
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Responses Recorded

In addition to the H-reflex response, & number of other parameters were recorded.
Tadle 1 shows these parameters and when they were obtained. .

TABLE I
Parameter Recorded Preflight Inflight Postflight
Skull Acceleration X X X
Body Position X 3
Gastrocnemius ENG X X
Vertical Eye Movements X X
Release Time X X
Landing Time X X X
Shock Delay X ) ¢

Body postition was obtained by filming the drop preflight and postflight at 1000
frames/sec. In flight the drop was recorded with a video system on video tape. Every
10th film frame was analyzed to determine the angle of the head, trunk, hips, knees and
ankles. Resolution of the video tape for analysis was limited to approximately 20
frames/sec. Using the body angles (Figure 2) obtained from the film and video record-
ings, stick figures were created and plotted in sequence to aftd in visualization of the
sudden drop. The angles were also used to determine percent change in & selected body
on?lo during the drop when compared with that angle just prior to the drop. This cal-
culation was referred to as the change in absolute body angle. A second percent change
measurement was computed where each angle was referenced to the angle which just pre-
ceded it during the drop. This method ylelded a running percent change in body posi-
tion or the dynamic percent change.

Figure 2

Preflight and postflight skull acceleration was obtained, with a linear Z axis acceler-
~ometer attached to a bite board and held in the subjects mouth during the drop.
Inflight, the accelerometer was attached to the back of the head with a velcro strap
arra?ge7ent. The signal from the accelerometers was digitized at approximately 100
samples/sec.

EMG activity recorded from the gastrocnemius muscles of the subject's left leg was
amplified and digitized in real time at 100 sampies/sec., The RMS amplitude of the EMG
activity was then detemined by starting at 70 msec from before the fnitiation of the
drop, to 170 msec into the drop. The electrodes used to record EMG activity were
placed on the belly of the gastrocnemius muscle over tattoo marks.

Drop Sensation

In addition to recorded electrophysiological parameters, the subjects were asked to
described sensations assocfated with the sudden and unexpected falls. In particular,
they were to compare the inflight drops with those experienced prefliight, and the post-
flight drops with those preflight and infiight, The subjects were also asked to
describe and report any differences or diffifculty in landing from the fall and any
postflight difficulty in walking.
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RESULTS: EXPERIMENT 1

The results of the vestidulo-spinal reflex experiment are presented below in a graphic
format., A detailed statistical analysis {s currently in progress and not available at
this time. However, the data indicate considerable differences between subjects and
within subjects as a function of the Spacelab-1 flight,

Motoneurone Pool Excitability

Fi?urc 3 shows a typical set of responses to a brief unexpected fal) from 1g to free
fall (a step acceleration of 9.8 m/sec?). The time scale at the bottom of the figure
has not been adjusted for a 20 msec delay that was {inherent into both the ground and
flight hardware. Between the time that a command to drop had been sent to the drop
mechanism and data collection began or the shock finitiated, approximately 20 msec
elapsed, Because of this, a time of 0 msec should be read as 20 msec. This correction
applies to all drop-to-shock delay times presented in the graphs of these results
unless it s specifically noted that an adjustment for the 20 msec delay has been
included in that graph, .

The response in the top trace of rigure 3 s the control H-reflex response that was
obtained approximately 3 to 5 sec prior to the actual drop. The second trace shows the
test H-reflex in response to the drop. In this case the test shock was delivered at 70
msec with the drop (an unadjusted drop-to-shock delay of 50 msec).  Note the large
potentiation of the H-reflex, with no change apparent in the M-wave rasponse, as a
function of the drop. The third trace represents the EMG data obtained from the
gastronemius muscles of the right leg. The fourth trace is the vertical position of
the eye in response to the drop. The fifth trace from the top represents 7 axis accel-
eration, and the bottom trace is a blank channel with no data recorded. Landing time
;:\ativel:o the release of the subject at 0 msec s indicated by the vertical dashed
ne at 7 msec. '

Figure 3

Figure 4 is a typical drop-to-shock response curve showing the potentiat.on of the
Hereflex as a function of delay time. The varifability (Standard Error of the Mean)
indicated on this graph is representive of the typical variance associated with data
collected with this method. Each data point that represents a shock-to-drop delay time
is thn average response of 20 H-reflex responses obtained over five prefiight test days
from one subject with four responses recorded during each day. Note that potentiation
of the H-reflex begins between 40 and 50 msec (20 msec adjuctment) and reaches a maxi-
mum “eak value at 80 msec. The percent change on the Y axis represents a difference
per:entage where the test H-reflex response is a difference of the average (N=160) con-
trol response:

... ____% Change From Average Control Response = WY . WT x 100
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Figure ¢

-Figure § represents a preflight summary of the four crewmen tested. Again each
drop-to-shock delay point represents an average of 20 H.reflex responses for each of
the four subjects. This family of curves shows that there were considerable preflight

. differences in the motoneurone pool excitibility for each of the crewmen tested. The

maximum rasponse from subject D was less than 300% change in H-reflex amplitude over

control values, while that for subject A was. as high as 1100%. This difference in
magnitude was correlated with inflight mot,on sickness susceptibility (see below).
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_j{q}lightl Inflight and Postflight H-Reflex Summary

Figures 6, 7, 8 and 9 represent the summary of H-reflex amplitude changes for each of
the four crewmen as a function of drop-to-shock delay and test day. Figure 6 shows
preflight, inflight and postflight respons2 curves for subject A, This is a complete
family of curves with two inflight measurements., Figure 7 presents the data for sub-
Ject 8 and includes only one inflight measurement (MET-06). The crewmen (subjects C
and D) whose data are presented in Figures 8 and 9 include only preflight and post-
flight measurements.

The data presented in Figure 6 indicate that when the amplitude of the H-reflex (moto-
neurone pool excitibfility) was obtained approximately 24 hours in free fall that the
response was about the same as the preflight average., B8y the seventh day in flight
(MET-06) it was clear that a significant change had occurred. The H-reflex no longer
showed potentiation to the later drop-to-shock delays as it did preflight. In con-
trast, the R+0 data (approximately 2.5 hr., after landing) showed a large, three-fold,
potentiation of the H-reflex over preflight averages. B8y R + 1 there was a response
decrease indicating a tendency for return to baseline, However, the data for R+2
showed a rebound with a maximum potentiation above R+1 and R+0. This rebound continued
cn R+4 and R+6 with approximately a four-fold change in amplitude aver the preflight
maximum. No additional data were collected for subject A following the R+6 test. A
return to baseline is assumed based on the data obtained from subject B (see below),
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The Hereflex data for subject 8 are presented in Figure 7. The solid 1ine represents
the preflight average percent change in H-reflex amplitude over the control responses
48 a function of the drop-to-shock delay. Inflight, H-reflex amplitude changes
obtatned on day seven (MET-06) of the flight are equivalent to those obtained from
subject A, That {s, the H-reflex does not show potentiation as a function of drop-to-
shock delay. Postflighi, on R+0 there was a significant change in peak H-reflex ampli-
tude going from 900% to approximately 1900X. On R+l the maximum amplitude had dropped
below the R+0 value to 1700%. As with subject A, there was a rebound on R+2 and R+4
which resulted in peak amplitudes near those obtatned on R+0. By R+6 subject B was
showing a tendeancy to return to baseline values with a maximum drop-to shock amplitude
of approximately 1300% over the average control response for that day. Subject B was
again tested on R+120, and showed responses egquivalent to the preflight values (not
indicated on Figure 7). Because of the long interval between R+6 and R*lzo it cannot
be determined whan the return to base!ino actually occurred.
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As indicated above, subjects C and D were not tested tnflight, or postfiight on R+0,
Figure 8 shows the data for Subject C. The H-reflex amplitude shows a potentiation of
approximately 800% over control values for R+l and R+2. This ts an increase of about
200% to 3C0% above the preflight value. By R+4 subject C had returned to baseline,

Subject D (Figure 9) shoued 1ittle change on R0l from preflight, and quickly returned
to baseline by R+2. )
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Figure 10

Figure 10 shows the percent change in M-wave amplitude from the average control M-wave
for one subject (B) as it was measured preflight, inflight and postflight. Note that
there is no real change in ampiitude as a function of drop-to-shock delay for any of
these test periods. These data indicate that the amplitude changes observed in the
H-reflex reflect the excitibility of the motoneurone pool, and not local effects in the
reflex arc or artifact, The curves in Figure 10 are representative of the M.wave data
obtained for subjects A, B and C. It was very difficult to elicit a recordable M-wave
from subject D with electric currents set to obtain the 50X maximum H-wave amplitude
required for testing. However, a stable M-wave for subject D was verified by using
supramaximal shocks,

Gastrocnemius EMG Activity

Presented in Table I! are the latency of the EMG activity relative to the start of the
drop (adjusted for the 20 msec delay), and the RMS amplitude of that activity taken
from 70 msec to 170 msec into the drop. There.is some question about the data on R + 0
for subject B. In the analog output there was evidence of amplifier saturation with a
long time constant, which tended to increase the RMS amplitude value. Based on dats
from the remaining three subjects who showed 1ittle change on R+0 relative to the other
test days, we suspect that the higher amplitude recorded for Subject B does not tndi-
cate an fncreased motoneurone pool activity. Note that the standard deviations for all
measurements are high. :




TABLE 11
GASTROCNEMIUS EMG ACTIVITY

SUBJECT TEST OAY LATENCY RMS APLITUDE

F-151 90.9(4.0 164 (40
F-121 92.2(4.3 193(50
F-85 96.8(4.9 257(58
F-44 100.0(4.1) 232(59
F-10 96.0(5.5) 259(66)
F=A1} 95.1 221

A R+0 93.3(3.2 217(64
R+l 94,2(3.7 252(62
R+2 96.2(4.6 218(59
Red 93.9(3.6 228(60
Re8 91.1(5.6 268(74
R+ANY 93.8 - 237
F-151 " 92.4(9.1 127(37
F-121 93,7(5.6 207(72
F-65 91.0(3.6 212(53
F-44 96.7(5.4 210(41
F-10 95.6(5.4 176(36
F=Al1 93.9 187

8 R+0 94.2(6.2 327(129)
R+l . 99.8(3.6 175(50
R+2 97.4(5.3 125(49
R+4. 96.6(5.1 131(51
R+6 , 97.1(5.0 103(31
ReAN) 97.0 172 .
F-151 94.8(5.6 198(63
F-121 94.2(5.5 199(76
F-65 91.8(4.5 333(95
F-44 95.2(4.4 273(100)
F-10 96.2(3.2 182(46)
F-AN 94.4 237

¢ R+l , 97.1(3.6) 149(68
R+2 93.7(4.4 105(23
Re+4 91.9(3.8 195(56
R+6 ' 92.3(3.3 438(96)
R+AVY 93.8 222
F-151 93.4(5.4 351(53
F-121 93.8(4.2 405(62
F-65 92.4(5.0 376(42
F-44 9, 3(6.9 312(38
F-10 92.8(8.1 3s52(s7
F-Al} 92.5 359

0 R+l 90.2(4.8) 397(66)
R+2 89.9(5.4 321(45) .
R+4 90.9(5.7 269(47
R+6 . ) 88.8(5.3 365(49)
R+ANY : 89.9 343

Verticai Eye Movement

The vertical eye movement recorded in response to the sudden fall was ballistic in
nature. No visual tracking was apparent in the data. Both latency and velocity meas-
urements showed no change from preflight to postflight tests. Varability of these data
were similar to those observed with the EMG data.

Body Position

Using the body angles as defined in Figure 2, the drop position of the subject's fal-
1ing body was plotted as the stick figures in Figure 11, This figure is a graphic
representation of Subject's A fall on F-10 whica showed very 1ittle change in limb
position or head position as a function of the drop. This figure is representive of
a1l subjects tested. Figure 12 plots head and 1imb angles from the stick figures as a
dynamic percent change (the angle at O msec is compared with the angle at 10 msec, and
the angle at 10 msec with that at 20 msec, etc.), and Figure 13 is a plot of absolute
angle change (all angles are compared to that at 0 msecg. Note that there is rela-
tively little or no change in position during the fall. When these data are compared
with these in Figure 14, it {is apparent that the falls following the flight were no
different than those preflight for a period of 220 msec.

However, Figures 15 shows a plot of stick figures for a Yonger duratfon, and compares
preflight and postflight fall. 1In this case the analysis was continued for 1 sec after
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release of the subject and each stick figure represents a 50 msec increment, The land-
ing occurred at approximately 200 msec after start of the fall, Note that preflight
the subject appears to be stable and maintains balance after landing., Postflight, the
subject show considerable change in posture and balance. Following the landing, the
subject begins to fall backwards and hops off of the floor raising the knees. Without
atd, the subject would have fallen. Data from this one subject is representive of that
obtained from all four subjects. Instability after the landing for all subjects was
evident unti) approximately R + 4,
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Perceived Ho£1on and Sensations

When questioned about their sensation to the sudden drop {inflight, the two subjects
tested reported that on day seven (MET-06) the drop did not feel as though they were
falling when compared to that experienced on the ground, or with those drops on flight
day two (MET-01). By MET-06 the sensation was as if "being shot out of a cannon®", or
*very abrupt and unpleasant®and "they (the drops) were a surprise when {t. happened."”
The subjects also reported that the landings on MET-06 were very hard, and that they
were not prepared when the landing did occur. This was confirmed from video tapes
taken of the inflight drops. it frequently appeared as though the crewmen did not know
where their feet or legs were, and were unprepared to land. One subject “"fell™ (failed
to maintain his balance) several times during the MET-06 drops.

The postflight dreops on R+0 and R+l were reported by the crewmen tested inflight to be
similar to the inflight drops on MET-06. That s, the fall was hard, abrupt and the
landing was a surprise., A1l crewmcn reported that postflight the sensation was not a
fall, but that the ¢lcor came up to meet their feet, These sensations continued
through testing on R+2 and R+4,

Space Motion Sickness and the H-reflex

The degree and severity of space motion sickness experfenced by the four crewmembers
who partici-ated in this experiment was monitored as part of another experiment (17},
and in a less controlled fashion by our experiment and mission operations. A brief
summary of the results indicated that three of the four subjects experfenced frank
sickness (vomiting) more (han once during the first three days of the flight. The
fourth crewmembar was as,ymptomatic. All crewmembers did take antimotifon sickness medi-
cation. When ranked (by our experiment) for severity of symptoms experienced during
flight we found symptom strength to be greatest in subjects A and B, and least in sub-
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Ject C. This rank order was then compared with the peak H-reflex drop-to-shock pre-
flight evcrage for each crewman and with the postfliight H-reflex curves., The results
show that subjects A and B (stronger symptoms) both had the greater H-reflex potentia-
tion preflight and postflight. Subject C, ranked third, had less preflight H-reflex
potentiation, and postflight changes quickly returned to baseline. Subject D, who was
asymptomatic had a very low H-reflex potentiation preflight when compared with subjects
A, 8 and C, and showed no change postfliight over his preflight H-reflex maximum drop-

»\\\\Fo-shock amplitude, .

EXPERIMENT II:

PREFLIGHT AND POSTFLIGHT VESTIBULO-OCULA# RESPONSE
: AND SELF-MOTION PERCEPTION .

This study addressed changes in otolith receptor responses during space flight, Pos-
sible effects of prolonged weightlessness on spatial orientation system (18) responses
have been the subject of numerous discussions during the past two decades (see ref
19). Some have focused on the consequences of altered stimulation of the otolith
receptors while others have suggested changes in the "gains" assigned by the brain to
orientation information from visual, vestibular and somatic receptors (20, 21, 18).

The vestibular otalith receptors respond to linear motfion and gravity. If motion cues
from visua) and skin receptors are reduced or eliminated, responses to roll and linear
translation attributable primartly to the otolith receptors can be examined. The Miami
Unfversity parallel swing and its associated restraint system allow this to be done,

This finvestigation examined two types of responses associated with roll and linear
translation stimulation: pecceived self-motion path and eye movements. These respon-
ses were examined before and after orbital flight. Because the otoliths are gravity
receptors, it was hypothesized that renoval of stimulation due to gravity during flight
would alter responses to which the otoliths contribute.

Both perceptual and motor responses associated with the vestibular receptors adapt to
rearrangements of either vestibular or visual stimulation, Rearrangement$ that have
been investigated previously included ocean travel, slow rotation, image reversing
glasses and weightlessness (22-25). (This adaptation phenomenon accounts for the
observation that motion sickness symtoms resolve during the inftial 48 to 72 hours of
orbital flfght.) Return to a *“normal" stimulus environment following prolonged
exposure to rearranged stimulation is associated with a period of readaptation.
Responses seen during readaptation suggest mechanisms of response change during the
initia; adaptation to the rearrangement (e.g., consider complementary color after-
images).

After preliminary observations (19), an “otolith tilt-translation refnterpretation
hypothesis" was proposed. On earth, information from the otolith receptors is used by
the brain to signal linear motion or head/body tilt with respect to gravity. The brain
adapts to weightlessness by reinterpreting all otolith receptor output as linear motion
(because tilt interpretations are meaningless during space flights (see Figure 16).
Immediately following return to earth and before the brain readapts to i.. normal
gravity environment, the interpretation that otolith signals indicate linear motion

_persists.

IG - PITCH: OTOLITH DISPLACEMENT
(TILT)

55

OG - PITCH: NO OTOLITH DISPLACEMENT
COTILT) . .

AN

IG or OG - FORWARD TRANSLATION:
' OTOLITH DISPILACEMENT
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Figure 16
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Following this otolith tilt-translation reinterpretation hypothesis we predicted that
roll stimulation would produce roll self-motion perception profli?ht. but that this
stimulation would be associated primarily with Jinear translation self-motion
perception immediately postflight. We predicted also that horizontal eye movements
during roll motion would be greater, and that ocular counterrolling would be reduced
fmmediately postflight relative to the preflight and later postflight observations., If
the free-fall-adapted brain interprets otolith signals as indicating translation, the

a?propricto compensatory eye movement during roll would be rotation in the horizontal
plane. i

METHOD: EXPERIMENT II

Three astronauts participated in this experiment. One was from the $TS-8 flight and
two were from the STS-11 mission, As described below, these three crewmen were asked
to described their perceived self-motion path., Only two participated in the vestib-
ulo-ocular measurement phase of the investigation (STS-11),

Percejved Se\f—ﬂotion Path

Linear aceleration was provided by using the Miam{ University Parallel Swing. The
swing is a four-pole pendulum which produced “linear” (translation) oscillation at 0.26
Hz. For translatfon, the swing was moved manually by the experimenter. The swing
restraint system included an aluminum cylinder which was connected to a motor drive and
could te rolled at amplitudes up to +/- 200 and frequencies between 0.1 and 0.5 Hz,
Objective measures of translation and roll motion were provided by appropriate trans-
ducers.

The subject was restrained inside of a styrofoam body mold and incased in the aiuminum
cylinder, Head restraint was provided by ear pads and a bite board., The subject was
placed in the restraint in the prone position and his head was dorsal-flexed about 50
deg. A cloth shroud enclosed the head-end of the cslinder and eliminated motion cues
from 1ight and air currents,

Responses to three motion stimuli were obtained. These were linear translation at 100
cm/sec/sec, roll at +/- 5 deg, and phase-locked, combined roll and linear motion.
Translation was in the direction of the subject's Y axis. Roll motion was around the

subject's Z body axis (X head axis). For both types of motion, the oscillation fre-
quency was 9,26 Hz.

Three cycles of each type of motion stimulus were presented. The subject's reports
consisted of drawings 3.1d verbal reports of his perceived self-motion path.

Vestibulo-Ocular Response

The apparatus was the same as that used in the self-motion perception study with the
addition of eye movement recording capability. tye movements were recorded using an
experimental RCA video camera, The peak sensitivity of the camera was 890 nm. The

subject's left eye was focused with the aid of extender rings. The light source was an.

array of 12, 100-mw infrared-emmitting diodes mounted on the camera lense. The camera
output was recorded on one-half inch tape with a VHS system..

Eye movements were recorded during roll (+/- 15 deg) and Y.axfs linear translation
oscillation {200 cm/sec/sec). The oscillatiocn frequency was 0.26 Hz. The goal was to
record during five consecutive cycles of movement.

RESULTS: EXPERIMENT II

Perceived Self-Motion Path

Drawings indicating perception of self-motion path during roll are fllustrated in
Figure 17. Preflight, the three astronauts reported that cylinder roll produced nearly
pure roll self-motion perception, which they fllustrated by drawing a "U* shape with
arrows at the ends, and that linear translation oscillation was perceived as nearly
pure linear self motion. Immediately postflight, ro'l stimulation was percefved as
translation self motion with a small angular notion component. Their verbal reports
corresponded to the drawings.
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Figure 17

Vestibulo-Ocular Responses

Analysable data during roll oscfllattion were obtained from both observers on F-60 and
F-7 days prior to flight, between R+70 and R+150 min following landing and on R+2 and
R+3 days after landing. Fewer usable data were obtained durine linear translation.
Quantitative analysis of the video tape records focused on the horizontal eye move-
ments. The average number of horizontal nystagmus beats per cycle of roll or transla-
tion stimulation for both observers is illustrated in Figure 18, Horizontal nystagmus
during roll stimulation was greaier immediately postflight than on R+2 or R+3 or pre-
flight. The data suggest depre<<sion of horizontal eye movements during roll on R+2
after landing and some rebound or R+3. The data obtzired during translation stimula-
tion suggest enhancement of ths horizontal eye movement response on the second and
third days after landing.
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Quatitatively, the recording during roll from Astronaut 2 fimmedfately postflight
appears different from the other recordings, This record shows the “classic® phase-

rc:crsing horfzontal nystagmus seen ordinarily during oscillation around the I head
axis, .

€re movements were difficult to assess because of the movement of the astronaut's head

in the restraint relative to the camera, poor image quality and the fnability of the
observers to maintain eye fixation,

The video tape records findicate a clear ocular counterrolling in Astronaut 3 durin
roll stimulation. The counterroliing was observable at +150 min after landing as wel

as preflight and on the second and third days after landing, Because of the poor image
quality, no attempt has been nade to analyse these dats quantitatively,

0ISCuSSION

Otolith Reinterpretation

We postulate that exposure to prolonged free fall is a form of sensory-motor rearrange-
sent. MWe hypothesize that adaptation to this rearrangement results in refinterpretattion
by the brain the otolith input rather than reduction of otolith sensitivity, This

reinterpretation is raquired for structured and meaningful interaction with and reac-
tion to the altered environment.

Melvill Jones (20) may have been the first to note that adaptive changes during orbital
flight could leave the brain temporarily unresponsive to otolith stimulation by the
steady “g* vector. Young, Oman and their colleagues (21, 17} suggested "otolith rein-
terpretation®” as one of several possible consequences of prolonged weightlessness which
they examined in the MIT-Canadian Spaceladb 1 experiments.

Experiment 1

Data from the vestibulo-spinal experiment support the otolith reinterpretation hypoth-
eses., Under normal gravity conditions, sudden free fall elicits an otolith-spinal
reflex if the body's Z axis is parrallel to the gravity acting on the body mass and are
in the direction of the gravity vector. This reflex response preparesthe body for
the impact.deceleration of landing following the fall,

.
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During space flight a fall, defined as linear translation parallel to gravity, is mean- .
ingless because gravity is absent., (The “drops” produced on orbit by our aparatus were
Tinear translations but were not falls.,) Consequently the adaptive brain learns to
interpret all otolith signals as indficating iinear translation not as falls, and reflex
responses ordinarily elicited by falis are lo-«*.

Perceptual and phystological data from Experiment [ support this hypothesis. During
space flight before adaptation, sudden drops were perceived as falls, but following
adaptation the drops were perceived as linear translations. The crewmen reported that
drops early in the flight felt much as they did preflight. The H-reflex changes asso-
ciated with these drops also were similar to those obtained preflight. Later in the
fiight the drops perceived as sudden, fast and hard, The crewmen were not aware of
where their legs and feet were and exhibited difficulties in maintaining “balance” fol-
lowing ®*landing." Late in flight the H-reflex was not potentiated by the drops.

Otolith reinterpretation also was supported bj the postflight perceptual responses.
The drops postflight were perceived just as they were at MET-06 inflight, That is, the
crewmen were unaware of where their feet were and the drops were percefved as sudden.

N They did not feel as though they were falling; rather, “"the floor came up to meet
) them,” .

Evidence for otolith reinterpretation was not seen fin the postflight physiological
response data. We suggest that the H-reflex would not have been potentiated by drops
immediately after landing and that reflex would not have been potentiated by drops
immediately after landing and tnat reflex readaptation had occured prior to our first

postflight observations. Apprently some reflex responses readapt to normal gravity
. very rapidly.

The H-reflex responses reported here were modified by prolonged free fall, whereas the
direct vestibulo-spinal responses recorded by Watt (17) apparently did not change as a
- consequence of this environmental alteration., We suggest that the appareat conflict
o between the two sets of data might be resolved as follows. Watt's direct vestibulo-

spinal response may reflect primarily changes 1in otolith sensitivity, whereas our
drop-moduated H-reflex may reflect primarily indirect excitatory and inhibitory influ-
ences from the brain stem vestibular nuclei. Several observations are consistent with
the view that otolith sensitivity does not changes in the direct vestibulo-spinal
response would be expected., On the other hand, our indirect H-reflex responses would
reflect plastic changes in the vestibulo-spinal nuclei associated with otolith reinter-
gretggion; Eherefore. ‘changes during prolonged space flight in the drop-modulated
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Experiment 11

Postflight reports of self motion during roll stimulation indicate that the sudbjects
perceived & complex motion composed of both linear and angular motion., Also, the eye
movement recordings indicated that both horfzontal rotation and ocular counterrolling
were present within the 150-min period after landing. Thete results are interpreted as
follows, As above, following retrun to the normal-gravity encironment, the brain
appears to persist in interpreting any change in otolith signal as Vinear motfon.
Therefore, the otolith response chnn?e produced by roll (tilt) was perceived as linear
sotion and elicited horizontal eyeball rotation, Because osciilatory roll also stimu-
Jates the semicircular canals, the motfon path ‘was perceived as a combination of rol)
and transiation and ocular counterrolling was present. ,

Adaptation to wefghtlessness could take place at cortical or subcortical levels., The
observations that both perceptual and eye-movement reflex rvesponses during roll stimu-
lation were altered following prolonged space flight suggests that adaptation took
place at the brain-stem level, -

Other Spaceliab 1 Observations .

Results from four other Spacelab 1 observations are congruent with those reported
here. Immediately postflight the Spacelab 1 crewmembers exhibited decreased postural
stability with their eyes closed, increased relfance on visua) cues for orientation and
improved abflity to null lateral linear motfon in the “closed loop otolith nulling
task® (17), One of us (BKL) noted that the “rooftop fllusion® ordinarily exparienced
during translation on the U, S, Lab Sled was absent during the {mmediate postflight
period. These observations led Young et al (17) to propose an hypothesis nearly fdent-
ical to the one developed independentliy by us following the STS-8 mission (19, 26).

. Space Motion Sickness

Motion sickness is among the problems associated with space flight. A substantial body
of evidence suggests that this problem may be related to alteration of vestibular
respenses following prolonged weightlessness (22, 23).

- Sensory conflict appeirs to be the basic mechanism whereby space motfion sickness'is

produced (23), ODuring the initial perfod of exposure to weightlessness, signals from
the otolith receptors would conflict with those from the semicircular canals would
indicate that the expected head motion had occured; however, an sppropriate signal from
the otolith receptor response during prolonged weightlessness also could be related to
disorientation folloving return to a normal gravity environment,

Many astronauts have reported that pitch head motions during the finitial period of
orbital flight evoke motion sickness symptoms (24, 25). These reports provide addi-
tional support for the sensory conflict approach to space motion sickness as well as
for an otolith reinterpretation hypothesis.

The results from Experiments I and Il support the hypothesis that space motion sickness
is related to otolith activity. Because of the small number of subjects and limita-
tions of the data, proposal of procedures for predicting space motion sickness ftnci-
denc: a:d severity s not possible at this time. Further standardized investigation is
required.

Certainly the data from the space experiments conducted to date are not 1deal and firm

conclusions based on observations from the several directions appears to support an

otolith reinterpretation hypothests.

NOTES

The experiment in this paper dealing with vestibulo-spinal reflexes has been targeted
for publication in Experimental Brain Research, and if accepted will appear sometime in
1985, The Vestibulo-ocular and self-motion experiment has been submitted to Aviation
Space and Environmental Medicine for publicatfon later this year,
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DISCUSSION

KLEBIN, PRG: ’

! As cause tot the space motion sickness there is only the sensory conflict mentioned.
What could be the contribution of fluid redistribution with the consequence of the
*pufty face® to the symptomatology of space motion sickness?

AUTHOR'S (PARKER) reply ) .

) In our paper, we have described a major class of sensory eontlict associated with
weightlessness as well as evidence for " a ‘neural response - otolith
reinterpretation = to that oconflict. It is well known, that #nalogous sensory
conflicts on earth elicit motion sickness from a large propor:ion of subjects.
Consequently, it seems likely that sensory conflict associated with discordant
signals from the otolith receptors and other spatial orientation receptors is the
primary course of space motion sickness.

Parker et al (Aviation Space and Environmental Medicine, 1983) have reviewed
possible mechanisms whereby fluid shifts might produce space motion sickness. One
of these is associated with possible biomechanical changes in the labyrinth which
would result in sensory conflict as a consequencr, of altered semicircular canal
activity. A second mechanism involves changes in angiotensin levels that oould
affect the chemoreceptor trigger zone directly.

However, as reported by Lackner and Graybilel, there is no evidence for increased
motion sickness susceptibility following prolonged head-down tilt on earth. I
submit that the primary cause of space motion sickness is the sensory oconflict
produced by the discordant otolith input. If there are effects associated with fluid
shifts, I suggest that they are, at most, tertiary.

TERZIOGLU, TU
. Which basic mechanisms are involved in the rointupretation by the brain of otolith

sensitivity? 1 think this hypothesis should be investigated by animal
exper imentation.

AUTHOR'S (PARKER) reply-

This is a very interesting question, and your suggestion that animal experiments be
pursued seems to be quite appropriate.

We postulate that weightlessness produces a form of sensory rearrangement and that
otolith reinterpretation is a response by the central nervous system to this
rearrangement. If this postulate is correct, then the results of research on other
types of sensory rearrangements should give us clues regarding the basic mechanisms
underlying otolith reinterpretation.

Maptation to sensory rearrangement (discordant stimulaticn) has been investigated
and discussed for over hundred years, starting with scientists such as von Helmholt:z
in Germany and Stratton in the United States. I.P. Howard (Human Visual Orientation,
John Wiley & Sons, 1982) recently reviewed the literature on sensory rearrangement
and concluded that during the adaptation process neural changes occur at different
levels and different times in the brain. Changes appear to occur initially at

*higher® levels and to consolidate at “"lower® levels after the szdaptation process is
complete.

A class of rescarch that may give us specific clues concerning the basic mechanisms
of otolith reinterpretation relates to investigation of vestibular-ocular reflex
(VOR) adaptation. The site of VOR adaptation is the subiject of vigorous research
ard debate among vestibular neurophysiologists (see Wilson and Melvill-~Jones,
Mamalian Vestibular Physiology, Plenum Press, 1979). Recent research by Oman at al.
(Science, 1980), which demonstrated that self-motion perception adapted to prism-
produced visual field reversal before eye movement reflexes, is congruent with
Howard's view that adaptation may occur at different levels in the brain.

Finallv I suqgest, that reliable physiological ‘and behavioral observations are




par P, Lestienne et G. Clément

Laboratoire de Physiologie Neurosensorielle du CNRS
15, tue de 1'Bcole de Médecine, P-75270 Paris Cedex 06, Prance

L'adaptation des ajustements posturaux liés & la mobilisation
volontaire du bras a été étudiée ches deux sujets au cours 2'un
vol spatial de sept jours.

En apesanteur, on observe une redistribution des activités

électromyographiques entre muscles fléchisseurs et extenseurs de

. 1lu cheville. L'analyse des données cinématographiques montte une

inclinaison importante du co:gl vers l'avant au début du vol,

suivie d'un retour progressif une position identique a celle
observée sn situation de gravité terrestre.

Ces résultats sont interprétés selon l'existence d'un schéma
cocrporel.

INTRODUCTION

Cette étude entre dans le cadre 4' ne recherche fondamentale sur les
interactions sensori-motrices liées au contrdle postural. Cette expérience a
pour but l'étude de la réorganisation de ces interactions au cours d'un séjour

de courte durée (7 jours) de l'homme en situation d'apesanteur (Clément et
Lestienne 1981).

Le contr8le de la stabilité du corps est une fonction trés complexe pour
1'homme. En effet, le centre de gravité du corps est placé trés haut par
rapport & un polygone de sustentation trés étroit. Par ailleurs, l'ensemble

des ar:iculations entraine la présence d'un nombre important de degrés de
liberté.

La stabilisation du corps en position debout dans un champ de gravité
nécessite une activité musculaire antigravitaire et un équilibre dynamique.
Ces deux mécanismes sont sous la dépendance du systéme nerveux central (SNC)
qui contrdle l'activité des muscles croisant chaque articulation. Le contrdle
de ces effecteurs est assuré par la présence de récepteurs proprioceptifs,
comprenant les récepteurs fusoriaux et tendineux, les récepteurs articulajres
et les récepteurs tactiles qui informent le SNC sur la position relative de
chaque segment par rapport A des référentiels intra et extra corporels
(Droulez et Lestienne 1981, Matthews 1972). L'appareil vestibulaire de
l'oreille interne posséde des organes sensibles A 1'accélération 1lui
permettant de détecter des changements de position du corps (Wilson et Melvill
Jones 1979). Enfin la vision, et surtout la vision périphérique, joue un rdle
important dans le contrdle de la posture en informant le SNC sur les
déplacements du monde visuel par rapport au sujet (Lestienne et al. 1977,
Dichgans et Brandt 1978, Berthoz et al. 1979). Ainsi, chaque mouvement du
corps est la source d'un processus complexe d'intégration et de traltement
d*informations qui parviennent au SNC.

La mobilisation active d'un membre (par exemple 1l'élévation d'un bras) met
en jeu des forces de réaction qui déstabilisent le corps. Les messages
sensoriels des récepteurs décrits ci-dessus informent lo SNC qui déclenche, au
niveau des muscles impliqués dans le contrdle de l'équilibre, les ordres
moteurs appropriés pour lutter contre cette déstabilisation. Des études en
laboratoire, en.condition de gravité terrestre, ont montré que ces
"programmes® moteurs schématiquement sous tendent deux catégories
d'ajustements posturaux : ajustements anticipés et ajustements réactionnels.

41

Les ajustements po:turaux anticipés.correspondent & une "préparation" au

mouvement, tandis que les ajustements réactionnels peuvent &tre assimilés a
des "corrections”™ posturales résultant d'une perturbation (Belenkii et al.
1967, Cordo et Nashner 1982).
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Pigurs 1 : activité EMG et paramétres biomecaniques enregistrés en
laboratoire chez un sujet au cours d'un aouvement du bras en
vision normale. Le trait vertical continu représente l'instant
d'apparition du top sonore.

La figure 1 montre les modifjications de l'activité ¢leztromyographique
(EMG) de 4 muscles de la jambe (Biceps femoris, Quadriceps, Soleus, Tibialis
anterior) et les paramétres biomécaniques (angulation de la cheville et
accélération du bras) observés lors d'un mouvement du bras en condition de
vision normale. La désactivation précoce du Soieus et l'activation du Biceps
qui précident respectivement d'environ 80 ms et 50 ms le départ du bras
peuvent étre interprétées comme des ajuatements posturaux anticipés. Le
mouvensent d'élévation du bras s'accompagne d'une inclinazison de la cheville
vers l'arriére (d'environ 6 degrés) qui commence 30 ms aprds le départ du
bras. L'activation du Quadriceps, contemporaine de cette inclinaison de 1la
cheville, est un exemple d'ajustement postural réactionnel.

'
£3
l.es résultats gque nous présenions ici ont été sélectionné:z'~:utour de deux
thémes qui nous paraissent fondamentaux :

1) En apesanteur la notion de base de su: tentation n'a plus de réalité
physique, Par ailleurs dans cette situation il n'est plus possible d'utiliser
la composante gravitaire pour compenser en partie les forces inertielles
responsables de la perte d'équilibre. Enfin cette situation liltére le
verrouillage articulaire. Autrement dit, le sujet peut utiliser une gamme trés
étendue d'angles d'ouverture articulaire. Aussi peut-on s'interroger sur le
deqgré de persistance des programmes moteurs et de l'attitude posturale
terrestre.

2) 11 est admis que 1la neutralisation de la gravité affecte le point de
fonctionnement de tous les récepteurs sensoriels sauf les récepteurs visuels.
Peut-on alors considérer que la situation d'apesanteur est assimilable & une
"déafférentation fonctionnelle® ? Dans cette situation les récepteurs visuels
auraient une fonction prépondérante tant au niveau des interactions sensori-
motrices liées au contrdle postural qu'au niveau des processus d'orientation.




Le sujet, les bras le long du corps, est en position érigée, les pieds
fizés sur une plateforme. Deux accéléromdtres solidaires du poignet mesurent
tespectivement les accélérations tangentielle et radiale 4u mouveme-st
a'élévation du bras droit. Un potentiométre mesure le déplacement angulaire de
1a cheville. Une caméra tilme (32 images/s) le profil du sujet qui porte des
poiats-cibles au niveau de la tdte, de l'épaule, du coude, du poignet, de la
hanche, du genou et de la jambe. Les activités ENG du Soleus, du Tibialis
anterior, du Biceps femoris et du Quadriceps du c8té droit sont simultanément
enregistrés. Une paire de lunettes permet soit d-occulter totalesen: la vision

soit de rétrécir le champ visuel du sujet (vision centrale ou
tubulaire) (Pig.2).

Pigure 2 : Dispositif expirimental. 1 Plateforme. 2 Boitier
électronique. 3 Enregistreur magnétique. 4 Ecouteurs. 5
Potentiométre de plateforme. 6 Potentiométre de cheville. 7 et 8
Capteurs EMG. 9 Accélérométres de poignet. 10 Lunettes.

Le sujet a pour consigne d'&tre perpendiculaire par rappoét A 1la
plateforme. Un top sonore constitue la signal d'élévation rapide du bras en
direction d'une cible placée devant le sujet.

Chaque type de mouvements a été répété 10 fois. Deux sujets ont été
utilisés pour l'expérience au cours du vol, Jean-Lcup Chrétien (JLC), qui
n'avait jamais séjourné en apesanteur, a réalisé l'expérience le 2e¢, 3e et 7e
jour du vol spatial (respectivement le ler, 2e et 6e jour d'orbite & bord de
la station spatiale). Viadimir Djanibékov (VD), qui avait déja participé a
deux vols spatiaux de huit jours, a servi de sujet uniquement le Se jour du
vol (4e jour en orbite), Des études systématiques utilisant le méme protocole
expérimental ont été effectuées au sol 30 jours et 3 jours avant le vol
spatial, ainsi que 3 jours aprés l'atterrissage avec les deux sujets.
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1) Mouvement volontaire 4'élévation du bras et activité musculaire posturale.

Les ajustements posturaux consécutifs au mouvement d'élévation du bras au
ocurs du séjour en apesanteur ches les 2 sujets sont illustrés respectivement
sur les figures ) et 4. Les tracés sélectionnés pour chaque jour d'expérience
sont des enregistrements représentatifs des 10 mouvements effectués en
situation de vision normale et de rigidité forte. Ces tracés représentent
1'activité ENG des muscles Biceps femoris, Quadriceps, Soleus et Tibilalis, le
déplacenent de l'angulation de la cheville dans le plan saggital, et les
accélérations radiale et tangentielle du buas.
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Pigure 3 : Activité musculaire liée & 1'élévation du bras chez 1le
sujet JLC : 3 jours avant (-3), le 2é jour (2), le 7é& jour du vol
(7), et 3 jours aprés le vol (+3),

a) Sujet JLC : 1l'analyse des enregistrements de la figure 3 fait
apparaitre les points suivants :

- avant le mouvement du bras, l'activité tohique de repos des muscles
croisant l'articulation de la cheville (Soleus et| Tibialis) est profondément
modifiée au cours du vol. En effet le 2e jour du vol l'activité tonique du
Soleus a considérablement diminué par rapport aux données de base, et
1'activité tonique du Tibialis est devenue trés| importante. Les activités
musculaires toniques du Biceps et du Quadriceps ne semblent pas étre modifiées
au début du vol spatial. Le 7e jour du vol, l'activité musculaire tonique de
1l'ensemble des muscles étudiés a sensiblement diminué par rapport au début du
vol,

= lois du mouvement du bras, les programmes moteurs des muscles posturaux
sont modifiés au début du vol et évoluent tout au long du séjour en
apesanteur. On constate notamment la disparition de la désactivation anticipée
du Soleus, désactivation que l'on retrouve au niveau du Tibialis anterior au
début du mouvement du bras., La durée de cette fésactivation devient plus
importante & la fin du vol (jour 7) et se manifeste clairement avant le début
du mouvement du bras. La bouffée anticipatrice du Biceps femoris, qui est
présente le 2e jour, diminue le 3e jour du vol et disparalt presque totalement
le 7e¢ jour du vol.

~ le tracé du déplacem¥nt 'de la cheville montre que l'amplitude de la
rturbation posturale consécutive au mouvement du bras au cours du vol est
peu modifiee par rapport aux données de base. Cependant, le 2e¢ jour du vol il
est fréquent que l'articulation ne retourne pas 8a position initiale i 1la
fin du mouvement du bras.

- les enregistrements effectués 3 jours aprés le vol, sensiblement
identiques 4 ceux des données de base, attestent d'une réadaptation de

. iy A e



1'ensenble des paramdtres & la situation de gravité terrestre. Il est
intéressant de noter que l'on retrouve cependant des bouffées phasiques
d'nlcuvu“ 1!!0 qui caractécisaient les enregistrements etiectués A la tin du
vol spatial.
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Pigure 4 : Activité musculaire liée A 1'élévation du bras chez le
sujet VD : 3 jours avant (-3), le 5& jour (5), et 3 jours aprés le
vol (+3).

b) sujet VD : les enregistrements de la figure 4 mettent en évidence les
points suivants

- avant le mouvement du bras, l'activité tonique de repos des muscles
croisant l'articulation de la cheville est inversee au cours du vol par
rapport aux données de base. Le niveau d'activité tonique de ces muscles est
moins élevé que chez le sujet JLC : en effet on observe chei le sujet VD
aucune activité tonique du Soleus, et une activité tonique faible (puis
inexistante en fin d'expérience) du Tibialis avant le mouvement.

~ lors du mouvement du bras, les programmes moteurs observés sont peu
différents de ceux enregistrés avant le vol, sauf pour le Tibialis qui se
désactive environ 50 ms avant le départ du bras et qui présente une forte
activité pendant toute la durée du mouvement,

- le déplacement de la cheville indique la présence d'une importante
perturbation pcsturale créée par le mouvement du bras, qui se traduit par une
forte inclinaison du corps vers l'avant (environ 6 degrés) durant la 2e phase
du mouvement. . '

- les enregistrements effectués aprés le vol montrent gque cette
perturbation est encore présente (inclinaison prononcée du corps vers 'l'avant
precédant le retour d la position initiale) et que les programmes moteurs sont
caractérisés par des bLouffées phasiques simultanées des quatre musacles
étudiés. Il faut néanmoins noter que de tels programmes moteurs ont été
parfois observés lors des tests effectués avant le vol.

2) Attitude posturale

Les résultats de l'analyse des données cihématogtaphiques confirment la
présence d'une posture initiale différente chez les sujets, comme le suggére
la différence entre le niveau d'activité tonique de leurs muscles.

a) sujet JLC : la figure 5 permet de comparer la position relative des
différents segments corporels avant et pendant le mouvement du bras. En
apesanteur on constate ‘une augmentation de 1l'inclinaison initiale du corps
vers l1l'avant. Le 2e jour cette inclinaison, sensiblement identique pour tous
les segments corporels, est de 13 degrés en moyenne, Il est important de
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souligner que le sujet était persvadé 2\1'11 respectait la consigne c'est-i~-
dicte 1 8tre perpendiculaire par rapport la plateforme. Le 3¢ jour du vol on
observe un redressement du corps plus important pour la partie inférleure.
Cetts inclinaison se maintient pendant toute la durée du mouvement. BEnfin, en
compacant ces données avec celles enregistrues au sol, on n'observe pas de
modification de la position des différents segments les uns par rapport aux
autres.
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Pigure 5 : Reconstitution de la posture du sujet JLC au cours d'un
mouvement d'élévation du bras 3 jours avant le vol {-3), le 2é
jour (2) et le 3é jour du vol (3).

L'influence de la situation visuelle du sujet (vision normale VN, vision
tubulaire VT, vision occultée VO) sur la position initiale et pendant
1'élévation du bras est illustrée sur la figure 6. Avant le vol la situation
VT provogque une augmentation de l'inclinaison du corps vers l'avant d'environ
2 degrés par rapport 4 la situation VN. Cette augmentation est identique
lorsque le sujet passe de la situation VI i VO (+2 degrés). Le 2e jour du vol
nous avons vu que l'inclinaison initiale du corps était trés prononcée vers
1'avant. Il est cependant intéressant de noter que les situations VT et VO
accentuent encore cette inclinaison dans les mémes proportions que celles
enregistrées avant le vol {de 2 a 3 degrés). Le 3e jour du vol la position
initiale du sujet en VN est sensiblement perpendiculaire a la plateforme ; 1la
situation VT entraine une augmentation de l'inclinaison générale du corps de 6
degrés vers l'avant ; la situation VO induit une inclinaison du corps vers
1'avant de 12 degrés environ. )

Les déplacements de la téte, de la hanche et de la cheville pendant le
mouvement du bras montrent peu de différences entre toutes les conditions
expérimentales. Cependant, on peut noter que les déplacements de la téte sont
les plus importants en apesanteur lorsque le sujet est placé en situation VN.

t) sujet VD : l'analyse des données cinématrographiques montre que le
sujet VD a une posture différente de celle du sujet JLC en apesanteur. En
effet la posture du sujet VD est caractérisée par une position semi-fléchie de
1'ensemble des articulations. L'axe général du corps est légérement incliné
vers l'arriére.
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Pigure 6 : Reconstitution de la posture initiale et des
trajectoires de la téte, de la hanche et de la cheville du sujet
JI.C en situation de vision normale (NV), de vision tubulaire (TV)
et de vision occultée (VO) : 3 jours avant (-3), le 2é& jour (2) et
le 3¢ jour du vol (3).

DISCUSSION

Le paradigme expérimental utilisé dans cette expérience permet d'évaluer
1'importance fonctionnelle des interactions entre les systémes sensoriels et
moteurs impliqués dans le contrdle postural. Les résultats observés mettert en
évidence des modifications de la posture du sujet JLC au début du vol spatial.
Ces modifications se traduisent par une forte inclinaison vers l'avant et par
la redistribution de 1l'activité electromyographique des muscles fléchisseurs
et extenseurs da la cheville., Plusieurs arguments nous empéchent d'attribuer
ces résultats A une désorientation du sujet : la position des différents
segments corporels entre eux, l'effet des différentes situations visuelles et
1'amplitude du déplacement de la cheville pendant le mouvement du bras sont
identiques A ceux observés en situation de gravité terrestre (Gouny et al.
1977). De plus, la reproductibilité de cette inclinaison au cours de tous les
essais de chaque segment expérimental effectué le 2e jour va A l'encontre
d'une telle interprétation.

Le 3e jour du vol, on constate que le sujet JILC a une posture '‘sensiblement
identique 3 celle observde au sol, unijuement dans la situation de vision
normale., L'intégralité des récepteurs visuels est donc nécessaire pour la

- récupération compléte de cette posture le 3e jour du vol, Ces résultats

soulignent 1l'influence des récepteurs visuels dans la recalibration des

) systémes sensoriels affectés par la situation d'apesanteur.

La redistribution des activités toniques entre muscles fléchisseurs et
extenseurs de la cheville pourrait s'interpréter par un processus 1lié a une
déafférentation otolithique. En erfet, la déafférentation des otolithes
provoquerait la défacilitation de l'activité des muscles antigravitaires
(extenseurs)(Jeannerod, 1981). Cependant, en considérant les contraintes
mécaniques mises en jeu par l'apesanteur, cette redistribution de l'activité
tonique entre fléchisseur et extensnur pourrait s'expliquer différemment. En
effet, dans cette situation, la position erigée exige une activité tonique des
muscles extenseurs (Bogdanov et al. 1970). Dans notre situation expérimentale
ol le sujet a les pieds fixés & un support, les forces élastiques du muscle
extenseur Ae la cheville entrainent une inclinaison passive du corps vers
1l'arriére. L'activation du Tibialis {le muscle fléchisseur de la cheville) est
donc nécessaire pour ramener et maintenir le corps vers l'avant. Cette
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dernidre interprétation est .en accord avec nos résultats qui montrent que
1'activité tonique du Tibialis est la plus importante le 2e¢ jour du vol
lorsque le sujet est fortement incliné vers l'avant. En apesanteur, le sujet
VD adopte une posture qui, coumparée A celle observée au sol, présente une
légdre inclinaison vers l'arridre et une fermeture plus importante de l'angle
du genou. Cette position ne nécessite pas la mise en jeu d'une activité
musculaire importante des fléchisseurs et extenseurs de la cheville. Cette
position semi-fléchie trés économique sur le plan énergétique, est la mieux
adaptée A l'apesanteur (Bogdanov et al. 1970, Thornton et Rummel 1977).

Le transfert des programmes moteurs, et notamment de la désactivation
anticipée du muscle qui exerce la fonction de support du corps (les extenseurs
en gravité normale, les fléchisseurs en apesanteur) témoigne d'une adaptation
tapide de ces programmes & la situation d'apesanteur qui reléve d'un
*processus opératoire®, La question reste posée de savoir si cette bréve
désactivation a effectivemen:. un rSle dans la stabilisation poturale ou si
elle a un rdle plutdt informationnel gue fonctionnel. Une adaptation a plus
long terme est mise en évidence & la fin du vol par la disparition de
l'activité anticipatrice du Biceps, et par la présence Cs bouffées d'activitéa
phasiques présentes pour tous les muscles #tudiés. Ces résultats suggérent une
adaptation lente A la situation d'apesanteur par la disparition des programmes
nécessitant trop d'énergie et devenus inutiles dans cette nouvelle situation.
Ces données mettent en évidence l'existence de processus conservatifs.

En apesanteur, l'inlinaison vers l'avant du sujet JLC témoignerait de 1la
persistance d'une attitude posturale te.restre qui améne le centre de gravité
du corps vers l'avant pour assurer un® meilleure stabilité., La posture du
sujet VD est comparable A celle observée au sol. Les déplacements des
différents segments corporels au cours du mouvement du bras sont peu modifiés
par l'apesanteur. De plus, contrairement aux résultats obtenus chez un sujet
fixé A un support, pour lequel on observe une disparition rapide et totale
des programmes moteurs posturaux, on retrouve an apesanteur des modifications
d'activité EMG au cours du mouvement du bras parfaitement structurées. Ces
programmes moteurs sont trés reproductibles d'un essai A l'autre et d'un
segment expérimental A 1'autre.

L'ensemble de ces résultats suggére qu'en apesanteur le systéme qui
contrdle la posture et les mouvements utiliserait un schéma corxporel élaboré
en situation de gravité terrestre pour adapter ses stratégies motrices i ce
nouvel environnement (Gurfinkel et al. 1979). Selon l'hypothése du schéma
corporel, la modification du point de fonctionnement dea récepteurs impliqués
dans le contrdle postural n'entralinerait pas de modifications notables des
ajustements posturaux en situation d'apesanteur. Ce concept nous améne a
discuter de. la possibilité d'une déafférentation NON fonctionnelle des
récepteurs sensoriels. En effet, si l'on admet Jue l'apesanteur provoque une
déafférentation des récepteurs otolithiques, vu modifie les informations
afférentes des récepteurs tactiles ou musculaires du fait de la réduction de
la masse et du volume des muscles, on constate cependant que les conséquences
de ces modifications sont peu importantes sur la posture. Par exemple, nos
résultats montrent que la diminution de l'activité r. lexe lors de l'ouverture
de la cheville (réflexe d'étirement) ne s'accompagne pas .de perturbation
posturale plus importante. En outre, l'occultation de la vision en apesanteur
(VO), qui représente la situation extréme, n'induit pas de modifications
posturales fondamentalement différentes de celles observées en situation de
gravité terrestre en ce qui concerne la position des segments.corporels entre
eux. .

REFERENCES

BELENKII V., GURFINKEL V.S. and PAL'TSEV *.I. On the elements of control
of voluntary movement. Biophysics 12 : 154-1C0, 1967.

BERTHOZ A., LACOUR M., SOECHTING J.F., and VIDAL P.P. The role of vision in
the control of posture during linear motion. Prog. Brain Res, 50 : 197-21¢0,
1979. .

BOGDANOV V.A., GURFINKEL V.S. and PANFILOV U.E. Changés in man posture
when standing under decreased gravitation conditions. Biophysica, 15, 1 : 179~
183, 1970.

CLEMENT G. et LESTIENNE F. Manuel d'instruction de l'équipage : objectifs
scientifiques et protocoles expérimentaux, CNRS-CNES ed., Paris, 40 p., 1981,

CORDO P.J., and NASHNER L.M. Properties of postural adjustments associated with
rapid arm movements. J. Neurophysiol. 47 : 287-302, 1982. ’

v v .
Y

oS
I a1
%"

.

:
%!

.jl". A A ’Jj
L_k{ﬂ 3 e

.
P
¥

-i h

o s .
N
e
PRI I

I.O
'l
'l
.
's

o o v

2 ¢
.
D
.

et

s
oL

A ¢ T 0
ool b
I'-)c."-_ 4‘.('.-'.

P
-

v
PLPLN

S

AR
'-

% 4

,.
s

A

‘

RNy
‘ 'a‘.-'.-



DICHGANS J. and BRANDT Th. Visual-vestibular interaction : effects on self~
motion perception and postural ccntrol. In Handbook of Sensory Physiology,
vol. VIII, Perception (R. HELD, H. LEIBOWITZ and H.L. TEUBER, eds.).
Berlin-New-York, Springer-Verlag, 755-804, 1978,

DROULES J. et LESTIENNE P. Influence de la gravité sur les systémes sensori-~
moteurs, CNRS-CNES. Lab. Physiol. Neurosensorielle CNRS (Ed4), 42 p., 1981,

GOUNY M., BRENIEBRE Y,, DO MANH CUONG et LESTIENNE F. Modalités
d'intervention de la vision sur les réactions posturales associées A 1la
;ob'ul;n?t’lon volontaire du bras. C.R. Acad. S8c. Paris, 285, série D, 1115~
118, 1977, .

GURPINKEL V.8, and LEVIX Y.S. Sensory complexes and sensory-motor
integration. Trunslated from Piziologiya Cheloveka, 5,3 31 399-414, 1979.

JBANNEROD M. La découverte de la fonction vestibulaire. Acta oto-rhino-laryng.
belg., 35, suppl. III : 9$75-1006, 1981,

LESTIENNE P., SOECHTING J.F. and BERTHOZ, A. Postural readjustments induced by
linear motion of visual scenes. Exp. Brain Res., 28 3 363-384, 1977, .

MATTHEWS P.B.C. Mammalian muscle receptors and their central actions.
Arnold, London, 630 p., 1972, '

THORNTON W.E., and RUMMEL J. Muscular deconditionning and its prevention in
space flight, Biomedical Results from Skylab. Johnson and Dietlein Ed., NASA
8P. 377 : 181-197, 1977, )

WILSON V.J. .and MELVILL JONES E. Mamralian vestibular physiology. New-~
York, Plenum Preas, 1979.

e
v ',‘.ﬁ *y

LA

.
Y

e
,

» -" .
":C *
X

..y ~ 3 v

A ) -,-'-l" -'7".,. ’.. 2
e e e T e e

L LA N

.
2
al

P

%

LR




Cotetete

» RO
PR

!’ " l. l. “.‘....lf

51

MASS-DISCRIMINATION DURING PROLONGED WEIGHTLESSNESS

by
Helen E Ross and Eric B Brodie and Alan J Benson
Department of Psychology : R.A.F. Imatitute of Aviation Medicine
University of Stirling ) FARNBOROUGH ,
STIRLING IO 4LA Hants QU14 682
Socotland ]  England

flight were found to be higher by a factor of about 1.8 than for weight discrimination before
the flight, and there was no consistent improvemsnt throughout the 10 day mission. This
suggests that inertial cues to mass (gained through accelerating cbjects) are not as effective
as weight cuss. The crew showsd an aftereffect for two or three days on return to Earth, when
their bodies felt heavy and their weight discriminaticn was impaired. This suggests that some
adaptation to weightleseness ooccurred during the flight, probably early 1n the mission before
the majority of the mass discrimination tests were conducted.

when comparing the weights of objects, it is normal to pick them up and "jiggle® them. This
mathod yields lower discrimination thresholds than does static pressure (1). The improvement is
partly dus to the involvesmsnt of the kinaesthetic senses in addition to the pressure receptors (2).
It may also be dus to the availability of inertial cuss to mass, sensed through the force required to
accelerate the cbjects (3). In a 1-G environment it is difficult to distinguish bstwean the
contributions of weight and mass to what is usually called “"weight-discrimination®., In a 0-G
environment weight cues are effectively absent, and the di-cri-inatim can only be made by
accelerating the cbjects amd ul:lng inertial cues. An experiment was therefore conducted to compare
thresholds for the same test, when performed on the ground and under weightless conditions in

" The apparatus consisted of a box containing 24 weighted balls and a set of record cards (Pig.
1). It is described in greater detail elsewhere (4). The balls had a diameter of 30 mm and varied
in mass from 50-64 g in 2 g steps, with several duplicates. They ~ere fabricated frem lead and epoxy
resin, the lead being in the form of a spherical shell, the diameter and thickness of which was
formulated to yield balls which all had a measured polar moment of inertia of 4.0 to 4.1 x 106

irrespective of their mass. (We have found the Weber fraction for the discrimination of polar
soments of inertia to be at least 0.70 for cylinders of cosparable mass and polar moment of inertia
to the test spheres). The balls were stored in holes in the box under retaining straps, and were
labelled with letters. The box also contained record cards, listing 72 pairs of letters. The lists
canprised 18 repstitions of 2, 4, 6 and 8.g pair intervals, with the heavier mass equally often first
or second, in random order. NO letter cambinations were repeated. For each test session the subject:
opensd the box and fastensd it to a worktop. Using his left hand, he picked ocut the first ball on
the list from its hole, shook it and replaced it. He then did the same for the second ball of the
pair. He Jdecided which felt heavier, and marked the corresponding letter on the list, using his
right hand., All subjects were right hancad. The subject repeated this for all 72 pairs, then posted
the crmpleted record card in a slot in the box. The test lasted about 12 min on the ground and 17
min in space.

Two Payload Specialists and two Mission Specialists were thoroughly trained to perform the
test, Baseline data were then collected on 4 occasions between 5 months and 3 days before the
flight, The Pilot was also tested at one month and 3 days before the flight. During the flight
performances were .aade by these crew on 2-5 occasions each. The earliest was at 8 hours after
liftoff, and the last were on the tenth flight day. Postflight data were collected at the Baseline
Data Collection Facility 5 hours after landing for one Payloamd Specialist, and for all 4 Spacelab
crew on 1, 2 and 4 days after return. The Pilot was retested in London 2 months later.

The mean number of preflight errors was 18.0 (25%), and in flight 24.7 (33%). All subjects cave
more errors in flight (p = 0.031, sign test, 1 tail). Errors were also high after the flight (mean
23.0 on R+l), but returned to baseline level by R+4. There were, however, no systematic changes with
time in error rates of the tests performed before flight or during flight. There was considerable
variation in error rates between subjects, those with vigorous shaking techniques givirg fewer errors
(particularly the Pilot, who also used his right hand for both preflight and inflight tests). Croup
Differential Thresholds (DLs) (75% correct level) were derived frcn preflight amd inflight data, by
oalculating the percentage of correct judgements for each step interval and subject, and weighting
all 5 subjects equally. The percentages were converted to z scores, and a 3traight line fitted

_ throuch the origin {(5) (Pig. 2). There were irsufficient data to derive reliable s for each
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Fig 1. A Payload Specialist tests himself using
the mass~discrimination apparatus.
STEP INTEAVAL grome

rig 2. Mass-discrimination thresholds under 1-G
pre=flight and 0-G in flight.

All subjects showed poorer parformance under 0-G, by an average factor of 1.84. This appears to

be less than the factor of 2.15 found during brief periods of 0-G (< 25 sec) in parabolic flight (6),
thagh there were too few data to compare the results statistically. The difference may be due to
fluctuations in the microgravity level in the KC-135 aircraft, or to the brief time avajlable for
icputim to loss of arm weight. Sudden changes in arm weight are known to impair
ight-discrimination, but the effect is reduced if time is allowsd for adaptation (7). ‘However,
dT-cri-inutim remained impaired even after 9 days in orbit, when adaptation should have besn complete.

‘J In 0 far as the sense of heaviness is related to force, dbjer.t- judged through inertial mass

iring the 0-G phase of parabolic flight (6), but there was also a tendency to “"mass-constancy” despite
in the force environment (7). The Weber fraction is roughly ccnstant for the middle range of

ghts, but increases for weights below 50 g (8). Poor discrimination uncer 0-G may therefore be an
efact of the low range of masses used. Higher masses night yield equal If.s under 1-G amd 0-G,
sirulatiors with air-bearing tables and horizontal arm movements suggest that this may not be so

Results from postflight tests on four of the crew sigest that the state of adaptation is also an
rtant variable. The crew reported feeling heavy, and they also sufferad from other postural
tereffects (10, 11) for a few days after return to Earth. Their weight [Ls were also raisad, but
urned to baseline within three or four days. This poor discrimination may have been due to
redness., However, the aftereffect was exactly that predicted from experiments on adaptation to arm

in water (7), as well as from the reported feelings of heaviness of the crew amd other
astronauts on larnding (6). It is poesible that this was a genuinc phenomenon, nirroring some

abaptatim to weightlessnesas that occurred during the first day or two of spaceflight before the
mjority of the mass~discrimination tests were undertaken.

. WEBER, E.H. De Subtilitate Tactus (1834), in E.H. We“er: The Sense of Touch,
H.E. Ross and D.J. Murray, Trans., London: Academic Press, 1978, pp.59-62.
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differences in weight: II. Number of available elements as variant, J. Exp, Paychol., 20,
1937, 371-390. -

. BRODIE, E.E. and ROSS, H.E. Jiggling a lifted weight does aid discrimination.
Amer. J. Paychol., 1985 (in press).

4. FROSS, H.E, Mass-discrimination during weightleasness: Plans for a Spacelab
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lone should feel like very light weights. Indeed cbjects were judged to be about half their weight °
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CHANGES IN CARDIOVASCULAR PUNCTION: WEIGHTLESSNESS AND GROUND~BASED STUDIES

Harold Sand'zi, M.D.*, Danielle J. Goldwater, M.D.*,
Michael W. Bungo, M.D.**, and Richard L. Popp, M.L,%e?

Biomedical Research Division,
NASA-Ames Research Center,
Noffet’. Pield, California 94035 (USA)*

Space Adaptation Research Branch,
NASA-Johnson Space Center,
Houston, Texas 77058 (USA)**

Cardiology Division,
Stanford University School of Medicine,
Stanford, California 94305 (USA)#e#

-SUMMARY

Echocardiographic measurements ware taken on members of four Space Shuttle missions
before (F-10 to P-12) and twice after (L+O and L+7 to 14 days) 7- to 9~day space flight
missions. Such recordings allowed for determination of lefc¢ ventricular chamber dimen-
sions and subsequent calculations of left ventricular volume and stroke volume. Resting
ventricular volume could be shown to significantly decrease 23% (p<.0l) on L+0 (N=7) and
to be associated with a significant 28% decrease (p<.0l) in stroke volume, Studies 7 to
14 Jdays later (N=17) showed amelioration of effects, but persistence of end-diastolic

- volume change (11% decrease, p<.01). S8Such findings occurred despite ability to fully

ambulate and exercise during the post-flight period. Comparison of findings with bed
rested subjects (athletic and non-athletic) showed similar changes, but changes after
bed rest were of amaller magnitude compared. to the flight crews. It is concluded that
space flight induces significant changes in heart volume even after short duration (7-9
days) missions, Heavy athletic conditioning pre-flight may contribute to the severity
of the obgerved cianges in the flight crews and to the apparent slow post-flight process
of recovery. This will need to be followed closely in subsequent studies.

INTRODUCTION

The Soviet and American :pace programs have demonstrated that exposure to weight-
lessness, even for short pe: )ds, induces significant changes in the cardiovascular
system (l). A loss of adaptive capacity (deconditioning) can be shown to occur during
flight with provocative testing and becomes clearly apparent and troublesome with return
to earth. Pindings have included the presence of tachycardia and narrowed pulse pres-
sure and the inability to adequately control blood pressure when in the vertical posi-
tion (2-6)., If an upright body position is allowed to continue in the early post-flight
period, presyncope and even frank fainting have occurred in certain crew members (2,2,7).
Much of this has been attributed to a loss of intravascular volume, leading to a de-
crease in heart size. Such changes are thought to be physiological consequences initi-
ated by the headward shift in body fluids occurrinug during flight. During the present
studies, echocardiographic measurements of left ventricular volume were obtained before
and after flight in selected Shuttle crew members to gain insight into the magnitude of

these changes following 7- to 9-day flights and to document the time course of the reco-
very process.

BACKGROUND

Since the first manned space flight in 1961, the United Statea has successfully com-

" pleted 40 manned missions and the Soviet Union 60, The two programs have launched more

than 140 individuals (3 women) into orbit, some as many as five times. Space flights
have lengthened from the one hour and 48 minutes of Gagarin's initial flight to the more
recent record Soviet stay of 211 days in December 1982, Cardiovasculzr changer have
been regularly observed both during and after all flignts (1-7).

Figure 1 presents a schematic summary of observed in-fliqht cardiovascular chang2s
during the early period (24 to 48 hours) of weightlessness., Principle events include a
redistribution of body fluids, associated neurohumoral steps to adapt to the redistribu-
tion and eventual loss of apparent perceived excess intravascular volume leaving the
body more prone to orthostatic stress. The triggering mechanism is the loss of body
weight cduring exposure to zero gravity. Under such conditions hydrostatic pressure is
eliminated and flrids that would normally reside in the lower parts of the body are dis-
piaced to the upper regions. During this early period head fullness is sensed and
facial edema appears. These changes have been consistently reported by all cosmonauts
and astronauts and persist regardless of flight duration (5). From in-flight measure-

ments of leg girth it is estimated that 1,000 to 1,500 ml of fluid shift to the upper

body, compared with a 600 to 700 ml shift when changing from the standing to the lying
position while on earth. This shift is believed to cause the observed increase in jugu-
lar venous pressure (central venous pressure has not yet been directly measured) and
lead to the orthostatic intolerance and cardiovascular deconditioning that is regularly
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FIGURE 1 Schematic representation of changes associated with early period of
weightlessness (24-48 hours).
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activity, loss of bone and muscle mass and altered neurchumoral responses. Post-flight
a decrease in heart size has been found by X~-ray or ultrasound (8,9).

Cardiovascular deconditioning has been regulirly observed after space flight expo-
sures, manifested mainly as depressed exercise capacity and orthostatic intolerance. In
the 8kylab amissions, lower-body nejative pressure (LBNP) testing was undertaken during
flight for the first time and provided greater cardiovascular stress during weightless-
ness than before flight. 1In Skylab 4 such responses became less severe after 30 to 50
days of flight (4). During re-entry all Skylab crewmen wore G-suits which were designed
to provide counterpressure to the lower extremities to reduce postural hypotension after
landing and while standing at 1-G. Although the suits produced a decrease in heart rate
and maintaired blood pressure at or near supine levels during standing, the BPT of
8kylab 2 nonetheless experienced postural hypotension. Similar finiings have occurred
after Shuttle flights (7). These latter observations occurred despite the use of
ingested water-salt supplements prior to re-entry. .

Since the Skylab missions, Soviet investigators have undertaken and completed a
series of six consecutive flights of considerably longer duration, remaining in orbit
for periods from 96 to 211 days. At the time of writing this report, the Russians have
a three-man crew that has been in orbit for 190 days and may well exceed iheir previous
space endurance record of 211 days set in December 1982, Pigure 3 summarizes echocar-
diographic findings of left ventricular end-diastolic volume cbtained from Soviet crews
following flights of 96 to 175 days (10). All subjects, as shown, had flight-induced
changes in volume, Decreases ranged from 12 to ‘65 ml, representing falls of 8 to 50%
from resting values., Similar findings, but of lesser magnitude, were reported after the
84-day Skylab flight (9). Measurements in previous shorter US or USSR flights have
either not been taken, or reported to date. All crews have been able to perform in-’
flight tasks without evidence of limitations from cardiovascular deconditioning. Of
interest are recent findings.of echocardiographic studies performed during flight by
PFrench cosmonaut, Jean Paul Chretien (11). Pigure 4 illustrates reported changes in
left ventricular and left atrial size measured by echocardiography during a 7-day mis-
sion. Chamber dimensions changed little during the first 2 days of flight, peaked by
Day 4 and then returned to baseline just prior to re-entry. These findings suggest that
in-flight heart size changes occur rapidly, with heart volume returning to baseline
levels by the first week. Post-flight changes and orthostatic tolerance for this sub-
ject have not yet been made available in the open literature.

To avoid deconditioning during long-term flights, all Soviet crewmen wear “"Penquin®
constant-load suits during waking hours which contain elastic cords attached to the arms
and legs in order to supply an “"earth-like™ resistance to motion. Countermeasures prior
to flight include intensive physical training and one week of sleeping in a head-down
\=6* to =-12°) position. .During flight, extensive bicycle or treadmill exercises are
used (up to 2 to 2.5 hours daily), incremental LBNP for 5 to 7 days before re-entry and
ingestion of water-salt additives just prior to re-entry. These countermeasures have
provided subjective improvements in state of well-being, decreases in weight loss and
improved performance during exercise testing. They have not been entirely successful
since the coamonauts continue to show significant decreases in heart volume post~-flight,
as shown in Figure 3, and to experience significant post-flight cardiovascular decon-
ditioning as judged by heart rate response to a S~minute passive stand test (75° back
angle). Por the crews participating in the 75-, 96-, 140-, 175-, and 185-day flights,
pre-flight  heart rates during such tests ranged from 48 to 60 beats/min at rest,
increasing to 60 to 72 beats/min on standing; after flight resting heart rates ranged
from 60 to 87 beats/min and increased to 90 to 128 beats/min on standing. The largest
post~flight orthostatic change occurred for V., Ryumin after his historic 185-day flight;
he had completed the previous 175-day flight as well with a 6-month break between
misgions. None of the Soviet crewmen experienced frank syncope, but tests were limited
to 5 minutes or less. An unknown variable is the magnitude of change in heart rate that
would bave occurred if no countermeasures had been used. Similar findings have occurred
for Shuttle crews (7).

MATERIALS AND METHODS

Data were collected on changes in cardiac size and function for four Shuttle crews.
Paired t-test values were compared for echo ultrasound measurements obtained 10 to 12
days pre~flight (FP-10 to P-12), immediately after landing (L+0) and then at 7 to 14 days
post-flight (rec). Due to operational constraints only seven crew members could be
studied immediately after flight, while 17 subjects could be measured in the 7 to l4-day
recovery period. Resting two-dimensional echos were obtained using a portable ADR 4000S
ultrasonoscope which allowed for video tape recording of data for subsequent analysis.
Recordings were made of each crew member during the S-minute supine control period imme-
diately preceding a S5-minute stand test, used as a standard medical test procedure.
Standard parasternal long axis, short axis. and apical 4-chamber views were obtained
with crew members in the left lateral decubitus position, Data were transferred to a
Sony video disc recorder (SVM-1010, Video Motion Analyzer) for computer data processing.
The use of a time base corrector (to correct disc time base errors) and a video mixer
allowed superposition of the output from the computer character generator on the video
image. This facilitated the use of a video-caliper (Step Engineering and Hewlett
Packard HP 77020-AC, HP-77020-A Video Analysis Systems) to estimate endocardial end-
diastolic and end-systolic ventricular diameters directly from the display video sector
images. Maximal and minimal diameters were used to designate end-diastole and end-
systole. Derived diameters (D) of the outline were stored in the computer for volume
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INFLIGHT ECHO DATA FROM FRENCH
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SALYUT Vil 1982
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FIGURE 4 Inflight echo data from French cosmonaut Chretien -« Salyut VII 1982. Data
taken from Reference #11.
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{V) was calculated as:

‘n3 . 3
ve b | W 3 - |
This ipproach assumes the ventricle to be ellipsoid. Pive to six beats from each record-

ing were analyzed and the averdge end-diastolic volume (EDV) and end-systolic volume
{ESV) calculated., Left ventricular stroke volume (SV) was derived as:

- SR

SV = EDV - BSV ' (2)

Cardiac output (CO) was derived as:

P ud S

CO = 8V X HR . (3)
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All values were converted to indices by dividing by body surface area in order to nor-
malize for difference in body size. An ejection fraction (EF) was derived from ‘the
relationship: )

BP = SV/EDV. ' : (4)

Sternal ECG's and blood pressure (cuff and microphone) were simultaneously recorded with
the echos. i

RESULTS ' -

The seven crewmen studied at L+0 when compared to pre-flight state evidenced increases
in resting heart rate (HR) of 16 bpm (30.5%, p<.05) changing from 52 + 1 to 68 + 4 bpm,
and increases in mean aterial pressure (MAP) {roa 74 + 2 to 82 + 2 mmHg (124, p<.013.
End-diastolic volume index (EDVI) fell 17 ml/Mé (23%, p<.01) from 73 + 4 to 56 + 5 ml/Mé,
The magnitude (percentage) of changes in EDVI are shown in Figure 5. Similar changes
also occurred for derived stroke volume index (8VI), which decreased 15 ml (28%, p<.05)
from 52°4 4 to 37 + 5 m1/M°, Changes in SVI were almost entirely due to the decreases
in BDVI, ESVI showing almost no differences. Due to the almost similar decreases in SVI
and BDVIi EF tended to increase, but the changes were not significant. Cardiac index
(CI, L/M¢) failed to show mignificant change (2.7 + 0.2 vs 2.4 * 2 L/MZ2, Ns).

The 17 subjects studied 7 to 14 days post-flight showed amelioration of most changes
induced by space flight exposure. Most parameters now showed small and insignificant
changes compared to pre-flight levels., Heart rate was slightly increased from preflight
values (56 + 2 vs 60 + 1 bpm, NS), MAP was still sligh&l elevated (74 + 1 vs 75 + 2
mmHg, NS), &1 slightly elevated (2.6 + 1 vs 2.7 + 1 L/Mé, NS) and SVI a slight 4% de-
creasze (48 + 2 to 46 + 2 'ml/M2, NS)., “However, EGVI, as shown in Pigure 5, still demon-
strated a small, but significant, 7 ml/M% loss (1l1%, p<.0l) from 70 +2to63 +3 nl/M2,

0
N=? N=17
) ~-10}
E (P < 0.006)
5
o
w
~20¢ .
(P < 0.006) '
_sol _
L+0 L+7TOL+14
POSTFLIGHT DAYS
FIGURE 5 End-diastolic volume changes registered immediately after flight (1.+0)

and 7-14 days later (L+7 to L+14). Percentage change represents difference
after flight compared to pre-flight level,
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DISCUSSION

A significant decrease in EDVI occurred after space flight., The range was similar,
but of smaller magnitude, to that seen after previous longer duration U8 and USSR space
tligqhts., A finding of interest in the present study was the persistence of change at 7
to 14 dl{l of recovery. Since the subjects were fully ambulatory during the recovery
period, it would be expected that plasma volume loss induced by fluid volume shifts
would have been restored (13). This was certainly the case following the Skylab ais-
sions (14). Plasma volumes, however, were not determined Quring the course of these
investigations.

Some insight into the mechanisms of these changes may be gaged from similar findings
following bed rest simulations of .eightlessness (l). Studies in our laboratories of
resting left ventricular volume before and after 2-week periods of bed rest have shown
similar changes to that observed in the flight crews. 1In one group of seven athletic-
ally-trained male subjects, ages 19 to 25 years, EDVI was initially 70 + 2 ml/M¢  and
decreased to 62 + 3 ml/M2 (118, p<.0l) after 2 weeks of horizontal bed rest. In another
group (similarly aged) of seven males, who were non-athletic (sedentary college stu-~
dents) and experiencgd an identical 2-week bed rest exposure, EDVI changed from 62 + 3
ml/Mé to 58+ 3 ml/M¢ (6%, p<.05) (l). Left ventricular volumes in these cases were
measured by single crystral echocardiography and processed in a manner similar to that
used in the present study. Change in EDVI for this study was, therefore, twice to three
times greater than that observed in these previous bed rest studies. EDV after 7 days
of recovery for the non-athletir bod cested subject was 60 + 2 ml/M2 and 70 + 3 ml/M
after 3 weeks of ambulation for the athletes, thus returning to or towards pre-bed rest
levels so as to be statistically indistinguishable from pre-bed rest levels. Changes in
volume for the flight crews persisted during recovery and differed from that previously
seen with bed rest. However, such changes must be interpreted with caution, since echo-~
cardiographic measurements can produce a 10 to 20% measurement e:ror from subject to
subject or for the same subject. This variation was minimized, however, by having the
same téam and data processing scheme involved in the serial measurements. Of note is
the higher absolute mean values for EDVI for the flight crews and' athletic males
{70 m1/M2) as compared to the non-athletic males (62 ml/M It is known that athletic
conditioning can lead to both a significant increase in 1ntravascu1ar plasma volumes, as
well as to an increase in absolute size (mass) of the heart (14,15). All members of the
flight crew are known to participate in an active physical education program, including
both isotonic and isometric exercises. This would explain the higher EDVI's recorded
for the athletes in the bed rest study and for the flight crews, This heavy athletic
conditioning may also explain the apparent long recovery period. Saltin and co-workers
{16) were the first to show that such athletically-trained individuals may have a more
prolonged period of recovery following bed rest exposure, as .compared to sedentary indi-
viduals., Figure 6 illustrates data taken from the Saltin study showing the time course
of recovery of heart volume in a group of three sedentary subjects, as compared to two
athletic individuals. A clear difference was present with the athletes requiring a 3-4
week post-bed rest period to regain lost heart volume and max VO; capacity in order to
return to their higher pre-bed rest levels., Based on findings such as these and the
obgservations that athletically trained subjects are more prone to syncope after water
immersion exposure, Klein and co-workers (18) have raised a question regarding the bene-
fits of heavy exercise training for space flight crews.

Further examination of the above athletically-conditioned subjects during bed rest
also indicated that the severity of the deconditioning process may not be manifest soley
by observations made at rest as done in the present study. These subjects experienced
not only a single bed rest period, but a series of three consecutive 2-week horizontal
bed rest exposures, separated by a 3-week ambulatory recovery period between exposures.
Data was collected at rest and following LBNP testing. Changes in left ventricular
volumes were measured by single crystal echocardiography, as shown in Figure 7. Values
recorded for each pre~bed rest (control) period are shown on the left. Values after bed
rest on the right. Subjects were studied at rest and following =20, =30, and -40 mmHg
vacuum. The surprising finding was that contr.l responses (left panel) were not simi-
lar, indicating that the subjects had not returned to initial pre-bed rest state. In
fact, LBNP response during the third pre-bed rest study (left panel) was almost iden-
tical to that seen after the first or second bed rest period (right panel). The third
bed rest period shows the greatest changes in both cases. Results show that 3 weeks of
ambulation was not sufficient to promote recovery. Time period for ambulation was
slightly longer for the bed rested subjects (3 weeks) as compared to the flight crews
(1 to 2 weeks). Plasma volume levels measured at these times (control period) failed to
indicate the presence of significant differences from pre-bed rest levels for the bed
rest subjects (13). It is concluded from such findings that the recovery period
following bed rest and space flight requires a longer time interval than previously
postulated. Evidence for the presence of a deconditioned state and study of the course
of recovery will require other measurements than those based on resting heart rate and
blood pressure and should include some form of stress testing such as a stand test,
LBNP, or exercise. The results of the present study also support the conclusion that
greater cardiovascular change occurs for the flight crews than with bed rest. Beneficial
or detrimental effects of flight can only be gaged after appropriate data becomes
available in a greater number of individuals and such groups contain individuais not
participating in a regular heavy exercise program. It appears from the data to date

that athletes slhow the larger changes in physxologxc parameters, both at rest and on
stress testing.
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DISCUSSION

KLEIN, PRG
Did you investigate heart contractility in your studies?

AUTHOR'S reply
Data from the echos are still being analysed. As judged by the ejecticn fraction
( stroke volume

mm‘) contractility decreased on L + O and recovered by L + 7
toL ¢+ 14,

PSIMENOS, GR :
what you have shown must have an implication on the astronauts' physical exercise
program and it sounds, as if over-training is a hazard rather than a benefit. I
' remember Neil Armstrong saying "I will not run®, refusing to participate in the
physical training program of Apollo astronauts.

AUTHOR'S reply
There is no question that excessive exercise training is detrimental. E. Burchard at
the end of my talk mentioned, that astronauts in Skylab 4 atopped exercise for 2 ~ 3
weeks before flight and did better than members of Skylab 2 and 3 crews. In bedrest,
subjocts who do not exercise before bedrest have smaller fall.of VO, max and LBNP
tolerance than athletes,

BONDE-PETERSEN, Denmark !

As both positive and negativa hydrostatic pressure gradients are abolished in
weightlessness (both above and below the heart), the arteriolar and capillary
pressure above heart level will increase resulting in ocedema formation in the face,
while below the hecart capillary pressure will decrease. The puffy face aight
therefore not be the result of a continued central venous stasis but might be the
tenult of an increased arteriolar pressure which cannot be handled by the “low
pressure vascular bed” of the face with thin walled arterioles which will not adapt
to the weightlessness-dependent increase in the local arteriolar prescure.
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ETUDE DU SYSTEME CARDIOVASCULAIRE EN MICROGRAVITE : RESULTATS ET PCRSPECTIVES

L. POURCELOT, J-M. POTTIER, F. PATAT, Ph. ARBEILLE. Laboratoire de Biophysique Médicale,
U.B.R. de Médecine, 2 bis, boulevard Tonnellé, 37032 - TOURS Cedex. France.

RESUME

Une étude du systdme cardiovasculaire a 6été réalisée en microgravité lors du vol
commun franco-soviétique A bord de la station Saliout VII en juin 1982. Un systdme 2 ul-
trasons a &té spécialement développé pour cette application et fonctionne sur les modes
Doppler, imagerie rapide et temps-mouvement. Les changements de volumes et de fonction
cardiaques, les débits dans la carotide et la fémorale, le temps de transit de l'onde de
pression, ainsi que la circulation veineuse, ont &té &tudiés chez l'astronaute frangais
avant, pendant et aprds le vol, Différents tests ont également &t& réalisés au sol et en
vol afin de tester la réponse dynamique du systdme cardiovasculaire et de comparer les
résultats obtenus en apesanteur et au cours des tests de simulation.

INTRODUCTION

Les grandes fonctions physiologiques de 1l'organisme humain sont perturbées par un
séjour en microgravité (1), (2). Ces perturbations apparaissent plus ou moins précocément
aprds la mise en apesanteur, at s'expriment par des signes qui peuvent 8&tre cliniques,
comme le mal de l'espace, ou qui restent le plus souvent A un stade infraclinique, tout
du moins pour des vols de courte durée. Dds la mise en apesanteur c'est le syst3me neuro-
sensoriel (et en particulier le systime vestibulaire) qui subit la plus forte perturba-
tion, alors que la Jdisparition de la pression hydrostatique entraine une nouvelle répar-
tition de la masse sanguine dans l'organisme. Plus tardivement, la désadaptation cardio-
vasculaire, les variations du volume sanguin, les troubles de l'é&quilibre hydrominéral
et du métabolisme calcique, les phénom2nes d'irradiation, prennent une importance crois-
sante, en l'absence de contre mesure, au fur et A mesure que la durée du vol s'allonge.

Plusieurs &tudes ont &té rapportées sur le systéme cardiovasculaire Ges astronau-
tes (3). La majorité de ces travaux ont &t& réalisés avant et aprés le vol, en raison des
faibles moyens d'investigation non invasive dont on disposait jusqu'alors. Les techniques
A ultrasons sont trds intéressantes car elles permettent des &valuations qualitativer at
quantitatives de l'hémodynamique et de la fonction cardiovasculaire. Un systéme 3 ultra-
sons spécialement développé pour les conditions spatiales (expérience Echographie) a é&té
utilisé au cours du vol commun franco~sovi&tique 3 bord de la station Saliout VII du 24
juin au 2 juillet 1982. Les &études en vol ont &tS réalisées sur l'astronaute frangais
J-L. CHRETIEN avec la participation des astronautes soviétiques DJANIBEKOV et IVANTCHEKOV.

Dans les conditions de microgravité, l'absence de pression hydrostatique provoque
le déplacement d'une importante masse de sang vers la partie supérieure du corps, et un
changement dans la distribution de liquide extracellulaire. Ces mécanismes aboutissent,
d’'une part 2 une augmentation transitoire de la masse sanguine, et d'autre part a une
variation importante de la pression veineuse dans presque tous les compartiments de l'or-
ganisme. Le nouveau gradient de pression qui s'é&tablit alors, entrafne la formation pro-
gressive d'une oceddme de la partie supérisure du corps (face, tronc,...), et peut &tre
également une augmentation de volume liquidien dans le cerveau et le poumon. La <timula-
tion des capteurs centraux peut alors déclencher le ré&flexe de Gauer-Henry avec baisse

de 1'ADH et de l'aldostérone, réduction de la s0if et é&limination accrue d'eau et d'élec-
trolytes ‘4).

En apesanteur, l'activité de 1l'astronaute nécessite un travail relativement faible
- des muscles & action antigravidique. Les changements de position ne stimulent plus les
réflexes vasoconstricteurs nécessair.s au sol pour contr8ler la masse sanguine et l'hémo~

dynamique dans les membres inférieurs. Ces deux phénoménes sont essentiels dans le décon-
ditionnement cardiaque et vasculaire.

OBJECTIFS .

Les principaux objectifs de l'expérience Echographie &taient les suivants :

- &tudier les mécanismes de régulation de l'ensemble de la fonction cardio-
vasculaire 3 la suite du remaniement de 1a masse liquidienne et de 1l'installation d'un
nouvecau gradient de pression ;

- évaluer le retentissement de ces régqulations sur le coeur (dimensions, contrac-
tivité, fraction d'é&jection) et les débits locaux (cerveau, membres) ;

- tester la réponse dynamique du coeur en microgravité lorsqu'on modifie rapide-
ment le gradient de pression (manchettes) ;

- comparer les résultats de vol et ceux obtenus en sol sur les mémes sujets lors
d'épreuves de simulation ;

- enfin, &tudier la phase de réadaptation précoce lors du retour 3 la gravité
normale.

MATERIEL ET METHODES

L'appareil 3 ultrasons spécialement développé pour 1l'expérience Echographie (figu-
re 1) a été& construit par la Société& Hatra-Interélec (Paris), sous contrat C.N.E.S., 3
partir d'un prototype réalisé au Laboratoire de Biophysique de la Facult& de M&decine de
TOURS. Il comporte 4 modes de fonctionnement différents qui permettent d'é&tudier la cir-
culation superficielle, et de réaliser des examens du coeur et de l'abdomen : (1) Doppler
2 &mission continue, 4 MHz ; (2) moce temps-mouvement (T.M.), 3.5 MHz ; (3) mode B temps S
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réel 2 balayage électronique lintniri. focalisation dynamique, 3.5 MHz ; (4) aystdme du~
plex (temps réel 5 MHz-Dr~- . ler continu) pour la débitmétrie transcutanée. Un électrocar~
diogramme est enregigtré : ystén:tiquement avec chaque mode,

Les astronautes sont entrainés i utiliser les sondes sur eux-mémes et peuvent con=-
trdler au moyen d'un moniteur toutes les informations qu'ils désirent stocker (E.C.G.,
T.M., Doppler, images). Des enregistrements de référence ont &té réalisés 30 jours et 3
jours avant le vol. Les mesures en microgravité ont &té effectuées aux jours 2, 3, 4 et
6 du vol. La phase de récupération a &té &tudife aux ler et le jours aprds le retour au
sol. Un enregistiement supplémentaire, associ$ A un teést d'antiorthostatisme de 3 jours,
a 6té pratiqué 2 uois aprds le vol afin de comparer les résultats obtenus avec ceux du
vol spatial, Toutas les !nformations de vol ont &té stockées sur bandes magnétiques pour
8tre traitées au retour au sol. Las images 2D et le mode T.M. sont enregistrés en mode
conventionel. l.es signaux Doppler sont présentés sur le moniteur sous forme de courbes
analogiques de la variation de fréquence moyenne dans un but d'orientation. Afin d'effec-
tuer une &tude précise, le signal Doppler audio, enregistré en paralldle sur la bande vi=-
déo, est traité ensuite par transformée de Fourier rapide (analyse spectrale). Il faut
souligner la bonne qualité des documents obtenus, consécutive 3 un bon fonctionnement de
1'équipement Echographie et A l'ontra!nement des astronautes.

A partir des résultats d'échocardiographie, les &tudes ont porté sur les varia-
tions de volume des cavités cardiaques, les modifications de la fonction d'é&jection du
ventricule gauche et de la contractilité du myocarde. Les principaux paramdtres &tudiés
sont les suivants :

= temps d'&jection simple ET (s) et corrigé CET (s) ;
volume diastolique LVDV (ml) et systolique LVSV (ml) du ventricule gauche ;
volume d'é&jection SV (ml), fraction d'é&jection EF (%) ;
fréquence cardiaque HR (puls./mn) ;
débit cardiaq-.. (l/mn) ;
pourcentage de raccourcissement du diamdtre ventriculaire gauche AR (%) ;
vitesse moyenne de raccourciasement circonférentiel des fibres myocardiques
MVFC (s~!') ;
= d&bit systolique moyen MSER (ml/s).

Ces &tudes portent sur les examens faits au repos, ainsi que pendant l'épreuve des
manchettes pratiquées au sol 30 et 4 jours avant le vol, les 4e et 6e jours de vol, le
Je jour de la période de réadaptation. Le schéma de ce test est le suivant : une contre-
pression est é&tablie au niveau des membres inférieurs a l'aide de brassards gonflables
placés sur les cuisses, 3 la racine des membres inférieurs + 40 mmHg pendant 20 mn ;
+ 60 mmHg pendant 20 mn.

Tous les résultats présentés sont les moyennes obtenues 3 partir de plusieurs me-
sures. LA déviation standard a &té& calculée et un test de Student pratiqué. Sur les cour-
bes, les points dont la variation par rapport aux valeurs de bHase est significative avec
P < 0.05, sont notés d'une &toile,

A partir des résultats Doppler et de l'imagerie vasculaire, différents paramdtres
sont accessibles qui renseignent sur les résistances périphériques, les débits, et la vi-
tesse de propagation de l'onde de pression. Les principaux paramétres &tudiés sont les
suivants :

- vitesse instantanée systolique ou diastolique v : elle est calculée 3 partir de
la formule de l'effet Doppler :

v = E%Eégga avec AF = variation de fréquence Doppler ; F = fréquence des ultrasons (4 Miz);

. o = angle entre l'axe du vaisseau et la direction du faisceau ‘'Doppler ;

c = c8lérité des ultrasons dans le milieu (1540 m/s).

- d&bit sanguin carotidien ou fémoral : l'imagerie vasculaire permet de mesurer le
diamétre @ de l'art2re 3 1l'endroit oll le faisceau Doppl.or traverse le vaisseau. Par inté-
gration de la courbe de variation de fréquence, on accdde 3 la fréquence Doppler moyenne
AF, puis 3 la vitesse moyenne v. Le calcul du débit Q = v.s est effectu? en supposant que
la section s du vaisseau est circulaire. ce gui est vral pour une artére, 3 distance des
zones de bifurcation. (La mesure du débit dans une veine est plus compliquée puisqu'il
faut connaltre 3 tout moment sa section exacte qui &volue souvent au cours des cycles
respiratoires et cardiaques).

- index de résistance circulatoire carotidien : le flux carotidien est constitué
d'un débit continu, sur lequel se superpose le Jdébit systolique 3 chaque cycle cardiaque.
La proportion de dé&bit systoligue dans le débit total est d'autant plus importante que la
ré&sistance circulatoire périphérique est &levée. Sur la courbe de vitesse instantanée du
flux carotidien on détermine la valeur maximale A et la valeur minimale diastoligue D.
L'index de résistance s'&crit alors : R = 2 ; A-D,

: - index de résistance circulatoire des membres inférieurs : le flux fémoral est
constitué essentiellement d'un pic systolique A suivi d'un reflux B en débit de diastole,
l'ensemble ayant 1'allure d'une oscillation amortie. La proportion de reflux diastolique
B est directement li&e 3 la résistance circulatoire périphérique lorsque la souplesse
vasculaire reste constante. L'index de résistance s'écrit donc :
R = B , Ampiitude reflux diastolique

A Amplitude pic systolique .

~ mesure du temps de propagation de l'onde de pression : sur l'enregistrement si-:
multané de 1'ECG et des courbes de variation de fréquence Doppler, il est possible de me-
surer le temps qui sépare le début de 1l'onde PR et le début de l'onde systolique. Te temps
s'allonge au fur et 4 mesure qu'on s'é&loigne du coeur et ceci en fonction de la vitesse
de propagation de l'onde de pression. La vitesse de cette onde dépend de la compliance
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vasculaire, et uuqmoﬁto lorsque la rigidité s'éldve. On psut donc Studier l'évolution de
la compliance vasculaire globale sur chaque grand territoire, en analysant le temps de
transit de l'onde de pression dans ce territoire.

Tous les résultats de l'exploration vasculaire correspondent 3 l‘'analyse de nom-
breux complexes avec, pour chaque paramdtre, la détermination da @ '

~ la valeur moyenne obtenue sur l'ensemble Ades mesures correspondant A un enre-
gistrement ; ) '

- la déviation standard ;

= l'écart par rapport 3 la valeur de base, avant le vol, exprinde en § de cette
valeur de base.

RESULTATS

1. Cardiologie 1

Les principaux résultats obtenus avant, pendant et immédiatement apris le vol sont
rasgemblés dans la figure 2. Le rythme cardiaque HR reste en permanence i une valeur éle-
vée pendant le vol et lors de la phase initiale de récupération. La premidre mesure en
vol (2e jour) montre une chute du volume ventriculaire systolique (LVSV), associée 3 un
rythme cardiaque &lev8, ce qui peut &tre la conséquence d'une réaction neuro-émotionnelle
Les valeurs des volumes diastoliques (LVDV) et systolique (LVSV) sont élevées aux le et
4e jours, avec retour aux valeurs de base le 6e jour. Le volume d4'éjection (8V) suit une
évolution assez paralldle 3} celle des dinensions ventriculaires. Ceci entraine une forte
augmentation du débit cardiaque (CO) qui atteint prés de 40 % au 4e jour de vol. Le dé-
bit cardiaque reste &levé durant la période de récupération surtout en raison du rythme
cardiaque supérieur 3 sa valeur de base. .

Aucune altération dm la ‘contractilité cardiaque ne se manifeste durant le vol,
comme le mortre l'absence de changemcnts importants de la fraction d'éjection (EF), du
raccourcissement relacif du diamdtre ventriculaire (AR) et des temps d'éjection simple
(ET) et corrigés (CET). Cependant on note une augmentation de la vitesss de contraction
des fibres (MVFC) et du débit systolique moyen (MSER) certainement consécutive i 1'aug~
mentation du rythme cardiaque. :

L'ensemble des phénomdnes cbservés est vraisemblablement la conséquence de l'ac-
croissement de remplissage sanguin des cavités cardiaques, provoqué par la redis-
tribution du sang vers l'extr&mité céphalique. Une &volition similaire des paramdtres
cardiaques est décrite par de nombreux auteurs lors des expériences de simulation de .
1'impesanteur par la position antiorthostatique, l'augmentation du remplissaga des cavi-
tés cardiaques étant fonction de l'angle d'inclinaicon des sujets lors de ces &tudes.

Afin de préciser les conséquences, sur le systdme cardiovasculaire, des modifica-
tions de répartition de la masse sanguine, un test dynamique a &té réalisé en vol aux
jours 4 et 6, au moyen de brassards placés autour des cuisses. Ce test permet de retenir
‘le sang dans le systéme veineux des membres inférieurs. Afin de clarifier la présenta-
tion (figure 3), seuls les résultats obtenus .le 4e jour sont présentés ici. La rétention
Jdc sang dans les membres inférieurs normalise les paramdtres hémodynamiques centraux en:
réduisant le remplissage des cavités cardiaques et en provoguant une assez forte baisse
du débit cardiaque (20 %), associée 2 une lég2re décroissance du rythme cardiaque, et
surtout, 3 une chute du volume d'éjection et du diamatre ventriculaire diastolique. Ces
modifications montrent que le gonflage des brassards permet de réduire les effets de la
redistribution de masse sanguine en apesanteur, et peut-8tre d'avoir une efficacité
identique 3 celle du LBENP (Lower Body Negative Pressure).

Un test d'antiorthostatisme (bed-rest) a &té réalisé sur l'astronauteé frangais
le 60e jour apr2s le vol, 3 -6° pendant 3 jours. La réponse obtenue montrc que le volume
ventriculaire gauche, le volime d'é&jection et le débit cardiaque ont tendance 3 augmen-
ter, mais ces variations sont plus faibles qu'en vol. On note de plus une baisse du d&-
bit cardiaque et peu de modific.tions des param2tres de la contractilité myocardique. Le
r0le du stress peut parti=sllement expliquer la diftérence entre les résultats de simula~
tion et ceux de microgravité, :

A partir des résult ts obtenus chez un seul sujet, on ne saurait tirer des conclu-
sions définitives concernant les mécanismes d'action de 1l'impesanteur sur 1'hémodynamique
cardiaque, la fonction d'éjection et la contractilité myocardique. Pour résoudre ces pro-
bl2mes, ainsi que pour décider des conditions optimales d'utilisation des manchettes dang
un but prophylactique, il est nécessaire de poursuivre des &tudes identiques pendant les
vols spatiaux et les expériences de simulation au sol.

2. Vasculaire :

Le débit de la carotide primitive de l'astronaute reste constant dans une limite
de quelques § durant le vol, en dépit de variatiins importantes du débit cardiaque, ce
qui traduit une excellente réqulation du débit sanguin cérébral (figure 5). Il faut ce-
pendant noter qus les composantes de ce débit évoluent pendant le vol puisque le débit
systolique augmente, alors que le débit diastolique diminue. Il semble exister une bonne
corrélation entre la vitesse de contraction des fibres myocardiques et le débit systoli-
que carotidien. Cette variation des composantes da flux sanquin cérébral est biee mise
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phénomdne A un éventuel oedidme cérébral de moyenne importance.

La circulation dans l'artdre fémorale évolue pendant le vol (figure 6), mais dans
des proportions modestes qui ne dépassent pas 20 V. On note cependant une nette augmenta-
tion du débit fémoral le premier jour de la phase de récupération, ce qui peut s'expli-
quer par une difficulté de contrlle vasomoteur lors du retour en gravité normale. Less
composantes du flux fémoral évoluent clles aussi avec une tendance 3 l'augmentation du
4ébit systolique mais surtout du débit diastolique (reflux) pendant toute la période de
vol. L'index de résistance R = B/A qui traduit l'amplitude relative du reflux fémoral
augmente de manidre trds nette au cours du vol (+ 20 %) pour redescendre trds vite lors
du retour au sol.

Pendant le vol, le diamdtre de la veine jugulaire est nettement augmenté par rap-
port ) sa valeur au sol en décubitus 3 zéro degré. A aucun moment cette veine ne se col-
labe (comme cela arrive parfois au sol), ce qui traduit la présence d'unc¢ pression vei-
neuse toujours positive. Les dimensions de la veine fé&morale commune restent beaucoup
plus stables lorsqu'on compare les résultats en vol et au sol.

L'analyse des flux veineux instantanés révdle des modifications trds importantes
des conditions hémodynamiques, en particulier au niveau des veines jugulaires. On note
au sol une courbe de vitesse typique, qui est nettement modulée par les différentes pha-
ses du cycle cardiaque (contraction auriculaire, contraction ventriculaire, remplissage
rapide, etc...), retrouvées sur la courbe de pression auriculaire droite P,(t). La cour-
be de vitesse ¢n jugulaire est alors assez voisine de la fonction - tt . Pendant le
vol, le flux jugulaire montre un débit permanent en diastole, et un arr8&t brutal contem-
porain de l'onde P de 1'ECG : cette courbe de vitesse semble bien refléter une augmenta-
tion de la pression veineuse centrale, et é&ventuellement de la résistance pulmonaire. Ce
type de tracé est observé pendant toute la péricde de vol, D3s le 3e jour aprés le re-

tour au sol les tracés jugulaires sont comparables A ceux de ré&férence enregistrés avant
le vol. .

La circulation veinuuse fémorale de référence présente essentiellement une compo-
sante continue faiblement modulée par la respiration et le rythme cardiaque. Au cours du -
vol, ce flux fémoral apparait beaucoup plus rythmé par les cycles respiratoires et car-
diaques avec des arré&ts circulatoires assez longs. Au premier jour de récupération, la
modulation se résuit pour redevenir identique i celle de référence s le le jour aprés
le vol, '

La mesure du débit veineux en cm’/mn n'a pas &té réalisée en raison de la grande
variabilité de la section de ce type de vaisseau, On note cependant gue les vitesses
dans la veine fémorale en vol, exprimés en cm/s, sont beaucoup plus |faibles gqu'au sol.
L'ensemble des résultats cbtenus au niveau de la circulation veineuse confirme les hypo-
theéses de remaniement de la masse sanquine avec surcharge du coeur oit et modification
de la pression veineuse centrale,

L'étude indirecte de la compliance artérielle A partir des caractéristiques de la
propagation de l'onde de pression avait pour but d'étudier les changements du tonus vas-
culaire et des contraintes externes appliquées aux vaisseaux. Les résultats s'analysent
en deux £tapes successives @ .

- retard entre le début de l'onde R et le d&but de la mise en vitesse du sang
dans trois artéres : carotide primitive, artére férorale commune, artdre tibiale posté-
tieure. On note pendant le vol, ainsi que lors de la phase de récupdration, une diminu~
tion nette de ce retard. Son &volution au niveau de la carotide traduit clairement une
diminution du temps de préé&iection cardiaque ;

- temps de transit de l'onde de pression : par soustraction des temps précédents
on obtient le tem.s de transit dans l'aorte et les iliaques (temps fiémoral-temps caroti-
de) et dans les membres inférieurs (temps tibial postérieur-temps fé&moral). Sur le trajet
de l'aorte il n'existe pas de différence significative pendant le vgql, mais par contre,
on note une diminution du temps de transit supérieur 3 la déviation |[standard lors de la
phase de récupération. Dans les membres inférieurs, le temps de propagation est diminué
de manidre tras sensible en microgravité, et revient & sa valeur de base lors de la pha-
se de récupération (3e jour) (figure 7).

L'augmentation nette de la rigidité du.systéme vasculaire des membres inférieurs
pendant le vol constitue une surprise, qui peut trouver son explicaﬁion dans deux méca-
nismes : 1°, l'existence d'un tonus vasculaire important qui est révé&lé par l'augmenta-
tion de la résistance circulatoire périphérique ; 2*, 1l'augmentation du tonug musculai-
re des membres inférieurs en vol par rapport 3 la position de décubitus. Aucune explica-
tion n'a €té trouvée A la variation de temps de transit dans l'aorteé au cours de la pha-
se Je récupération.

Afin de contr8ler 1l'aptitude du cosmonaute 3 visualiser certidnes structures abdo-

ninales, il était prévu l'enregistrement d°’images &chotosographi montrant le systime
porte intra-hépatique et les veines sus-hépatiques. Les résultats us sont d'excel~
lerte gualité et montreat clairemenst que les veines sus-hépatiques soumises 3 des
variatioms de calibre importartes d chagoe cycle cardiagque pemdart la période ce vol.
Ceci pect #tre la comsbgresce 2'ome anmnertaction de la pressios cestrale et
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tors de l'épreuve d'antiorthostatisme réalisée 2 mois aprds le vol sur le cosmo~
naute frangais, i1 a été possible de montrer que certaines réponses hémodynamigues
étaient sembladles et d'autres trds différentes des résultats de vol. Au niveau caroti-
dien, on retrouve la fait que le débit reste dans les limites de 10 § de la valeur de
. base, avec augmentation de 1'index de résistance 1ié A la diminution de la vitesse dias~
. © tolique et augmentation de la vitesse systoligque maximale (figure 8).

t Au niveau des membres inférieurs, on note par contre une importante chute de 4dé-
\\\ ' bit fémoral (de l'ordre de 35 §), avec une variation inverse de celles enregistrée en vol
- pour le reflux et le temps de propagation de l'onde de pression (figure 9).

. Ainsi, l'épreuve d'antiorthostatisme reproduit partiellement les conditions de
microgravité et semble nettement mieux adaptée pour la cardioclogie et la circulation

. . cervico-encéphalique que pour la circulation dans la partie inférieure du corps. Ceci
s'explique en partie par le fait qu'en microgravité le gradient de pression est symétri-
que de part et d'autre du coeur droit, ce qui n'est pas le cas en position & ~-6°.

. - CONCLUSIONS ’
P LTexpérience Echographie a &té mise au point pour le vol commun franco- .
. § soviétique de juin 1982 3 bord de la station Saliout 7 .(vol de 7 jours). Les spationau-~
. teu ont &té entrainés 3 utiliser l'appareillage développé en commun entre le Laboratoire
. de Biophysique de la Faculté de Médecine de Tours, le C.N.E.S5. et la Société Matra. Cet
appareil basé sur l'emploi des ultrasons est capable de visualiser le coeur et les vais-
seaux, d'enregistrer le mouvement des structures cardiaques et de fournir les paramdtres
. nécessaires au calcul du débit sanguin dans les vaisseaux superficiels. La quasi-
- totalité du programme a pu &tre exécutée et les documents expérimentaux se sont avéris
- 8tre de bonne qualité. '

PRSI Des enregistrements ont &t& effectués sur J-L. CHRETIEN aux dates suivantes : }
e 30 et 3 jours avant le vol, aux jours 2, 3, 4 et 6 durant le vol, aux ler, 3e, 60e jour
- apréds le retour au sol. Parmi les principaux résultats observés on note l'accroissement
du débit et de la fréquence cardiaques en impesanteur, l'augmentation des dimensions au-
s - riculaires et ventriculaires gauches, avec conservation de la contractilité myocardique,:
. g les modifications du flux veineux et de la compliance vasculaire, le changement de la
KAEA- résistance périphérique et la stabilité du débit sanguin cérébral, La nouvelle réparti-
v tion du volume sanguin 1i& 3 la disparition de. la pression hydrostatique ainsi que la
E forte réduction du travail physique expliquent en partie les ré&sultats précédents. L'u-
. tilisation de manchettes placées 3 la racine des membres inférieurs s'est avérée effi-
pt cace pour réduire la surcharge du coeur en situation d'impesanteur. Aucune modifjication
I A caractdre franchement pathologique n'a &t& observée pendant toute la péricde du vol.

. Des simulations au sol par alitement prolongé en antiorthostatisme ont &té réa-

. _ lisées. Les résultats montrent qu'il n'est pas possible de simuler compldtement la situa
N tion de microgravité par la simple position antiorthostatique A -5 3 -6°, Par ailleurs,
- des dosages hormonaux sanguins et urinaires trés complets doivent compléter les informa-
tions cardiovasculaires obtenues avec l'appareillage Echographie.

Il est important d'insister sur plusieurs aspects qui ont &t& mis en relief au
cours de l'expérience : ) :

= l'ergonomie de l'appareil s'est avérée relativement bonne, ainsi que l'entrat-
nement du spationaute J-L. CHRETIEN, puisque les documents obtenus sont de bonne qualité
et que la quasi-totalité de l'expérience a &t& menée A bien dans les délais prévus ;

- l'augmentation du débit cardiaque sans modification majeure du débit cérébral
et fémoral laisse supposer que la ¢ rculation rénale et/ou hépato-digestive augmente A
certaines phases du séjour en microoravité. Il est essentiel d'analyser ce phénom2ne
lors de prochains vols ;

- les caractéristique;s du flux pulmonaire sont importantes 3 &tudier car elles
retentissent directement sur la pression veineuse centrale et sur les modifications de
dimensions des cavités cardiaques ;

- les fortes modifications dans le retour veineux et leur répercussiun sur la
pression veineuse centrale nous incitent 3 &tudier de maniére plus approfondie le flux
dans la veine cave.

Toutes ces remarques montrent la nécessité d'études complémentaires A partir de
la technique par Dopplar pulsé, ainsi que l'intérd&t de répéter les expériences car il
est difficile de généraliser les résultats cbtenus sur un seul individu.
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DISCUSSION

Italy
C'est seulement une contribution au probldme comme on 1' a discuté jusqu' ici, en
partticulier aux données presentées par le Prof. Pourcelot.

Comme vOus save: nous avons enregistré le ballistocardiogramme, qui est un
phenomdne orapiuxe a interpréter, majs qui peut donner une idée sur 1' activité
mechaniquz du coeur et sur la condition des vaisseaux.

Alors, dans la diapositive (je crains que c'est difficile a voir) nous avons posé
les données concernant la somme de quatre ondes du ballistocardiogramme (ce sont les
ondes systoliques), enregistrées dans les jours précédants, dans la premidre phase
du vol, dans la deuxieme phase du vol et six jours aprés 1' atterrissage, pendant
des oconditions de repos et d4°' activité physique, une activité tres limitée en
realité. Nous avons posé icli les données concernant le ballistocardiogramme le long
des axes longitudinal & corps, le ballistocardiogramme le long de 1' axe
transyersal du ocorps, 3 et Y. On peut voir que pandant le vol, et en particulier
dans les jours initiales & vol, {1 y a une augmentation nette et statistiquement
signiticative de 1' amplitude &u ballistocardiogramme, sur les quatre membres sur
lesquels nous avons travaille. Ce phenomdne va s' atténuer pendant la deuxiéme phase
du vol et il va disparaitre apréds le retour au sol. Nous n' avons pas encore les
données du premier jour. Ils seront les plus intéressantes mais en tout cas on voit
qu' i1 y a une sensible différence aussi avec le données avant le vol. C' est trids
difticile dire que le ballistocardjiogramme est 1' expression du débit systolique,
mais certainement il est une expression globale de ia puissance ventriculaire et
aussi des resistances vasculaires. Ca, c¢' est bien 4' accord avec les données
concernant la vitesse d°' expulsion et le débit systolique.- Il y a une chose qui est
différente, c' est a dire la fréquence cardiaque qui dans notre cas n' etait pas
augmentée, plutdt diminuée mais pas significativement.

Les données aprés les exercicec sont encore différentes: vous pouvez voir 1°
augmentation plus élevée de 1' amplitude du ballistocardiogramme. Je pense qu' il
serait utile voir s' {1l est possible les mettre en rapport avec le données du Prof.
Pourcelot et du Dr. Sandler aussi. .

Pourcelot, PR

AUTHOR'S reply :

_a donc une corrélation possible entr

Je ne connais pas suffisamment les données de vos ballistocardiogrammes pour

pouvoir les comparer tout de suite avec nos résultata. Il semble cependant que les

variations que vous aves odservées sur 1' axe gz soient tout & fait dans 1°' ordre de

grandeur des variations que nous observons au niveau du débit systolique moyen. Il y
les deux résultats. '

Italy
This is actually not a question, but jonly a modest contribution to the interesting
papers presented by Prof. Pourcelot and by Dr. Sandler.

As you know, we made balligtocardiographic recordings prior, during and after the
Spacelab-1 Mission. During my presentation I showed a diagram with the values of BCG
systolic waves collected along the and Y axes: It demonstrated a statistically
significant increase of the whole amsplitude of these waves during the tirst days in
microgravity, a relative decreasc by| the end, and a further decrease 6 days after
landing. It seems interesting to fi a confirmation of your results through a
completely different cardiovascular ysioclogical exploration method.

It could be of interest to compare the same subject the results of echocardio-
graphy and ballistocardiography during microgravity exposure. The modifications you
have observed oould be correlated th increase in stroka volume, mean systolic’
ejection rate, and systolic velocities in vessels, which was desonstratad on the
Prench Astronaut during the Salyut space flight.
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Susmary

In order to see whether the headward fluid shift during spaceflight is followed by increased venous pressures
in the upper half of the body in astronauts during the Spacelab { Mission pressures in an antecubital vein
éPVP) was measured together with the hematocrit (Hct) and. the ADH concentration pre-, in- and post-flight,
entral venous pressure was followed pre- and post-flight, together with the body weight (BW), 22 hours after
Taunch PVP was lowered as compared to pre-flight values and remained so during the whole mission, whereas Hct
and the ADH were elevated. Apparently the space adaptation of the low pressure system is a highly dynamic pro-
cess being over within 24 hours. The readaptation to ground conditions follows a similar time course,

' lntr&ducﬁon .

The physiology of space flight is characterized by two adaptive processes - the adaptation to weightless-
ness and the readaptation to the 1-g environment on earth. It is nowadays obvious that within the frame of
these processes the cardiovascular and the endocrine system play a key role (3, 7, 14, 18).

The anthropometric measurements during the Skylab missions (21) showed a reduction of the tissue volume
of the Jower 1imbs due to a fluid mobilisation from the intra- and the extravascular compartment amounting
up to 2000 cc. This fluid was shifted towards the upper parts of the body and accumulated predominantely in
the intrathoracic compartment of the low pressure system elevating probably for a certain period of time the
Central Venous Pressure (CVP). This in term should trigger the so called "volume reflex" descrited by GAUER
and HENRY (5) with the consequence of an increased urine output due to lowered levels of the Antidiuretic
Hormone (ADH). Since in space so far no elevated urine outputs could be detected,the normal urine excretion
must be regarded as elevated because fluid intake is reduced (12, 13). Insofar the GAUER-HENRY-hypothesis
snould still be valid in space. It was the aim for our study to prove this hypothesis and therefore during
the Fir:t Space-Lab mission (FSLP) the following experiments were performed., In the astronauts on ground be-
fore and 1mmediately after landing CVP was measured with the help of the arm-down method (6, 9). In space the
astronauts measured the pressure in an arm vein according the MORITZ-TABORA method (15). After the pressure
measurements blcod samples were taken for hematocrit measurements and hormone analysis (ADH).

The Experimental Environment

Before in the usual manner the methodology and results uiﬁ be reported it seemed necessary to the au-
thors to outline more in detail the special circumstances under which the data were elaborated. All the re-
sults obtained should be viewed under these special aspects.

Despite the technological progress made in the last two decades there is no denying the fact that the
conduct of scientific programs concerning human physiology is very much subject to the opetational constraints
The operationai demands of the mission are responsible for the boundary conditions which often limit the ex-
perimental approach. Till now space physiology still is field physiology very often done under extreme con-
ditions vhere the pencil and the notebook of the experimenters are more important than the analytical pro-
cedure later in the quiet laboratory. :

What are the limiting factors?

1. Only 4 subjects took part in our venous pressure experiments and only from two subjects blood samples for
hormone analysis in space were available; therefore no statistical analysis of the data was_undertaken. The
numerical results of each individual will be given, In some instances the arithmetic mean (x), the highest
(H) and lowest (L) values are given.

2. The age of the astronauts varied from 33 to 55 years. This should influence the 1ife style to a certain
extend. All but one of the astrorauts had a training in technical fields what is important to know because
in space subject and experimenter were identfcal. The astronauts were trained to perform venipuncture on
themselves and did this task excellently.

3. The technical design of the equipment had to be ¢imple and easy to handle even under extreme conditions.
Safely requirements had also to be fulfilled. The equipment had to be ready three years before launch.

4. The vonous pressure measurements and the blood sampling had to be done in space on 4 astromauts within 45
ainutes. This time had to be shared with another group doing hematological experiments.

5. The ground bases data collection before asd after the spaceflight took place in four differeat locations
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Canaveral a warm, humid climate prevails, The astronauts had to trave! between the locations and the f:
danger of a more or less pronounced dehydration was always imminent (see Figure 1). l;q
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6. Two weeks before laune - the crew was taken into quarantine which meant the astronauts had only limited
contact to the outer wor' They had time to rest and relax, and followed their usual eating and drinking
pattern.

7. In two crew members a time shift of 12 hours was introduced, two of them were working whereas the two
others were asleep, This time shift was maintained throughout the mission, The team was synchronized after
landing. Since the measurements in space were taken in All crew members at the same time, two were in their
morning cycle and the other two in their evening cycle.

8. Another inhomogeneity was introduced into our team by the fact that two astronauts were salt and water
Toaded shortly before landing. One 1iter of a balanced salt solution was given,

Nevertheless we are confident that despite these 1imitations useful informations could be gained which
not only will shed new light on the physiology of the human body but also will improve the experimentation
in future missions.

Procedure and Methods

Figure 1 gives further insight into the special circumstances of the experiments.

Pre- and Pom Fiight Data Collaction <
1. Hoomatology Electrolytes . ..o . ¢ e s v
2. Plaama Voiume, Red Coll Mass o ;
3. Venaus Pressure . H
4. Hormones . :
Loostion  Joyéen v
#30 oo . ,
-
inflight Dots Collsction MO0 2 : ;
1. Hesmetology Electrolysss o o =~ ,"
2. Hormenes ,
3, Venous Prewsure K
Figure 1: Time line of the pre-, in- and post-flight data collection. The locations of the u
data collection are also given, -
. F - 30 = 30 days before flight .
MD 0 = First Mission Day, 22 hours after launch iy .
R+0=1-2hours after recovery (landing) . >
R + 1 = 12 hours after landing T

The experiments reported here were part of a program to which 3 different groups of investigators made
their contributions. Our group was responsible for the venous pressure (3.) and the hormones (4.). The timing "
of the data collection is indicated by + - signs. .

Originally tie pre-flight control measurements were scheduled on'F - 30, F - 15, and F - 1. Due to the
repeated delays of the mission we finally had 4 - 5 pre-flight control values from each subject namely on
F <65 F-55 F-44,F-7, and F- 1. These details are omitted on Figure 1 but will be seen in Figure 2.

In-f1ight measurements were planned on MD O, MD + 2 and MD + 7, On MD + 2 only in two astronauts venous
pressure measurements were taken. The whole missfon lasted 9 days. In the recovery period after landing the
data collection took placeon R + 0, R+ 1, R+ 7 and R + 14,

The two Payload Specialists (PS 1 and PS 2) and the two Mission Specfalists participated in the study.

RV QRO

On ground the data collection took place in the following manner: after voiding and taking the body weight
(8W), a resting perfod of 15 - 20 minutes in supine position followed. After the venous puncture of an ante-
cubital arm vein blood was drawn for the analysis of the hematocrits {Hct), the electrolytes and the “«: :.nes.
The plasma volume (PY) and the red cell mass (RCM) were determined on three occasions (see Figure 1). There-
after the venous pressure measurements were dong. At first the peripheral venous pressure ( was medsured,
the subject lying on his back keeping the arwm almost perpendicular to his trunk (MORITZ-TABORA-method). io
further correctinns for hydrostatic factors were done. Then CYP was determined using the arm-down method of
GAUER, HEMRY and SIEKER (6). For this purpose the subject had to turn into the lateral decubitus position.
This method permitted an estimation of the CYP level with adequate accuracy without intrathoracic catheteri-
. zation. The measurements could be repeated ad lididum, so that over a period of several weeks a reliable base-
-—__line for_esch astromsut could be established. The measurements were dome against atmospheric presswre wsing
3 smll conventional strain gange (Fa. N, Horten, Nonamay), a pre-amplifier, and 2 tagpe veowrder L stare -
the sigmals (Fa. Kayser § Twrede, Manich, FRG). Pylse coded mizlation was ssed for fata scisitation amd
2 smll oscillsscope te meke the sigmls visidle for the sslhjecss. The Flimet sit amd *Se wmrt
oround were damzical, battery d-iven, reighing 1 kg /3). Is sridevr %3 Ymee Corvwrt T wues W
rerrartion for ‘setvestatic fortare meat o dose with e s of TERSS SSUrEEEECY-C SEEERTESEES
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In space only the pressures in in arm vein were taken, Only 4 «~ § minutes were allowed for the venous pressure
measurements 1n each subject on F - 1, in spaceon R+ O and R + 1,

It is accepted that CVP or right atrial pressure cannot be considered as effective right v ntricular
f11ling pressure because pleural and pericardial pressures were not subtracted (2). However, this difference
can be minimized by using only values obtained in the endexpiratory phase. In such a case, changes in CVP
ﬂo;oly paraliel the changes in effective filling pressure. A critique of the method will be given e!sewhere

For hematocrit (Hct) measurements a small microhematocrit centrifuge was used (Compur M 1100, Fa, Com-
purelektronik GmbH, Munich). Mean values out of 3 - 5 samples were used, ' :

‘The Plasma AVP was determined twice on each sample by the radioimmunoassay technique of MUHRINC (per-
sonal communication). The interassay coefficient was 15 % (1 - 5 pg/ml) and 10 ¥ (5 - 10 pg/ml), respectively
for 10 separately extracted samples, Extraction was performed with acetone and petroleum benzene, The over-
all recovery of AVP - J'2% yas 70 %. The antisera cross reaction with lysine vasopressin was less than 1 %.
The 1imit of detection for this assay was 1.2 pg/ml plasma. )

Only from 2 subjects blood samples for hormone analysis were available (Figure 6).

Results

$ Fe

Figure 2: Pre-launch data collection of the PVP- and CVP values in 4 subjects.
The data collection started 65 days before launch (abscissa left
side), and ended 24 hours before launch F - 1.

In the pre-launch phase (Figure 2) the PYP values ranged usually between 10 to 15 cm H,0 and fluctuated
to a much lesser extend than t values. For instance in subject PS 2 on top of Figure 2 CVP ranged from
0.0 cm H,0 on F - 65 to +12.6 cm H,C on F - 1, Despite these fluctuations of the CVP vaTues each subject had
more or less his individual CY¥? level (see Table 1).

Table 1: The arithmetic mean (x), the highest (M) and the lTowest (L) values ror each subject of the PYP and
CVP over the pre-launch phase.

PYP cvp {cm H,0)
N x H L X H L
W1 5 | 120 |55 | 103 |9z | 52| &7
ps-2 5 | 123 126 | 103 [} 63 | 12.6] 0.0
1 & |10 |12.2 1.7 || 81 | 1201 5.
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The most important information in this phase of observation was that within F = 7 and F = 1 in all
subjects a more or less marked increase of the venous pressures was seen. In three subjects even the highest
PVP and CVP values were reached. It is obvious that with lowered CVP levels the venous gradient increased
which should be mainly due to the collaps occuring at the point were the veins enter the thorax, With in-
creasing CVP levels thc gradient gets smaller,
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Figure 3: Typical exanples of central venous pressure recordings in the pre- and
post-flight period from one subject PS 1. In-flight the data from the ante-
cubital vein were used.

The examples of a typical, original recording from one subject given in Figure 3 show convincingly that
with the method applied characteristic CVP recordings could be gained. The high pressure level on F - 1 is.

.seen ekstly, Most striking is the finding of MD 0. Firstly the pressure level is low (6.5 cm H;0), Secondly

despite of that, an almost complete CVP curve with all the characteric waves is seen. This is unusual in an
peripheral vein and indicates an open connection between the intra- and extrathoracic compartment of the
Yow pressure system. On MD 7 these characteristics disappeared, however, the venous pressure was low. One
hour after recovery typical CVP recordings can be seen again, the vﬂues being rather high (+8.3 om H,0) in
face of a dehydration being in this case 3.4 1 of BW, 14 hours after landing the CVP was lowered but most
important respiratory fluctuations clearly influence the CVP recording.

The resulis of the two subjects given in Figure 4 cover tre most ‘nportnnt time span of the study and
are representative for the data of all of our sug; ts.

In the m-hunch phase from F - 8 to F - 1 an {ncrease of the PYP and CVP went hand in hand with a de-
crease of the Hct and an increase of the 8W. Taking all informations together. one can state that in this

phase a filling of the extracellular space occurred. This raises the question uhat should be regarded as tne

baseline for the comparison with the in-flight data?
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Figure 4: From the top to the bottom the data of the BW, Hct, PVP and CVP measure-
: ments of 2 astronauts over the period fromF - 8 to F - 1, in-flight and

in the early recoverv period R + N and R + 1 are combined. For details see
text,

As can be seen in the upper part of Figure 4, in-flight a Towered pressure level in an ara vein was seen

in comparison to the PYP measurements or ¥ - 8 and F - 1. The pressure decrease was most marked in the sub-
ject with the high pressure values on ground (lower part). Since the pressures were measured in a certain
distance to the heart, the pressures in the right atrium must have been even lower than in the arm veins.

_ In the two subjects the venous pressure levels were even lower than the CVP values immediately pre-flight.
In PS 2 (Tower part) the in-flight values were lower only in comparison to the F - 1 value, otherwise the
in-flight values were always higher than the values on F - 8 or the x value in Table 1.

At the same time the Hct increased by 3 to 5 Hctl. Ir one subject the elevation remained on this level
throughout the mission, whereas in the other subject Hct returned to the pre-fijight level.

After Yanding in 37° astronauts a BW decrease was seen. Despite of this rather high PVP values were
found which were on th ,’-’"}:el of the F - 1 data or beyond. The subject in the upper part was fluid loaded
before landing, an inc:i, - of the PYP by 13.0 cm H,0 was seen. In the lower part the subject remained dry
but the PYP increased b- :3.3 ck 4,0. The CVF values on RO were Towered compared to f - 1 but higher than
the in-f1ight venous pressure levels.

In the upper erample the Hct remained unchanged in the landing phase and thereafter, despite the fact
of the fluid loading of the subject Below a decrease of the Hct was seen, which means that in this case
fluid was added to the intravascular from the interstitial space. 12 hours after the first measurements bet-
ween RO and R + 1 a step decline of the PVP was seesn, but also the CVP decreased.

2o
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Figure 5: Upper part: Venous pressure in micro-g is plotted against CVP 1 day before
launch (F - 1), Data from 4 subjects (MS 1, MS 2, P 1, P 2). Description
see text, :

Lower part: Venous pressure in micro-g is plotted against PVP 1 day before
launch. Notice the low scatter of the data in space.

Not only that the venous pressures were lowered {n micro-g, the range of the data between the subjects
decreased (Figure 5 upper part). On the abscissa in Figure § the values extended from +5.2 to +15.2 ¢tm H,0,
in space (ordinate) the values ranged from 3.9 to 7.7 cm H,0. The range in space narrowed to 3.9 cm H,0 dis-
regarding the one point of subject MS 1, whereas on ground the range was 10 cm H;0. Even if one would com-
pare the data in-flight with the PYP values on ground in the latter, the range would be 5.8 cm H,0 between
the 4 subjects (lower part). : ‘

0

s
[ L]t

Figure 6: Upper part: CVP values pre- and post-flight are given together with
the arm venous pressures in-flight.
Lower part: ADH values 2s collected over the samc time span as above
are included.

F$ § dommstrates in the upper part the lowered pressure level in the arm veins during space flight
s the pre-flight data of the (VP meusurcments. The tim.wse of the values after flight bet-




74’7 . . T ———

8-7

ween R ¢+ O and R + 1 {s identical to what was seen on Figure 4, In face of these findings the AVP levels
xivon below are understandable. In the pre-launch phase EVP Tevels ranged betwsen 2.2 pg/ml to 3.7 pg/ml,

11 in-flight samples obtained showed highar values as compared to the pre-launch phase. The scatter of the
data was higher than on ground, After landing (R.+ 0) in all cases higher AUH levels as compared to F - 1
were seen. In 3 subjects the values decreased within the next 12 hours (R + 1}, but increased in one sube
Ject. 8 days later they were close to the pre-flight controls.

Discussion

A1l the scheduled experiments in the ore-, in- and post-flight phase could be performed and valuable
data were obtained. They were published previously in a short communication (10). This must be regarded as
a success having in mind the 1‘miting factors outlined above.

The signal to background noise ratio is unfortunately rather low during such ‘a study. However, the ex-
cellent support given by NASA and ESA and the {nitiative of the highly motivated astronauts kept the back-
ground noise on the lTowest possible level. On the other hand, the experimenters have to separate the {mpor-
tant signals from the background noise. In this respect the experimenters notebook is of utmost importance
describing as closely as possible the environmental conditions under which the data were collected. There-
fore no data had to be disregarded in our study. The simple ruies in doing so were outlined excellently by
ADOLPH et al, and his associates during their studies in the desert (1). This was especially important for
our study since we were dealing with parameters of the salt-water physiology depending very much on the hy-
dration level of tha body and the temperatures. C

The outcome of such a study also depends on the definition of the control values, As far as the CVP and
PVP values are concerned, we had up to 5 data points in the pre-launch phase (Figure 2), Despite of the ex-
pected fluctuations of the values for each subject a baseline could be establis able 1). Therefore the
filling up of the extracellular space in the quarantine phase fndicated by increasing BW's and venous
pressures and decreasing Hct's (Fiqures 2, 3, 4, 6) could be detected and taken into consideration. Compared .
tc the values on F - 8 and F - 1 the venous pressures in space were mostly substantially lower. At least for
the first data point SHD 0) 22 hours after launch due to the fluid shift elevated pressures were expected.
Russian authors descrihad this in their subjects measuring the pressure in the {ngular vein {n their cos-
monauts (16, 22). At this point it must be mentioned that the Russian cosmonauts have to undergo an adaptive
training sleeping in head-down position in the pre-launch phase (KATHOY, persona) communication). Thereby
their extracellular space might have been depleted to a certain extend so that the control values for the
venous pressures were lower than normal. The fluid accumulation in the upper half of the body in space might
"then lead to an increased venous pressure. Therefore their data cannot be used in connectfon with ours.

If we had based our expectations on the results of BLOMQVIST and hts group (3, 4, 17), who used the
head-down ti1i model to simulate the fluid distribution in space, our results would not have been a surprise.
These authors only found a short CYP increase during the first 90 minutes of the head-down tilt, later the
values fell even below the controls. The Tatter was seen by us even if we would compare the arm vein values
against the CVP values on ground (Figure 4), POURCELOT et a). (18) measuring cardfac dimensions with echo-
cardiography found on the second day of spaceflight a reduced left ventricle systolic and diastolic diameter,
The elevated Hct at this point of the mission indicates.a reduced plasma volume (Figure 4). Apparently after
the flyid mobilisation from the lower limbs an extravasation of fluids occurs into the upper half of the
body mainly into the tissues of the head and neck and the lungs. Furthermore, a reduced fluid intake can be

. Despite the fact that exact data on this matter are not available, this can be deduced from the
s of the Skylab Missions. Here alrcady very ecrly a reduction of the body mass was observed, indica-

negative fluid balance (21). A1l facters together should keep the plasma volume low in space and hence
us pressures (8).

e astonishing fact is that the Tow pressure system reacts in such a dynamic way to the stimulus of

essness,. The space adaptation of this system apparently takes place during the first few hours. In

ase lasting probably only six hours the pressures in the upper parts of the body might well be in-
as compared to ground values but this must be shown in future missions. In this respect our results

influence the time line of future missions. Later in-flight the values are not only lowered but also
tter of data is reduced (Figure S).

this due to the fact that the hydrostatic component of the intravascular pressure is eliminated?
e only the mean circulatory filling pressure which depends of the filling volume and the elastic pro-
perties of the vessel walls together with the hydraulic pressure generated by the heart determine the in-
travascular pressures. Not only that the hydrostatic factor on earth often introduces errors into the measure
ments,| this factor also induces refiex mechanisms in order to maintain a proper cirdiovascular function

(19, 2D). It might well be that with the elimination of the hydrostatic forces the cardiovascular system
reaches an equiiibrium with a2 minimm activation of reflexes so that the scatter of the data is reduced.

GAUER-HENRY-hypothesis (6). In space the venous pressures are low and hence t levels should be high,
which Was the case. However, this would be a very simplistic view. Other factors like the plasma osmolality
might also influence the ADH levels. And it cannot be excluded that the symptoms of the space adaptation
synd Tike vomiting and nausea right have had impact on the ADHY levels. Much more data are needed tn
proof pr disproof this hypothesis.

IEathe 1ight of the data of venous pressure measurements the ADH drta (Figure 6) fall in line with the

e following conclusions seem to be justified. As experimentation in space in the future tecomes easier
availadle to the physiologists. the difficylities reported can be overcome and a clearer picture of the human
physia’ogy under the conditions of weightlessmess eserges. It is and will be a challenging field and will
surely add to our knowledge a*»out man on earth.
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DISCUSSION

COLLIN, FR
Pour mesurer la pression veineuse centrale, vous prenez la pression wveineuse
péripherique et mésurez la distanca pour retrancher la pression hydrostatique.
Il reste encore un facteur qui est la perte de charge. Comment pouvez vous la
mesurer ou en tenir compte puisqu' elle varie suivant la vasomotricité veineuse?

AUTHOR'S reply
If I understand you correct, you want to say, there must be a pressure gradient
between the peripheral and the central veins. There is a so called "dynamic factor”®

in the venous system. However, this gradient is rather low and should not be mdre
than 1 or 2 em H,0.

COLLIN, PR
Ceci est trés faible, rais toutefois important vis A vis de la trés faible pression

veineuse centrale, L' erreur sur ia pression veineuse centrale peut donc etre
importante.

SANDLER, USA
It is very important in making your measurements, to know the position of the heart
within the chest. How did you determine where the heart position was before flight?
And what, if the heart moved its position significantly inside the chest during
weightlessness? Would this in any way alter yout -oasutements?

AUTHOR'S reply '

In Space the hydrostatic component of the pressure is eliminated therefore the

«.problem you address is only important for measurements on ground. On ground you have
to know where the heart is situated. We did this by usual anthropometric means. More
important is, that you always have the exact distance between your point where the
heart is and the pressure transducer. If this is defined and constant, the
fluctuations you see are due to a physiological factor and not to a methodological
error. 1 agree that the absolute height of the central venous pressure might be
slightly different of what you might have obtained if you could have used an
indwelling catheter in the right atrium. However the pressure changes you obse:ve,
the fluctuations during the time course, you can pick up easily with our method.

SANDLER, USA
How did you determine clinically the position of the heart?

_AUTHOR'S reply
The usual way, by percusion and auscultation.

" TERZIOGLU, TU

You say, there was an increase in venous pressure just before launch. Did you
measure at that time arterial blood pressure and arterial blood flow? In oLhet
worde, I would like to know, whether it is just an effect of stress.

AUTHOR'S reply
We measured arterial blood pressure which did not show any change. We dld not
measure blood flow. However, we measured cortisol hormon which tells us something

about stress. The cortisol levels were slightly higher; there might be some stress
involved. o

TERZIOGLU, TU
Hy question concerns not only your ptesentation but, also, some of those delivered
-, wasterday. I was quite surprised that in space only cardiovascular parameters are

i‘} weasured but obviously not paramuters of the respiratory system. Did you follow
) pulmonary function in space?

PUTHOR'S reply .
No, we did not, since we did not have time to do so.

TERZIOGLU, TU

‘There was an increase in the hematocrit values in space, which as you pointed out
may be due to dehydration. wWas plasmi. volume also measured?

AUTHOR'S reply

Plasma volume was determined befnre launch and immediately after return, not in
space. It decreased about 10% - 1)%.

TERZIOGLU, TU
Did you try to correlate your aldosteron levels with the levels of electrolytes?

AUTHOR'S reply
2lectrolytes were determined by Carolyn Leach-Huntoon, NASA JSC, Houston. She found
a slight increase in the sodium levels during space flights. This might be due to
the hemoconcentration and the water loss the astronauts experienced. But this, of
course, does not explain the most interesting findings after landing.
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SANDLER, USA .
Did you make any exper iments on the ground where you have decreased plasma volume
and see what this does to your measurement?

AUTHOR'S reply
No, we have not done such an experiment.
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THREE-DIMENSIONAL BALLISTOCARDIOGRAPHY T4 MICROGRAVITY
Prof. Aristide SCANG - Dr. £ng. Eduardo RISPOLIZ Dr. P. STROLLSL Dr. G. cam™

Summary

Some triaxial ballistocardiograms (BCG) and one electrocardiogram lead have been
repeatedly recorded on 4 crew-members of the Columbia Shuttle {37S-9) before ,
during and after a microgravity pericvd of 9 days.,

In view of this project a miniaturized accelerometric equipment was designed and ma-
nufactured 3o as to pick-up the BIG signal from the dorsal region and to record it on
a magnetic 4-track tape recorder . A special sequence was devised and implemented in
the various flight and ground stages. The measurements carried out an numerous and
long tracing samples, previously decoded and transcribed on pader , proved the relta=~-
bility of this technique and also provided us with the following resuits’ .

1. The amplitude of the four BCG systolic waves i8 == as a rule — higher in micro-
gravity as compared with the ground bvasal valuea , but it decreases together
with the duration of the flight. This can be observed both in the accelerations
along the body longitudinal axis (which are the most regular in all the explored
conditions) and in the accelerations along the transversal and sagittal axes '

( the latter being almost always of lower amplitude ).

2, Under microgravity conditions we noticed that also the ratios of the relative
amplitude of the same 4 waves resulted to be modified so as to form a capital M
pattern.

3. The sum of the mG amplitude of the 4 waves recorded along the 2 body axes ,
shows an inverse correslation with the heart-rate.

These results will be submitted to a comouter processing as soon as an adequate pro-
gram will be ready,

The Authors deem it necessary to carry out a second space experiment having the "tar-
geted" objectives provided for by the experience resulting from this research , having
a general character.

I. INTRODUCTION AND GENERAL DATA

The research that was carried out deals with one of the most peculiar and controver-
sial non-invagsive methods of cardiov~scular function exploration , for which microgra-
vity is a unique exnerimental condition that cannot be obtained on ground : the bdalli-
stocardiography (BCG). : <

Before presenting the results obtained during the study stage, we would like %o pro-
vide ycu with some information and brief considerations on the specific technical and
scientific aspects of this research, on the expericnce resulting from it and on some
cardiovascular data of general interest,

1. Scientific and technical aspects

The main scientific objectives of this experiment were :

- numerous recordings of the BIG tracings along the 3 tody axes, by means of
accelerometric sensors secured to the back of the subjects during the whole
microgravity neriod, together with one ECG lead ;

-~ Collection of the same data , from the same subjects , several timas prior to
flight and after re-entry , so as to compare the BCG recordings obtained under
substantially equal conditions , the only difference being the gravity factor.

The aim of this programme was to obtain more information on cardiovascular and
fluid adgustment phenomena during space flights (and on readjustment to earth
gravity and particularly to acquire deeper knowledge of the physiological

- 0 D " e s i 0 o gy O

*This research was carried out thanks to the financing of CNR-National Space Plan.
Ground experiments have been carried out at the ISEF laboratory of Applied Physio-
logy in Rome, '

1) Director, Postgraduate School of Aerospace lMedicine, Rome University, Princinal
" Investigator of the 1ES 028 Project. .

2) Head of the Electrophysiology laboratory of 1st Oculistic Clinic , Rome University,
Project Manager. )

3; M.D.,Pull Assistant in INRCA , Rome , Co-investigator.

4) MH.D., ISEPF Assistant,.
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meaning of the various waves that make uv the BZG sirnal , after assessing their
guantitative features., Due to these reasons we studied a sarticular recording
sequence including veriods of normal breathing , of breath-holding , of the
Valsalva manoeuvre , of light dynamic exercise , of short-lasting isometric exer=-
cise , and also a change in body vosture (crouched posture). )

Tre implementation of this »roject, both on ground and in flight, implied our
ability to overcome difficulties and technicalities that could hardly be thought
of when vhysiologicnl research was heing carried out in a ground laboratory , and
it also required our working out of new original procedures and techniques in
order to attain the target aims. Another major drawhack was the need to set ard
egtablish both the techniques and the procedurea much before the actual execution
of the experiment , and not being able to modify them in the light of the results
ohtainced from ground exveriments,

The materials and methcds have already been illurtrated on the occasion of the
Second ‘uropean Symposium of Life Sciences iesearch in Space ( Pocrz-whan , 4-6
June , 1984 , ESA ), taus ws will here simply illustrate the essential data. Due
to fundamental weight and feeding requirements , that also led tc the choice of
the Medilog 4-2 recorder ( Oxford .edical Uystems ) , we adopted the ENTRAN
damyed plezoresistive accelerometric sensors , though we %new ahout their thermal
and aging characteristics. Roth flight equisment and identical models were desi-
gned, manufactured and calibrated in Rome , by the CONEL Company , unde: the
supervision of the Project Manager. The general features are ¢

v
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Hquipmeht made up of two varts
a) "dural" slate suitahly secured to the back of the cubject, supporting the small
box that contains the 3 sensors set in a triaxial configuration , their respec-
tive nreamplifiers 3lus one SCG nreamlifier. .
b) box containing the amplifying system , active filters (passing band C.2 = 30 Yz),
control systems and a 4-~track miniature tape recorder connected to the other
small box by means of a shielded cahle measuring 3 metres in length.

Cther features of our equipment were ¢

e " PR " 8 & 0. W 8 T pwery .

autonomous feeding L3 volts ; recording time of aonroximately four hours (3 stan-
dard cassettes of 90 minutes each ); overall weight of 2,700 grams , alkaline
batteries being included ( Figs 1 and C ).

Ground recording werecarried ouf by means of a suspended c2my bed secured to
four thin steel-cables having a natural frequency of ahout 0,29 Hz,

Ihe recordings of the triaxial BCG sequences plus one chest ECG lead ( each
having an average duration of about 10 minutes ) were carried out oun the 2
Payload Svecialists and on the 2 :ission Specialists , 11 days before (F=-11) and
then again 24 hours »rior to the flight (F-1). fhese recordings were also carried
out within 24 hours after re-entry (R+0) and then again 6 days after ra-entry
(+6). During the first 8 days of flight some recordings were carri:d out cn the
PSs starting rfrom the 16th hour after lift-off (F-I) , while the recordings
carried out on the I'Ss hecan from the 5th day (F-2) onwards. The tot2l number
of the nserform.nces was 14, . :

The sequence was inclusive of neriods of aviroximately 30 seconds of s2ontareous
breathing , of breath-holding , of a Valsalva manoceuvre lasting about 15 seconds ,
of a light ohysical exercise lasting 3 minutes , of 1 minute of recovery followed

by15 seconds of breath-holding , of a short-lasting isometric contraction of the
lower limbs and , in the end , the assumntion of a crouched osture,

S S ErEEETY C ST 0 % ) e e,
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2, Acquired experience

this topic involves some asuects that are common to all studies carried out on
human heings , the constriints of which hecome more serious due to the snace
situation ( sotential danger of electric shock vrovoked hy equipment or static
discharges ; offgassing ; dangerousness of unsecuréd equisment and instruments ;
risky manoeuvre execution ; use of chemicals ; etc. ). Cur experiment also invol=-
ved some svecific asnects , which can be listed as follows :

AR PLS B D B

a) requirements that were not fulfilled during flight @

....

~protracted motionless of the cuhject who is not secured to fixed bearing
systems ( the body slowly drifts hecause of air conditioning system and of
inertial phenomena due to slight hody movements and to respiration ) ;

-~ stretched body nosture at rest ( under microgravity conditions the, subject
assumes a grontaneous semi-crouched vosture , in the guise of a nrimate ,
and a voluntary effort of the anti-gravity muscles is needed in order toc
maintain a stretched attitude )

- a good ECG recording ( our recommendation to %ee; the adhesive chest electro-
des during the entire flight was not attended ; in some other cases the elec-
trodes or the connectors broke loose durins physical exercise and were later
reattached .in a wiong wosition or with too much delay ) ;

- reliable BCG tracings during or after certain mamoeuvres in the experimental
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sequence ( Valsalva manoeuvre , isometric contraction , crouched posture )} : we
believe that this i3 a consequence of severe disturbances caused “y the muscular
movements necessary to implement such manoeuvres in the absence of ground support-
ing systenms ;

effective dynamic exercise ( we had to give uc a hard enough one in order not to
compromise other experiments ) ; in this case there has been a further drawback ,
which was pointed out by the PSs at the time of debriefing , namely the eccessive
comoliance of the =2luutic hunagee that was on board,

‘e 5 8 & mEm——

b) Operational problems

= in mors than one occasion the marker system acting on the ECG tracing proved to
be unreliable due to the absence of this signal or due to occasional operating
errors ;

‘o . WS - e

- the recording of the single steps differ both on ground and in flight performanées;

= certain performances were disturbed by , or nostponcd due to the needs of other
exveriments

air-to-ground voice communications were inadequate ;

the only televised communication took ulace at the end of the misaion , thus the
visual information was obtained with delay ( for example : it was only at that
time that we could observe the wrong positicn of one electrode ).

«

N These two last drawhacks proved to be particularly disturbing as our experiment

‘. could not be monitored or televised during the flight stage . The many difficulties
. and doubts that affect our reseuarch in its present stage , suggest us that the

i scientific return of further studies in tnis field , can be improved by real-time

< transmission of recording samnles directly as electrical signals or by means of

- ar. adequate on-board monitor system.

II.GENERAL CARDIOVASCULAR AND METABOLISM-RELATED DATA

l It is common knowledge thiat the heart-rate ‘was the first physiologic parameter to

be studied and monitored on space crews, w2 will here give a short account of this
topic as we have obtained data that can urove to be of some interest for other
exoeriments. As already described by other Authors , we noticed that under micro-
gravity conditions all 4 s3ubjects presentcd some decrease in heart-rate together
with an increasedheart-rate variability at rest.

o Table 1 shows the average values of the five conditions ( resting , Valsalva ,-

o post-Valsalva , exercise , recovery ) that were recorded in different days. The

E heart-rate trends reported during the various performances Aare shcwn in Tigs 3-6 .
without going into the details of these data , we will sa; that the average rate

- in microgravity — at rest —is lower than 11.4% , as compared with P-11 , and that

. during the 24 hours that followed landing this rate is higher than 10.1% , though

N it goes back to its normal values in the re.ordings that were m~de on the 6th day

.- after re~entry. The response to the endothoracic pressure increase , related to

. the Valsalva manoeuvre , was of about +29i ( min., 24,7 ; max. 38,3 = in the

.- youngest subject ) and there are no noticeable differences between pre-flight and

iF post-flight heart-rates.

> Cn the contrary , as could casily be expected according to the existing literature,

even the slightest vhysical exercise caused in R+0 a major increase in heart-rate
( +73% ) , which becomes even Higher (+86% ) if compared %o the pre-flight values
at rest.

Anyway , we should say that these percentage oscillations are dbut trends , given
the fact that a) it i3 very difficult to carry out the Valsalva manocuvre obtaining
always the same ircrease in endothoracic pressure , even in the case of well trained

R
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PR O

o subjects as ours ; b) it is very difficult to uniformly carry out ( especially
![_ during flight ) the kind of physical exercise that was chosen to conciliate the
o various requirements ; c¢) before our experiment the subjects carried out various

activities ,
Table IT shows the BIPS pulmonary ventilation , the O, consumption and the respi-
ratory quotient values™that were recorded before and duging the exercise consisting

(%) Thece measurements were carried out in the NASA laboratories in the Dryden
Flight Research Facility (Fdwards ATB , California) and in the Xennedy Space Center
( cape Janaveral , Florida ) by Mr. "ark Timm and i'r. Daniel Yost, Jr., to whom
we would like to exnress our most felt gratefulness .

.
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of the stretching an elastic bungee secured to the floor once every second , for a time
period of 3 minutes., Due to time reasons the recovery period was not recorded and,
in most of the post-flight exercises , the duration was reduced because the subjects
found it difficult to perform them while standing.
So , as a matter of fact , these data proved to be udeless as far as the BCG
research was concerned , but in our opinion they are worth knowing dbecause they
might prove useful to other investigaiors,

111.BALLISTOCARDIOGRAPHY RESULTS

s

On the occasion of the Porz-whan and Anacapri meetings ( that took place respect~
ively on June 4th and June 14th , 1984 ) , we illustrated the preliminary results
of our research which we will here summarize and that will be followed by the pre=-
gsentation of the results obtained from the researches that were carried out in a
later astage . .

The work that has been carried out up to now , that is to =ay BCG complex by
complex direct measure of the dimensions and ratios of the 4 ( and sometimes 5 )
waves that make up tne systalic fraction of the signal , was made on the 3 "leads"
that were obtained and that correspond to the body accelerations along the longi-
tudinal (2) , transversal (Y) and sagittal (X) axes ; the exact timing of the first
positisc wave (H) was made — as usual — at the beginning of the S-T section of
the ECG. The wave amplitude was'calculated on the basis of the calibration factor
of the recording , decod:ng and printing system ( 10 mm shift = 1mG ). This measure
(.G-H , H-I , I~J , J=-X ) ¢ relative , not absolute , given the fact that a stable
base. ~1line is not availabie.

A.Comparison of the amplitude of the tracings.

When considering the ¢4 subjeécts and the longitudinal BCG axis (2) ( which in gene-
ral gave more regular eignals ) , during breath~holding and resting conditions ,
the sum of the systolic waves ( from H to K ) according to the final calibration

factor , is as follows :

prior to flight (P-1) : 4.92 0.9 G

during the first 2 days of flight (F-I) : £.421.9 mC
during the 2nd stage of the flight (F~E) : 7.5+1.3 mG
6 days after landing (R+6) : 4.4£1.3 nG ‘

The tracings that were collected immediately afier the exercise are - in general
- 0of poor quality or they do not show the ECG signal, The sections that could be
utilised show the expected increase , which is more evident during microgravity
(about + 3 mG as compared with the ground variation). .

shen considering the amplitudes in function of the age of the 4 subjects , we do
not obtain any reliable relationshin , at least under microgravity conditions ,
but {t is not possible to makeafinal statement on the basis of just 4 subjects
whose age ranges from 35 to 53 .

B.Comparison of the pattern of the BCG waves.

Under microgravity conditions , the trend of the systolic section of the BCG is
similar to the one that was recorded on the ground , hut the amplitude ratios of
the 4 main waves are considerably different : 4in fact,in the first case , the 2
axis shows a relative amplitude increase of the G-H and J-K cections as compared
with the lower negativeness of I , thus the tracing assumes the chape of a more
or less asymmetric capital ¥ . This trend was described some 30 years ago by V.
Masini who worked by means of the Starr table and interpreted it as the exoression
of a reduced ejection force of the left ventricle with nrotraction of the related
time , so that the I wave results to be less deeo than normal. This trend is more
frequent on the Z axis and it is even more accentuated towards the end of the
flight.

#e studied more thoroughly the ratios of the same waves by extending our observa-
tion to the Y and X axes , which under microgravity conditions are not altered
by the mechanical bearing systems.

The statistical means of 20 complexes for each condition are shown in Table ITI ,
and ars also graphically represented in Fig. 7 which refers to the BL cubject.

The comparison refers to the amplitude ratios of the 4 waves , at the beginning (a)
and at the end (b) of the flight. '
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A first result concerns the relative dimensions which are very similar as far
as the 2 and Y axes are concerned ; while we can observe that the amplitude on
the X axis is practically half of the others ( see Table III).

One intersting datumcomes irom Table IV which shows the sums of the 4 waves

during the initial phase (a) and then from the fifth day onwards (b) : in the
second phase there is a decrease in amplitude of about 28%. .

then nlotting the mG values of the sums of the BCG of the waves of the 3 body
axes against the heart-rate measured on the same complexes , we obtain an inver:ze
correlation which is more or 1-ss manifest in 3 of the subjects while we obtain
none in the fourth subject ( Tig. 8 ). :

And finally ,'the ratio between the sum of the 4 waves and the body weight which
could be correlated to the ventricular power{and partially to the vascular resi-
stance ) , gives a value that ranges from 0.24 to 0,36 , with the exception of
one case ,

This ratio shows the highest values at the beginning of microgravity and the
loweast values at the end of microgravity , but the values of the body mass ,
during flight , are still missing. ,

IV. PINAL CONSIDERATIONS

The data obtained directly on the basis of the decoded tracings that were collect-
ed by means of the flight equipment , provided us with some results that in
our opinion are quite reliable,

The first , though apparently obvious , is that the particular mechanical pheno~
menon , called ballistocardiogram , occurs in microgravity in a similar way to the
one that occurs on ground. This coincides with the vioneer studies made by Beiacher
and Hixon (1965) , with t%: peculiar recordings of Beevsky and Funtova (1982) and
with the remarkable self-)bservations made by O, Garriott and E.G. Gibason during
the various Skylab flights.

A second fact is represented by the increased overall amplitude of the 4 BCG
systolic waves during microgravity ( about +71% at the beginning and +53¥ by the
end ). This fact had already been pointed out by us and it is still a reliable one
also when considering the overall sum of the 3 axes,

We do not know whether this phenomenon 4is the expression of an increase in the ven-
tricular contraction rate ( which was also reported in the echocardiographic exami-
nations made by Pourcelot ), or of variation in the arterial resistance ; or of
possible modifications of the body mechanical impedance due to muscular hypotonia ,
to a change in body posture , to the complete absence of any damping bearing system
or , maybe , to all of these factors. ‘

We can also confirm that when the microgravity period was extended this phenome-
non tended to attenuate itself but was still above "ground" levels.

A third fact is represented by the inverse correlation ( at least on 3 of the 4
subjects ) between the overall amplitude of the BCG systolic waves and the heart
rate. This fact could very well give rise to some considerations on the relation-
ship between the BCG and the stroke volume , but we dare not discuss this matter ,
at least for the time being.

Some’ of the "oddities" and the considerable dispersion of our data can certainly
be ascribed to the slight changes in the body posture during different recordings
(or during the same recording ) or even to the se%ting and position of the dorsal
plate. They could also be ascribed to the physiological effectas of the activities
that were performed immediately before , or to the shift and consequent reduction
of fluids , etc. As a consequence of this , only a computerized statistical pro-
cessing of these data will be able to confer a higher reliability to our results.
Unfortunately , we were not able to satiafy our requirements due to the wany diffi-
culties that arose during the oreparation stage of a program capable of "recognizing"
the reliable sections of a tracing and the different artifacts , to set a true base-
line , to find out the magnitude of the reading " window ". This will enable us
to extend our research to other factors that are involved in the BCG , the trend
of the acceleration vector in the 3 space dimensions being included,

All this presupposes not only a further examination of the material that has been
collected up to now , but also the carrying out of a new experiment , in microgravi-
ty , that should be free from most of the drawbacks that alter the BCG recording.
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Table IIX

Statistical means of G-H, H-I, I-J and J-K waves of BCGs recorded during the STS-9 flight
{Values in milliG)

G-H H-I I-J J-K

Subj. : UM 3 ¢l 5 o | s s | s sl 2
(a)

MET 1:16:45 x | 0,18 0,28] o,71 0,32| 1,39 0,33 1,39 0,42 3,65

(Mission ela- Y 1,68 0,39 1,73 0,41 0,79 » 20 1,08 0,37 5,268

peed time : ) :

days, hours, Z 2,38 0,20 2,13 0,26 1,30 0,27 2,47 0,35 8,28

minutes)

Subj. : BL X1ti,07 - 0,34 2,53 0,37 3,64 0,42 2,79 0,38 10,03
(a)

MET 2:03:59 Y| 1.2 0,43 | 1,93 0,47 { 2,68 0,41 ] 1,m 0,49 7,58

zZ|1,71 0,38 1 2,28 0,29 | 3,23 0,44 3,74 0,31 10,96

subj. : 0G x | 0,88 0,29 | 1,43 0,54 | 2,17 0,30 | 2,0 0,37 6,47
{a) ' .
MET 5:03:25 1,96 0,30 | 4,88 0,43 | 5,64 0,5: | 4,64 0,37 | 18,13

z | 2,3 0,25 | 1,98 0,32| 1,81 0,59 | 3,88 0,43 9,98

Subj. : RP . X | o,46 0,20 | 1,21 0,22 | 1,90 0,42 1,17 0,24 4,74
(a) : )
MET 5:15:20 Y | 1,89 0,52 | 3,64 0,97 , 4,59 0,92 3,01 0,70 13,12
z | 1,62 0,26 | 1,49 0,35 | 1,68 0,69 3,42 0,44 8,21
Subj, : UM X | 0,05 0,10 | 0,55 0,23 ] 1,02 0,39 0,78 0,34 2,37
(b;
ET 7:;3:00 Y | 1,58 0,72 | 1,94 0,85 | 1,76 0,91 1,60 0,65 6,89
z | 2,76 0,33 | 2,40 0,24 | 0,47 0,19 1,37 0,22 7,0
Subj. : RP x | o,32 0,15 | 0,67 0,28 { 0,91 . 0,37 | 0,79 0,22 2.69
{b) .
MET 7:13:20 Y | 1,58 0,51 | 1,73 0,46 | 2,34 0,87 1,87 0,57 7,52
7z | 0,79 0,43 | 1,06 0,34 | 2,08 0,34 3,28 0,60 7,19
subj. : BL X 10,43 0,24 | 1,01 0,28 | 1,95 0,25 1,55 0,27 4,94
(h) .
WET 8:02:50 Y |r2,11 0,2 1,84 1,02 | 1,22 2,65 1,53 0,66 6,69
z }e,12 6,51 | .23 0,25 | 1,44 0,26 3,91 0,47 8,59
subj. : 0G X {0,867 '~ ¢,22 jo,98 0,32 | 1,35 0,34 1,39 0,33 4,39
(b)
YET 8:03:05 Y |1,53 0,52 | 3,01 0,56 | 3,5% 0,86 3,31 0,71 11,38
z |1,47 0,27 | 0,61 0,37 | 1, 0,28 3,22 0,59 | 6,52

"~




Table IV

Relationship between BCG whole accelerations ( 3 . systolic waves in milliG) and
body weight in kg d

(H -K) k ratio

: 22 ¢

Subj.: BL a 28,6 85 0,34
b 20,5 " 0,24

Subj.: UN a 17,2 68 0,25
b 16,3 " 0,24

Subj.: RP a 26,1 ) R £ 0,35
b 17,4 " 0,24

Subj.: 0G a 34,6 61 0,56
b 22,3 " 0,36

Note: a = first record; b = second.record (se table III)
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DISCUSSION

KLEIN, FRG
You mentioned almost no difference in O,~uptake during exercise in space. What was
the exercise level? Was it submaximal éi maximal? :

AUTHOR'S reply

In order not to disturb other experiments, it was unfortunately an extremely light

exercise with the arms, only. -~

O
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SLEEP AND WAXE PHYSIOLOGY N HEIGHT’..ESSPiESS.
0. QUADENS®, H.L. GREENS, Ph., DEQUAE
IUNIVERSITY OF ANTWERP, BELGIUM and 2CLINICAL RESEARCH CENTER, HARROW, U.K.

Summary .

Among 'fﬁe electrophysiologfcal parameters which are used to de-
fine the sleep and waking states, the muscle activity (EMG) and
the eye-movements (EOG) were recorded during sleep in the Space-
lab 1 wmission, allowing detection of Rem-sleep but precluding
evaluation of slow wave sleep. The EOG evidenced an important
increase in the number of eye-movements during night zero as com-
pared to the pre- and postfiight baseline data. The waking elec-
troencephalogram (EEG) was recorded during parabolic flights and
showed 2 significant increase in the theta frequency band during
* the acrophase of the parabolas. i

1. Introduction. .
" The purpose of the experiment was to study the effects of weightlessness on the brain of a crew member
during sleep and waking, In fact, during sleep, the muscle tone (EMG) and the eye-movements {EOG) have
been recorded satisfactorily on the Spaceiab 1 mission allowing evaluation of Rem sleep but the absence
of a reliable electroencephalographic recording (EEG) precluded evaluation of slow wave sleep. The wa-
king electroencephalogram was provided by recordings which were taken during parabolic flights with a
different subject.

Contrary to the traditional assumption according to which the cortex becomes activated during wakefulness
and inhibited during sleep, experimental evidence {ndicates that cortical reactivity is greater during
the periods of sleep than during wakefulness.

Moreover, weightlessness implies a strong stimulation of the vestibular system. Animal experiments have
suggested that the eye movements of Rem sleep reflect the phasic activity of central vestibular
mechanisms in the evaluation of sensory 1input and motor output. During sleep the brafn stores
information for motor adaptation, for memory and for selective attentfon. Economic and optimality
considerations lead to the hypothesis that all information must be stored in a manner which changes as
the needs and environment of the organism change. That this happens by way a programme which gives rise
to the storage of information has been first hypothesized by Dewan (1}. At about the same time it was
shown that Rem-sleep has the functional neuronal structure necessary for. the “programming” or as a matter
of fact, the "reprogramming” 'to occur. This programme is expressed by the temporal structure of the
eye-movaments of Rem sleep ?2, 3). ' i
Theieyemovement frequencies of Rem-sleep have been utflized for measuring the changes in brain activity
during sleep. !

Examination of the Rem frequencies in normal and disordered systems has revealed patterned substrates
underlying behavioral performances. In humans, there is evidence that {in Rem sleep the eye movement
frequencies higher than 1 per second and those lcwer than 1 per 2 seconds have different functions.
Results indicate that the higher frequencies ars related to the integration of sensori-motor information
whereas the lower frequencies behave as random noise (2, 4). The higher oculo-motor frequencies are
decreased when cognitive function is {impaired (5). They are increased as a function of succesful
learning (6). The ratio between the higher and the lower frequencies or oculo-motor index indicates the
degree of mental entropy. Moreover the evolution of this ratiu as a function of age puts 1t in the
category of genetic functions. This is very suggestive of the synergetic function of the brain. The
oculo-motor index is an order to noise ratio in the Rem function and strongly suggests that the diurnal
equivalent of Rem sleep {s attention. Attention implfes a multiple input system which selects only that
information which has a high probability of being useful and. relevant to the needs of the organism (1).
That particular informatfon in space s obviously weightlessness.

2. Equipment and procedure : -
Standard gxfora Egical Systems "Medilog Mk 1" 4-channel recorders were used, but some modifications were

necessary. The usual plastic coated cases were replaced by aluminfum with an anodised finish. The major
problem was the necessity to find an alternative to the mercury batteries normally used. Manganese alka-
1ine batteries were adopted, which fitted exactly into the normal battery space after reassembly from
3-cell units to 4 cell units. Fireproof "Nomex" pouches were made to replace the normal leather ones.
The electrode leads had to be constructed from PTFE rather than PVC for safety reasons.

The recorder was set up for the sleep study using 2 channels EEG, 1 E0G, and 1 EMG. There were 2 small
EEG preamplifiers, 1x1x0.2 cm., attached next to the electrodes. The timelined maintenance required only
two procedures per 24 hrs; these were just before and just after sleep periods, to allow change of tape
and battery or to check the electrodes. .

The EEG was provided by recordings which were taken with a Medilog tape-recorder similar to that used
during the SL1 mission but with norma) mercury batteries and PVC electrode leads.

3. Results
3.1. The eye-movements of sleep

In the evaluation of the sTeep data, two variables were to be taken into account: a 12-hour time shift
for the payload specialist (PS1) who carried out this experifment and zero gravity. Therefore, several
baseline nights were recorded prior to flight at F-120, -60, and -30 days. A further night was recorded
after the shift at -5 days. A 12-hour time shift started for PS1 two weeks prior to the launch. After
return, further nights were recorded at R+2 and R+4, but we must bear in mind that the effects of return
to gravity were compounded with the effects of a return to local time. For various reasons, it was only
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corded satisfactorily and the rapid eye-movement sleep epochs {REM's) were perfectly clear.

The eye-movements of sleep increased significantly in number during night O, but returned to baseline .

Tevel on night 1 (fig. 1). On night O, the quick nystagmic components and fast saccudes witn & frequency
higher that 1 per second, outnumbered the slower eye-movements by 2 to 1, but the oculo-motor index
mafn;)within the pre-flight norms. On night 1, the slow and fast eye-mvemnts were equal in number
g.
After return, the total number of eye-movements during Rem sleep decreased. However on R+2, the fast
components outnumbered again the slow rolling eye movements and {solated saccades by 2 to 1 as they did
on night 0 in Space. Their proportion returned to normal on R+4.
The very disclosure of a pattern in the Rems that clearly differ between the lst and the 2nd night, yet
clearly represent a similar pattern across the nights in-flight and post-flight is indeed challenging.
The electromyogram allowed to differentiate the eye-movements of Rem sleep from those of wakefulness,
Muscle tone, whichk 1s always abolished during the Rems, can temporarely disappear during slow wave sleep
but muscle artefacts are always present in wakefulness.
With the findings made 1n both the GEMINI and the SPACELAB missions, a complete picture of the brain ac-
tivity can be reconstructed during wakefulness, slow wave sleep and Rem sleep, in the absence of grav{-
ty. The recordings were complementary indeed. In the Gemini flight, the electroencephalogram was suc-
cessfully recorded during 6 hours of sleep and showed successive 90-100 min. cycles each descending into
deep slow waves and brief perfods of awakening between them. However, during the Gemini missfon the
?;s-mvemnts and the muscle tone were not recorded, precluding evaluation of the presence of Rem sleep

3.2. The waking electroencephalogram (EEG).
Fourfer analysis of the mean EEG amplitude spectrum fn the 4-8 Hz., 8-12 Mz, and 12-16 HKz. frequency
bands revealed a 30 seconds periodicity corresponding to the period of each of the parabolas. Carefull

assessment of the records indicated increased amplitude in the 4-8 Hz. theta band by comparison with pre-

and post parabolic records (ffg. 3).

Increase in the EEG theta activity has been documented in the GEMINI flights and in Soviet cosmonauts in
early exposure to space environment indicating that it fs a physiological response to the weightless en-
vironment (7). Therefore we are eniitled to assume that the 90 seconds periodicity found in the augmen-
ted theta activity during the parabolic flights correspond to the zero-gravity acrophase of the parabo-
las. Our knowledge of the significance of theta rhythm in ncrmal man has remained small. They may arise
in augmented orienting response tc a quite unusual experience.

The subjects resting EEG was c!ear'ly normal with a wen developed alpha rhythm at 8-12 nz, having an ‘am-
plftude spectrum at 20-25 pv (fig. 4

At the same time, - and {mportant 1n couparison with flight records, - amplitudes in the spectrum 3-8

Hz. were low. This 4-8 Hz. theta rhythm activity was increased in the pre-take-off period over baseline
records. The increased density broadened to include higher frequencfes (12-16 Hz.) as take-off became
{mminent. At the beginning of the parabolas the theta band remained with similar amplitude whereas a
decrease in the alpha and beta bands became obvious. These fiindings are {interpreted as related to
strongiy focused attention and orienting response in'an undoubtedly nove! situation. They closely re-
semble the normative library data in similar situation. Ouring the parabolas however, the power in the
theta band yncreased with no change in the alpha and beta frequenhcy bands. Same phenomenon appears in
the second series of parabolas performed the same day in the afternoon.

The alpha and beta frequencies decreased at landing fndicating a renewat in focused attention. The EEG
in the pre- and post nap recording closely resemble the baseline data.

In the afternoon series of parabolas the theta waves resume the| same course of evolutfon. The alpha
rhythm remains stable this time indicating that habituation has occured.

4. Discussion.
The very comp1ex1ty of the rapid eye movement data in sleep has traditionnally 1imited their evaluation
to the simplest parameters and the correlates with behaviour to the broadect classifications. Since men-
tal processes are rapid and changing, we must use techniques and methods that are equivalently refined
and effective with epochs of data only a second or so in duration - far shorter than segments of records
that are analysed with most amalog computation. Such an analysis has proven fruitfull in this and in
other studies, where visual examination of a paper record could scarcely provide the basis for an inter-
pretation (2, 3, 5, 6, 7). From an anatomical standpoint, the oculomotor system has components located
at many different levels of the central nervous system and the organisation of the components fs complex
and not completely understood. Nevertheless it is possible to distinguish components operating at dif-
ferent functional levels. At the lowest level {s the final common pathway, which for the eye movements
of all kinds must be neurons in the cranial nerve nuclei, since the motor nerves to the extra-ocular mus-
cles arise here. These nuclef are found in the brain stem. At the same anatomical level are found the
vestibular nucle! which are well known to have a powerful influence on the generation of eye movements.
The vestibular system 1s actively involved in the process of sensorimotor integration during the phasic
activity (1.1. the eye movements) of Rem sleep (8). Stimulation of the vestibular system produces an
{ncrease in those Rem bursts (9).

Furthermore Kornhuber and Da Fonseca have shown that there is ng cortical representation of vestibular
nystagmus to be found at the cortex (10}+~-On the other hand the [visual cortex fires in a definite rela-
tionship to the eye movements of sleep (11).

Concerning our EEG data, it may be assumed that they reveal patterned substrates of behavioural perfor-
manc? to the extend that the brain's electrical activity mirrors transactional processes at the cortical
Tevel,

Some sleep EEG patterns may provide information on potential behavioural reactions. We should remind the
extreme paucity in the 12-14 ‘Hz. sleep spindles in the Payload Spectalist's {(PS1)} baseline recordings.
To the extend that these spindles may be considered as a corollary discharge signal, informing the sub-
Ject about the relative head and hody positions, their absence jmay shed some 1ight on the astronaut's
resistzace to motion and space sickness.

The sensftivity of the brain to zero gravity has clearly revealed changing states of activity as a func-
tion of changes in the environment as provocative as any other in|the age-old history of the evolution of
man,
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Fig. 1. Number of eye movements per 40 seconds of Rem sleep at various times.

i

SR

ceares
I Feh e

>y
»

IR AT

0,
[ O N

TP

...
RIS

.

o . 'rv:r- IR
e Tets'e

‘
[N

% 5 CEAX

A N i L LTI I & PP EUR NS Y I STSU DRSS o, RSO R AT . ST

c g 8 v semws o



e

P

. WEBRE ¢ T P 4 2 ‘UEE

C S ARE s e TR L

-

R - LA

10-4

frequ. >1 per sec
frequ.<1 per 2 sec

? K . |
s J’ ........... \
P 3 []

n.n 3.2 3 n 02
July HTT] Nev Oec

Fig. 2. Ratio of eye movement frequencies higher than 1 per second (nystagmus and
quick saccades) to those lower than 1 per 2 seconds (fisolated eye move-
ments) at various times.
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Fig. 3. Discrete Fourier analysis of the mean amplitudespectrum during the para-
bolas.

"'. 'I.’.’. - P
..J') - ." ..'~|

s
v




*a'as b

OO E TS WO NS < PV IEEL LI

10-§

:;:“‘?' PARABOLAS 2-9 PARABOLAS

_}--Q 8-12 HZ.
20! {"ﬁ}\%\ | K . A n-wnz.

L) \{~\}’//

wl .
7230 820 1248 1388 THOUR
) ) %45 000 oo 230 wo
[} i [} ]
TAKE OFE  LANOING TAKEOFF  LANDING
-

Fig. 4. EEG mean anp]itude-specir\m (in uv) in parabolic flights. The data repre-
sent each the mean amplitudespectrum sampled over a perfod of 280 seconds
at various times during and between the parabnlas.

DISCUSSION

SCANG, Italy
My question is perhaps a naive one: Did you try to ascertain the dream contents of
your subjects in the various conditions studied? :
The question refers to the well known relationship between the dream subject and the
daily activity, mental engagement or emotional situations, like those we can expect
in a Scientist Astronaut. :

AUTHOR'S reply

No, we did not. The reason is, tha\: in order to get information on the content of.

the dreams, the subject has to be awawken during the phase of rapid eye movements.
Therefore the sleep architecture has to be disrupted. The experiment on SL-1 aimed
at collecting information on sleep with one variable only, namely microgravity, and
to compare it with similar uninterrupted sleep epoches pre- and post-flight.

TERZIOGLU, TU
- Besides EEG, EOG,  EMG did you record cardiovascular, respiratory or other
parameters in REM and NREM sleep stages? o ‘

AUTHOR'S reply
Yes, the ECG has been ~»corded in~flight curing sleep and wakefulness, as well, The
changes in the ECG frsfa."‘gancy as a function of sleep have been well documented. They
allowed us to determi ,/ in space the total sleeping time in one of the payload
specialists. We must remind that in the absence of a reliable in-flight EEG
recording during sleep, the total sleeping time was only evaluated by the EOG and
the EMG and could not be but underestimated. Indeed, if a normal subject wakes up
spontaneously during a REM-stage he always falls asleep in slow wave sleep.
According to Oswald, the first REM-stage is preceded by 45 min of slow wave sleep.

TERZIOGLU, TU
How often did you observe REM stages in space?

AUTHOR'S reply ’
The number of REM-stages in space on night 1 was similar to baseline. On night 0
however the number of stages is meaningless, for REM siecp occupied 50% of the total
sleeping time which was 120 min according to our EOG/EMG criteria and 147 min
according to the ECG criteria. '

TERZIOGLU, TU :
: How would you explain your results in terms of the new neuro-pharmacological theory
of the sleep-wakefulness cycle?
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AUTHOR'S reply .
I am rather reluctant to interprate the SL-1 results on the eye-movements during
sleep in neuro-pharmacological terms. The neurol-humoral theories have been
established in animals, mainly rats and cats.

However, in previous studies, we have administred S5-Hydroxytryptophan (5-HTP), a
Serotonine precursor, to mongoloids with the consent of their parents. We have
noticed an increase in the number of sleep spindles and in the bursting of the eye-
movements, as well, without changes in REM per cent. 5~HTP produces an increase in
the rhythmic .activity of the brain in REM- and’ in NREM-sleep, as well. The
classification of sleep in stages or states is not refined nor effective enough. to
account for the features of brain activity. The rhythmic activity of the brain might
be a mean by which the brain assures that the information is repeated. It may be a
system by which engrams are formed (Andersen and Andersson, 1968). Implicit in this
is the fact, that undisturbed spindle- and eye-movement-bursts are essential for
learning (Petre-Quadens, 1969).

ROSS, UK ‘ R
How important do you think were the circadian shifts for your Spacelab subjects?

AUTHOR'S reply "
Since the circadian shift was in principle 180" for one of the crews, there was an
important adaptation to be expected for most of the biological rhythms. Sleep is
closely dependent upon the body temperature and interacts with the hormonal
rhythms. Let me remind you, that the time shift was installed for our subject 2
weeks before launch.

It is now clear that at ‘least four hormonal systems have tempora' patterns of
secretion that are closely linked to the 24 hour sleep-waking activity in man. No
single principle or mechanism can explain these patterns but rather each system has
" its own temporal organisation and responses to manipulations of the sleep-waking
cycle. For instance, growth hormon appears to be intimately associated with a
specific sleep-stage in relation to the period after sleep onset, and its release
can be readily shifted by shifting the time of sleep. Prolactin is released in large
quantities throughout the night in an episodic manner with initiation at the time of
sleep period (Weitzman et al., 1974). There is preliminary evidence that shift of
sleep maybe accompanied by a shift in the release patterns. The importance of
biological organisations of neuroendocrine systems in relation to time is clear.

ROSS, UK )
The shift cannot have been 12 hours both in Houston and California, and probably was
less in both. Does the precise timing matter? If so, can you find out from the crew
or other sources exactly what the shift was in both directions ? ’

AUTHOR'S reply
Decrements of performance have been documented in East-West flights involving only
an 8 hours transition, Hauty and Adams (1966) claim, that it is the time zone
transition itself and not the mere fatiqgue of flying which is mainly responsible for
the impaired performance following flights along the Est-West meridian. Preston
{(1974) has used an artificially controlled environment to stimulate the time
change. Decrements in performance have been reported across tasks, ranging from 17%
to 38%. Therefore, I do not think that the precise timing matters very much.
However, there is good relationship between body temperature and performance such
that when temperature is highest during the 24 hours, performance is most efficient

(Kleitman et al., 1950). Furthermore, sleep onset can only occur with a lowering of

the body temperature. When the temperature raises the subject wakes up.
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SENSITIVITY OF HUMAN LYMPHOCYTES TO MICROGRAVITY IN-VITRO e
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SUMMARY

The purpose of this paper is to describe our studies on the effect of gravity on lympho-
cytes, the cells responsible for the immune response. A decrease of lymphocyte reactivi-
ty has heen observed since 1973 in Soviet and U.3. astronauts after space flight.
Ground-based studies performed in hypergravity and in simulated low-gravity conditions
suggest the hypothesis that low-g depresses, whereas high-g increases lymphocyte acti«
vation.

Cultures of human lymphocytes were flown in an incubatoi’ on the lat Svacelab mission
and exposed to the mitogen concanavalin A, a substance capable of activating lymphocytes
in~vitro. The stimulation of the flight samples was less than 3 percent of that of the
ground controls.

Although the results are very clear, it is premature now to draw conclusions from this
experiment on the effect of space flight on the immune system of the astronauts. Future
investigations on the D-1 and Spacelab-4 missicns should clarify the problem on the be-
havior of lymphocytes during and after space flight.

INTRODUCTION

Over twenty years of manned space fiigh® have demonstrated that man can easily survive
and work in weightless conditions. However, a number of physiological changes may affect
crew performance in space. Beside the well known disturbances of the vestibular and
cardiovascular systems, bone demineralisation, and decrease of red blood cell mass,
certain immunological alterations have been observed in space crews after flight. One
of them iz the reduction of lymphocyte reactivity to mitogens. This aspect was and will
be the subject of our investigations in the Spacelab,

Although the immunological changes never had consequences on the health ¢f astronauts,
they clearly indicate that the efficiency of the immune system is influenced by space
flight. Is 1t weightlessness per se? is it stress? We are trying to give an answer to
these questions.

The' advent of| the space shuttle as an operational vehicle for working in space, the
prove that Spacelab is a useful tool for performing scientific experiments in several
disciplines, and the recent decision of building a permanent manned space station will
require that & much broader community of scientists and technicians than in the past
will spend prolonged periods.of time in space. This may imply that the criteria for phy-
sical certification of astronauts will be less severe. In addition, physiological chan-
ges which were judged minor or not alarming so far, cannot be ignored in future.

Here I present the experimental approach and the results of our experiment with lympho-
cytes on Spacelab-1l and a description of the experiments to be performed on the D-1 and
Spacelab-4 missions in 1985 and 1986 respectively. In addition I give an account of our
ground-based Btudies in hypergravity and at simulatad low-g.

k

OCYTES?

e the cells in our blood responsible for the immune response, which reacts
substances called antigens. Structures (receptors) that specifically re-
tigens are localised on the cell surface. The interaction between antigens
triggers lymphocytes to proliferate and to produce antipgen-specific anti-
ameter of resting cells is about 7um and increases in activated lymhpocytes
tious bacteria are typical antigens recognised by lymphocytes.

tion can be triggered in-vitro wnen lymphocytes are exposed to certain

led mitogens. In fact, lymphocytes are easily isoliated from peripheral

ty gradient centrifugation and kept alive in culture medium for several

are proteins or ~olysaccharides of plant or bacterial origin having the
0ss-linking sugar moyeties on the cell membrane and thus bringing about,
through a still unknown mechanism, lymphocyte activation in-vitro. Lymphocytes can be
divided in twc major subpopulations, the T- and B-lymphocytes. The B-~cells are involved
in the synthesis and secretion of the antibodies (humoral immune response), the T-cells
are regulating the cellular immune response, i.e. the rejection of grafts, the secretion ;
of a number of factors like interferon, and they play a key role in the activation of : .
B-lymphocytes. In our studies we use as mitogen concanavalin A (Con A), a protein iso- N
lated from Jack beans, a widely used T-lymphocyte mitogens. .
Maximum activation in-vitro is usually observed on the third day of culture. The acti-
vation can be| accurately measured by incubating the cultures with a radioactive consti-
tuent of the cell. Tritiated tyhmidine is a component of desoxiribonucleic acid, a kind
.of biologicall software in which all information needed by the cell is stored. Thymidine
is iacorpora Sd into activated cells at a much higher rate (100 to 200x) than into re-
sting cells. ~-thymidine is easily measured in a liquid scintillation counter.

to body-forei
cognise the
and receptors
bodies. The d

days. Mitogen
property of ¢

N

~

A
A

[}
L4




LR
.

11-2

The transition from resting status to stimulated lymphocyte is an example of cell dif-
ferentiation. The in-vitro activation of lymphocytes by mitogens can therefore be re-
garded as a good model for testing the efficiency of the immune response and for the
study of the mechanism of cell differentiation, the latter being one of the most in-
teresting topics in bilology today.

CHANGES OF LYMPHOCYTE FUNCTION IN SPACE

In this paragraph I briefly describe what has been observed by other investigators on
the effect of space flight on lymphocyte activity.

As described above, the .test generally used is based on the activation of T- and/or
B-cells with mitogens in-vitro, and the parameters measured are desoxiribonucleic or
ribonucleic acid synthesis using radioactive thymidine or uridine reaspectively as pre-
cursor. i .

The first report on a reduction of the efficiency of lymphocytes after space flight
appeared in 1973 by Soviet investigators (1): the lymphocytes from cosmonauts of the
Soyuz 6,7, and 8 missions showed a depressed reactivity toward T-mitogens. Similar
effects were later observed on several U.S, and Soviet missions and are summarised in
Table 1. and reviewed in Ref.(2).

Table 1. Effect of Space Flight on T-lymphocyte Reactivity (2)

MISSION . DURATION DEPRESSION

: (days)
Soyuz 6. 7, 8 , 5 YES
Apollo 7-13 : 6-12 NO .
Skylab II, III, IV 28,59,84 YES i
Apollo-Soyuz 9 YES Mo
Salyut &4 30,63 , YES et
Salyut 6 140 YES AN
Salyut 6 96 NO o
Space Shuttle STS-1, 2, 3, 4 2-8 YES (Ref. 3) AR

w

.

r

. ey
D
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Cultures of lymphocytes purified from blood samples drawn from
crew members before and after flight, but not during flight,
were expnsed to mitogens. Activation was measured by incorpora-
tion of labeled precursors into DNA or RNA.

In total, 41 U.S. astronauts and 12 Soviet cosmonauts were
tested.

No manned U.S. space missions took place between the Apollo-Soyuz flight in 1975 and
the 1st space shuttle flight in 1981. With the beginning of the shuttle-era lymphocyte
efficiency is regularly tested after each flight. Taylor and Dardano have reported re-
cently on the results obtained with lymphocytes from the blood of the 8 astronauts who
participated to the first 4 flights (3): the post-flight activation is reduced by 18
to 61 percent at optimum mitogen concentrations and after optimum incubation times.
According to the authors the post-flight changes are correlated with the subjectively-
evajuated increase in the incidence of in-flight stress and not to hypogravity.
In general, recovery of lymphocyte performance to normal pre-flight levels is observed
two weeks after landing. ' ' ) o
Concentrations of immunoglobulins, the antibodies secreted by B-lymphocytes, were also
determined in the blood of flight crews. No 'significant changes of IgG and IgM levels
were found in the Apollo astronauts, the same is reported for all immunoglobulin-
classes after the Skylab missions. A large increase of IgA, IgG and IgM serum concen-
trations was observed after the 49-day Salyut flight. This effect has been put in re-
lationship with the secretion of autoantibodies against degradation products from the
atrophy of skeletal muscles occuring during space flight.
Immunoglobulin levels were also determined in the blood of 4 crew members of the 1lst
Spacelab mission. Specimensobtained prior to, during and after flight were analysed
for total antibod: content as well as for specific antibody activities. Quantitation
of immunoglobulins G, M, A, D, and E indicated relatively minor fluctuations in the
concentration of each class of immunoglobulin during the experiment. Thus, microgravity
?fgects on immunoglobulin levels during the 10-day flight were consicdered insignificant
4).
T-1lymphocytes can be induced in-vitro to produce a-interferon by a procedure similar to
that used for mitogenic activation. A number of different substances, among them T-mi-
togens, can be used as inducers. u~interferon production has been studied in-vitro with
lymphocytes drawn from cosmonauts prior to and after flight on the space station
Salyut-6 (5). Newcastle Disease Virus, UV~inactivated was used as inducer. In two sam-
ples the production of interferon was significantly lower after flight, in the other
two it remained unalter>d. The same authors determined also the synthesis of interferon
by lymphocytes from normal donors, i.e. not from crew members, cultured on board of Sa-
lyut-6 in the presence of four different inducers. In the flight sarples production of
interferon was almost five times higher than in the ground controls (5).
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GROUND-BASED STUDIES

By ground-based studies I mean experiments which are perfirmed in a common laboratory
on earth and not in space. On the ground, hypergravity can be generated in centrifuges,
whereas hypogravity can bs simulated, but not reproduced, in clinostats. Experiments
in space are much more valid when supported by studies performed in the ground lebora-
tory.

In 1977, when our proposal "Effact of weightlessnes~” on lymphocyte proliferation" was
gelected by the European Space Agency (ESA) for flight on the 1lst Spacelab mission, we
began with ‘the study of the behavior of animel ani human lymphocytes cultured in hyper-
gravity (between 4 and 15xg). My interest in *.Lia subject was triggered by the thought
that having besn gravity constant throughout mill.ons of vears of blological evolu-
tion, altered gravitational conditions wculd have an important influence on living or-
ganisms. Scon we discovered that lymphocytr activation was :semarkably enhanced in cul-
tures exposed to Con A and kept at 10xg. Yhe study was extended to other cell systems
as described in Fig. 1. In any case tested ceil proliferation was enhanced by 20-30%
(6). However, to our great surprise, glucose consumption in the medium remained the
same. An explanation of thie apparent contradiction was found ty tracking cell move-
ments at high-g on the bottom of culture flasks coated with colloidal gold. With Hela
cells we found that cell motility is nil at 10xg, therefore more energy is available
to proliferation (6). This 1s an .mportant finding, suggesting that the cell is capa-
ble of adapting to hyper-g by changing some important functions like motility and di-
vision. :

Figure 1. Effect of hypergravity at 10xg on cell
pro%Iferation. Hela cells are a common and well

kown lins of human tranformed cells; CEF, chicken
embryo fibroblasts, are an example of non-~trans-
formed cells; SGS-3 are cells from a sarcoma of
a rat strain called Galliera; FBU 3b are Friend
leukemia virus transformed cells, an exampie »f
slow growing cells.

Results are expressed as percent of the corres-
ponding 1lxg control, indicated by the shadowed
area. In Helua cells, CEF, and SGS-3 cells proli--
feration was measured after 24 h (void bars) and
48 h (hatched bars) incubation time respectively,
in FBU 3b cells on day 4 (void bar) and 5 (hat~
ched bar) of incubation. Human lymphocytes were
activate1 by exposure to Con A, cell activation
was measured on day 2 (vola bar) and 3 (hatched
bar) of culture. (from Ref. 6).

Hyper-g effects are more dramatic when whole blood cultures are exposed to Con A at
10xg. Whole blood cultures are obtained by diluting peripheral blood 1 to 10 with
culture medium instead of purifying the lymphocytes on a density gradient. In whole
blood cultures lymphocyte activation is more than trebled by hypergravity(A. Cogoli
and A. Tschopp, unpublished observations). We do not know yet the reasons nf this ef-
fect. It is possible that certain blood components, e.g. red blood cells or hemin,
which are not present in purified lymphocyte preparations, nave a co-mitogenic effect
at hyper-g. In fact, hemin has been identified as a macrophage-dependent T-cell mito-
gen (7). The use of whole blood cultures is due to the fact that we will test the ef-
ficiency of lymphocytes from crew memrers in-flight on two Spacelab missions in 1985
and 1986. Limitation of equipment and of crew time make a purification of lymphocytes
in-orbit impossible. . .

The rapidly rotating clinostat is a device designed to provide "functional weightleas™
ness. In fact gravity is transformed from a vector into a scalar. Since flight orp.r
tunities for biological experiments in space are still rather rare, clinostats orfer

a useful way to perform exploratory investigations in simulated microgravity cordi-
dions. While the launch of Spacelab-l suffered several delays between 1979, the year
in which it was originally scheduled, and 1983, we investigated the behavior of human
lymphocytes exposed to Con A in the rapidly rotating c¢linostat (8). As shown in Fig. 2
activation wac depressed by 50U% as compared to the lxg controls.

in conclusion, the results of our ground-tased experiments led us to fcwrulate the
hypothesis that microgravity depresses, hypergravity increasse cell prc.iferation rate.
The effect appears to be more relevant in cells undergoing differentiation rather than
in those undergoing normal division cycles.

HUMAN LYMPHOCYTES IN SPACELAB-1

We had the opportunity of testlug our hypothesis under real microgravity conditions
during the firs:t Spacelab mission launched on November 28 1983, The main objective of

ty per-se.
The whole design of the experiment, i.e. hardware and flight operations, was very sim-
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Figure 2. Effect of simulated Oxg on lympho-
cyte activation. Human lymphocytes were exposed
to mitogenic concentrations of Con A. Activa-
tion was measured after 2 and 3 days of incuba-
tion. Microgravity was simulated in a rapidly
rotating clinostat.

The results are expressed es percent of activa-
tion, taking as 100% activation that of the
control at 1lxg on the third day of cultivation.
The standard deviations are calculated from &4
experiments with lymphocytes from different
donors.

ple. In fact, complicated instruments are fre-
quently subject to irremediable failures in spa-
ce, This 1s due mainly to the fact that biolo-
gical experimentation in orbit is still =t the
beginning., Therefore the biologist used to much
more sophisticated experiments which are easily
performed in his laboratory on the ground should
be aware of the problems existing when working
in a space laboratory. The situation will rapic-
ly change in future since ESA and NASA are

doing considerable efforts to lmproving the con-
ditions for bilological and bicmedical experitca-
tation in space.

The equipment used in this experiment was de-~
signed and manufactured in our laboratory. It
consisted essentially of a carry-on incubator,

a front panel and four cell culture chambers
fixed in a block cf aluminum (Fig. 3 and 4).
Inothe incubator the temperature can be kept at
37°C eitnr by means of a battery power (up to
24 h) or a picela power (28V DC). The incuba-
tor can be fixed to its front panel mounted in

a rack in the Spacelab module. The front panel

electronic »ox with the connectors to Spacelab's power bus and to the

remote acquisition unit {RAU). The RAU connection delivers a temperature signal tc +he
ground control station at Johnson Space Center. A crucial problem in developing the
hardware was the design cf the culture chambers. We had to satisty the safety require-
ments of NASA, to select materials non toxic to lymphceytes, and to take into consi-
deration t.¢ peculiar properties of the weightless environment in terms c¢f uixing of
fluids and air tubbling. After having tested about 50 materials (metals exd plastics)
for bilological compatibility, we made culture flasks of Teflon reinforced with 25%

i b b 0 -

Figure 7. Flight hardware of
the experiment in Spacelab.
Open incubator mounted in its
front panel. The incubator
contains 4 culture chambers,
cne set of 12 syringes, 3 for
each culture, and tcols for
irflight operations,in the
11,
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Figure 4. Flight hardware of
the experiment in Spacelab.
Cagry—on incubator (25x17x17
and weighing 3.5 kg), alu-
minum block with 4 cell cul-
ture flasks, and open flask.

Table 2. Protocol of the Expériment in Spacelab-1

TIME

Hours before/after launch ACTIVITY

L-22h Blood draw from a healthy male dcnor

L-13h i Lymphocytes are purifted on a density gradient by centri-
fugation k

‘L~ 7h . The cultures are sealed in their containers, stowed in
the incubator, and delivered to the launch pad

L - 6h The incubator is stowed in a midded~k locker of

Columbia

L+ 6n The incubator is transfered into the module of Spacelab,

g . ingtalled in the front panel , and the experiment is ac-
tivated by injection of Con A into the cultures

L+7h After 69 h incubation at 37 c, labeled thymidine is in-
jected into the cultures

L+77h : The experiment is terminated by inJection of hydroxy-

ethylstarch as cryopreservative of cell ultrastructure
and the cultures are stowed in a liqaid nitrogen frece~
zer T

1 h after landing The flight samples are returned to the 1nvest1gat*rs
: after a 10~day mission

A synchronous control experiment was run in the ground laborator at {erasdy
Space center with cultures from the same batch of cells in an ideutical incubstor,
Data analysis was performed in Zirich 6 days after the end of the mission.

o

glass fiber. Basically, they consist of a cylindrical contai. 2r (Fig. &) vnich can be
filled with maximally 12 ml of culture and hermetically sealed with a pis on. Reagents
can be injected into the chamber by means of syringes through a thick memiiane made of
silicone rubber. The piston.can move up and down, thus compens>ting varia~ions of vo-
lume. More details of the hardware are given in Ref. (9).

An incutator unit identical to that flown in Spacelab was tested 3 months —efore du-
ring the 8th space shuttle flight on board of Challenger. There we 1nvest,gatnd the

PR -~
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The experimental approach consisted essentially of exposing lymphocytes in culture to
mitogenic concentrations of Con A during space flight, and of measuring activation by
incorporation of tritium-labeled thymidine into desoxyribonuclgic acid.

The incubator contained 4 cell cultures, syringes with Con A, “H-thymidine, and h)droxy-
ethylstarch (HES). HES is a substance commonly used in solution as plasma substitute
in transfusions and has also the property of preserving the integrity of the ultra-
structure of human cells when these are frozen in liquid nitrogen. Pre- and in-flight
operations are summarised in Table 2. 13 h before launch,lymphocytes were purified from
human blood and resuspended in culture medium at a final concentration of 2 millions
cells per ml. Portions of the culture were sealed in 8 flasks (8ml/flask): A,B,C, and
D were the ground control samples and E,F,G, and H the flight samples. 6 h after 1ift
off the cxperiment was activated by injection of Con A (25 ug/ml) into inree flight
and three ground cultures. The, fourth ground (A) and flight %E) cultures were unsti-
mulated controls. After 69 h of incubation, radiolabeled thymidine was injected into
cultures to give 4 uCi/ml. Two hours later HES was added to a final concentration of
14%. Air was let into the flasks and, after vigorous shaking, the cell cultures were
stored in liquid nitrogen freezers both on board and on the ground until the end of
the mission. Finally, 13 days after completition ¢f the experiment all cultures were
simultaneously thawed and prepared for analysis. . :

The main results are given in Fig. 5. The activation of the flight samples, is less
than 3% that of the ground controls (Fig. 5a). However, the cells survived the space
flight, since the glucose consumption is only slightly lower in the flown than in the

JHIHYINOINE  UPTAKE GLUCOSE CONSUMPTION

Figure 5. Lymphocyte activation
induced in microgravity on Space-
a 100 4 b lab. Cultures of human lympho-
cytes were exposed to mitogenic
concentrations of Con A in ground
samples B,C, and D and in flight
samples F,G, and H respectively.
Samples A (ground) and E (flight)
were unstimulated controls.

a. Activation megsuredBafter 69 h
incubation at 37°C as “H-thymi-
dine incorporation into desoxy-
ribonucleic acid.

b. Glucose remaining in the. me-
dium measured by the glucose de-~
hydrogenase method (6). The ini-
tial concentration of glucose in
the medium was 1100 mg/liter. The
standard deviation of triplicate
samples is given, except for sam-
ples A,R,F,G, and H in a., for
which it was too low to be shown
here.
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ground samples (Fig. 5b). A significunt giucose consumption by unstimulated cells is
not surprising since resting lymphocytes, like all other cells in culture, need a remar-
kable amount of glucose for survival., A further argument in favor of our results is
that a relevant number of radiolabeled nuclei is detected by autoradiography in the
lymphocytes exposed inflight to Con A. Again, this indicates that cells were viable
" throughout the experiment and that thymidine uptake was not altered in microgravity.
See, for more details, Ref. (10).
Although the results are unequivocal, I note that they are frocm a single experiment
and therefore need to be checked on future missions.
In the discussion of our results I assume that the constituents of cosmic radiation
which can penetrate the culture flasks - that is, high-charge and high-energy particles
such as iron nuclei - do not play a relevant role in this experiment. In fact, the pro-
bability that a significant number of resuspended cells are hit by the radiation in
cultures containing 16 millions cells per flask is extremely low.
As discussed above, a decrease of lymphocyte reactivity was expected, i.e. our hypothe-
sis on the effect of gravity on cells has been confirmed, however, the extent of the
depression is'surprising. Lymphocyte activation is triggered by at least two signals.
In this experiment, the mitogenic signal is delivered specifically to T-lymphocytes by
Con A through its binding to glycosidic residues on the cell membrane followed by pat-
ching and capping. Patching and capping are typical phenomena due to the migration -
on the cell surface and to the cross-linking of the receptors recognised ty Con A
vhich carries four binding sites for mannose and glucose. The second signal may be de-
livered by factors produced by macrophages (which are always present in lymphocyte cul-
tures) and/or by subpopulations of T-lymphocytes {interleukins). A ‘third signal may be
reguired and delivered through direct cell-cell contacts, although the finding of high
aaddarndkian dn Anlt+imae Ailuted +n aae few as 50 thousands cells per ml does not support
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microgravity, the third signal may be hindered since cell-cell contacts may be liess
probable 'n lymphocytes suspended at Oxg. However, the following considerations indicate
that cell contacts must also occur in microgravity: (i) aggregates of cells, a typical
consequence of intercellular binding through Con A, were formed in microgravity (10),
{11) the experiment performed on the 8th space shuttle mission showed that contacts
Letween cells and microcarrier beads are at least as effective in space as on the
ground (A. Tschopp et al., unpublished results), (iii) passive cell movements in the
medium, which may contribute to establish contacts, are not hindered by gravitational
forces, (iv) calculations based on the volume of the flask and the cell concentration
show “hat the average statistical distance between cells was less than 0.05 mm in our
cultures, and (v) considering the various signals involved in activation, it is impor-
tant t¢ nota that the comparative results in Fig. 5a are consistent with activation
being an all-or-none phenomenon.

OUTLOCK

Although our observations are in agreement with the results found with lymphocytes taken
from crew members after space flight, we cannot extrapolate the data derived from ex-
periments in-vitro to changes occuring in-vivo. Experiments planned for the D-1 and
Spacelab-4 missions in 1985 and 1986 should clarify the question of lymphacyte efficien~
¢y in space.

Both experiments consist of two different functional objectives:

1. Like the experiment on Spacelab-1l, cultures of lymphocytes,prepared on the ground,
will be exposed in-flight to 'Con A, however, activation will be determined after 24,

48, 72, and 96 h of incubation. This will permit to establish wheter the cell cycle,
i.e. the biological clock of the cell, is modified by altered gravity conditions. On
both missions, control cultures will be incubated in-flight at 1xg in a reference cen-
trifuge. In addition, three more g-levels will be provided on board Spacelab-4 by a
"multi-g" centrifuge, namely 0.5, 1.5, and 2xg, thus permitting a broader study of
g-effects on cells. .
2. Whole blood cultures of samples from four crew members will be exposed to Con A
pre-£flight at launch - 10 days, - 1 day,in-flight at launch + 3 days, and after flight
at landing + 1, +7, and +10 days. This approach should permit to discriminate between
effecis of gtress and effects of weightlessness per se on the lymphocytes of astronauts.

SONSLUUIONS

seusiner g what is presently known about the behavior of cells at different g-~values,
w2 can u2 a relatively consistent picture into which our results from Spacelab-1 fit
ver well. A" high-g, cells divide, faster at expense of reduced motility, since energy
«consumption iemains the same. In microgravity, lymphocyte show a dramatic reduction in
picliferation irate, reduced glucose consumption, but a strong increase of interferon
sceretion. As seen in an  experiment performed on Skylab in 1973 (11), WI-38 human em-
b.yonic lung cells, which differ frem lymphocytes in that they do not undergo differen-
tiation steps, grow and move normally at Oxg, but they also consume less glucose.

In conclusion, most of the cells investigated appear to be sensitive to gravity, the
effect serms to be stronger with cells such as lymphocytes, which are transformed by mi-
tegens from a2 dormant to an activated state.

The results we have obtaianed so far have ceontributed to an increase in the knowledge of
the in.luence of gravity on basic cellular mechanisms, to clarifying certain biomedical
aspects of the effect of space flight on the immune system, and to developing useful
bictechnolegical processes. Although the machanisms involved in gravitational effects
on ~ells are still unknown and .a gravity sensor has not yet been identified, we can con-
ciuoe on the basis of results to date that cells are sensitive to gravity.
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DISCUSSION

(SPEAKER ‘unidentified)

You said that high acceleration activates lymphocytes. It that also true for high
pressure, for instance, during therapy in hyperbaric chambers?

AUTHOR'S reply

I am not able to answer your question, because I do not know. The only relation I
have in my experiments to pressure is that we cultured lymphocytes under a column of
water, because we thought that the effect we saw during centrifugation might be an
effect of hydrostatic pressure which we have also on the centrifuge. But nothing
happened in lympnocytes cultured under a column of liquid.

VAN DEN BIGGELAAR, NL

Is it pocsible, that other human cells than lymphocytes can be activated by G
forces, for instance bone or cartilage forming cells?

AUTHOR'S reply

Yes, our experiments (Experientia 39:. 1323-1329, 1983) at 10 G with HeLa cells
(human tumor), CEF (chicken embryo fibroblasts), SGS cells (rat tumor), FBU cells
(human virus transformed cells) confirm that generally hypergravity stimulates cell
proliferation. The effect seems to be stronger on dI%ferentiating cells. We will
extend our investigations to other cells and other methods. We want to understand
what happens in the cells biochemically. We think that there is a change in the
metabolism of the cell under high acceleration. ' -

VAN DEN BIGGELAAR,- NL

wWhat is the most effective acceleration‘ value for stimulating'cell activity, and
how long must the G force be applied?

AUTHOR'S reply

The G levels tested on human lymphocytes range betwean 2 G and 15 G; at 20 G
lymphocytes do not survive. The cells were cultured for 3 days in the centrifuge.
There is no correlation between G level and extent of the effect, i.e. it is an all
or nothing effect. In preparing experiments for the German Spacelab Mission D-1, we
have exposed whole blood without mitogen at 10 G for 24 hours. If you than go back
to 1 G and add mitogen, the effect of high G is still there; obviously, the 24 hours
"preconditioning” at 10 G are sufficient to prime human lymphocytes with a high G
effect. But this is so only with whole blood.
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BIOSTACK EXPERIMENTS ON STS-FLIGHTS AND THE IMPACT FOR MAN IN SPACE

H. Blicker

Biophysics Div., DFVLR, Institut for Aerospace Medicine,
Linder Hohe, 5000 Xoln 90, FRG

SUMMARY

The radiobiological properties of the heavy ions of cosmic radiation
were investigated on Spacelab 1 by use of biostacks, monolayers of
biological test organisms sandwiched between thin foils of different
.types of nuclear track detectors. Biostacks were exposed to cosmic
radiation at several ijocations with different shielding environments
in the module and on the pallet. Evaluations of the physical and
biological compcnents of the experiment to date ‘indicate that in
general they survived the spaceflight in good condition. Dosimetric
data are presented for the different shielding environments. ',

INTRODUCTION

Humans in spaceflight are exposed to two important sources of potentially detrimen-
tal effects: (i) the cessation of the gravitational stimulus to which they are normally
adapted, and (ii) {fonizing cosmic radiation. On the earth people in industrial coun-
tries are exposed and possibly adapted to an average radiation dose-equivalent estima-
ted as 2.4mSv. per year /1/, whereas measurements in the near-earth orbits of Skylab
yielded exposure levels between 200 and 800 mSv per year /2/. It is not this quantita-
tive increase in intensity that merits special attention, however, since according to
current radiation protection standards even this several hundredfold increase would not

prohibitively 1limit man's sojourn in space. It {is the radiobiological quality of nu-

merically minor components of the cosmic radiation field which uniquely distinguishes
it from the terrestrial radiation environment and which, since the beginning of manned
spaceflight, has prompted the special attention of radiation biologists /3/. In the
context of radiation protectfon the radiobiological quality is expressed in terms of
the dimensionless quality factor Q, by which the amount of physically absorbed radi-
ation as measured in grays (1 Gy=joule/kg) s to be multiplied in order to yield the
biologically relevant dose-equivalent in sieverts (Sv) /5/. The physical quantity by
which fonizing radiations of different quality are conventionally distinguished is the
spatial density of ionizations engendered in the irradiated material, which in turn can
be expressed by their linear energy transfer (LET), usually given in keV per micrometer
of tissue or MeV.cml per gram. The densely ionizing heavy 1ions (also called HZE
(high charge and energy) particles) and the disintegration stars of nuclear reactions
induced in irradiated matter present an obstacle to a comprehensive and consistent
assessment of the radifation hazards in manned spaceflight., The LET of the cosmic.heavy

jons extends to such large values, where both the spatial and temporal pattern of ener-
.gy deposition become extremely .inhomogenous, that the very definition of absorbed dose

as a measure of radiation exposure and also the concept of the quality factor become
inapplicable /6/. The pragmatic approach of setting aside these fundamental conceptual
difficulties and converting the measured macroscopic spatial and temporal "averages" of
“absorbed dose" distributions over LET into biological “dose-equivalents® by mean: of
accepted Q(LET) relation /7/ remains problematic, since (i} the data base on which
these relations rest does nat cover the ionization densities typical of cosmic heavy
tons, (if) LET a sne does not provide a unique measure of radiation quality, and (iii)
a unified theoretical understanding of radfation quality, which might allow extrapola-
tions, has yet to be achieved. These probliems were recognized in a report of the U.S.
National Academy of Sciences on HIE particle effects. The report concluded that in
order to assess the radiation hazards of these HZE particles to man exper.mental knowl-
edge of their radiobioiogical effects must be advanced by spaceflirht experiments and
groundbased experiments at suitable particle accelerators (which at that time just
became operational) and that these experiments must permit evaluation of the radicbio-
Togical effects of single HZE particles on individual biological cells /8/. The re-
quirement was realized for the first time in space by the Biostack experiment onboard
Apollo 16 /9,10/. The results of subsequent spaceflight experiments on the last lunar
mission of Apollo 17 /11/ and the earth-orbital Apollo-Soyuz mission /12/ emphasize tne
important role of single heavy 1ions onto dramatic changes in individual cells. On
Spacelab 1 the most extensive Biostack experiment, the. Advanced Biostack, has been
flown.

EXPERIMENT DESCRIPTION
The Biostack Concept

The investigation of the bioiogical effects of single heavy ions to individual
biologizal objects requires a clear geometrical assignment of these particles to the
test organisms. Sandwichlike combinations of monolayers of suitable biological test
items, fixed in between nuclear track detectors permit to correlate the visualized
tracks of the particles to individr.l biological objects in the vicinity of the track.
The. procedures adopted for this correlation depend on the properties of the track de-

® e s e e e eaE A w

- . B & umaw .



12-2

tectors used, on the nature of the test organisms as well as on the precision required.
In additfon to these radiobiological findings, the track detectors of the Biostack
experiment yield detailed dosimetric results on the atomic composition and the LET
spectra of HIE particles as well as the spatial density of nuclear desintegration
stars. Lif-dosimeters measure the integral ionfzation of HZE particles and sparsely
fontzing background radfation.

The Lgxgdt of the Advanced Biostack on SL 1

Following the results of the former Biostack experiments which have been flown
inside the Apollo command modules it seemed worthwhile to fly 4 experimental units on
SL 1 at sites of different mass shielding environment, two units in an experimental
rack of the module, one unit beneath the flor of the module and one without any shield-
ing from SL 1 (within ~ 2x ) on the pallet, These data will contribute to predict
radiation hazarde in future long-term missions, once the problem of evaluating the
radiation quality has had at least an operational solution. They also serve as tests of
the rather involved models used to calculate radiation transport under the influence of
the geomagnetic shielding effect /13/.

In order to provic¢- a hroad empirical basis for a check of radiobiological models a
large variety of test organisms differing in systematic position, organization level,
developmental stage, xdiation sensitivity and size have been used in combination with
track detectors with agifferent chemical compos tion and sensitivity . This requirement
was met hy the contrit:utions of many co-investigators working on these different sys-
tems. Table 1 shows the biological systems and their combination with track detectors
used, the endpoints of biological evaluation and the investigators involved. Table 2
shows the radiation de.ectors used, their relevant properties and their investigators.

The Biological Stack . '

The use of -AgCl-crystals as track detectors demands actinic light during the pas-
sage of the particle in order to stabilize the latent particle track, Siace this re-
quirement is not compatible with the use of nuclear emulsion two different biological
stacks have been defined: a passive stack 1nc1uding plastic and emulsions and an active
stack containing AgCl-crystals.

The passive stack. Every passive stack consists of about 15 sub-units, in any of
which either a selected biological object is sandwiched with a certain track detector
several times or a certain number of track detector sheets is stacked together for
dosimetric purposes. A sub-unit consists of 1 to 80 sheets. The thickness of the bio-
logical sheets, given by the size of the hiological object, varies from l,um in tne
case of Bac. subtilis (fixed on the detector with PVA) to 200 ,um for seeds of
Arabidopsis Thaljana or cysts of Artemia salina. In order to prevent t‘e bigger objects

TABLE 1: Biological Systems

Bioloqical system Track Effects under investigation Investigator Affiliation
detector )
Siomolecules Hemogiobin <] Influence on the optical adbsorption $.L.80nting University of
. N1 jmegen,
The Netherlands
Rhodops in
Unt-cellular Bac. subtilis 2 ] Influence on spore outgrowth, cell R.Facius OFYLR, Biophysk.
spores Lexan development, colony formation G Horneck K§in, FRG
AgCl G.Reitz
M.Schifer
J.U.Schott
K.Baltschukat
Plants Arabidoptis o ] Influence on germination, >lant AR.Kranz University of
thaltiana seeds AgCt development and mytation induction U.Bork Frankfurt, FRG
Sordaria N influence on germination, mycel growth J.U.Schott DFVLR, Biophysik
fimicota . AgCl reproduction and mutation rate KdIn, FRG
ascospores .
Nicotiana influence on germination, growth ard M_Delpoux Untversity of
tabaccum ceeds Xz development, mitation induction Toulouse, France
Animals Artemia saiima N Influence on early steps of development, G.Gasset University of
cysts X2 metabolism {brochemical amalysis), ¥.Gaubin Toulouse, France
integrity of ultrastructure H.P1anel
4] Influence on hatching, induction of E.H. Graul Untversity of
development anomalies, histotogical %.Ruther Marburg, FRG
AgC1 anomalies
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from mechanicai siress during stacking these objects &re embedded in l1ittle holes of a
plastic sheet of 250 ,um thickness (grid) keeping a well defined distance between the
neighbouring detectors. The thickness of the detectors varies from 100 ,um for CN to
300 sum for emulsion., To prevent influence to each other, plastic foils of Makrofol,
40 ,sum thick, have been used between the sub-units and between emulsion and biologi-

cal layers. For rhodopsin and hemoglobin 1little hermetically sealed gilded container

have been used. The sub-units are mounted on a gilded stacking frame.

TABLE 2: Radfation Detectors

1 P
Coemic Ostacter Rangs of fn-  Thres-  Tisswe  Backe Tine ' Irvestigator Atfilation
Radlation formation on  held oquivas ground  assign-
Companant T and LET Tence noise ot
fucloar Eowtsion: very brosd Tow e Mer e N.Frencols CEA, Pariy, Frence
K2, 8§ R.PeoN] SADV!, Strashoury,
France
Pasties: oedivm mdim  yes low " 0.C.ANkofer University of
Cellylose- R.Sesujoon Kiel, FRG
ireeriemats 5.5 rgeen
ye. [
G.Sermon
1¥ ) ' broad Towto yes Yow » V. Hetnrich University of
. ned'am J.0eer Stegm,
teevy lems
R.Facivs OFVLR, Biophysik.
. heitz 1 o 're
N.Scnifer
€.¥.0enton Unfversity of
Sen Francisce,
U.S.A
MCl-crystals broad Tow toc  mo medivn  yus £.Schopper University of
mdium to tow Frankfurt, FAG
J.u.Schott DFVLR, Blophysik, |
mn.'m
f-rays, LiF Thermo- integrating dosimeter L] W.Francois CEA, Paris,
Protens luminescence G.Portal France
dosimeter
G.hettz DFYLR, Blophysik,
Bin, FRE

The active stack. In the active stack AgCl-crystals are used in combination with Bac.
subtiVis, Arabidopsis thaliana, Sordaria fimicola and Artemia salina. On 200 , um
thick single-crystals, covered with a protective lacquer, the biological objects are
fixed with PYA (Bac. subtilis and Artemia salina) or luviscol. The stack is illuminated
by actinic light from a matrix of yellow and green light emitting diodes during the
fligh-. L . :

Flight Hardware

The flight hardware consists of two hermetically sealed containers housing one
passive stack each (Typ A) and two hermetically sealed containers with a smaller pas-

sive stack on the bottom and an AgCl stack on top (Typ B). Fig. 1 shows one container

type A and type B (left side) of the flight experiment.

Hardware type A: The design of the hardware for the passive stacks was similar to
that of the Apollo missions. The container picks up a stack of 98 mm of diameter and 87
mm of height. One unit (Al) was mounted in an experimental rack, the other unit (A2)
beneath the floor of SL 1.

Hardware type B: The middie part of container type B contains a matrix of light emit-
ting diodes, which illuminates the AgCli-crystals in the hermetically sealed upper con-
‘tainer through a glass window., Because of the hign importance of the temperature for
the survival of biological samples two temperature sensors have been included, one in
the wall of the container near the lower stack representing the temperature of the the
passive stack and one in the AgCl-stack. An adequate data interface to SL 1 permitted
to observe the actual temperatures and the status of the light source in near real time
on ground during flight. One unit (B1) was mounted in rack no 4, the other unit (B82) on
the paliet. '

Flight Experiment

Due to the latest launch date delays the biological samples have been handled
earlier in advance than foreseen. After covering the detectors with the biological
objects in the biologists laboratories in June 1983 the stacks have been prepared at
DFVLR in July and integrated into the containers. After a storage time of 6 weeks at

40C the units have been mounted into the SL 1 payload in early September. OQuring

transportation to KSC as well as during flight, from 28. Nov. to 8. Dec. 1983 the
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Fig. 1: Flight hardware: Pallet unit (typela) on the left side, rack mounted unit
(type A ) on the right side

temperature of both units has been monitored; it did not exceed 210C during trans-
portation. Except during the hot phase, where 340C have ULeen observed as maximum
temperature in the pallet unit B2 for about 1 hour, the temperature did not exceed
280C during flight in any unit. The lowest temperature observed has been 19,50C on
the module mounted unit 81, All module mounted units were returned to DFVLR on 10 Dec.
1983, the pallet mounted unit on Dec. 22. The disintegration and the delivery of the
§amples to the co-‘*nvestigators invoived was performed between 12 Dec. 1983 and 12 Jan.
984,

Ground based control experiments. Extensive ground control experiments have been

performed with the 4 identically prepared back up units. One unit type A and type B has
been exposed to the transmitted temperature profile of the pallet unit during flight
with a one day delay, another unit was {rradiated with 400 MeV Fe-{fons at Berkeley
short time after flight. The results of these experiments render to exclude potential
effects of the temperature onto the biological samples and contribute to the investiga-
tion of the influence of the sparsely fonizing fraction of the cosmic radiation.

RESULTS

Dosimetric Results

Preliminary meagurements of fluxes {(in ions per square centimeter per day) of heavy
fons with.an LET above 1 GeV-cm2/g show an increase from about 0.15 beneath the
floor to 0.25 inside the racks and 0.28 on the pallet in one substack of plastic
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.Fig. 2: Track of the heaviest fon ever detected in the Biostack experimengzj on the
12ft side penetrating through a 300 ,um thick K5 emulsion, on the right
side its stopping end in a 300 ,um thick neighbouring K2 emulsion
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detectors, and an fincrease from 0.20 in the floor to 0.34 on the pallet in another
substack. In a somewhat more sensitive plastic detector the last two fluxes were
measured as 0.36 and 0.54, respectively. In nuclear emulsions with a still lower regis-
tration threshold a flux of about 1 ion/cm2-day with LET above about 400 MeV-cml/g
was measured on the pallet, where a very heavy fon (atomic number probably twice as
large as that of iron) was also detected for the first time in a biostack experiment
(see Fig. 2)Lithifum fluoride dosimeters measured average physical absorbed doses of
0.077, 0.088 and 0.085 mGy/d in stacks beneath .the floor, within the racks, and on the
pallet, respectively. These values, which represent the contribution of sparsely joniz-
ing radiation, show a less marked dependence on the shielding than the heavy ion
fluxes. 750 nuclear desintegration stars/cm3 day have been registered in K5 emulsions
on the pallet. Due to different solar cycles these dosimetric daita are consistently
somewhat lower than the values for the Apollo-Soyuz mission. A probable influence of
different shielding {is still under investigation. Table 3 summarizes the dosimetric
results 'in comparison with the results of previous Biostack experiments. A detailed
comparison must await the final calibration of all detector materials and the evalua-
tion of complete LET and particle spectra. The first data from CR 39 for an LET spec-
trum of the SL 1 experiments in Fig. 3 are still preliminary.
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Fig. 3: Preliminary LET - spectra of the Spacelad 1 experiment in comparison with
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TABLE 3: Results of Dosimetric Measurements inside Biostack Containers

DOSE MATES IN LiF MEAVY 1OW FLUXES DENSITY OF SWCLEAR
BIOSTACE EXPERINENT TLO-008 INETERS LET-TMESHGLD  FLUX DISINTEGMATION STARS ;: pecucm
{(WAD/D) tekvon' 76} (orto)) osion k $ (cm-3¢-1)
s3.9 1.0 1.4
Apeile 16 a6 1%
4.3 1N 0.87
: 9.4 .
Agalle 17 §1.5 1.0 1.8 1000
LI f
132
Apol lo-Seywz }:g 1.0 0.5 140
0.4 « 1.0
Patiet (X} 0.8 - 0.54 %
1 0.2 0.4
u !
Racks (¥} 1 0.2% -
0.8 - 0.9
Floer M 1 0.15 0.20 -
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8iological Results:

First biological results cannot exclude some influences to the test organisms which
are not related to spaceflight factors. Some samples from the temperature stimulated
round control experimert and those which have been flown, but not hit by heavy ions
zflight contro) samples) show a decrease of survival, This observation we trace back at
least to some extent to an unusually long period of time between the preparation of the
samples and the disassembly of the experiment of more than 5 month, caused by the two
Tatest delays of the launch date, compared to 28 days with the Biostack experiment on
ASTP. Flight control samples of cysts of Artemia salina for finstance exhibit a survival
of 50 percent only. The extent to which th s {inactivation is due to the long storage
time or to radiobiological effects of nuclear desintegration stars within the cysts -
the cysts of Artemia salina have the largest radiosensitive volume of all samples used
- possibly in combination with other fact-ors of spaceflight such as microgravity re-
mains to be determined. The development of egys, which were hit by heavy ions but stil)
formed swivming larvae { A5 percent), appnired to be more strongly retarded than in
previous spaceflight experiments by approximately a factor of 10 compared to normal
cysts. . ‘ '

Fig.4: Shadow of a seed of Arabidopsis thaliana on K5 emulsfon hit by a heavy ion

Figures 4 to 6 show photomicrographs of the physical evaluation of hit biological
objects. In the case of Arabidopsis thaliana in combination with nuclear emulsion, the
binlogical objects were outlined on the emulsion by weak {illumination with actinic
light Hefore removing the seeds and development of the detector. Thus the particle
tracks can be correlated to the negative shadow (Fig. 4). Fig. 5 shows the same object
on CN, hit by a heavy ion, whereas Fig. 6 shows a spore of Sordaria fimicola on an
AgCl-crystal hit by a secondary particle from a nuclear disintegration star. The focal
plane of these photographs is a more or less worthwile compromise between a focused

o

oW .
Prow S YN

Fig 5: Seed of Arabidepsis thaliana on fig. 6: Spore of Sordaria fimicola on
CN with the etchcone of a heavy AgCl with a nuclear disinte-
ion . gration star

picture of the biological object and the particle track. Thin layers of myoglobin and
rhodopsin were included for the first time in the Advanced Biostack experiment as bio-
chemical test system. Rapid, automated postflight <canning of the dry films at the
wavelengths of peak absorbance with a spatial resolution of 2 Jum has not revealed
any new absorbance ascribable to heavy-ion trajectories so far, Experiments are in
nrogress to determine whether postexposure wetting of the films will modify this find~
ing.
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FUTURE EXPERIMENTS USING THE STS

Within the 1ife sciences space programs of NASA and ESA continuous effort will be
devoted to experimental investigations of the radiobiological implications of the cos-
mic radfation, especially of its densely ionizing component. At present the following
radiobiological experiments have been accepted for flight,

Already in orbit is the completely passive long duratfon exposure facility (LDEF)
of NASA, which was launched fnto an orbit at 556 km altftude and 28 degrees inclination
on April 6. 1984, The "Free Flyer Biostack Experiment" on LOEF i{s the first space
flight experiment which probes the radiobiological effects of the cosmic HIE particles
during long term exposure to the additional factors of the sapce flight environment,
especially to microgravity. Its revovery is scheduled for March 1985.

The launch of the 7 day german D1 mission of the Spacelab into an orbit at 324 km
altitude and 57 degrees i{nclination 1is scheduled for September 1985, Whithin its
BIORACK facility two radiobiological experiments have Dbeen accommodated. The
*Dosimetric Mapping inside BIORACK* experiment will provide dosimetric data for the
fonizing radiation environment within the BIORACK. These data yield the background
information, which may be necesssary to analyse and interpret findings from ot*er bio-
1ogical finvestigations in the BIORACK, e.g. on biological effects of microgravity. The
facilities of the BIORACK will allow to study the effects of HIE particles on develop-~
ment in the experiment "Embryogenesis and Organogenesis of Carausfus morosus under
Space Flight Conditions".

The european free flying long duration exposure facility EURECA will provide active
temperature control and electric power for its experimental facilities, among which the
Exobiology and Radiation Assembly (ERA) is designed to accommodate also radiobiological
experiments. Its first flight s scheduled for March 1988. This mission in an orbit at
296 km altitude at 28.5 degrees inclination fs planned to last six to nine months. This
different orbit, as compared to the first LDEF mission, is expected to reveal the con-
tribution of the nucliear disintegration stars to the observed radiobiological effects
in the "Free Flyer Biostack " experiment on EURECA. The objectives of the experiment
“Oosimetric Mapping on EURECA" in the ERA are tnc same as the one in the BIORACK,

Future missions, for which experiment proposals for radiobiologica] 1n§cstigations
have been or will be submitt<d are the following.

Scheduled for May 1987 {s the launch of the NASA IML-1 mission with 7 days dura-
tion. The Spacelab will carry on this mission the BIORACK facility, for which a re-
flight of the two radiobiological experiments of the D1 mission has been proposed. In
addition a proposal for a third experiment has been submitted, where the radiobiologi-
cal effects of cosmic HZE particles on actively metabolizing organisms. in contrdst to
organisms in a resting state will be investigated. The proposed experiment has the
title “"Response of Unicellular orqanisms to Heavy lons -of Cosmic Radfation Quring
Spacefliight*.

For the reflight of the LDEF, to be launched in August 1987 for a two year mjssion
into an orbit at 450 km altitude and 57 degrees inclination, a refligth of the |"Free
Flyer Bfostack® of the first LDEF mission will be proposed. So far this will He the
mission with the longest exposure to the space flight environment.

A second german mission with the Spacelab (D2) is scheduled for July 1988. For this
mission a reflight of the "Advanced Biostack Experiment on SL-1* will be proposed. A
second proposal will be submitted for the "Dosimetric Record of Astronauts' Radfation
Exposure®. Apart from yielding personal dosimetry data for radiation protection pur-
poses, in this experiment the specific contribution of the South Atlantic Anomaly of
the geomagetic field to the radiation field in a near earth orbit will be studied.

For the progress of scientific research in space the availability of the Spacelab
and the Space Transportation System STS obviously marks a major stepping stone. |Apart
from offering the interaction of human experimentators and more sophisticated and
larger experimental tools it will allow to perform experiments in space more frequently

and at more regular terms. Thereby scientific activities - especially biomedical re-
search - in space will gradually approach the standards valid for terrestrial scien-
tific work, :
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PREFACE TO THE INFORMAL BRIEFINGS
BY THE F-16 MEDICAL WORKING GROU?

The autumn meeting of the Aerospace Medical Panel has developed into a special format namely a m:zi-symposium on
a timely subject, the annual business meeting and a “national half-day”, The latter is a momning or aftes:oon session with
papers of a less scientific and more practical nature, more like briefings on a certain theme or topic chosen by the host nation.

As the briefings presented at the 1984 autumn meeting were of interest to a wider publiz, publication as Conference
Proceedings was decided upon.
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INTRODUCTION

Air Commodore G.K.M.Maat
The Netherlands

’

At the end of seventies, the 1 6 Falcon fighter came into the inventory of five nations at about the same time, That was
rather unusual. In the past, when a new aeroplane came into operation in the smaller nations, the manufacturing country, for
example the US, already had considerable experience with it, and the buying nations could use that experience.

In this case. the acromedical community was aierted too. For news of the fantastic possibilities of the F16, the first high
performance fighter, toretold that for the first time the pilot would be the limiting faztor. The new concept of the high G
environment, the high G cockpit, with its unknown consequences for the crew needed careful medical scrutiny.

The ensuing medical concern for possible acute and long 'asting negative effects on man and the need to explore the
nature of the human lir “*ations led to two things. Firstly, flight surgeons from the five nations with occasional observers from
nations that had joineu ..ie “high performance society” came together in a medical working group in order to pool
information and to start common policies in selection and training in a most pragmatic way.

Secondly, the A <romedical Working Party of the Military Agency for Standardisation conceived a Stanag on centrifuge
training.

Turkey was the host nation for this autumn meeting. Turkey intends to purchase and manufacture under licence the
F16. Tu deal with medical aspects of the F16 at the so-called “national-half-day” is appropriate. The Aerospace Medical
Panel relayed the Turkish request to the F16 Medical Working Group, seeing an extra advantage in doing so. As the group is
a practical one, the briefings wouid be operational rather than scientific and there is a need for more operational orientation
within the Panel.

The topics covered in the following briefings speak for themselves. One topic, however, you will miss — equipment. The
need for a proper lightweight helinet and a fast G-valve is still there.

This might be, with for example the practical consequences of the HUD and the strain on the neck muscles, a good
subject for the next operationally-oriented session.
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. SELECTION PROCEDURXS FOR F-16 PILOTS IN THE BELGIAN AIR FOLCH >~

Médecin Lisutenant Colonel VANDENBOSCH P.
Centre Médical de lx Force Aérienne Belge
e de 1la Fusée 70 = 1130 BRUXELIES.

I. Introduction -

By the introduction of the high sustained G F=16 aircraft in our Air l‘crcc, the problem of the physi=-
cal standards wes raised.

Theseplysical standards for flying must ensure that individuals selected for aviation duties are free
from medical conditions or defecta which coulu adversely affect flying safety, mission completion, or
their owa health. )

Additionally, the stamdards should ensure that an individual selected for {Lyin;‘tz;.ining is quali=-
fied Jor world-wide duty. That means that he should not culy be capable of enduring the various
stresecs involved in flying, but also be capable ¢f withstanding the consideratle s‘resses involved
in djoctien or egress from the sircraft, and in escape und survival in a hostile environment.

" The htroducﬁcn at the end of the cight'iea of a new single seat, high performance fighter aircraft,
such as the F-16, makes it essential that our physical stendards, used for both selection and further
qualificatien of pilots, by cerefully reviewed and appropiiat:ly modified. These aircrafts are capa~
ble 6f rapid onset and high sustained +Gz which cen easily ex:eed a pilot's physical limitatioms.

The maximum G available is no longer deterrined by the aircreit itswif tat by the human capabilities

and physiologic limitations.

Thers exist a number of wild or subclinical medical conditiora which could be aggravated by high

Astained G or potmgilnll.y result in sudden pilot incapacitation.

Our current flying physical exsminationm must ts changed to decect these conditions.

In developing new standards several factors éhould be kept in mind @

= these new airzrafts have been specifically de.siped in order to provido the p:.lot with an advantage
in performance capability ;

= these aircrafts are single seat syatems ; the pilot is alone § he will have to ue, interpret and
respond to all instrument displays ;

= the fundamental and necessary requirement of excellent visusl acuity for fighter p).lot cust be
emphasized.

II. Pathology influenced by "high sustained +Gz"

. There are a number of mild or subclinical medical conditions w.ich could be aggravated by high
sustained +Gx or potentially result in pilot incapacitation.
Among such conditions we can quote :

A. Cardiovescular pathology

1. Valvular lesions .
= Mitral Valve Prolapse
= Aortic Insufficiency
= Aortic Stenosis
= Mitral Regurgitation

2. Arythmias
- Supnventriéular"l‘achycardia

~ Complex ventricular errythmias
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. 3§ 3. Coronary Artery disease (minimal to mild)
: &, Other

= Wolff Parkinson White Syndrome
= Hypertension
« Cardiomyopathies

5. Varicosites
« Hemorrolds
= Varicicoele
= Varices of lower extremities

. B. Non—cu‘rdinc pathology

1. Gastro Intestinal
= Qesophagel var'ces and hernia hiacalis
= Ulcer
= Ulcerative Colitia/Proctitis '

2« Pulmonary '
« Alphs 1 = Antitrypsine deficier.cy
= Smoking

C. Musculoskeletal pathology

= Scoliosis

= Spondylolyse and apondyloiysthesis

= Juvenile epiphysitis (Bcheuerman)

= Degenerative joint disease

- Congenital abmormalities (Klippel=feileand Sprengel's anormaly)

III. Kinds of Teats

Presently, in our center, we have -ddeq the following tests to our systematic revisiomal exsminatiom :
1) Phono-mecanogram .
2) Echocardiogras
3) Holter monitoring in case rhythmic disturbances should be diagnosed.
4) Spiroergometry '
5) EEG
6) Biological parareteras = cholesterol and HDL cholesterel
= triglycerides
= CRP
= Gamma GT 5
= IGE
= Carboxyhemoglobine
= alpha =1« antitrypsine
7) BRX full spiné and RX cervical spine

o
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IV, Digcuseion on pethology and policy followed in the BAF.

A. Probles of cardioveacular pathology
The valvular cardiac lesicans which are sggravated by high suata‘ned +Gz loading are mitral valwular
prolapses, mild aortic insufficiencies, mild sortic stenose and mitrsl regurgitations. The lesion
which is of greatest ccncern amongst this group is mitral valve vrolaps.
Mitral valvuler prolaps, is a valvulopathy, individualised by Bardow in 1963,
The fundamental physiopathologicsl phenomenon is the more or lees important prolaps of one or two
valves in the asuricle during the systole. v
We wish to quote genuine prolapes and ballonisation according to the fact wether the free edge
of the valve is located behind the level of the mitrsl ring or not. )
The prolape aay be caused by an injury of the valvular tissue itself or of the sub-mitral organ.

" (cordage snd pillars). The ausculatory semiology is characterised by ooe or more mego-tele-systolicel

clicks, connected with or without a tele~gystolic surmur. .
This murmur shows the existance of a mitral lesk. The echocardiography objectivates the valvular
lesion. ’
The difficulties in the decisions of flying=-fitness are due to various factors @

1. The frequency of the disease, which ranks firat emcmgst the valvulop.thies, 1t smounts o 6 %.
2. The riek of complications is dominated by the rhythmic disturbances and consequently by ﬁnm\p-
eabolic accidents. The evolution towards mitral insufficiency is always possible. The risk of

int'octvoua graft is much smaller. '

3. There are asymptomatic forms which are strictly echocardiographic.

4. We still lack in our knowledge about the natural history of the disease.
This should make us careful in our decisions.

5. The accelerations conatitute definitely a dsmaging factor, for two reas.ns :
a. they csuse a decresse of the ventriculsr volume chaply due to a reduction of the bese=point

distence of the heart § this on tum awnnteb the prolapse.
b. under high intenaity, they are in itself arythmogenic and thus they increase the risk of
rhythaic disturbances, typicsl of prolapse. '

The most frequent complication oeing represented by rhythm dist\n-baucu. the latter should be
detected by holter aonitoring and by an effort ECG.
ﬁoir appearance should imply the fysical unfitness for High Sustained +Gz missions.
When the prolaps is isolated, i.e. without mitral insufficiency nor arrytimiss the decision to
be taken as to the flying fitness, ia‘ difficult u'1d unclear.
Presently, comsidering the aggravating influence of accelerations, we declare the pilot unfit
for High Sustsined +Gz misaions.
The possibility elso remains that repetitive +Gz forces may have an adverse efZect om the
natural hintory of these leaions.
The most common non-valvular lesion which may reasonably be expected to be affected by high
sustained +Gz loading would be mild coronary artery disease.
Under conditions of decremsed cardiac output, reduced oxygen saturation, and marked tachycardia,
even subclinical coromary disea.2 may manifest itself under high sustained +Gz loading.
While subclinical coronary disease msy not then manifest itself as angina pectoris, the propen~
sity for arrythmias may be enhanced by a lowered arrythmia treshold.
Any condition which decresses an already compromised cardiac output, should be considered as a
counter-indication to further high performance flying.
In that sense nild cardicayopathies, with subclinical left ventricular disfunction, complex ven-
tricular arrythmias, atrial fibrillation and supraventricular tachycardia may all be »xacerbated
by G atress. )
In our center, the echocardiogram has not led to any rejectionc from flying status.
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The holter monitoring, which we apply only when rhythm-disfunctions occur during the routine
B0G or the treadmill-test, caused twu rejections because of av block in the second degree, and
total dysrythais. '

As to the hypertension problem, the standards applied ca our rated pilots are :

« saximom systollic values : up to 160 nm Hg

= saxisum disstolic values : up to 95 mm Hg.

A treatment restricted to hygienic and dietic measures, with the use of diurstics is tolerated.
The probleam of the specific beta=blockers that exert a hydrofilic influence (cfr. atenolol),
has not besnn thoroughly studied up to now so that we do not presently accept these farmaceutic
agents as compatible with the flying status.

The purpose of the initial treadmilleexercice test is chiefly to screen ocut -tnul-indnced
arrythaiss, rather than detect latent corcoary disease.

Indeed the incidence of latent coronary disease is very lov in this age-group.

In our center, we apply the trsadaill test accorcing to the Bruceeprotocol. Using our standards,
we have, untill now, not yet prouounced any rejections from flying status because of this test.
As to the vascular pathology, only serious and symptomatic forms of hemoroids, varices, vari-
cocoele, are to be considered as incompatible with high sustained +iz flights.

B. Non cardiac pathology

1. Pulmonary
Two conditions which could be incompatible with flying high performance sircraft are olpha
<1= gntitrypsine deficiency and pogaibly smoking.
Alpha 1= antitrypsine deti.ciegcy induces early emphysema with deletcrious effects on
oxygenation. There exists a diffusion defect in the involved lung, the 'oaqgen can not penetrate
into the blood fast encugh to maintain arterial oxygen—saturation. ' »
The besic lesion of emphysema apparently results from the effect of proteclytic enzymes on the
alveolar wall. Enzymes of this type can bp released from leukocytes perticipating in an in=-
flammatory process. Thus, any factor lesding to a chronic inflasmatory reaction at the '
alveolar levei encourages development of emphysematous lesions.
Fortunately, most people have consid._aole ability to neutralize such enzymes as a result of
sntiproteolytic activity of the alpha =1-|globulin fraction of their serum. In a rare condi~
tion known as honozygotic alpha =1~ antitiypsine deficiency, however, the serum antiproteoly-
tic activity is markedly diminished. In such patieuts emphysema may develop bij middle age
even in the absence of exposure to substances known {o interfere with lung fAefense mechanimme.

At the moment we envisage the introduction of the salpha «1= antitrypsine determinstion in the
medical exsmination shedule of the applicpnt~pilotes.

The remaining possibly di aqixalify'mg condition is heavy smoking.

This has two negative consequences upon the oxygen transport since :

8. carbon monoxide combines preferrentialy with hemoglobin, blocking sites of oxygea binding,
and thus decreasing the oxyhemoglobin paturation.
The normal concentration due to endogenous red blood cellmetaboliamm is 1 = 2 % Co Hgb.
Average cigaretie smoking increases this figure to about 5 % Co Hgb.

b. amoking alters the permeability of the| airways and causes ventilation disturbances with
partisl oxy,

esaturation of arterial blood.
In our center we measure the vital capacity and the one second forced expiratory volume by
spirometry, and the residual volume by the Heliwi ¢ lution method.
We determine the percentage of carboxyhempglobin with chain-smokers (more than 20 cigarettes,
day) and try to reduce via hygiénic measures the tabacco-usage of the pilots.

2. Gastro intestinal pathology
The presence of oesophagel varices, hernip hiatalis with or without ulcers, the gastric

ulcer and the ulcerative collitis, disqualifies for high sustained +Gz.
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2. Musculoskeletal pathology

It is felt that certain spinai column=anomalies, discovered by Xeray, represent an inherent secha«
nical wealness of spinal coluamn architecture, able to be activated by back astrain, end precipita=-
ting or aggravating underlying lesions.

8coliosis

8coliosis is defined as sn atumormal lstersl structural curvature of the spinel column which causes

a deficiency in the thoracic spine flexibility. We dinthuuiih two sorts of scoliosis 3 v

1. & postursl scoliosis, i.e. a cirve that disappears by suspension or during recumbency.

2. s structural scoliosis, i.e. situation with vertebral body rotation, and with definite geometric
snd intervertebral disk changes in the individual vertsbral body.

3&&10&-10

The nalformation most commonly encountered in the vertebral arches is a cleft :

1. cleft in the pars interarticularis (spondylolysis)

2. cleft sagittel of the spinous process (spina bifida occulta)

Spondylolysis refers to a mechsnical failure in the pars interarticularis without any relative
vertsbral body .aliprege and is most commonly found in the fifth, and less often in the fourth
lusbar ssgments. Clinical evidence exists which suggests that an individual with a spondylolysis
will have a greater likelihood of back discrder snd e higher rate of intervertebral disk degenera~-
tion. Hociunieul forces and particularly torsional streases seems to be most detrimental and .
incresse the cnset ¢f disk degenerationm.

Spondylolysthesis

‘Spoudylol:-thni.s refers to a defect in the pers interarticularis with forward displacement with
respect to a subadjacent vertebra, usually the fift lumbar on the sacrum. Limited operational
evidence exists pointing to the fact that high G manoceuvering may aggravate the defect, resulting
in acute back pein.

Scheuernan's disease

Scheuerman's disesse (Epiphysitia juvenilis) is defined as a rigid kyphotic deformity involving

the lower tharacic spinal column. A lateral Xeray shows @

1. an incressed dorsal curvature .

2-'  anterior wedging uf the vertebral bodies in the lower dorsal regiom

3.a blurring, irregularity and mottling in the cartilaginous end plate of tho intervertebral disk
and in the apophyseal ring of the vertebral body, especially sateriorily.

4. an herniation of nuclear material into the vertebral bodies {(Schmorl's nodule).

To detarmine the extend and the evolutivity of Scheuerman's disease, an RX full apine (including

pelvis) and e profile of the lumbar snd thorscal spine have to'be performed.

The "Rissersign" is looked up. We apply the term "rigser" when the crest of the iliac bone is not

entirely ossified.

Interpretation of this sign : according to the degree of developnent of the ossification nuclous,

a acore between O end 5 is given : this represeuts the "risser=teast".

Quotation 1 to & in the risser test means sn insufficient ossification of the iliac bone's crest H

quotation 5 means a complete ossification.

The uhticnsﬁip between Scheuerman's disease and risser score 1 to & i-pli‘u that the illness aay

still be in evolution § risser test 5 implies stabilisation 0f the process. The evolutive Scheuerman's

diseese is disqualifying. The stabilised scheurrman's disease, with overt clinical and serious radio-
logical symptoms, such as major kyphosis vith wedsa=ehaped lesions of the spinal bodies (Schmorll's
godule) is sleo disqualifying.

Presently we perform in our center the foilowing investigations :

Routine Y~ray exsminatiomns @

= full apine, snterior-posterior

- X-ray thoracic spine : lateral
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« Zerav lumbar spins : lateral
= X=ray cervical spine will shortly be added to this group.
Ia cas? of abmorsalities the aext policy is applied :
(A) applicent-pilots :
Since they all apply for the F=16 aircraft, the criteria are § unfit for flying duties if :
1) Scoliosis, lusbar or thoracic (measured with the Cobd method) : exceeds the tolerance
' threshold of 15°.
2) other injuries @
a. extensive signs of epiphysistis juvenilis of Scheuerwan (nodules of Schaérll snd wedging
of vertebrse)
b. uni~or bilateral spondylolysis
ce spondylolysthesis
d. pronocunced, sequelae of previous fractures.
(Bj For F=16 candidates who are already rated fighter-pilots, less atringent tolersnce limits and
also waivers are allowed.

Concerning the cervical aspine ¢ .

= Systematic Xeraying of the cervical spine is not at the present carried out.

= The frequency of complaints about cervical ache is quite high.

1) A training scheme for the strengthening of the neck muscles is being performed and, to the
opinion of the pilots, exerts a favourable influence on the complsints.

2) Untill now there has occurred one serious case of subluxation of a cervical vertebrs with
longduration unfitness to fly, but this case recuperated fully with anti-inilessatory and
kinetic therapy.

D. The vision~problea
" Undeniably, excellent visual capacities are of the highest importance.
At the present we do not accept any insufficiencies and the use of spectacles is disqualifying for
high sustained +Gz missiocns until more information, in order to eventually permit coutaclenses and/
or correction=glasses, will be available. If correction glasses or contact lenses are used, one shou'd
take into account :
= the competibility with other items of personasl equipment
« the weight of the glasses
= the discomfort
= the potentisl image distortion
« the limitation of visual fieli
= the glare )
The probie- of visual acuity raises another question : in how far is the visusl acuity differemnt in
varimus contrast-eituation ? .
The common acuity tests are perfoimed only under high contrast conditions. Contrast sensitivity has
proven to be more comprehensive than standard acuity, since it determines how people see large and
small targets in both high contrast (sunny), and low contrast (fog, rain, smow, twilight) conditions.
The modern vision contrast test systems define visusl capability differences in & normal population
that relate to visual task performance, but also quantifies the acuity loases.

‘I
-
~

L SR

BTN BE S P T e s Ty P EC,0, ",% WRNN Y T T

A e SWNEN . ® e s

PR I N A TR LN

.

I ERER XY S MU B, T

4 W e e

BN A NN N

o .

B gy S B ]




B"’ Wy

. oe s
W e s e,

Ca a0,
NNt

RARRAANNM A

L POMRONEA £ A

P

“yew
e Te s
St

..—l

v i
+ Sogclugion N
NS

Ia comclusion ome might state that the preseat criteris need to be further tested, and I hope that ::.-j
on one of our next meetings this very importsat ites will be discussed in depth. :
The systesatic application of new techmologics (Spircergometrie, Echocardiogram, Holter memitoring, i
X full spine, RK cervical spine) snd the visiom probles raises the question, of where the tolersmce o
e

limits of normality are to be settled, in order to avoid inappropriate or too severe decisions about .-:.:
. oo

the physical fitness. e
*3
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DISCUSSION

Question
1. Mild corona:y after-discase is difficult to detect; arteriography is-the most reliable method. Yet it is a reason for

rejection, you say. Do you have age criteria for F16 pilots?
2. You have also said that peptic ulcer leads to rejection. What is your policy after resection?

Reply .
1. Wehave no official age limits; in practice the maximum age of F16 pilots is 45, 46.

2. Anulcer patient with conservative treatment (cimetidine) we ground for a period of 46 months. We do not
waiver for F16 nor do we waiver for F16 after resection. We consider other planes after resection therapy.

Question

Do you perform a coronary arteriogram also when there is only a suspicion?

When we suspect coronary artery discase the diagnostic sequence is: E.K.G. thern effort EK.G. If the findings are
negative or inconclusive we make a myocard scan; if again we cannot make the diagnosis and the suspicion is still there,
we make an arteriogram.

Question . :
1. Do you exclude, pilots with spondylolysis without listhesis?

2. Isthe echocardiogram a routine investigation?

Reply
1. Spondylolysis makes the candidate unfit for military duty. Funthermore we fear negative effects as a result of the
backstrain.

2. Echocardiagram is routine for F16 pilots

(Dr Clement added thai spondylolysis without listhesis is a controversial matter, but in Belgium by law applicants are
. declared unfit for military duty. The law however, will prohably be changed. F16 pilots remain on flying status when the lysis
1s discovered later.)
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G-INDUCED 1.0SS OF CONSCIOUSNESS (GLC)

by

Lieutenant Colonel Roger F.Landry, USAF, MC
Chief. Aerospace Medicine USAFE
Office of the Su
HQ USAF/SGPA
PSC Box 8966
APO New York 09012

The topic of G-induced loss of consciousness (GLC) is being discussed frequently by
countries flying the F-16. Although to my knowledge, only the United States has lost an
aircraft to GLC, unless the measures we discuss this morning are adopted, or maybe even
with them, it is only a matter of time before other countries also experience similar
losses Allov me to read from two recent accident reports: '

The young F-16 pilot was maneuvering defensively during a training sortie. When he
realized his attacker was at six o'clock, he made a hard slice-back turn, After approx-
imately six to seven seconds, the aircraft rolled wings level and continued in a con- .
trolled, 20° dive for approximately fifteen seconds until it impacted the ground. There
wvere no radio transmissions and no attempt to eject, ,

The F-16 pilot was determined to do better on the next bomb run., He made a perfect
approach, dropped his bomb near the bull and pulied right. The aircraft gained altitude
while turning tightly for 5-8 seconds. The wings then rolled level, the nose dropped,
and the aircraft continued a low angle descent until it impacted the ground. There were
neither radio transmissions nor an ejection attempt made. .

Our first thought upon hearing these scenarios is pilot incapacitation.....and we would
be correct. In times past, we would have hypothesized a cardiac event or seizure as the
robable cause. Today, however, with the arrival of aircraft intec the inventory with
isb thrust to weight ratios, low wing loading, and the capability of rapid G onset rates
and of sustaining these high G levels, a new addition to the differential diagnosis is
necessgry. .

G-induced loss of consciousness (GLC) is merely a matter of blood flow, and hence hypoxia,
in relation to accelerative forces. The hydrostatic column of blood from heart to eye
level is approximately 30 cm and weighs approiimately 22 mm Hg. With each +Gz, this
weight is increased by 22 mm Hg. When the ability of the heart to pump blood at least to
20 mm Hg at eye level is surpassed, visual symptoms occur. If blood flow diminishes to a
point where crygen delivery to the brain effectively ceases, then after a period of :
approximately 5-6 seconds during which oxygen reserves are utilized, unconsciocusness
engues,

History

GLC i{s not limited to third generation fighter ‘aircraft., It has been described frequently
in aircraft capable of generating 4-6 G's for several seconds and without provision for
an |anti-G garment., It has been assoclated with loss of one T~37 and suspected as cause

in | another T-37, F-105D, A7D, and two F4D mishaps. The Canadian and British have also
reported instances of GLC., Prior to the new generation of fighters, however, either the
abgence or the inadvertent disconnection of the anti-G garment was usually a factor in

the majority of GLC reported.

To|date, the USAF has lost three F-16 aircraft to GLC. This is, however, only the tip of
‘the iceberg. An anonymous survey of 1680 fighter gilots revealed 201 incidents for a

127 ratel Another survey revealed that 207 of polled pilots had experienced at least one
episode of GLC. This is particularly noteworthy since there is usually amesia for the
event, so that most certainly many incidents are being missed. GLC is occurring predom-
inately in the 5-7 G region, and at least six cases have occurred since June 1983, after
a strong pilot education prugram on the topic had been completed.

Associated Factors

The same surveys and selected mishap investigations have identified factors commonly
aspociated with GLC.

Rapid G onset

Fatigue

Improper diet - dehydration

Crewmember not flying aircraft

Crewmember mentally unprepared for G onset
Lack of physical conditioning program
Lack of recent exposure to G-forces

Additionally, centrifug- data has characterized a typlcal epiéode of GLC.

1. Often no warning symptons
2. Average Incapac?tation probably about 15 seconrnds +
. Retrograde amesia (several seconds)

3
4, Clonic movements.
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Physiology

Figure 1 can help us better understand the concept of GLC. The area below the curve is
the area of no symptoms. We can see that pilots are able to 30 to very high G levels

without symptoms of GLC if the total time from onset to unloa

ing is less than five

seconds, is i{s due to the protection afforded b{ an oxygen reserve in the brain and
phz;iologicu
reflex.

eyes. The "bump" in the curve is the
vascular reflexes, i.s., baroreceptor
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The usual strategy of the fighter pilot however, is to load G until he experiences visual
symptoms (noted by the hatched area). He then either performs his anti-G straining
manuever which raises this entize curve upwards, or he unloads the airplane enough to put
him in the area below the curve. With gradual or moderate onset rates, visual symptoms
will usually be experienced before loss of consciousness (above the curve) results. As
noted previously, rapid excursions to high G will result in no symptoms because of

oxygen reserve in the brain. In the

two scenarios mentioned at the teginning of this

briefing, however, we have rapid onset and sustained G brinzing us into the arena of loss

of consciousness without the warning

of visual symptoms. The pilot does not know he is

about to lose consScilousness and can only prevent its occurrence by performing a proper
anti-G straining maneuver in conjunction with an anti-G garment., A proper strairing

manuever involves muscle tensing of the legs and arms and straining against a closed or
partially cl~sed glottis. Inhalation must be quick and occur approximately every three
seconds. Longer straining will impede venous return io the heart, reducing cardiac out-

put and predisposing to GLC. Longer
with it, brain level blood pressure.

Prevention

vith the F-16 30° tilt back, feet up

inhalation will drop intra-thoracic pressure, and

position, we have effectively reduced the hydro-

static column and aided venous return making for better brain perfusion at any given G
level. The anti-G garment affords a 1 1/2 to 2 G protection. A mechanical ar~roach to
improving G tolerance is the new high flow ready pressure (HFRP) valve. This ._.lve is
capable of more rapid response to G onset and, by having the G suit partially inflated at
all times, the lag time is prevented. This valve is currently undergoing testing.

By far, the most effective means of

protecting the pilot from GLC is a properly performed

anti-G straining manuever, and the strength and endurance to mainrain ir, Surprisingly,
centrifuge testing has revealed that many pilots do not know the proper technique. In

fact, well over 507% of scme classes

were performing the manuever incorrectly., As noted

previously, our G-time tolerance curve is significantly elevated by the anti-G straining
manuever. Dr, Van dem Biggelaar's briefing addresses centrifuge training as a means to

teach pilots the correct technique.
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Gradual reintroduction into the high G environment after a lay off from G's is being
viewed as critical, since losses of G tolerance are seen after as little as one week

\d.th:ut flying. Reattaining previous levels of tolerance may very well take several
sorties. ,

The anti-G straining manuever is, of course, very fatiguing and physical conditioning,
especially weight training, has been shown to increase G tolerance. Dr. Jessen's
briefing deals with physical training and its relation to G tolerance.

Lastly, aircrews must be taught that mintainingithcmelvn in top condition with regard

to nutrition and rest may very well be the deciding factor in the unforgiving high G
snvironment.

Summary

Although not a new phenomenon, GLC has recently been implicated more frequently as the
primary cause for aircraft mishaps. New generation aircraft with the ability of rapid
onset and sustainability of high accelerative forces is certainly the major reason for
this., Pilot surveys have revealed GLC is more common than previously thought. Pre-
vention of GLC is totally dependent on education of the aircrews: education on the
timely performance of a proper anti-G straining manuever, the physiology of GLC, and the

. need to maintain the body in optimal condition for flying.
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° PHYSICAL TRAINING AND G TOLERANCE

by

Colonel Xnud Jessen, M.D., D.A.{(Hafn.)
. Director, Aeromedical Services
Danish Defence Command
P.O, Box 202
DX~2950 Vedbaek, Denmark

rformance aircraft impose extreme physiological stress to the pilots. In pag=
the G tolerance of the pilots crucial as exposurs to sustained and repeated

forces acting in the head-to-foot direction - +Gz - induces increased demands
ular and pulmonary funccions. .

488 of backward tilting of the seat and of anti-G-suits will, however, in combi~-
straining manoceuvres help tolerance of high G forces.

fect of the straining on G tolerance will depend on the capacity of the cardi=
system and of the oxidative metabolic capacity of the exercising muscles (in
F abdominal and leg muscles). Physical training could consequentiy be one pos-
. 0 improve G tolerance. .

and Leverett (1966) (1), however, failed to show any relationship between ae-
‘power, i.e. the capacity for endurance exercise and relaxed G tolerance where no

Aning manoeuvres are involved. By comparision a study carried out by Epperson, Burton,
Jernaver (1977) (2) in the centrifuge of the United States Air Force School of Aero-
Meadicine indicated that 12 weeks of resistance exercise with weights enhanced +Gsz
%, This result has later and recently been confirmed by Tesch, Hjort, and Balldin
§3) from the Swedish Air torce as 11 weeks of muscle strenght training of 11 figh-
improved the G tolerance assessed in a centrifuge by 39 per cent on the ave-

-order to offer the pilots of the Royal Danish Air Force the optimal means of phy-
fraining as a supplement to flying the Danish Defence Physical Training School was
o develop a socalled PILOT CIRCLE. This was done in collaboration with the August -
Ingtitute of Physiology at the University of Copenhagen, -

principles for this program are based on the nature of the under G~load applied
manoeuvres. The muscular contraction used during the straining is of isometric
and the effect of the contraction depends on the strength attainable - and on the )

mascle groups involved are primarily those of the trunc and the hip and knee
#nd extensors. Further is the training of the neck muscles considered very impor-
. the protection of the cervical spine. : -

gquently the weight training mentioned should be a muscle strehght and endurance
system developped with special regard to the pilots working environment - the

Mr3ous previous investigations indicate that isokinetic training is most effectful
improvement in isometric muscle strength and endurance comps-ed to training sy-
@ on isotonic or isometric contractions. .

pkinetic method will further to a high degree make it possible to simulate the ‘
jattern in the pilots seat in a cockpit. Scme advantages comparzd to other meth
tion to its superiority in strenght and endurance efficiency are: -

necessary for adequate training is reduced as a warming-up period of time
excluded. . :

pkinetic training is not accompanied by a significant increase in muscle mass.

irlininq of the body muscles can include not only the big muscle groups of impore
for the G toierance but also the neck muscles which are especially strained du~
flying high performance fighters.

pain and fatigue due to the training is minimal why flying consequently can be
d out almost immediately after a training period.

System consists of eight stations for the different muscle groups but together :
& circle. Much attention has been paid to the principle that all exercises should
onal and task-related as possible. Sume instruments are consequently modified
nd as much as possible to the pilots position in the cockpit of the F-16.

ﬁiﬂrt of all the stations is a regulator -~ Mini Gym 500x, see figure 1. Isokine-
contraction is a contraction under constant velocity which can be fast or slow
on the regulator. The Mini Gym responds to any force applied to the apparatus
g exactly the same resistance to be overcome by the trainee under constant,
3 velocity. . '
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Figure 1: Mini Gym 500x,

¢ the regulator of AR
A most stations: fkiﬂ
_g it responds to any force ap- el

- a plied by producing exactly the A

wy .3 Bame resistance to be overcome T

;g; under constant but preselected S
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The Mini Gym regqulator is 1mp1eﬁented in the different combinations as demonstrated in

figures 2 and 3, vhere the socalled knee machine is modified to simulate the situation
in the F-16 Aces II seat and training abdominal and leg muscles,

figure. 4, where arm extensor and shoulder muscles are activated, '
figure 5, where the hip muscles are trained,

figure 6, where the neck extensor muscles are érained, and

'figute 7, where the neck flexor muscles are trained.

In addition to the eight stations the entire circle will include a moderate circula-
tory conditioning program in order to counteract the anaerobic metabolism which occurs at
the sustained isometric muscular contractions Juring the straining manoceuvres. This con-
diticn should remain moderate as too low heart rate at rest as a result of (over~)training
may embarrass the circulatory function a*+ high G load. (See figures 8 and 9).

The mode of utilization differs from station to station as some muscle groups should
be trained by approximately 15 contractions in a serie, repeated one or two times at a
high velocity, whereas other groups shruld be trained up to 8 times in a serie at low or
medium velocity (see legend to figures).

It is recommended that the full program is carried out three times a week the first

three months in order to achieve the desirable muscle strength and endurance level and :Qfﬁf.
then maintained by two training periods every week. : ._}:}
The total program ~ in Denmark entitled 'The F-16 Circle' -~ will demand 45-60 minutes }:juf
of training time, but every station can be used separately allowing the pilots to utilize . :;:{.
smaller breaks in the flying program. The training can then be done in flying suits, -:g?;“
The nature of isokinetic muscle training is so that smaller periods of training time "ef‘
not normally is followed by muscular fatigue why pilots can fly almost immediately after e
training, and the construction of. the stations minimizes the risk of damages to muscles Ry

a%s"e
a,'
[
)

and joints due to training.

L] N ) \

To make the most of these advantages the stations - which are not very space consu- _r\:: .
ming - should be placed in locations in every sguadron, close to the briefing room. .iﬁ:ﬁ
It should be noticed that the effect of the training is difficult to control without ffﬁ::

a special -auge mounted cn th2 apparatus since the Mini Gym as mentioned responds with the
same resistance as the force applied to it. This means that it may look as if a trainee

,




is working almost with optimal contraction force - and though only applying a few per
cent of his maximal capability.

It should also be noticed that althoujh this system is very effective and task~

specific it is not very stimulating to the pilots if they use it as the only means of
training. It is boring.

Therefore, all attempts of getting pilots into sporting games should be strongly re~
commended as a supplement to the developped isokinetic system. All sorts of games which
stimulate a quick muscular reaction time will be of value: squash and tennis are examp-
les on ball-games; skiing - and in particular slalom - is beneficial for those rilots
who have access to snow. But all nuscle exercimes which do not impose a too high risk

could be used - especially if they have a moment of competition which is known to sti-
mulate fighter pilots very much.

Further is might be of value to educate and train all pilots as instructors ir mus-
cle training. The Swedish Air Force (Hjort, personal communication) has a program where
they train pilots one week every year for three years at centralized courses. The aim is
to get all pilots trained in this way in order to give them the mcre sincere understan-

ding of muscular training and its effect on G tolerance in addition to their knowledge
of flying. '

In conclusion, iessons learned so far seem to suggest that initial motivation, super-

‘visio=, and control is necessary for a satisfactory result, whereas subsequent and main-

tenance training could be entrusted to the individual since the system developped and de-

scribed is very suitable for self-iraining - 4if it is combined with some competitive
sporting games.
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Figure 2:

The Knee Machine with adju-
stable back support (modified
to simulate the F-16 Aces II
seat) .

The torso of the pilot works
via a shoulder harness against
a Mini Gym placed on the wall.

Mode: Slow velocity, 8 contrac-
tions of 5-6 sec. each
in every serie of trai-
ning (simulating the
straining manoeuvre).

Figure 3:

Knee extension and flexion
training.

Mode: Fast velocity, 15 con-
traction: in every serie
of training.
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Figure 4:

.

Arm extengion and shoulder
muscles.

Mode: Medium velocity,
15 contractions in
every serje of
training.

Figure 5:
Knee and hip muscles.

Mode: Medium velocity,
15 contractions in
every serie of
training.
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Figure 6% -
Neck extensor muscles.

Mode: Medium to fast
velocity,

15 contractions in
every serie of
training.

Figure 7:
Neck flexor muscles.

Mode: Medium velocity,
15 contractions in
every serie of
training.
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Figuré 8:

Jogging belt for moderate
circulatory conditioning
training.

Figure 9:

Ergonometric bicycle for
moderate circulatory
conditioning traiz:ing.
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DISCUSSION
Question
Can you incorporate the exercise program? Is there not too much sweating in the uniform?
Reply ' ,

The temperaiure in Denmark is much lower thar; in Turkey. Isokinetic exercises are not so heat producing. One can
casily incorporate one or two stations of the pilot circle in the daily program. The sweat produced thereby is
incomparable to the production during a 90 minute mission,
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CENTRIFUGE OPERATIONS AND TRAINING IN THE ROYAL NETHERLANDS AIR FORCE
by '
Colonel H.van den Biggelaar, RNLAF
Director, Aviation Medicine Division, RNLAF

and
Lt Colonel G.Hoekstra. RNLAF
Aviation Mcdicine Division, RNLAF

POBox 153
3769 ZK Soestcrberg
The Netherlands
[ - INTRODUCTION
1. With the introduction of a new generation fighter aircraft many allied nations are confronted

with the "High Sustained G" (HSG) phenomenon. This phenomenon may result in a sudden unexpected loss of
consciousness (GLC) which has proven to cause fatalities, as already has been explained by Dr. Landry.

2. Many publications from the USAF School of Aerospace Medicine during the last tan years make
clear that three requirements must be met by the pilot of a HSG fighter in order toc be able to master
hig man-machine system, without losing his consciousness:

a. Good understanding of the "anti-G straining technigues”.

b. Excellent physical condition.

c. A well fitting anti-G suit.

f1 - DESCRIPTION OF SYSTEM AND CREW

3. The Royal Netherlands Airforce uses a Human Centrifuge as training aid for the G-training of the
F-16 pilot population. This centrifuge is located in the National Aerospace Medicsl Center in the town
of Soesterberq, close to Soesterberg airbase.

4, The centrifuge operates on the "free swing" principle and is powered by an electric engine. Maxi-
mum attainable +G» is 23.5; maximum onset-rate exceeds 3.5G/sec. The centrifuge is controlled by a digi-
tal computer.

5. The gondola is situated at the end of a four meter balanced arm. It is fitted with a simulated
"ACES [I" type seat which is adjustable in seat back angle. A close television-circuit is installed, con-
nected to a video-recording system, in order to enable the operating crew to have a continuous visual
picture of the face of the pilot. A two way communications system is installed and can be routed thraough
the flying helmet. An air bottle is situated on the vertical axis of the centrifuge and through a standard
G-valve air is supplied to the pilots anti-G suit. The right hand panel houses a F-16 type side stick
control with a trim switch and a trigger. On the left console a "throttle" shaped hendle is fitted with
a "dead mans knob". In front of the pilot, mounted in the central punel, a television screen is located.
On this screen a computed image of the "outside world", horizon and sky is superimspased by a "gunsight
cross” and a moving target. By keeping the cross on the target the pilot is executing the computer pro-
grammed G-pattern. A horizontal "Light Bar" fitted with one red light in the centerand two green lights
at the 10.30 and 13.30 hrs clock position is located on top of the television screen. Thias light bar is
used for G-tolerance measurements.

6. Operation can be performed in three modes:

a. Automatic through the computer.

b. By manual means form the control panel.

c. By the pilot form the gondola, through side stick control (closed loop circuit).
7. Medical monitoring of EKG, EEVG, Heartrate and Breathing frequency is possible by routing the
essential electrical signais from the gondola to the instructor and monitoring panela through a set of

golden "slip rings" mounted in the vertical axis of the centrifuge.

8. The centrifuye is operated by RNLAF specialists of the Physiological Training Branch: technical
assistance is provided by the NAMC. The centrifuge control team consist of six men:

a. A team supervisor (7S). This is the officer in command of the centrifuge'mentima. He must be a
qualified Physiological Training Officer,

b. A qualified RNLAF Flight Surgeon (FS) with experience in centrifuge operations, including stress
EKG monitoring and Cardiac Resuscitation.

c. A physiological Training Assistant (PTA). This specialist programs the centrxfuqe runs and operates
the control switches.

d. Tnree P1A's who are stationed respectively near the gondola, in the dressing room and at the signal-
registration desk.

W=
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J1i - THE “ANTI-G STRAINING MANEUVER"

9. The most effective way of combatting high L-loads igs a correct executed straining maneuver. [t is
a comblnation of three specific simultanious efforts:

a. Pulling the head down between the shoulders in order to shurten the vertical heart-head distance.

b. Tensing of the peripheral skeletal and abdominal muscles as much as possible in order to support

the diaphragm and heart, reduce venous volume and increase vascular resistance thereby lessening
blood pooling.

c. Increasing the intrathoracic pressure by forcefull attemps to exhale against a closed or partially
closed glottis. After 3 seconds a quick exhalation-inhalation gasp must be performed. Arterial biood
pressure at head level can be raised significantly during the build-up of pressure but falls to
approximately zero during the inspiratory phase.

10. The straining maneuver should be performed at medium and high G-levels and at the anset of a
rapid build-up to HSG. The combination of this maneuver together with a well fitting G-suit may improve
G-tolerance as much as 4.5G. However, when executed properly the straining maneuver is extremely fati-
queing and when performed for more than ten seconds or during successive periods., complete exhaustion
may well occur when the subject is not in excellent physical condition.

IV - MEDICAL MONITORING

11. Medical ronitoring of the centrifuge subject is necessary. The attending FS is tasked for this
duty. His desk is instrumentated with a Cathade Ray Tube (CIR) which displays the EKG signal. Heartrate
is displayed also. He can observe the pilots face on video, on which the following digital readings are
projected in the four corners: date, time in hours, minutos and seconds, present G-value and heartrate.
At a seperate desk located behind the FS, the same data are recorded on an automatic recorder.

12. In close proximity to the stopping position of the gondala, emergency medical equipment is loca-
ted, i.e. a cardiac defibrillator and a cardiac resuscitation kit.

13. Medical indications for discontinuing a specific centrifuge run are:
a. Heartrate > 200 BPM.
b. Frequent PVC's (5 or mqre per run).
c. Paired PVC's.
d. Multiform PVC's.
e. ST-1 depression/elevation > 2mm.
f. Ventricular tachycardia or fibrillation.
g. Supraventricular tachycardia.
h. Stress induced bradycardia.
i. GLC.
Jj. Any unusual pain.

k. Severe disturbance in well-being.

V_- TYPICAL TRAINING DAY SCHEDULE

14. A total of six pilots can be accepted for each training day. All pilcts must hold a valid aero-
medical qualification. The Dutch pilots must have passed a Stress-EKG test and Spinal X-rays must have
been taken. Subjects wear their personal helmets and G-suits.

15. Day schedule.

08.30 - 09.45 Briefing on HSG and GLC.
Briefing on centrifuga training procedures.
Pre-training questionnaire.

10.00 - 12.30 Centrifuge training, three sub jects.
12.30 - 13.15 Lunch break.

13.15 - 15.30 Centrifuge training, three subjects.
15.45 -

16.30 Debriefing of the individual runs with the use of the recorded videotspe. Post-training
questionnaire.

VI - MISSION PROFILES (F-16 PILOTS, SEATBACK ANGLE 30 DEGREES)

16. Each centrifuje subject must complete four seperste runs. After each run he is debriefed by the
15.

BEST AVAILABLE COPY
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a. GOR* Demonstration Profile; onset rate 1G/10 sec.; relaxed to peripherai light lass PLL  followed
by straining up to max. attainable G; break-off G: 9.0.

b. ROR* Training Profile; 6G for 33 sec.

c. ROR HSGC Standard Profile; 8G for 15 sec.

d. ROR ACM* Profile; varying successive G-loads with an onset rate of 3.5G/sec., a 20 sec. tcp of
8.5C and a 10 sec. top of 9G.

. *COR: Gradual Onset Rate

*ROR: Rapid Onset Rate > 1G/sec.
*ACM: Air Combat Maneuvring

17. Centrifuge training for F-15 pilots (USAFE) is carried out with the seatback angle in the 13
degrees position., The top G-values are lowered by one G as tilting the seat to 30 degrees increases
the average G-tolerance with 1Gz.

VII - RESULTS

18. Since regular training has started in April of this year, approximately 7% pilots took part in
the program. Of this total number 24 subjects were USAFE pilots, flying F-15 and F-1& fighter aircraft.
The United States Air force, realizing the urgent need for training of fighter pilots, participatea in
the Dutch centrifuge program since Auqust of this year for aircrew stationed in Europe.

19. Although the total group still is relatively small some interesting facts and preliminary con-
clusions came out of the training as well as the anonymous questionnaires:

a. Approximately 15% of the participating pilots had ever experienced a GLC in flight.

b. More than 90% of the pilots admitted the training had been profitable to thea.

c. Over 80% of the trainees showed an inadequatei straining maneuver at the onset rate of training.

d. An equal percentage wore an improperly fitte& G-suit.
20. During the centrifuge training 10% of the subjects experience a GLC. This is generally due to
improper straining maneuvers, fatigue or early relaxation. The centrifuge cannct be slowed down fast due

to the exitreme tumbling sensations that will occur. Although well briefed on this item, some individuals
either start talking or stop the straining maneuver which consequently results in & GLC.

VIiI - MEDICAL REMARKS

21. During the various centrifuge sessions no medical emergencies were encountered. Some Dutch pilots
did show isolated PVC's and other pilots who had isolated PVC's in the 1C enviromnment did show these
during HSG. On two Dutch pilots we observed a Nodal Escape rhythm during a few beats. All variations of
normal beats and rhythm did occur at +7Gz or more.

22. Some of the pilots complained of a heavy tumbling sensation during starting and stopping of the

centrifuge. This phenomenon is caused by the relatively short arm of the centrifuge snd is anly annaying
during the first two runs.

23, ilany pilots, especially those who had not been flying in a high G-envirorment recently show the
typical peteachiae on the lower side of the fore-arm and back.

24. A few pilots did have a rather high heartrate toward the high G-values, spproaching 190 BPM.
With the resting pulse not being restored two minutes after the run has terminated one can assume the
physical condition not being optimal.

XI - CONCLUSIONS
25.

a. We strongly feel that centrifuge training improves the pilots ability toc operste in a high G-envi-
ronment. Nearly all pilots who went through the centrifuge training course recowend this training
for HSG-fighter pilots. They report that after the training they can often achieve a higher G-level
for a longer time, which results in a greater combat :ffectiveness and a grester safety during ACM.

b. GLC can be prevented when a pilot is briefed on the G-problem and trained in a simulated combat
situation trying to master actusl high G-conditions.
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c. Although centrifuge training is definitely not a medical or physical evalustion of the pilot or his .
personal equipment, valuable information can be gathered to improve his condition and equipment.

- v

R
(o ]
l’ L

»
. o
.
K.
¥
)

.
L)

T Ll
l.. .

.
.
»
»




DISCUSSION

1.  How often do you think the centrifuge training has to take place?
2. lsthere an age limit for the training?

1. Wedonot know yet. Weﬁveprioritytonll-FlG(mdalsoUSAFE F-15) pilots who h«ve not trained at all.
We feel that the pilot after a full training day can go for quite a while, especially when he keeps up high
performance flying bringing his acquired techniques regularly into practice. Perhaps once every three years.

2. Wehave not set an age limit. We have had trainees of over 45.

Doyouhlveﬁguraonu\cm:eofﬁtolem\eeaherlmmn;?luhereablgdxﬁeremeaﬁefunmngmhuﬂlm;ﬂnﬁ
force?

1 do not have figures. Most pilots state in the anonymous questionnaire that they benefited tremendously from the
annceumplc'Wehlvetnmedaﬂx;htsurgeonmthonlymhounﬂym;expﬂm.hemabletoeonuow
G's after the one training day.

How long does it take to stop the centrifuge from 910 1 G?
How many subjects suffer so much from unpleasant sensations that they have to stop?
How many are reluctant to train in the centrifuge?

E

We have two stopping modes. From the console it ukeslh:eemdnds to come tG full emergency stop,
however we prefer the pilot to do it himself by means of a switch on the sidestick it then takes four veconds
because the deceleration decreases during the last 2 G's.

Tumbling sensations are experienced, no nausea or vomiting until now. "We hzve not sto;Lped for that reason.
The reluctant ones have to participate anyway; afterwards tliey ars enthusiastic,
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HYDRAZINE AND THE F-16

by

Lt Col RF.Landry
Chief Acrospace Medicine Division
Office of the Surgeon
HQ USAF/SGPA
PSC Box 8966
APO New York 09012

The introduction of the F-16 into many of the world's air forces has also introduced a
rocket fuel to many areas previcusly unfamiliar with the propellant, The F-16, unlike
cther conventional aircraft, has no mechanical connections between the cockpit and the
flight control surfaces. In the event of the single engine failure or any interruption
of hydraulic or electrical power, a high energy, quick response (three seconds) source of
emergency power is available in the Emergency Power Unit (E.P.U.) which is fueled b{
hydrazine., The hydrazine is in the form of H,, (70% NoH, and 30% HZO) and 6.8 US gallons
make a full tank, The EPU operates in three thodes:

1. Using 13th stage engine bleed air,
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2. Using both 13th stage engine bleed air and hydrazine decomposition gases.
3. Using hydrazine decomposition gases.

These decomposition gases are Hy, Ny, NHy, and H,0 and may reach temperatures of 16000 F.
The hydrazine is ignited by passing it oVver an Iridium catalyst bed which causes oxidation
into the decomposition gases. The gases turn a turbine which in turn drives a generator
and a hydraulic pump, '

Toxicology

Hydrazine is a colorless liquid with a fish-like odor, Many describe the odor as slightly
ammonia-like. The odor threshold is approximtelx 3 - 5 parts per million (ppm) over twenty
times the permissible erposure limit of 0.13 mg/m? (0.10 ppm).Excursions to 0.39 mg/m3 are
allowed as long as the eight-hour time weighted average { ) is not exceeded.

Hydrazine is a strong convulsant at high doses and a CNS depressant at lower duses, Car-
cinogenicity has been seen in rats, but despite a 100 year history of industrial use and
US military experience, this has never been observed in humans. In humans the toxicolog-
ical effacts are reported in the liver where hydrazine detoxification cccurs. high

acute exposures have also caused kidney and hematopoietic pathologic changes, Acute ex-

posure may also cause eye, lung, skin, and mucus membrane irritation. An important point -
to note is hydrazine can be absorbed throvgh intact skih.

Hydrazine Safety

Given this information, certain tasks associated with the F-16 must be considered poten-
tially hazardous. These tasks are primarily those dealing with the servicing, purging,

and filunf of the EPU. These tasks must be accomplished only witb protective equipment
and specific safety precautions, o

All pcrsonnel with a reasonable visk .f exposure to hydrazine should be entered into a
medical surveillance p:ogram. The : rogram should consist of:

1. Preplacemetit examination

a. To includé history with special reference to the CNS, eye, lung, liver,
kidney, hemeton:-ietic, and skin systems. .

b. A physical examination with emphasis on the systems mentioned.

c. Laboratory studies including c hemogram, urinalysis, liver function tests,
: serun creatinine and BUN, baseline chest x-ray, and pulmonary function tests,

2. Accidental exposure examination which should include the same as 1) ﬁbove. This

should be accomplished at the time of exposure and 24 hours after., Any subsequent. ",
testing will be determined by any abnormalities found. Y 1 :E:.:"
3. Termination examination - which should be the same as 1) above, :t‘::‘:
Several conditions should contra-indicate assignment to a position with possible hydra- :_a,.
zine exposure. All disorders of CNS, eye, lung, liver, kidney, hematopoietic system, skin, Lot
and use of some maintenance medicine should be theroughly investigated to determine O
possible hydrazine toxicity will be detectable in view of the disorder. Additionalily, the SO
consideration that certain conditions may cause increased susceptibility to the toxic - - LAY
effects of hydrazine must be made. DN
~
S
Emergency treatment of exposed personnel should consist of immediate removal from the .

site, removal of clothing, flushing of contaminated areas with large amounts of water, and
in the case of skin - soap and water. Educaticn in all the emergency procedures and
potential toxic effects of hydrazine is critical for a successful program.
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Hydrazine -gux. must be handled with a prescribed, safety-conscious, protocol involving
neutralization with chlorine solution and water and an approved disposal system.

Sumsmary

Hydrasine fuel has made the F-16 a safer airplane to tlz for pilots. With an easily im-
plemented program, those who service the F-16 can also be afforded, even in the presence
of hydrazire, a sacie working environment. The program is indeed conservative, however,
only when adequate data exist which allow us to relax some of thess standards, will we
consider doing so. To date, our safety record with regard to the F-16 is essentially
flawless and our goal is' to maintain this record.
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