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Preface 

High performance aircraft capable of sustaining 9 G have been operational in NATO countries for two decades. Future fighter 
aircraft may be capable of 12 G. Since World War I ,  “high performance” aircraft have developed levels of G that were above 
human tolerance limits of consciousness. However, other acute physiologic/anatomic limitations have never been idkntified even 
though levels of G that can be sustained by aircraft have tripled. But we know less about health problems that can develop from 
repeated high-G exposure over the “life-time’’ of fighter pilots. Aircraft capable of sustaining 7 G have been operational for over 
three decades without evidence of any chronic health problems. Yet the 2 G increase above 7 G to 9 G is substantial and since 
the human body is designed to function only at sustained 1 G (Earth’s gravity), some chronic physiologic/anatomic limitations 
can be expected as higher G levels are obtained. The spine and vestibular systems are likely candidates to be the limiting 
structures since they are directly loaded by increased G. Medical concerns were expressed during the AGARD Conference of 
24th-28th April 1989 (AGARD-CP-471) entitled “Neck Injury in Advanced Military Aircraft Environments”. AGARD/AMP 
Working Group 17 (WG 17) entitled “The Musculoskeletal and Vestibular Effects of Long Term Repeated Exposure to 
Sustained High-G” was formed in response to those medical concerns. 

The membership of WG 17 was Wg Cdr D.J. Anton, Great Britain, Chairperson; Professor Dr W.J. Oosterveld The Netherlands, 
Vice Chairperson; Mtdecin en Chef J. Flageat, France; Dr A. Ltger, France; and Dr R.R. Burton, United States. The first official 
meeting of WG 17 was May 1991 in Pensacola, Florida, United States. Subsequent WG 17 meetings were held at Farnborough, 
RAF/IAM, United Kingdom, September 1991; Cesme, Turkey, April 1992; and Oslo, Norway, October 1992. Ad Hoc meetings 
of WG 17 were held in Victoria, British Columbia, Canada, May 1993 and Lisbon, Portugal, October 1993. 

The WG at the Farnborough meeting decided to write an aeromedical review (AR 317) on the WG title, but little progress was 
made during the regular meetings because of organizational problems. With the resignation of our chairperson late in 1992, the 
WG requested and was given an unofficial extension for completion of AR 317 by the end of 1993. Professor Oosterveld 
assumed the duties of chairperson at the Victoria ad hoc meeting of WG 17. Dr Burton, with the expert assistance of Ms Rose 
Reyes, agreed to supervise the final compilation, word processing, and editing of AR 3 17. Also at that time, expertise critical for 
the spine sections was incorporated into AR 317 with major contributions by Mr John Firth and Sqn Ldr Ian McKenzie of Great 
Britain. 

Additional acknowledgements in the preparation of AR 3 17 include: 

Major A. Bell, US 
Dr J.W. Bums, US 
Dr P.V. Celio, US 
Lt Col. H. Cuervo, US 
Mrs C.M. de Jong-Vis, The Netherlands 
Dr K.K. Gillingham, U S  
Col. J.R. Hickman, US 
Lt Col. G.W. Mitchell, U S  
Col. G. Tolan, U S  
Dr V.M. Voge-Black, US. 
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Prkface 

Les aCronefs B hautes performances capables de soutenir 9 G sont opCrationnels dans les pays de I’OTAN depuis vingt ans. Les 
futurs avions de combat pourraient atteindre 12 G. Depuis la premibre guerre mondiale, les akronefs B “hautes performances” ont 
continu6 B autoriser des facteurs de charge bien supCrieurs aux seuils de tolCrance de la conscience humaine. 

Cependant, aucune autre limitation physiologique ou anatomique majeure n’a jamais CtC identifike, bien que les facteurs de 
charge supportables par les aCronefs aient triples. Nous ignorons encore les problbmes de santC susceptibles de se dCclarer suite i 
I’exposition rCpCtCe aux facteurs de charge ClevCs durant toute la carribre d’un pilote de chasse. 

Des avions capables de soutenir 7 G sont opCrationnels depuis trois dCcennies et rien n’indique qu’ils sont B I’origine de 
problbmes de santC chroniques. NCanmoins, I’augmentation de 2 G, de 7 G B 9 G est apprkciable et puisque le corps humain n’est 
fait pour fonctionner qu’l  1 G soutenu (gravitC de la terre), il faudrait s’attendre B des limitations physiologiques/anatomiques 
chroniques au fur et B mesure de la montCe en G. Les systbmes vertCbraux et vestibulaires sont des candidats potentiels en tant 
que structures limitatives, puisqu’ils reqoivent directement des charges crCCs par la montte en G. Des prkoccupations d’ordre 
mCdical ont CtC exprimCes en 1989 lors de la confkrence AGARD sur “Les LCsions du Cou dans les ACronefs Militaires 
AvancCs” (B Munich du 24 au 28 avril 1989 - AGARD-CP-471). Le groupe de travail AGARD/AMP No 17 sur “les Effets 
Musculosquelettiques et Vestibulaires de I’Exposition RCpCtCe et Prolongte aux Facteurs de Charge Elevts Soutenus” a CtC crCC 
pour rCpondre B ces prkoccupations. 

Les membres du WG 17 furent le Wing Commander D.J. Anton, Grande Bretagne, PrCsident; le Professeur Dr W.J. Oosterveld, 
Pays-Bas, Vice PrCsident; le MCdecin en Chef J. Flageat, France; le Dr A. LCger, France; et le Docteur R. R. Burton, Etats-Unis. 
La premibre rCunion officielle du groupe a eu lieu en mai 1991 B Pensacola, FI., Etats-Unis. Par la suite, le WG 17 s’est rCuni B 
Farnborough, RAF/IAM, en Angleterre au mois de septembre 1991, B Cesme, en Turquie, au mois d’avril 1992, et B Oslo, en 
Norvbge, au mois d’octobre 1992. Des rCunions ad hoc du WG 17 ont CtC tenues B Victoria, B.C., Canada, au mois de mai 1993 
et l Lisbonne, Portugal, au mois d’octobre 1993. Lors de la rCunion de Farnborough, le groupe de travail a dCcidC de rCdiger une 
Ctude aCromCdicale sur le sujet (AR 317), mais trks peu de progrbs ont CtC enregistrCs au cours des diffkrentes rCunions en raison 
de problbmes d’organisation. Suite B la dCmission du prksident du WG vers la tin de 1992, le groupe a demand& et il lui a CtC 
tacitement accord6 un dClai supplCmentaire, en prkvision de I’achbvement de I’AR 317 avant la tin de I’annCe 1993. Le 
Professeur Oosterveld a assum6 les responsabilitbs de prksident lors de la rCunion ad hoc de Victoria. Le Dr Burton, avec le 
concours expert de Mme Rose Reyes, s’est charge de la supervision, de la mise en forme, de la saisie et de I’Cdition de I’AR 317. 
Paralldement B ces activitks, des contributions expertes ont pu &re intCgrCes aux chapitres concernant la colonne vertkbrale, 
grice aux prestations de Mr John Firth et de Squadron Leader Ian McKenzie de Grande Bretagne. 

Nous tenons i remercier Cgalement les personnes suivantes pour I’aide qu’elles ont bien voulu fournir lors de la rkdaction de 
I’AR 3 17: 

Major A. Bell, Etats-Unis 
Dr J.W. Bums, Etats-Unis 
Dr P.V. Celio, Etats-Unis 
Lt Col. H. Cuervo, Etats-Unis 
Mrs C.M. de Jong-Vis, Les Pays-Bays 
Dr K.K. Gillingham, Etats-Unis 
Col. J.R. Hickman, Etats-Unis 
Lt Col. G.W. Mitchell, Etats-Unis 
Col. G. Tolan, Etats-Unis 
Dr V.M. Voge-Black, Etats-Unis. 
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I 

CHAPTER 1 
INTRODWTIOII 

1.1 BAcKcRaAD 

Medical concerns of  mechanical loading of  b i o l o g i -  
c a l  systems during repeated sustained accelerat ion 
exposure o f  h igh  performance a i r c r a f t  were ex- 
pressed dur ing  an AGAR0 Conference, 24-28 Apri l  
1989 (4) e n t i t l e d  "Neck I n j u r y  i n  Advanced M i l i -  
t a r y  A i r c r a f t  Envirorments". B io log ica l  systems 
o f  p r i m a r y  concern were d i r e c t  e f f e c t s  on t h e  
spine causing neuro log ic  injury and on the oto-  
l i t h s  of  the vest ibu lar  system causing d isor ienta-  
t i o n  re la ted  pathologies. However, besides these 
d i r e c t  effec.ts, secondary vest ibu lar  e f fec ts  can 
occur from cerv ica l  pathologies (136). The tech- 
n i c a l  evaluation and overview o f  that  conference 
concluded tha t  " large gaps" ex is t  i n  our c l i n i c a l  
and biomechanical knowledge o f  the problems o f  
neck i n j u r y  i n  high performance a i r c r a f t .  Further 
studies on the epidemiology o f  acute and chronic 
neck injury resu l t ing  from i n - f l i g h t  C were recom- 
mended (13, 14). 

This Advisory Report ( A R )  a lso  addresses those 
concerns w i th  a d e f i n i t i o n  of  the physical dimen- 
sions of  the e n v i r o m n t  produced by operational 
h igh performance a i r c r a f t  r e l a t i n g  those t o  the 
poten't ial  medical e f fec ts  of  that  e n v i r o m n t  on 
those b io log ica l  systems of  interest, a review of  
the relevant l i te ra tu re ,  an i d e n t i f i c a t i o n  of  the 
b io log ica l  r isks,  and r e c m n d a t i o n s  o f  a speci f -  
i c  course o f . a c t i o n  as required t o  a l l e v i a t e  those 
concerns i d e n t i f i e d  i n  t h i s  AR. 

1.2 THE PHYSICAL ENVIRONMENT OF AERIAL U M A T  
IIAIIEUUERS: 

Since 1973, high performance a i r c r a f t  (i.e., F-15) 
capable o f  susta ined acce le ra t ions  t h a t  produce 
i n e r t i a l  f o r c e s  r o u t i n e l y  o f  +9 Gz' have been 
operational i n  the United States A i r  Force (USAF). 
Since tha t  t ime, many NATO nations and the United 
States Navy have put i n t o  operations these high G 
a i r c r a f t  ( i .e.,  F-15, F-16, F-18) as have t h e  
Former Soviet  Union (e.g. HIG-29). This G capa- 
b i l i t y  i s  an increase o f  2G over prev ious h igh  
performance a i r c r a f t  such as the F-4 that  had been 
i n  the USAF inventory  f o r  15 years. Understand- 
ably, the medical h i s t o r y  o f  F-4 l i k e  p i l o t s  may 
not  be s t r i c t l y  re levant  t o  a i rc rew o f  these 9G 
a i r c r a f t .  

High performance a i r c r a f t  are designed by d e f i n i -  
t i o n  t o  be h i g h l y  maneuverable creat ing an a e r i a l  
combat maneuver (ACM) environment t h a t  has both 
high and low G wi th  rap id  changes i n  these d i f f e r -  
ent G levels. In addit ion, there i s  occasional ly 
some -Gz cotrponent i n  the ACM. Although every ACM 
i s  d i f f e r e n t ,  depending on the  type o f  a i r c r a f t ,  
s k i l l  o f  the  p i l o t ,  and those o f  the adversary, 
the ACM environment has been described previously 
by Gil l ingham e t  a1 (66). Mean and m a x i m  values 
are sunnarized in Table 1. These ACM descript ions 
i d e n t i f y  the physical loading on the body as well  
as the ra te  o f  change of  these loads. 

1) Unless otherwise noted, a l l  references t o  G 

a r e  i n e r t i a l  f o r c e s  d i r e c t e d  f o o t w a r d  a l o n g  
t h e  body 's  l o n g i t u d i n a l  ax is ;  i.e., produced 
by p o s i t i v e  headward accelerat ions . 

TABLE 1-1: lull Ay) MAXIIUI VALUES FOR AERIAL UMBAT IIAIINVERS FOR VARIOUS 
AIRCRAFT FOR SPECIFIED YUUKRS OF ENGAGEMENTS (66) 

Max,G-onset Peak Time spent a t  o r  above: Engage. Fract ion of  Engage. # o f  Peaks I 
Rate G Load 56 6G 76 86 Duration Spent a t  o r  above: a t  o r  above I I A i r c r a f t  

I (G/s) (G) (SI (SI (s) (SI (s) 5G 6G 76 8G 5G 66 7G 8G I 

I 

I F-4E I 

I I 
I F-5G I 

I I 
I F-15G I 

I I 
I F-16G I 

I(7 engage- Mean 1.13 6.0 13.1 1.2 0 0 176 .07 0 0 0 2.9 0.7 0 0 I 
I ments) Max 1.8 6.8 29.9 3.5 0 0 332 .12 .01 0 0 5 2 0 0 I 

((12 engage- Mean 1.13 5.9 9.5 1.4 0.4 0 66 .15 .02 0 0 2 0.8 0.2 0.1 I 
I ments) Max 3.0 8.2 25.0 10.5 4.4 0.5 158 -37 .20 .08 .01 10 6 1 1 I 

I (58 engage- Mean 2.06 6.83 21.8 8.4 1.3 0 143 .17 .07 -01 0 3.7 2.1 0.6 0.1 I 
I ments) Max 6.3 8.2 72.2 45.5 18.1 0.8 303 -60 .30 .10 0 14 9 6 1 I 

l (21 engage- Mean 1.73 7.11 20.3 7.8 2.0 0.2 160 -14 .06 -02 0 3.1 1.7 0.8 0.141 
I ments) Max 3.0 8.4 56.4 33.1 10.2 1.9 292 .51 .29 .16 .02 11 3 3 1 I 
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I n  s m r y  then the ACM has peak loads o f  9G that  
can recur  f requent ly ,  w i t h  vary ing  G f o r  severa l  
minutes, m u l t i p l e  G onset per  second, w i t h  an 
average in tegrated time x G o f  1000 G sec f o r  a 3 
minute  ACM. T h i s  ACM can be repeated severa l  
t imes every day, severa l  days per week per month 
per year. Over the O'life t ime"  o f  a f i g h t e r  p i l o t  
whose career f l y i n g  high performance a i r c r a f t  may 
span 20 years, i t  i s  possible that  they w i l l  each 
be exposed t o  18,720,000 G x sec that  represents a 
t o t a l  p e r i o d  o f  t ime o f  36 days exposed t o  an 
average o f  6G - -  a G l e v e l  t h a t  requ i res  the use 
o f  an AGSM. 

1.3 PHYSICAL EFFECTS OF G LOADING: 

The ACM environment provides sustained increased G 

t h a t  spans per iods o f  t ime o f  s u f f i c i e n t  length 
that  s ize  and scale e f f e c t s  are a consideration i n  
he lp ing  d e f i n e  the  hazards o f  G loading on these 
b io log ica l  systems. These e f fec ts  as they r e l a t e  
t o  chronic  acce le ra t ion  were f i r s t  described by 
Smith ( 1 7 9 ) .  Rela t ing  sca le  f a c t o r s  t o  phys ica l  
p r o p e r t i e s  of  systems ( i n  our case, b i o l o g i c a l  
systems) i s  the basis f o r  the I tpr inc ip le  o f  s i m i l -  
itude". S imi l i tude  as i t  re la tes  t o  strength and 
loading i s  p a r t i c u l a r l y  important considering the 
e f f e c t s  o f  increased G ( loading)  on t h e  s t rength  
o f  the spine over sustained periods of  time. 

I n  nature,  t h e  s k e l e t o n  responds t o  increased 
loads (body mass) in  la rger  animals w i t h  a r e l a -  
t i v e  increase i n  the  amounts o f  bony s t ruc tu re .  
This  greater  than expected increase i n  s k e l e t a l  
mass as body mass increases i s  found in  animals as 
they increase t h e i r  size; e.g., mouse has a skele- 
ton that  i s  8% of  i t s  body mass, whereas dogs have 
14% and the human about 18%. This s k e l e t a l  mass 
r e l a t i o n s h i p s  f o r  a l l  animals can be expressed 
mathematically wi th  the fo l lowing equation: 

1.175 S = aM m 
Where 

Sm = ske le ta l  mass 
M =body mass 
a = ( i n t e r - i n t r a )  species constant 

The l a r g e r  s k e l e t a l  mass i s  necessary t o  prevent 
spontaneous f ractures from the weight o f  the body 
a t  ear th 's  g r a v i t y  since the load increases in  

propor t ion t o  the cube and the load-bearing s t ruc-  
tures increase only  i n  propor t ion t o  t h e i r  cross- 
sec t iona l  area; i.e., p r o p o r t i o n  t o  i t s  square. 
The amount o f  the load on the supporting s t ructure 
i s  defined as the spec i f i c  load (kg/cm ) which i s  
equal t o  1.28 x scale. Speci f ica l ly ,  the spec i f i c  
load increases during exposures t o  9G from 1.28 t o  
11.52; i.e., the weight increases 9 times wi th  no 
increase i n  the load-bearing structure. I n  order 
t o  p r o p e r l y  suppor t  t h a t  much weight, a p i l o t  
would r e q u i r e  the  s k e l e t a l  mass o f  a 910 kg a n i -  
mal; e.g., a horse. I n  a d d i t i o n ,  t h e  human's 
p o s t u r e  i s  u p r i g h t ,  l o a d i n g  t h e  s p i n e  i n  an 
n8unnatural '1 manner; i.e., i t  was des igned t o  
support quadripedal posture and motion. 
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The ligaments of  the spine are considered able t o  
support accelerat ions o f  up t o  40G f o r  the appro- 
p r i a t e  posture and accelerat ion.  The anatomical 
s i t u a t i o n  o f  the spine r e f l e c t s  a model where a 
head w i th  a weight o f  4900 grams balances on top  
of  7 cerv ica l  f r a g i l e  vertebrae separated by t h i n  
v iscoelast ic  intravertebrae discs. The balance i s  
kept  by 44 c e r v i c a l  area muscles. These seven 
cerv ica l  vertebrae are connected t o  each other by 
a system w i t h  38 j o i n t s  which permi ts  maneuvera- 
b i l i t y  and m o b i l i t y  i n  a l l  th ree  planes. There- 
f o r e  t h e  sp ine  can be cons idered an ex t remely  
capable s t ruc tu re ,  but  t h a t  can be a t  r i s k  w i th  
h igh loads. 

However even w i t h  h igh  loads on the  sp ine o f  the 
human d u r i n g  h i g h  G exposures, inc idences  o f  
sp ina l  f ractures or  sp ina l  d isc  ruptures i n  e i ther  
p i l o t s  o r  hea l thy  c e n t r i f u g e  subjects  are r a r e  
considering m i l l i o n s  of  h igh C exposures ( 8 ,  169).  
These cases of  vertebrae f rac tu re  and d isc  rupture 
occurred w i th  t w i s t e d  head p o s i t i o n s  o r  dur ing  
unexpected (unprepared) G onset. Compression 
stress alone apparently i s  not capable of  ruptur- 
i n g  ver tebra l  d iscs  ( 1 4 0 ) .  O n  the other  hand, 
such h igh s p e c i f i c  loads t h a t  are repeated on a 
regu la r  bas is  over many years may we l l  a8fat igue8,  
t h e  s u p p o r t i n g  s t r u c t u r e  so t h a t  p o t e n t i a l l y  
sp ina l  diseases can eventua l l y  occur. This AR 
w i l l  attempt t o  f e r r e t  out that  p o t e n t i a l l y  impor- 
tant  s i tuat ion.  

The r a t e  o f  change o f  these loads can be consid- 
ered relevant t o  the hazard since rap id  G changes 
p r o v i d e  l e s s  t i m e  f o r  b i o l o g i c a l  f u n c t i o n a l  
changes i n  preparation o f  these loads. This r a t e  
change o f  G probably  e f f e c t s  suppor t ing muscles, 
tendons, and ligaments the most, s ince  they best 
prepare f o r  the increased load. However, loads 
wi th  rap id  G onset are p r i m a r i l y  supported by the 
spinal column wi th  the v iscoelast ic  propert ies of  
the ver tebrae d isc .  I f  repeated exposures on ly  
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s l i g h t l y  t raunat ize the disc, but wi th  d isc degen- 
e r a t i o n  t h a t  causes l e s s  d i s c  e l a s t i c i t y  (as 
occurs w i t h  age), then d i s c  rup ture  could be a 
response t o  n o t  o n l y  t h e  G load, b u t  a l s o  t h e  
rap id  r a t e  o f  G onset. 

Shear a l s o  may adversely e f f e c t  the  sp ina l  cord 
s ince  i t s  s p e c i f i c  weight i s  cons iderably  less  
than the  cover ing bone o f  the  s p i n a l  vertebrae. 
Although the  cerebra l  s p i n a l  f l u i d  does a superb 
j o b  p r o t e c t i n g  t h i s  nervous t issue,  s i g n i f i c a n t  
impacting forces such as a heavy blow t o  the head 
can cause b r a i n  damage. One instance o f  b r a i n  
injury has been repor ted w i t h  h igh  +Gz exposure 
(approx imate ly  9G) t h a t  r e s u l t e d  i n  temporary 
ataxia, dyssynergia, past po in t ing  dysarthria, and 
dysgraphia. He fu l l y  recovered in  6 months (147). 
Therefore, the po ten t ia l  ex is ts  f o r  the bony spine 
w i th  i t s  high spec i f i c  weight posit ioned longi tu-  
d i n a l l y  i n  the  +GZ environment t o  move d i f f e r e n -  
t i a l l y  in  r e l a t i o n  t o  the sp ina l  cord suspended i n  
the cerebospinal f lu id i n j u r i n g  i t  and the sp ina l  
nerve roots .  I t s  p r o b a b i l i t y  o f  occurrence w i l l  
be examined i n  t h i s  AR as w i l l  recomnendations t o  
conduct studies i f  considered necessary. 

Possibly, r a t e  o f  change of  G also plays a s i g n i f -  
i can t  r o l e  i n  the  phys ica l  shear phenomenon in- 
vo lv ing the o t o l i t h s  since the i n e r t i a  o f  otoconia 
o f  t h i s  s t r u c t u r e  w i t h  i t s  h igh  s p e c i f i c  dens i ty  
accelerate more r a p i d l y  than the  end organs i n  
response t o  the same G. Therefore, the s t ructure 
o f  the v e s t i b u l a r  system would appear t o  be a t  
considerable r i s k  dur ing  h i g h  G onset exposure. 
Such damage may occur but because o f  the compensa- 
t o r y  a b i l i t y  o f  the vest ibu lar  system, functional 
problems from these s i g n i f i c a n t  i n j u r i e s  may be 
o n l y  t r a n s i t o r y  and there fore  d i f f i c u l t  t o  meas- 
ure. 

1.4 C PROTECTIOY: 

P r o t e c t i o n  by d e f i n i t i o n  i s  " t o  cover o r  s h i e l d  
from exposure, injury, o r  dest ruct io tP (199). G- 

protect ion does not nor w i l l  i t  ever protect  since 
G i s  p e r v a s i v e  (as i s  g r a v i t y ) .  Q u i t e  t o  t h e  
contrary, G-protection increases the G leve l  that  
the human can t o l e r a t e  thereby increas ing the G- 
exposure hazard. G-protection systems are d i r e c t -  
ed towards suppor t ing o n l y  the  cardiovascular, 
s i n c e  t h a t  p h y s i o l o g i c  f u n c t i o n  l i m i t s  human 
tolerance f o r  aircrew. These G-protection systems 
are not designed wi th  the spine o r  the vest ibu lar  
system i n  mind; i.e., a t  9 G these systems are 
d i r e c t l y  exposed t o  9 times the force o f  gravity. 

A i r c r a f t  designers suggest t h a t  12 G maneuvering 
i s  very  poss ib le  i n  near-term f i g h t e r  a i r c r a f t .  

Aircrew p r o t e c t i o n  against  such h igh  l e v e l s  o f  G 

argue f o r  reducing the eye-heart v e r t i c a l  distance 
by reducing the  seat-back angle; i.e., a i rcrew 
w i l l  be unable t o  t o l e r a t e  12 G wi thout  s i g n i f i -  
c a n t l y  p ronat ing  o r  sup ina t ing  p i l o t s .  However, 
i t  must be remembered tha t  a i r c r a f t  maneuverabili- 
t y  was increased from 7 G t o  9 G wi thout  concern 
f o r  p r o t e c t i n g  p i l o t s  a t  h igher  G leve ls .  Sus- 
ta in ing  9 G was revolut ionary indeed requi r ing i t s  
own d e s c r i p t i v e  nomenclature "High Sustained G 

(HSG)II. Only now are 9 G pro tec t ion  systems becom- 
ing operational - -  some 20 years a f t e r  the i n t r o -  
d u c t i o n  o f  9 G a i r c r a f t .  These G p r o t e c t i o n  
systems ( t h a t  do no t  u t i l i z e  r e c l i n i n g  technolo- 
gies) w i l l  a l low many aircrew t o  8otolerate11 12 G. 

I t  i s  reasonable then t o  suggest t h a t  perhaps 
a i rcrew o f  f u t u r e  12 G a i r c r a f t  w i l l  f l y  u p r i g h t  
us ing 9 G p r o t e c t i o n  systems and increas ing even 
more the s p e c i f i c  load on the ver tebrae o f  the 
spine and the  v e s t i b u l a r  system. However even 
rec l ined,  the sp ine and v e s t i b u l a r  systems are 
subjected t o  a l l  o f  the G that  the a i r c r a f t  devel- 

ops. 

A t  some p o i n t ,  t h e  G l o a d  w i l l  d i r e c t l y  cause 
medical problems. These problems w i l l  probably 
develop in  physiology functions that  are d i r e c t l y  
e f fected by the G and not ooprotectedtt by G protec- 
t ion;  i.e., the spine and v e s t i b u l a r  system. I t  

i s  appropr ia te ,  t h e r e f o r e ,  t o  examine i n  some 
d e t a i l  the po ten t ia l  f o r  medical disorders associ- 
ated wi th  repeated exposures t o  HSG. 

1.5 R E V I N  OF ACCELERATIOY LITERATURE: 

This AR w i l l  review, i n  considerable depth and 
c r i t ique ,  published research studies tha t  d i r e c t l y  
and i n d i r e c t l y  impact t h i s  t o p i c  o f  sp ine  and 
v e s t i b u l a r  injury. The f o l l o w i n g  review consid- 
ered only b r i e f l y  those publ icat ions that  d i r e c t l y  
i n v o l v e  HSG as w e l l  as ment ion t h e  c o r o l l a r y  
environment of  the parachutist.  

1.5.1 Spine: 

Since the cerv ica l  p o r t i o n  o f  the spine has by f a r  
the greatest  range o f  motion and s ince  f i g h t e r  
p i l o t s  are always concerned about who i s  behind 
them (##check sixlo), the  neck i s  expected t o  take 
t h e  most abuse d u r i n g  h i g h  G maneuvers (109).  
This a s s u p t i o n  appears t o  be v a l i d  since several 
surveys have shown neck injury t o  be prevalent in  
f i g h t e r  p i l o t s ,  p a r t i c u l a r l y  those f l y i n g  t h e  
higher performance a i r c r a f t  (8 ,  21, 77, 109, 169, 
191, 192, 211). The v a s t  m a j o r i t y  o f  f i g h t e r  
p i l o t s  repor ted some form o f  acute neck i n j u r y  
r e l a t e d  t o  ACR i n  h i g h  performance a i r c r a f t .  
I n j u r i e s  were h ighest  i n  those p i l o t s  t h a t  f lew 
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a i r c r a f t  wi th  the highest G capabi l i t ies ;  e.g., F- 
16, F-18, and F-15. Some i n j u r i e s  were severe 
enough t o  l o s e  f l y i n g  t ime. About 50% o f  t h e  
i n j u r i e s  were severe enough t o  reduce p i l o t  per -  
formance (109). Neck i n j u r i e s  appeared t o  occur 
more f requent ly  i n  the  o lder  p i l o t s ,  p a r t i c u l a r  
i n v o l v i n g  major i n j u r i e s  (191, 192). Although 
these i n j u r i e s  usua l ly  involved the s o f t  t issue of  
t h e  neck (i.e., l igaments,  tendons, muscles, 
etc.), some specu la t ion  e x i s t s  t h a t  some o f  t h i s  
pa in may be or ig ina t ing  from nerve endings i n  the 
cerv ica l  in terver tebra l  d isc  (76). 

Although acute neck injury does not  necessar i l y  
i n d i c a t e  the ex is tence o f  degenerative types o f  
sp ina l  diseases, chronic neck pain resu l t ing  from 
repeated high G exposures has been reported (189). 
Cer ta in ly ,  the  increased incidence o f  acute neck 
i n j u r y  i n  the higher performance a i r c r a f t  suggests 
t h a t  the  r i s k  t o  c e r v i c a l  sp ina l  injury i s  in- 
creased. Inasmuch as our understanding o f  the 
s e v e r i t y  o f  neck in ju ry  f rom h i g h  sus ta ined G 

(HSG) i s  l im i ted ,  p i l o t s  are warned t o  take pre-  
v e n t i v e  measures: 1 )  i n c r e a s e  neck muscular  
s t rength  w i t h  exercise, 2) neck muscle aauarm-upaa 
before p u l l i n g  G, 3) re tu rn  t o  h igh G ACMs gradu- 
a l l y  e s p e c i a l l y  a f t e r  no t  f l y i n g  f o r  a few days, 
and 4) minimize neck/head movement dur ing  h igh  G 

exposure (192). 

S p i n a l  degenera t ive  d iseases t h a t  e f f e c t  t h e  
c e r v i c a l  ver tebrae and d i s c s  such as progress ive 
c e r v i c a l  o s t e o a r t h r i t i s ,  ver tebra l .  f rac tu re ,  and 
c e r v i c a l  d i s c  degenera t ion  have been surveyed 
(retrospective studies) in  p i l o t s  o f  high perform- 
ance a i r c r a f t  wi th  varying resu l ts  (65, 80, 126). 
McNish (126) repor ted  no s i g n i f i c a n t  increase i n  
c e r v i c a l  diseases i n  p i l o t s  o f  f i g h t e r ,  attack, 
and reconnaissance (FAR)  type a i r c r a f t  compared 
wi th  tanker, transport, and bomber p i l o t s .  Howev- 
er, two other  surveys found s i g n i f i c a n t  c e r v i c a l  
p a t h o l o g i e s  assoc ia ted  w i t h  HSG exposures i n  
f i g h t e r  p i l o t s .  Hamalainen, e t  e l ,  (80) us ing  
magnetic resonance imaging ( M R I )  compared senior  
f i g h t e r  p i l o t s  w i t h  sex and aged matched non-G 
exposed c o n t r o l s .  He found a s i g n i f i c a n t  in-  
creased incidence i n  the f i g h t e r  p i l o t  population, 
p a r t i c u l a r l y  comparing the  more severe type o f  
d isc  degenerative changes p r i n c i p a l l y  i n  the C3-4 
d isc.  G i l l e n  and Raymond (65) found increased 
s i g n i f i c a n t  d e t e r i o r a t i o n  r e s u l t i n g  i n  c e r v i c a l  
o s t e o a r t h r i t i s  and d isc  space narrowing (using x- 
ray)  i n  young f i g h t e r  p i l o t s  compared w i th  con- 
t r o l s .  But t h e i r  lesions were located in  the C4-5 
and C5-6 vertebrae spaces. The C5-6 d isc locat ion 
i s  most comnonly r e l a t e d  t o  age-re la ted c e r v i c a l  
d isc degeneration (13, 76). 

These three small populat ion surveys unfortunately 
complete the  extent  o f  our knowledge o f  musculo- 
ske leta l  e f fec ts  o f  long term repeated exposure of  
p i l o t s  t o  HSG. Although suggestive tha t  repeated 
HSG i s  r e l a t e d  t o  c e r v i c a l  s p i n a l  degenerative 
disease, these surveys do n o t  c o n s t i t u t e  t h e  
d e f i n i t i v e  research necessary t o  demonstrate 
causal re la t ionships-  

Spinal d i s c s  o f  22 male c e n t r i f u g e  research sub- 
j e c t s  who had been exposed t o  HSG on numerous 
occasions were examined us ing  M R I .  Although the 
incidence o f  sp ina l  d i s c  abnormal i t ies  was ex- 
tremely high i n  these young subjects (21-33 y rs  of  
age), i t  was not  s i g n i f i c a n t l y  d i f f e r e n t  from 19 
age-matched non-centrifuged contro ls  (29). 
In terest ing ly ,  n o t  a l l  spina l  pathology re la ted  t o  
HSG i s  located i n  the  c e r v i c a l  area. Shaw (178) 
reported on two case studies tha t  involve acutely 
hern ia ted  d i s c s  i n  the  lumbar reg ion  i n  p i l o t s  
exposed t o  HSG. 

I t  i s  appropriate t o  also b r i e f l y  consider a t  t h i s  
t ime the G environment o f  the  parachut is t  when 
h igh  shor t -dura t ion  exposures have been shoun t o  
have a causal r e l a t i o n s h i p  t o  s p i n a l  injury and 
r e l a t e d  chronic  disease. P a r t i c u l a r l y  re levant  
are the  patholog ies associated w i t h  chronic  p a i n  
syndromes. I t  i s  genera l l y  accepted from spor t  
pathology t h a t  such les ions  can a f f e c t  var ious 
j o i n t s ,  induc ing chron ica l  p a i n  syndrome a f t e r  
cessat ion o f  spor t  a c t i v i t i e s .  Apparently, no 
par t i cu la r  a t ten t ion  has been pa id  t o  the spine i n  
regard  o f  these problems, p a r t i c u l a r l y  a t  t h e  
cerv ica l  level.  However, in  the s i x t i e s  and ear ly  
seventies, some studies have addressed the problem 
o f  chronic  diseases a f f e c t i n g  the  sp ine o f  para- 
troopers. I n  France, Teyssandier (187) has de- 
sc r ibed the  I lparachut is ts l  sp ine syndromeaa which 
i s  e s s e n t i a l l y  a p a i n  syndrome l o c a l i z e d  a t  a 
prec ise  leve l ,  u s u a l l y  no t  e a s i l y  r e l a t e d  t o  a 
remembered trauma. The nature o f  t h i s  syndrome 
seems q u i t e  s i m i l a r  t o  the llloading syndrome” o f  
the sp ine described elsewhere (72, 189). I n t e r -  
es t ing ly  enough, x-ray invest igat ions conducted on 
paratroopers presenting such chronic pa in  syndrome 
showed no rad io log ica l  signs i n  almost 50% of  the 
cases. Unfor tunate ly ,  these s tud ies  were made 
wi thout  r e a l  c o n t r o l  groups, though considerably  
reducing t h e i r  value. Uhether such syndromes, 
p a i n  wi thout  r a d i o l o g i c a l  signs, cou ld  r e s u l t  a t  
the c e r v i c a l  l e v e l  from repeated exposure t o  HSG 

i s  an open question. New techniques al lowing s o f t  
t issues and ligament invest igat ions could be used 
t o  monitor t h i s  k ind  of  problem. This question i s  
addressed l a t e r  i n  t h i s  report. 



1.5.2 Vest ih r la r  System: 

Research on the e f fec ts  o f  HSG and the ACM on the 
v e s t i b u l a r  system o f  animals and humans has been 
min imal  even though t h e  o t o l i t h  organs o f  t h e  
vest ibu lar  system respond t o  l inear  accelerations 
and therefore considered t o  be a t  r i s k  during HSG 

exposures. Unfortunately, most o f  the recomnenda- 
t i o n s  o f  t h i s  AR regard ing the v e s t i b u l a r  system 
w i l l  be based on anecdotal evidence o r  specula- 
t ion. 

The a f f e c t s  o f  h i g h  acce le ra t ion  on ves t ibu lo -  
ocular  responses o f  humans were examined by Doud 
(52) in  1967 using centr i fugation. Unfortunately, 
C o r i o l i s  induced e f f e c t s  tend t o  confound research 
on t h e  v e s t i b u l a r  system u s i n g  t h e  c e n t r i f u g e  
because o f  i t s  c i r c u l a r  motion, e s p e c i a l l y  with 
the  shor t  rad ius  o f  most human-use cent r i fuges  
( u s u a l l y  about 6 meters). However, the ACM a lso  
develops C o r i o l i s  forces, although reduced s i g n i f -  
i c a n t l y  from those of  centr i fugation. 

The Doud study showed d e f i n i t e  mod i f i ca t ions  i n  
v e s t i b u l a r  responses p o s t - c e n t r i f u g a t i o n .  He 
speculated t h a t  the  o t o l i t h s  were p r i m a r i l y  a f -  
fec ted  perhaps a f u n c t i o n  o f  miss ing otoconia o r  
loosened fragments o f  o t o l i t h i c  membranes. This  
hypothes is  i s  suppor ted by Parker  e t  e l  (143) 
using guinea p i g s  exposed t o  12G f o r  195 sec t o  
l O O G  f o r  20 sec. They reported moderate t o  severe 
loss  o f  o tocon ia  f rom t h e  maculae o f  b o t h  t h e  
u t r i c u l e s  and the  saccules, and a d i s t o r t i o n  o f  
the cupula o r  a c r i s t a .  They concluded t h a t  the  
more c m o n  t r a n s i e n t  d i s o r i e n t a t i o n  repor ted by 
many centr i fuge subjects may be re la ted  t o  stimu- 
l a t i o n  o r  injury o f  the  o t o l i t h i c  membrane t o  a 
lesser degree. 

1.6 SUIURY:  

Since information on sp ina l  and vest ibu lar  i n j u r y  
as r e l a t e d  t o  exposure t o  HSG i s  l im i ted ,  addi -  
t i o n a l  information on i n j u r i e s  i n f l i c t e d  by simi- 
Lar forces but produced by other e n v i r o m n t s  w i l l  
be reviewed i n  l a t e r  sect ions o f  t h i s  AR. From 
the information presented i n  t h i s  introduction, i t  
i s  c l e a r  the ACM environment develops i n e r t i a l  
forces that  load the sp ina l  co lurn t o  a leve l  tha t  
appears t o  reach o r  exceed the  s t a t i c  l i m i t s  o f  
t h a t  b i o l o g i c a l  system. A b r i e f  review o f  the 
l i t e r a t u r e  provides evidence tha t  some s ign i f i can t  

acute and perhaps more chronic degenerative types 
o f  i n j u r i e s  may be r e l a t e d  t o  HSG exposures t h a t  
occur dur ing  ACH in  p i l o t s  o f  h i g h  performance 
a i r c r a f t .  Less in fo rmat ion  i s  a v a i l a b l e  f o r  the  
v e s t i b u l a r  system as i t  r e l a t e s  t o  t h i s  environ- 
ment. 

Over the years, nagging concerns about the medical 
hazards o f  such high leve ls  as 9G - -  9 times above 
the fo rce  o f  g r a v i t y  t o  which our body i s  phys i -  
c a l l y  and phys io log ica l l y  adapted - -  are occasion- 
a l l y  raised, but wi thout  any s u b s t a n t i a t i o n  w i t h  
fact .  The spine and o t o l i t h i c  organ appear t o  be 
among t h e  most p o t e n t i a l l y  v u l n e r a b l e  t o  t h e  
hazards o f  t h i s  biodynamic environment i f ,  o f  
course, HSG i s  hazardous. These imponderables 
u i l l  be considered by t h i s  AR w i t h  recomnended 
courses of  action. 
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CHAPTER 2 

THE ANATOMY AND BlolQCHANICS OF THE SPINE 

2.1 INTRaWCTlOY 

The cha l lenge posed t o  seated humans by h i g h  
performance a i r c r a f t  (HPA) operat ions a t  <+lSGz 
has t o  be considered in  spinal and centra l  nervous 
systems not  designed f o r  and p o o r l y  adapted t o  
erect posture (110, 163). I n  evolut ionary terms, 
high-Gz i s  being used by a cohort already aged and 
beyond the natura l  l i f e  expectancy our spines have 
been engineered t o  support. Indeed, in te rver te -  
b r a l  d isc  degeneration i s  manifest even i n  teenag- 
ers  (23, 24, 128, 177, 186, 209). Meanwhile i n  
the genera l  p o p u l a t i o n  exposed o n l y  t o  +1Gz, 
present postural habi ts  ensure components of  the 
sp ine a r e  a t  t h e i r  f a i l u r e  boundar ies i n  many 
ind iv iduals  f o r  much of  the time (35, 71, 82, 99, 
175). Not surpr is ing ly ,  sp ina l  morb id i ty  i s  the 
pr imary  cause o f  l oss  o f  work ing t i m e  i n  the  
adult, phys ica l l y  ac t i ve  populations o f  most NATO 

countr ies (68, 133, 165). The reader i s  re fe r red  
t o  Chapter 3 f o r  more information on occupational- 
l y  re la ted  special injury. 

2.2 COMPARATIVE ANATOMY OF THE SPINE 

In evo lu t ionary  terms, be fore  our ancestors as- 
suned the erect posture, the funct ion of  the spine 
was t o  act as a hor izonta l  mobile but i n t r i n s i c a l -  
l y  s tab le a x i a l  s t ruc tu re  under -Gx. This dichot- 
omy of  design objectives was s a t i s f i e d  by arrang- 
ing i t  as three transversely segmented co lums i n  
suspension, The p r i n c i p a l  components maintaining 
i t s  conf igurat ion remain the continuous anter ior  
l o n g i t u d i n a l  l igament  [ALL ]  and t h e  p o s t e r i o r  
facet j o i n t s  between each segment. Each segment 
comprises an an ter io r  ver tebra l  body and poster ior  
pars in terar t icu lares,  supporting the facet j o i n t s  
on e i t h e r  s i d e  and themselves j o i n e d  over the  
spinal canal by the laminae. Posterior from the 
j u n c t i o n  o f  the two halves o f  the lamina i n  the 
mid l ine extends the bony spinous process. Trans- 
verse processes extend out la te ra l l y ,  one on each 
side, f rom t h e  j u n c t i o n  o f  each p a r s  and t h e  
pedicles uhich j o i n  the pars on each side t o  the 
v e r t e b r a l  body i n  f r o n t .  Normal quadrapedel 
posture caused the s t ruc tu re  t o  bow forward i n t o  
lordos is  between supporting limbs a t  e i ther  end, 
i n  the manner o f  a suspension bridge. I n  t h i s  
c o n f i g u r a t i o n  w i t h  the ALL i n  d i s t r a c t i o n  [ ten-  
sion] and the facet j o i n t s  apposed in  compression, 
the s t r u c t u r e  i s  mob i le  b u t  s t a b l e .  I f  i t  i s  
straightened [as by a x i a l  extension] o r  poster ior -  
l y  bowed i n t o  kyphosis, i t  becomes unstable as the 
facet j o i n t s  disengage. 

Anter ior ly ,  br idg ing the space between the verte- 
b r a l  bodies, vestiges o f  the notochord pers is t  i n  
the in terver tebra l  discs. In the dynamic s i tua-  
t ion ,  they ac t  under d i s t r a c t i o n  [ tha t  i s  under 
tension rather than compressionl as shock absorb- 
e rs  protect ing the ALL from h igh t rans ient  a x i a l  
loads and t r a n s f e r i n g  such t r a n s i e n t s  t o  t h e  
v e r t e b r a l  bodies, themselves arranged [ u n l i k e  
o ther  long bones o p t i m i s e d  t o  bear u e i g h t  i n  
compression1 w i t h  widely-separated v e r t i c a l  pe- 
r iphera l  c o r t i c a l  surfaces and l ight -weight  v e r t i -  
c a l l y  or ientated but tension res is tan t  cancellous 
centres. 

This cancellous pa t te rn  i s  a t te red  in  the pedicles 
which are optimised t o  bear transverse tpostero- 
anterior1 tension as they ho ld  together the ante- 
r i o r  a x i a l l y  d i s t r a c t e d  and p o s t e r i o r  a x i a l l y  
compressed components or  llcolurmsl i n  Holdsworthls 
terminology (93). I n  dynamic and s t r u c t u r a l  
terms, the nodal focusing o f  transverse stresses 
i n t o  the ped ic les  and t h e i r  expansion i n t o  the 
v e r t e b r a l  bodies and t h e  i n t e r p o s e d  p o s t e r i o r  
disc, poster ior  d isc  annuli and the weak poster ior  
longi tud ina l  ligament comprises an intermediate, 
I1mi dd 1 ell co l umn bet  ween the d i s t rac t e d  ant  e r  i o r  
and the compressed poster ior  columns. This middle 
c o l u m  i s  furnished wi th  addi t ional  l a t e r a l  i n t e r -  
ver tebra l  neuro-centra l  j o i n t s  i n  the c e r v i c a l  
spine. 

U i t h  l i t t l e  development and less re-configuration, 
t h i s  hor izon ta l l y  arranged suspension system has 
been required t o  accept v e r t i c a l  +Gz loading wi th  
the assumption o f  t h e  u p r i g h t ,  e r e c t  p o s t u r e  
(110). The t r a n s i t i o n  uas assisted by an interme- 
d i a t e  arboreal  phase when upper l imb suspension 
and therefore continued ax ia l  d i s t r a c t i o n  was the 
r u l e  (208). Ue are now l e f t  w i th  an a x i a l  skele- 
ton designed f o r  h o r i z o n t a l ,  ponograde a c t i v i t y  
w i th  passive maintained s t a b i l i t y  dependent on 
t h a t  con f igura t ion  under -Gx, y e t  now operated 
upr ight  under +Gz, o f t e n  wi th  lordos is  reduced and 
t h e r e f o r e  i n  dynamic i n s t a b i l i t y  o r  worse, i n  
gross anter ior  c o l u m  compression, i f  lordos is  i s  
abolished and kyphosis adopted. 

That t h i s  p o t e n t i a l l y  disasterous arrangement d i d  
no t  p revent  our  species p r o g r e s s i o n  f rom t h e  
forests  out on t o  the p la ins  of  the world was due 
t o  three factors. 

1) The i n t e r v e r t e b r a l  d i s c  p roved i n  e r e c t  
p rac t ice  t o  be able t o  car ry  compression loads in  
the major i t y  o f  the populat ion f o r  >16 years. 

2) Reproduct ion occur red  t o  ensure t h e  nex t  
generation by t h i s  age. 



3) Suf f i c ien t  d isc  degenerate "elders P16 years 
of  agelll survived wi th  usable spines in  a soc ia l  
organization able t o  protect  the next generation 
t o  puberty. 

Subsequently, the necessity o f  education f o r  the 
f u r t h e r  p r o g r e s s i o n  o f  human s o c i e t y  and t h e  
associated phenmnon o f  adolescence while procre- 
a t i o n  i s  delayed now means that  few under 16 years 
old, non-disc degenerate p i l o t s  can be t ra ined,  
deployed and u s e f u l l y  employed before time and the 
r e a l i t y  o f  the  human c o n d i t i o n  catches up w i t h  
them. 

Despite t h i s  design:function mis-match which has 
t o  be ascribed t o  the F i r s t  Saturday of  Creation 
as described i n  Genesis (62) w i t h  respect, the 
"Mark I I I I  improved female model based on the ear ly  
cloning works of  the Second Tuesday as described 
i n  Genesis (63) exh ib i ts  on ly  super f i c ia l  improve- 
ments. Some s p i n a l  remodel l ing use fu l  t o  e rec t  
pos ture  had taken p l a c e  b e f o r e  t h e  ponograde 
p o s i t i o n  was abandoned and our ancestors took t o  
the t rees  t o  surv ive  (and t o  be able t o  be our 
ancesters): 

1) Lung v e n t i l a t i o n  by negative phase respira- 
t i o n  r e q u i r e d  a r i b  cage which doubles as an 
outrigged, canti levered trapeze f o r  the thoracic 
spine. This i n  i t s  turn can be sp l in ted  by pos i -  
t i v e  p ressure  b r e a t h i n g ,  PPB o r  t h e  Va lsa lva  
maneuver (12). 

2) The need f o r  thorac ic  kyphosis t o  mainta in  
o v e r a l l  a x i a l  n e u t r a l i t y  i n t r o d u c e d  a n t e r i o r  
colunn compression which was o f f - s e t  by reducing 
the ax ia l ,  now v e r t i c a l  dimension of  the anter ior  
thorac ic  column by a n t e r i o r  thorac ic  ver tebra l  
body "wedgi ngll ( 163). 

3) I n  the sacrun marked compensatory kyphosis i s  
not only re f lec ted  by anter ior  wedging, but a lso 
by massive l a t e r a l  but t ress ing by the fused sacral 
alae. 

Later ,  a p o t e n t i a l l y  d i s a s t r o u s  major  s p i n a l  
s t r u c t u r a l  compromise a t  t h e  c r a n i o - c e r v i c a l  
junct ion - -  which required 90' anter ior  angulation 
t o  m a i n t a i n  fo rward  h o r i z o n t a l  v i s i o n  as t h e  
general spine ax is  ro tated upwards t o  assune the 
erec t  posture - -  was o f f - s e t  by other  develop- 
ments. F o r t y - f i v e  degrees (45') was prov ided 
imnediately above the (an tero- la te ra l )  occ ip i to-  
ver tebra l  (a t lan to-occ ip i ta l )  jo in ts ,  t o  maintain 
a x i a l  balance during the development of  the cere- 
bel lun. The remaining 4S0, beyond the termination 
of  the ver tebra l  bodies a t  the top of  the c l ivus,  
was imposed by the need t o  accomnodate the massive 
development of  the cerebral hemispheres. 

In erect, +Gz terms, t h i s  means that  rather than 
having t o  support an outr igged ever more massive 
head a t  the f a r  end o f  a h o r i z o n t a l l y  extended 
neck, a problem f u r t h e r  compounded by the C1-2 
m o b i l i t y / s t a b i l i t y  compromise (54, 91, 1981, the 
head (head and helmet) can, by appropriate design 
and t ra in ing,  be balanced a t  the cranio-cerv ica l  
j u n c t i o n  by the c e r v i c a l  paraspina l  muscles t o  
we l l  beyond our +15Gz ob jec t ives  (86). This i s  
more comfor tab le  than t h e  convent ion  i n  hang- 
g l i d i n g ,  more convenient  than i s  necessary i n  
prone p o s i t i o n  p i lo tage,  (PPP) (11, 16, 39, 87, 
111, 182, 196, 207, 214) and much less troublesome 
than the helmet-horse s t a b i l i z a t i o n  which the XVth 
century armorers found necessary f o r  t o t a l ,  three- 
ax is  sp ina l  protection. 

This advantage i s  obviated by present headbox and 
helmet designs which ignore evolut ionary develop- 
ment, f o r c e  present  HPA a i r c r e w  i n t o  c e r v i c a l  
kyphosis and ensure they operate a t  maximum cerv i -  
c a l  and c ran io -cerv ica l ,  mechanical and dynamic 
disadvantage, discomfort and r i s k .  Not surpr is-  
ingly, t h i s  anatomical anarchy i s  rewarded by much 
neck p a i n  (6, 8, 10, 13, 14, 21, 65, 76, 1091, 
s m  injury (168, 169, 191, 192, 211) and unusual 
v a r i a t i o n s  on the normal present day p a t t e r n  o f  
adul t  spinal degeneration (80) associated wi th  the 
+1Gz cerv ica l  kyphosis (!slouchings8) which i s  the 
current, fashionable, unphysiological norm. The 
l a t t e r  causes as much t rouble i n  contro ls  (29) and 
other m i l i t a r y  personnel (47, 125, 126) as well  as 
being eventua l l y  near-universa l  i n  the general 
populat ion a t  large (31, 61, 114, 133, 148, 164, 
215). Surpr is ing ly ,  o n l y  MiG-21 p i l o t s  appear 
immune t o  t h i s  otherwise un iversa l  t rend (124, 
185). Stupakov e t  at,  (185) used an in te res t ing  
i n d i r e c t  method t o  determine t h e  r e l a t i o n s h i p  
between c l i n i c a l  recovery  t ime and v e r t e b r a l  
colunn destruction. Their technique involved the 
use of  acoustic emission s ignals  from the stressed 
ver tebra l  column s i m i l a r  t o  the methods used by 
engineers t o  tes t  other stressed structures. 

The lunbar and cerv ica l  spine are passively unsta- 
b l e  unless i n  f u l l  lo rdos is .  L i k e  ta l l -masted  
s a i l i n g  sh ips,  they  depend f o r  c o n f i g u r a t i o n ,  
strength and s t a b i l i t y  on t h e i r  continuous dynamic 
alactivell r igg ing  by the I8creul8 of  the spine, the 
muscles act ing through t h e i r  ligaments and attach- 
ments t o  the bony components of  the spine, under 
constant mmorders8a through and from the peripheral 
and c e n t r a l  nervous systems. Again l i k e  a t a l l  
ship, the spine can only  be operated s a t i s f a c t o r i -  
l y  w i th in  i t s  design constraints. Craf t  and crew 
requ i re  constant t r a i n i n g ,  s t ress ing  (106) and 
p r a c t i c e  t o  f u n c t i o n  s a f e l y ,  p a r t i c u l a r l y  i n  
unusual circumstances, such as in tended a x i a l  
loading t o  +15Gz. 
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2.2.1. Two Elements Reamin to he Introduced: 

1 )  The i n t e r - l a m i n a r  l igamenta f l a v a  and t h e  
i n t e r -  and supraspinous l igaments damp and t o  a 
degree progressively r e s t r i c t  spinal movement as 
the Ilneutral zonem1 o f  each j o i n t  i s  l e f t  and f u l l  
j o i n t  range and sp ina l  de f lec t ion  approached (138, 
139). In compression, they provide a progressive 
end-point t o  cerv ica l  lordos is  whi ls t  Ilconcertina- 
ing" o f  the ligamentun f lavun can compound spinal 
stenosis. 

2) Lastly, both the ligaments and the back as a 
whole have a powerful sensory af ferent  function. 
"Strapping on" one's aerobatic a i r c r a f t  i s  no i d l e  
turn of  phrase, but an ind ica t ion  that  t o  be "at 
onell w i th  the a i r c r a f t ,  a t  least one major par t  o f  
one's anatomy has t o  have a constant and unvarying 
r e l a t i o n s h i p  w i t h  i t .  "Pelv ic  weldingv1 t o  the 
seat pan by the two lap  straps and the G-strap i s  
preferred. Too t i g h t  shoulder r e s t r a i n t  r e s t r i c t s  
head and neck movement and may induce a d i s t r a c t -  
ing  euphoria a t  high -Gz. Careful seat design and 
ind iv idual  f i t  al lowing the ac t ive  maintenance of  
c e r v i c a l  and lumbar l o r d o s i s  a r e  e s s e n t i a l  t o  
accurate and undistracted high +/-Gz pilotage. 

In t h i s  fearsome s i t u a t i o n ,  there  are features 
which can be turned w i th  advantage t o  the present 
purpose: 

a) The hunan's aging character is t ics  (128, 177, 
186) mean t h e  i n t e r v e r t e b r a l  d i s c s  cannot be 
r e l i e d  upon t o  accept anter ior  spinal a x i a l  com- 
pression loading over the age o f  16. For p r a c t i -  
c a l  purposes,  a l l  a i r c r e w  a r e  l a s p i n a l  
degenerates". Fortunately, by recogniz ing the 
anatomical r e a l i t i e s  o f  the s i t u a t i o n  and main- 
t a i n i n g  c e r v i c a l  and lumbar l o r d o s i s .  The 
strength and s t a b i l i t y  o f  the two sp ina l  segments 
most a t  r i s k  do not have t o  r e l y  on d isc  compres- 
sion. A t  the same time by maintaining physiologic 
d isc  d i s t r a c t i o n ,  the degenerate i n t e r v e r t e b r a l  
d isc  i s  s t i l l  ab le  t o  f u n c t i o n  u s e f u l l y ,  as d i -  
signed, as a dynamic shock absorber. 

b) Whereas even i n  the f i t  youngster ( 4 6  years) 
i n  e r e c t  pass ive  kyphosis  lumbar and c e r v i c a l  
spines are a t  t h e i r  s t a t i c  a n t e r i o r  compression 
f a i l u r e  boundaries, used i n t e l l i g e n t l y  as designed 
in  lumbar and cerv ica l  lordos is  the spine becomes 
a s p r i n g - l i k e  llactivela system i n  which a x i a l  
s t rength  i s  not  l i m i t e d  by a n t e r i o r  compression 
f a i l u r e  but ra ther  by the sp ine ls  very much great- 
er  ac t i ve  whole-system performance. Rather than 
being the  weakest ( i n  compression) component o f  
the  +Gz loaded spine, i n  c e r v i c a l  and lumbar 
lordosis, the %xpression- weak" ant er  i or  column 
contr ibutes i t s  great [designed f o r  d is t rac t ion ]  

t e n s i l e  s t rength.  I n  d i s t r a c t i o n ,  the  a n t e r i o r  
column on ly  f a i l s  i n  gross extens ion sp ina l  in- 
ju ry ,  where peak a n t e r i o r  d i s t r a c t i o n  l e v e l s  
g rea t ly  exceed those provided by +15Gz and indeed 
the 50G i d e n t i f i e d  by STAPP (183, 184). 

For maximal +Gz s p i n a l  loading performance, the 
keys are: cerv ica l  and lunbar lordoses w i th  head 
balance on the o c c i p i t a l  condyles. This  i s  the 
mandatory high +Gz res t ing  or  %eutralol posit ion. 
A l l  movements should be made from t h i s  posit ion, 
especia l ly  under increased +Gz, re ta in ing  lordoses 
and head balance as long as i t  i s  possible (78). 
Seat, cockpit and helmet design, crew selection, 
t r a i n i n g  and a i r c r a f t  operation need t o  recognize 
and exp lo i t  these r e a l i t i e s  i f  both m a x i m  opera- 
t i o n a l  effect iveness and m i n i m  aircrew morbidity 
are t o  be achieved. 

2.3 SPINAL BIOMECHANICS AND NEURO-ORTHOPAEDIC 
PRACTICE 

2.3.1 Introduction 

This i s  now a vast  subject  w i t h  an ever la rger  
l i te ra tu re .  Despite th is ,  most o f  the published 
work i s  o f  surpr is ing ly  l i t t l e  value t o  AR317 as 
i t  dwells on the l i m i t a t i o n s  of  the sp ine ls  mate- 
r i a l s  and component par ts  and demonstrates l i t t l e  
rea l  progress since Stapp's research (184). With 
exceptions (20, 28, 35, 45, 53, 68, 71, 78, 81, 
134, 141, 145, 1711, l i t t l e  e f f o r t  has been made 
t o  establ ish how the sp ina l  system's p e c u l i a r i t i e s  
can be explo i ted in  the ind iv idual  as well  as the 
general populat ion's best in terest .  Much of  the 
present l i t e r a t u r e  and op in ion  i s  r e f l e c t e d  i n  
r e l a t i v e l y  recent reviews (120, 130, 138, 139, 
149, 180, 202). 

The p r i n c i p l e  r e s t r i c t i o n  of  the mater ia ls  work i s  
tha t  components a re  considered i n  i s o l a t i o n  and 
o f t e n  tes ted  and repor ted inappropr ia te ly  (99, 
199, 213). The prime example i s  the consideration 
of  d i s c  compression f a i l u r e  as the hal lmark o f  
spinal compression performance. Even Majendie in  
1816 (71) d i d  better, but by misapplying Euler 's 
compression theory (59) and ignor ing  the equal 
importance o f  d i s t r a c t i o n ,  Hookels law (94) and 
t e n s i o n  i n  curved s t r u c t u r e s ,  he b l i g h t e d  the  
consideration of  the spine as an active, continu- 
ously-trimned st ructure wi th  cross-bracing as well  
as curves, in  which rap id  and progressive extra- 
sp ina l  as wel l  as paraspinal m s c l e  recruitment i s  
a v a i l a b l e  w i t h  s t e a d i l y  i n c r e a s i n g  leverage, 
p a r t i c u l a r l y  i f  lunbar and cerv ica l  lordoses are 
maintained. 

C l i n i c a l  experience supports comparative anatomy 
i n  enphasizing the importance of  considering, 
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preparing, t ra in ing,  p rac t ic ing  and operating the 
spine as a whole, as an ac t ive  b io log ica l  system, 
not l i m i t e d  by the sun of  the post-mortem charac- 
t e r i s t i c s  o f  a few o f  i t s  corrponent par ts  (106). 

2.3.2 Biacaechwics of Acute Spine Injury 

Spinal i n j u r i e s  are occur r ing  desp i te  the neck 
having s u f f i c i e n t  strength t o  carry  the loads that  
would be ant ic ipated on exposure t o  high Gz. The 
mechanism by which neck injury i s  occur r ing  i n  
f i g h t e r  p i l o t s  i s  more complicated than simple 
compressive loads a c t i h g  on the  c e r v i c a l  spine. 
Extensive biomechanical i n v e s t i g a t i o n  i n t o  the 
mechanism by which the musculoskeletal elements o f  
the sp ine f a i l  has been mot ivated by the la rge  
nunbers of  back i n j u r i e s  seen i n  indust ry  and the 
serious consequences o f  t raunat ic  i n j u r i e s  t o  the 
spine. Many attempts, as reviewed i n  Panjabi and 
White (140), have been made t o  produce d isc pro- 
lapses i n  cadaveric spines by compressive loading. 
The ver tebra l  end p l a t e  always f a i l s  before d isc 
prolapse, even i n  spines wi th  s i g n i f i c a n t  degener- 
a t i v e  disease. , The i n t e r v e r t e b r a l  d i s c  can be 
t o r n  by tors ional  loading beyond the physiological 
l i m i t ,  but prolapse d i d  not occur in  these experi- 
ments. F lex ion tears the poster ior  ligaments or  
f r a c t u r e s  t h e  p o s t e r i o r  laminae but does n o t  
rup ture  the d isc .  Recent experiments (2 ,  140) 
have success fu l l y  prolapsed d i s c s  by apply ing a 
compressive load t o  a specimen t h a t  was a l ready 
l a t e r a l l y  bent and hyperf lexed. This  mechanism 
was not successful i n  a l l  specimens. The speci- 
mens t h a t  did pro lapse had p r i o r  d i s c  degenera- 
t ion, came from the 40-49 year age group, and from 
the lower lunbar leve ls  L4-5 and L5-Sl. Combina- 
t ions  o f  in te rver tebra l  j o i n t  movement that  pro- 
duce s t r e s s  concentrat ions and d i s t o r t  the d i s c  
are needed t o  produce d isc  prolapse, rather than 
pure ly  compressive forces. 

In t h e  s t u d i e s  c i t e d  above, p r e e x i s t i n g  d i s c  
degeneration was needed before prolapse could be 
produced. The mechanism by which d isc  degenera- 
t i o n  occurs remains a s u b j e c t  o f  specu la t ion .  
There i s  some experimental evidence t h a t  i n t e r -  
v e r t e b r a l  d i s c s  may f a i  1 t h r o u g h  l l fat igue@l. 
Cyc l ic  loads i n  both compression and to rs ion  have 
been app l ied  a t  r a t e s  up t o  40 t imes per minute 
(132, 202). Many o f  the  post-mortem specimens 
used i n  f a t i g u e  t e s t i n g  develop p o s t e r o l a t e r a l  
r a d i a l  f issures. Nixon (132) suggests when these 
f issures become confluent, they may provide a path 
through which nuc lear  mater ia l  can escape. The 
avascular d isc t issue has only l i m i t e d  capacity t o  
repai r  i t s e l f .  I t  takes 500 days t o  turnover the 
proteoglycans i n  dog in terver tebra l  discs (190)., 
thus the r a t e  o f  injury could e a s i l y  exceed the 

recuperative a b i l i t i e s  o f  the disc. Disorders of  
the muscu loske le ta l  elements o f  t h e  sp ine  a r e  
i n c r e a s i n g l y  be ing  cons idered as "cumula t ive  
t r a m  disorders" when occupational stresses are 
analyzed, i n  c o n c e r t  w i t h  t h e  above work on 
" fa t igue f a i l u r e "  ( 7 3 ,  96). Cumulative trauma 
disorders can be defined as #I... disorders of  the 
body that  are caused, prec ip i ta ted,  or  aggravated 
by repeated trauma...(;) the s o f t  t issues,  the 
back and the upper ext remi t ies are among the most 
comnonly a f f l i c t e d  area II (15). Unfor tunate ly ,  
the l i t e r a t u r e  s p e c i f i c a l l y  supporting t h i s  con- 
cept i s  l i m i t e d .  The mechanical proper t ies of  the 
d i s c  change w i t h  age. The water conten t  de- 
creases from 90 percent t o  less than 70 percent as 
age increases from below 30 years t o  70 years. 
The s t r u c t u r e  o f  the d i s c  changes w i t h  co l lagen 
slowly replacing the nucleus. I t  i s  d i f f i c u l t  t o  
d is t inguish the process of  aging from pathophysio- 
log ic  changes in  the spine (42). 

Further understanding o f  the biomechanics o f  the 
spine i s  provided by mathematical modeling. The 
bones and ligaments o f  the spine, when removed 
from a cadaver and s t r ipped of  a l l  o f  t h e i r  sup- 
por t ing  muscles, can only car ry  a load of  about 20 
Newtons (I) (117). They buck le i n  response t o  
such small  loads. Clear ly ,  the muscles p l a y  an 
important r o l e  i n  mainta in ing the load c a r r y i n g  
capaci ty  o f  the  s p i n a l  column. Gracovetsky and 
Farfan (68) emphasize the dynamic nature of  normal 
sp ine f u n c t i o n .  T h e i r  hypothes is  r e q u i r e s  a 
contro l  loop t o  minimize the s t ress i n  a l l  o f  the 
in terver tebra l  j o i n t s  by adjust ing the tensions o f  
ind iv idual  muscles attached t o  the spine. Their 
model implies t h i s  occurs when the in terver tebra l  
d isc  car r ies  almost pure compressive loads. They 
suggest a number o f  mechanisms might i n j u r e  the 
in terver tebra l  disc. Latera l  bending i s  coupled 
t o  a x i a l  to rs ion  i n  the spine. Their model sug- 
gests the leve l  o f  torque transmitted through the 
spine dynamically exceeds the s t a t i c  strength of 
the j o i n t .  I f  the contro l  system f a i l s  t o  main- 
t a i n  the torque strength of  the spine, a tors ional  
overload in  the spine may resul t .  One s i t u a t i o n  
i n  which t h e  muscles may f a i l  t o  c o n t r o l  the  ' 

s t ress d i s t r i b u t i o n  in  the spine i s  the 9nisstep1I. 
This occurs during a step when a person steps down 
without rea l iz ing.  The contro l  system i s  unpre- 
pared f o r  the sudden step down and cannot adjust 
the muscle tensions qu ick ly  enough t o  counter the 
impact f o r c e s  o f  t h e  s t e p .  Gracovetsky  and 
Farfanls model implies i n j u r i e s  t o  the spine occur 
as a r e s u l t  o f  f a i l u r e s  i n  the c o n t r o l  system. 
More recent ly  Panjabi (138, 139) has suggested the 
spinal s t a b i l i z i n g  system should be considered as 
three subsystems c o n s i s t i n g  o f  a passive system 
( the bony and ligamentous system), the ac t ive  
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system (muscles and tendons attached t o  the spinal  
column) and the neura l  subsystem. This author 
also errphasizes the dynamic nature of  the biome- 
chanics of  the spine and also considers the possi- 
b i l i t y  o f  i n j u r y  t o  t h e  sp ine  r e s u l t i n g  f rom 
f a i l u r e  of  the contro l  loop. 

P i l o t s  e jec t i ng  from m i l i t a r y  a i r c r a f t  can exper i -  
ence sp ina l  loads close t o  h m n  tolerance l im i ts .  
Several mathematical models have been developed t o  
he lp  understand the forces t ransmi t ted through 
p i l o t s '  spines on eject ion,  especial ly the ce rv i -  
ca l  spine. The ins ights  of fered by these models 
may a l so  app ly  t o  t h e  problems encountered by 
p i l o t s  moving t h e i r  heads whi le exposed t o  high Gz 
forces i n  maneuvering a i r c r a f t .  Hel leur  e t  a1 
(86) estimated the cerv ica l  spine should be able 
t o  to le ra te  loads seen a t  G leve ls  up t o  40 G wi th 
the head i n  an optimal posi t ion.  Their model only 
considered head and neck mot ion i n  the s a g i t t a l  
plane. They found that  when the force vector was 
applied i n  a non-optimal d i r e c t i o n  or  the head was 
not  o p t i m a l l y  pos i t i oned ,  t he  t o l e r a n c e  l e v e l  
dropped s teep ly .  Gracovetsky and Fa r fan  (68) 
suggest a mechanism f o r  ce rv i ca l  spine i n j u r y  a t  G 

leve ls  lower than the theoret ica l  m a x i m  cerv ica l  
spine load. In t h e i r  model, they noted a t  maximm 
voluntary e f f o r t ,  the muscles, ligaments and bones 
are only stressed t o  two-thirds of  t h e i r  u l t imate 
strength. They i n te rp re t  t h i s  t o  mean the organ- 
ism senses impending i n j u r y  and shuts  down by 
refusing or  abort ing the task. In an eject ion,  i f  
a p i l o t  aborts by r e f l e x  the task of  holding h i s  
head up, h i s  muscles w i l l  r e l a x  a t  t he  worst  
possible moment, causing injury. They also found 
the seat r e s t r a i n t  system prevented the musculo- 
ske leta l  system from adopting a posture minimizing 
the stress d i s t r i b u t i o n  through the spine. 

Recently, models of the spine s p e c i f i c a l l y  under 
high Gz, ra the r  than dur ing e j e c t i o n  have been 
developed. Snyders and Roosch (181) were able t o  
estimate the tensions in  the muscles attached t o  
the c e r v i c a l  sp ine  and the  f o r c e s  t r a n s m i t t e d  
through the  i n t e r v e r t e b r a l  j o i n t s .  I n - f l i g h t  
measurements o f  head p o s i t i o n  and G i n  an F-16 
were input i n t o  the model. They found the helmet 
increased forces i n  the neck by a factor  o f  1.3 t o  
1 . 5 .  Uhen the head was ro ta ted  i n t o  an extreme 
posi t ion,  the load in  the a t l an to -occ ip i t a l  j o i n t  
increased 14 times, wh i l e  the load i n  the lower 
c e r v i c a l  sp ine  increased 21 times. A t  7 G, a 
h igh ly  ro tated head pos i t i on  wi th moderate Lateral 
f l e x i o n  and forward f l e x i o n  requires muscle ten- 
s ions t h a t  a r e  s u s t a i n a b l e  f o r  o n l y  10 t o  30 
seconds, when compared w i t h  known neck muscle 
capaci t ies.  The build-up o f  h igh  v e l o c i t i e s  o f  
the head r e l a t i v e  t o  the torso has been suggested 

t o  cause i n - f l i g h t  neck i n j u r y  by Raddin e t  a1 
( 1 5 4 ) .  They g i ve  an example o f  someone f a l l i n g  
asleep in  a s i t t i n g  pos i t ion.  As the head f a l l s  
forward, al lowing f o r  a drop height of 3 inches, 
the head can bui ld up a v e l o c i t y  o f  4 f t / s e c  
r e l a t i v e  t o  the torso. I f  the neck muscles are 
required t o  decelerate the head over a distance of  
1 inch, the head would experience a 3 G decelera- 
t ion.  This force can produce m i l d  neck s t ra ins.  
I f  the same calcu lat ions are appl ied t o  a f r e e l y  
f a l l i n g  head a t  8 G, the neck muscles are required 
t o  produce a 27 G head decelerat ion,  which the 
authors o f  t h i s  paper cons ide r  would produce 
in jury .  Loss of  cont ro l  o f  the head under G i s  a 
fundamental pa r t  of t h i s  hypothesis f o r  G induced 
neck injury. 

Despite the d i f f e r e n t  approaches used by various 
groups modeling the head and neck exposed t o  high 
Gz, a nunber of  comnon elements are apparent. 

1) The f i r s t  of these i s  head pos i t ion.  A high 
proport ion of  p i  l o t s  experience neck i n j u r y  when 
t h e i r  heads a r e  i n  an extreme p o s i t i o n .  The 
%heck sixnn head movement has the highest i n j u r y  
p o t e n t i a l .  The Snyders and Roosch model (181) 
demonstrates the h igh muscle tensions and j o i n t  
forces seen i n  t h i s  type o f  head posi t ion,  whi le 
the model of Helleur e t  a l  (86)  suggests the load 
carry ing capacity o f  the cerv ica l  spine i s  sharply 
reduced as the head moves from a neutral  posi t ion.  

2) The second circunstance comnonly reported as 
leading t o  neck i n j u r y  i s  sudden unexpected app l i -  
cat ion of  h igh Gz, catching one member of  a m u l t i -  
p l e  crew unaware. The sudden appl icat ion of  force 
t o  the head could be too rap id  f o r  neural cont ro l  
t o  follow, leading t o  n o n - o p t i m  muscle tensions 
and spinal  pos i t ion ing f o r  the appl ied forces, i n  
a manner consistent wi th Gracovetsky and Farfansl 
model (68). The mechanism suggested by Raddin e t  
a1 ( 1 5 4 )  i s  essen t ia l l y  the same. The occurrence 
of  acute i n j u r y  can be explained by combinations 
of  the above mechanisms. 

2.3.3 Biomechanics of Spinal Degeneration 

The question t h i s  working group set out t o  address 
i s  not so c lear .  There i s  very  l i t t l e  c l i n i c a l  
and biomechanical evidence f o r  chronic i n j u r y  t o  
the musculoskeletal elements o f  the spine from 
high Gz exposure. Understanding t h i s  e f f e c t  o f  
high G r  on the spine i s  hanpered by a general lack 
of  understanding of  spinal  degeneration i n  the 1 G 
e n v i r o m n t .  Nonetheless, a consensus i s  develop- 
ing in  the occupational medicine arena that  may be 
useful  in the high G envirorment. The s t ruc tu ra l  
corrponents of  the spine deter iorate wi th age. 



This de te r io ra t i on  can be accelerated. Mechanisms 
such as those proposed by Gracovetsky and Farfan 
(68) and Panjabi (138, 139), i n j u r e  the components 
of  the spine, especia l ly  the disc. The i n j u r i e s  
may be asyrrptomatic, as the system has a funct ion- 
a l  rese rve  t h a t  can compensate f o r  i n d i v i d u a l  
par ts  that  are not able t o  function a t  f u l l  capac- 
i t y .  The remaining f u l l y  funct ional  pa r t s  o f  that  
system, i n  c a r r y i n g  the loads o f  i n j u r e d  compo- 
nents, are requi red t o  work a t  loads c lose r  t o  
t h e i r  l i m i t s ,  making them more v u l n e r a b l e  t o  
f u r t h e r  injury. Eventual ly,  s u f f i c i e n t  damage 
accunulates t o  become syrrptomatic and the ind iv id -  
u a l  becomes aware o f  t he  end r e s u l t  o f  a long 
process o f  cumu la t i ve  trauma. P i l o t s '  sp ines 
regular ly  exposed t o  high Gz may be degenerating 
more rap id l y  than normal. The high prevalence of 
neck p a i n  in  f l i g h t  suggests frequent minor in- 
j u r i e s  are occurr ing.  The cases i n  which more 
severe i n j u r i e s  have occurred may represent one 
end o f  a spectrum o f  i n - f l i g h t  i n j u r i e s .  The 
circunstances associated wi th  i n - f l i g h t  i n j u r y  are 
i n  keeping w i t h  these t h e o r e t i c a l  mechanisms. 
Repeated minor neck i n j u r i e s  may be exposing 
p i l o t s  t o  cumu la t i ve  trauma and causing t h e i r  
spines, e s p e c i a l l y  t h e i r  c e r v i c a l  spines, t o  
degenerate more r a p i d l y  than i n d i v i d u a l s  n o t  
exposed t o  high G r .  
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CHAPTER 3 

lllSCULOSnLETAL SYSTEM AS RELATED 
TO HIGH SUSTAINED G 

3.1 INTROWCTIOH: 

Exposure t o  h igh sustained +Gz (HSG) causes acute 
neck symptoms i n  approximately 75% o f  F-16 and F -  
18 f i g h t e r  p i l o t s  (109, 191). This incidence r a t e  
i s  f a r  greater than sustained i n  p i l o t s  o f  e a r l i e r  
generation of  F-4 type f i g h t e r  a i r c r a f t  who were 
rou t ine ly  exposed t o  considerably lower leve ls  of  
G. Although these acute symptoms usual ly  involved 
the  s o f t  t i s s u e s  o f  t h e  neck, t h e i r  increased 
incidence suggests the neck region i s  a t  r i s k  in  
p i l o t s  f l y i n g  these very high G advanced f i g h t e r  
a i r c r a f t  . 
Such acute episodes could be held t o  hera ld more 
chronic changes r e f l e c t i n g  repeated HSG exposure 
over many years  o f  f l y i n g .  S i m i l a r l y ,  s p i n a l  
degeneration i s  i n i t i a l l y  s i l e n t  without obtrusive 
symptoms. Only a f t e r  years of  repeated aasubcl in i -  
c a l  insu l ts1& do symptoms begin t o  appear. When 
synptoms f i n a l l y  develop, they tend i n i t i a l l y  t o  
be non-specif ic and s imi la r  t o  the normal e f fec ts  
o f  aging. The i n - f l i g h t  occurrence of  acute neck 
symptoms suggests the cerv ica l  spine i n  par t i cu la r  
i s  a t  enhanced r i s k  during HSC exposure. On basic 
pr inc ip les,  the l h r  spine i s  l ikewise a t  haz- 
ard. 

Corre la t ion o f  causative agents and sp ina l  synp- 
toms can be d i f f i c u l t  t o  establ ish. To establ ish 
the re la t ionships beyond doubt i n  t h i s  case would 
requ i re  an extens ive c o n t r o l l e d  study t h a t  com- 
pares d i f f e r e n t  populat ions, o r  a l o n g i t u d i n a l  
study t o  fo l low t h i s  slowly progressing condition. 

Such studies are extremely d i f f i c u l t  t o  design and 
conduct. Large nunbers o f  subjects are required 
and c o n t r o l  populat ions are  d i f f i c u l t  t o  ob ta in  
s ince  s i m i l a r  degenera t ive  changes occur f rom 
other comnonly found unrelated i n j u r i e s  and aging; 
where llagingll i s  greater than 16 yrs. Obviously, 
these s t u d i e s  a r e  v e r y  expensive, p o l i t i c a l l y  
d i f f i c u l t  t o  manage, and they requi re substantial 
resources. 

Therefore i t  would be unuise t o  undertake such 
studies without c r i t i c a l  review o f  the l i te ra tu re .  
Such a review should include information re la ted  
t o  s p i n a l  d i s o r d e r s  o f  v a r i o u s  o r i g i n s ;  e.g., 
var ious  occupat ions,  environments, e t c .  What 
fol lows i s  such a review tha t  sunnarizes what i s  
known about musculoskeletal problems of  the spine 
as they r e l a t e  t o  the HSG envirorment. This 

review i s  essential i n  completing the task o f  t h i s  
working group; i.e., ob jec t ive ly  making recomnen- 
dations on def in ing the r i s k  o f  a l i f e t i m e  o f  HSG 
exposure on the spine. 

3.2 HISTORICAL EACKGROUIID: 

3.2.1. Case Studies 

F l i g h t  Surgeons have been aware of  sp ina l  systems 
and i n j u r i e s  caused by high sustained Gz f o r  sane 
time. P h i l l i p s  (147) reported a case o f  neurolog- 
i c a l  dysfunction resu l t ing  from an exposure t o  +9 
Gz in  1959. Awareness o f  a po ten t ia l  problem has 
grown as h igh performance f i g h t e r s  such as the F -  
16 and F-18 have been developed and become opera- 
t ional .  Recent in te res t  began wi th  a case report 
by Andersen describing an acute neck i n j u r y  sus- 
tained by a f l i g h t  surgeon u h i l e  f l y i n g  a Norue- 
gian A i r  Force F-166 (8). The F l i g h t  surgeon uas 
in  the rear  seat and had been i n  c o n t r o l  o f  the 
a i r c r a f t  f o r  10 minutes. A f t e r  comple t ing  a 
ser ies  o f  bas ic  aerobat ic  maneuvers, he handed 
contro l  over t o  the p i l o t  i n  the f ron t  seat. He 
then relaxed and turned h i s  head maximally t o  the 
l e f t  t o  look f o r  an opponent a i r c r a f t .  While h i s  
head uas i n  t h i s  posit ion, he was caught complete- 
Ly unaware by a sudden 8 G cl imbing turn. A f te r  
the f l i g h t ,  the subject  experienced nausea and 
neck pain. C l i n i c a l  examination revealed loca l -  
ized neck pain a t  the leve l  o f  C5 and C6, a hyper- 
mobi le  head and c e r v i c a l  column and cutaneous 
analges ia corresponding t o  t h e  C7 dermatome. 
Radio log ica l  examination showed a separat ion o f  
the spinous processes o f  C5-6 and equivocal e v i -  
dence o f  a compression f r a c t u r e  o f  C6.  Ant i -  
inf larnnatory drugs and physiotherapy successful ly 
t reated the i n j u r y  although the cutaneous anaes- 
thesia took a month t o  resolve. This case i l l u s -  
t ra tes  many o f  the features of  acute neck i n j u r i e s  
occurring i n  f l i g h t .  

Schal l  (169) presented e i g h t  cases o f  acute i n  
f l i g h t  c e r v i c a l  sp ine  i n j u r y  i n  F-15 and F-16 
f i g h t e r s .  These cases i n c l u d e d  a compression 
f racture of  C5, a compression f rac tu re  o f  C7, two 
cases of  l e f t  herniated C5-6 nucleus pulposus (C5- 
6 HNP), a myofascial pa in syndrome, a f rac tu re  o f  
the C 7  spinous process and a l e f t  herniated C6-7 
nucleus pulposus. The f i r s t  compression f rac tu re  
occurred during a 9 C pull up and the second u h i l e  
t u r n i n g  t h e  head a t  6.5 G. The i n t e r s p i n o u s  
l igament  injury occur red  w h i l e  t h e  p i l o t  was 
checking h i s  5 0 8 c l o c k  p o s i t i o n  over h i s  r i g h t  
shoulder a t  4.5 t o  5.5 G. These three cases uere 
a l l  t reated conservatively wi th  analgesia and neck 
c o l l a r s  w i t h  eventua l  recovery  and r e t u r n  t o  
f l y i n g  dut ies.  The f i r s t  o f  the  C5-6 HNPs pre-  
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sented as the  onset o f  parathes ia down the l e f t  
arm a t  G leve ls  above 6 G. The second was associ- 
ated w i th  moving the head a t  8.4 G. Both o f  these 
cases requ i red  s u r g i c a l  treatment. The spinous 
process f rac tu re  resul ted from an unexpected 5 G 
pu l l  wh i le  look ing  over the  shoulder. The C6-7 
HNP was caused by an unant ic ipa ted  9 G exposure 
w h i l e  t h e  s u b j e c t  was check ing h i s  5 0 8 c l o c k  
posit ion. This case a lso  required surg ica l  t r e a t -  
ment. These cases re in force the factors  ident i -  
f i e d  by Anderson o f  h i g h  G, head movement o r  
ro tated head p o s i t i o n  and unexpected maneuvering 
as causing these neck in ju r ies .  

S c h a l l  (168) has r e p o r t e d  a v e r y  severe neck 
in jury where a p i l o t  f r a c t u r e d  t h r e e  c e r v i c a l  
vertebrae and suffered te t rapares is  as a resul t .  
This was an unusual case involv ing a canopy inpact 
i n  an F-4 dur ing  a negat ive G maneuver. Other 
ra re  e f fec ts  o f  exposure t o  high Gz are occasion- 
a l l y  reported i n  the l i t e r a t u r e  including a case 
o f  cerv ica l  dystonia (spasmodic t o r t i c o l l i s )  that  
required treatment wi th  botu l inun t o x i n  (38). 

3.2.2 Surveys of Acute Neck Pain 

Ind iv idual  i n j u r i e s  such as those described above, 
along w i th  the appearance o f  a i r c r a f t  such as the 
F-16 and F-18 which are  capable o f  h igher  onset 
ra tes  and l e v e l s  o f  susta ined Gz than previous 
f ighters ,  have prorrpted a nunber o f  surveys aimed 
a t  gauging t h e  e x t e n t  o f  t h e  problem o f  neck 
injury i n  f l i g h t .  Knudson e t  a1 (109) repor ted 
the resu l ts  o f  a comperative study between F/A-18, 
A-7 and A-4 Naval p i l o t s .  S i x t y  percent  o f  a 
t o t a l  o f  148 a v i a t o r s  r e p o r t e d  neck p a i n  i n  
f l i g h t .  Uhen the ind iv idual  a i r c r a f t  were consid- 
ered, the F/A-18 p i l o t s  had the highest incidence 
(74%), w h i l e  the  Lower performance a i r c r a f t  had 
lower incidences o f  58% and 30% f o r  the A-7 and 
the A-4 respec t ive ly .  Clear ly ,  increas ing the 
c a p a b i l i t i e s  o f  the a i r c r a f t  increased the i n c i -  
dence of  neck pain. 

The subjects  responding t o  the quest ionnai re i n  
t h i s  survey were asked t o  estimate the sever i ty  o f  
t h e i r  neck pain on a 10 po in t  r a t i n g  scale. The 
resu l ts  o f  t h i s  query demonstrated that  the sever- 
i t y  o f  neck p a i n  increases w i t h  increas ing Gz. 
The most common head p o s i t i o n  when neck p a i n  
occurred was t h e  88check s i x  p o s i t i o n a 8 .  O f  37 
p i l o t s  repor t ing neck injury while f l y i n g  the F/A- 
18, 11 were removed f rom f l i g h t  s t a t u s  f o r  an 
average o f  3 days. Periods o f  several weeks were 
required f o r  recovery i n  some cases. This survey 
p o i n t s  t o  the  h i g h  prevalence o f  neck injury i n  
the high Gz e n v i r o w n t .  Unfortunately, i t  i s  not 
c lear  what time per iod i s  covered. Host l i ke ly ,  

the par t i c ipants  i n  t h i s  survey were repor t ing on 
l i f e  t i m e  experiences. The authors suggest reduc- 
ing  helmet weight and a program o f  neck strength- 
ening exercises should he lp reduce the nunber o f  
in  f l i g h t  neck in ju r ies .  

Vanderbeek (191, 192) undertook a s imi la r  survey 
i n  a larger sample (437) o f  USAF p i l o t s  f l y i n g  the 
F-16, F-15 and F-5. In h i s  sample, 50.6% stated 
they had some type o f  acute injury i n  the preced- 
ing  3 months. In the F-16 p i l o t s ,  the incidence 
was 57.5%. Uhen the per iod examined was extended 
t o  a year, the prevalence f o r  the three a i r c r a f t  
types increased t o  63.6%. S t a t i s t i c a l  analysis o f  
these data showed a s i g n i f i c a n t  trend i n  frequency 
wi th  the F-16 and F-15 having a greater frequency 
of  injury than the F-5. There was a lso a s i g n i f i -  
cant t rend i n  s e v e r i t y  o f  i n j u r y  w i t h  the F-16 
p i l o t s  su f fe r ing  more severe i n j u r i e s  than the F -  
15 and F-5 p i l o t s .  This survey a lso suggests that  
older p i l o t s  are more a t  r i s k  o f  severe in ju r ies .  
This group o f  p i l o t s  again comnented t h a t  neck 
i n j u r i e s  occurred wh i le  they were moving t h e i r  
heads under G or  looking back over t h e i r  shoulders 
t o  %heck s ixaa.  This invest igator  makes a nunber 
of  recomnendations f o r  coping w i t h  the problem 
inc lud ing  regu la r  neck exerc ise programs, neck 
warm-up exercises p r i o r  t o  exposure t o  G, a gradu- 
a l  re tu rn  t o  the high G e n v i r o w n t  a f t e r  a layo f f  
and minimizing head movement under G. I t  i s  also 
suggested that  head support devices may be neces- 
sary i f  p i l o t s  are t o  be expected t o  funct ion i n  
even higher G e n v i r o w n t s .  

The A i r  Forces o f  o ther  NATO na t ions  have a lso  
been concerned wi th  the appearance of  neck prob- 
lems. Uhen the Belgian A i r  Force replaced i t s  F -  
104s with F-16s in 1977, i t s  f l i g h t  surgeons began 
t o  encounter c e r v i c a l  s p i n e  i n j u r i e s .  I n  an 
anonymous questionnaire survey conducted i n  1984, 
13 out o f  a sample of  30 p i l o t s  ach i t ted  t o  i n c i -  
dents of  cerv ica l  pa in i n  f l i g h t  (21). I n  1988, 
16 out o f  30 p i l o t s  responded p o s i t i v e l y  t o  t h i s  
questionnaire. Overall, about 50% o f  the p i l o t s  
surveyed complained o f  s u f f e r i n g  neck i n j u r i e s  
every month, 20% repor ted s u f f e r i n g  weekly in-  
j u r i e s  and 1 p i l o t  ach i t ted  t o  experiencing neck 
pain every f l i g h t .  Two of  the 30 p i l o t s  sampled 
in  both years had t o  abort t h e i r  missions because 
of  neck pain. I8Neck symptomst8 usua l ly  occurred a t  
7 Gz o r  greater. The p i l o t s  surveyed described a 
v a r i e t y  o f  s t r a t e g i e s  t o  minimize head movement 
under G i n c l u d i n g  suppor t ing the  head us ing the 
l e f t  hand. In 10 years o f  F-16 f ly ing,  a t o t a l  o f  
55,000 hours, no cases o f  maser ious  s t r u c t u r a l  
damageo8 t o  the neck have been reported. Concern 
over t h i s  problem protrpted the Belgian A i r  Force 
t o  i n i t i a t e  a screening program i n  1984 wi th  
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cerv ica l  spine radiography repeated every 5 years. 

The cont ro l led  envirorment o f  the centr i fuge has 
been used t o  invest igate cerv ica l  spine problems 
in subjects exposed t o  sustained Gz. Two hundred 
t h i r t y - e i g h t  inexperienced p i l o t  candidates from 
the German A i r  Force Academy (210) completed 
anonymous questionnaires a f t e r  completing c e n t r i -  
fuge r ides  up t o  8 Cz. Musculoskeletal problems 
were reported i n  10% o f  the subjects. Only minor 
c e r v i c a l  symptoms were admi t ted by 3.6% o f  the 
r i d e r s .  Obvious ly ,  t h e  head mot ions o f  these 
subjects  were d i f f e r e n t  from those requ i red  o f  
operational p i l o t s .  These subjects did not wear 
helmets; another fac to r  which would have reduced 
the cerv ica l  spine load i n  these subjects. 

Hamalainen studied neck pain among Finnish m i l i -  
t a r y  p i l o t s  (6). T h i s  au thor  a l s o  sought t o  
establ ish the prevalence o f  neck pain in  f i g h t e r  
p i l o t s .  F o r t y - e i g h t  percent  o f  360 m i l i t a r y  
p i l o t s  responding t o  the questionnaire admitted t o  
su f fe r ing  neck pa in  in  f l i g h t .  Neck pain usual ly  
occurred when per fo rming  combat maneuvers a t  
a c c e l e r a t i o n  l e v e l s  between 4 and 8 Gz. The 
greatest  problem occurred i n  pi l o t s  f l y i n g  the  
Hawk Mk 51. Neck p a i n  i s  a l s o  a problem i n  the 
Swedish A i r  Force. F o r t y - t h r e e  percent  o f  a 
sample of  39 f i g h t e r  p i l o t s  admitted t o  su f fe r ing  
neck p a i n  i n  f l i g h t  a t  l e a s t  once a month, with 
some p i l o t s  experiencing neck p a i n  as o f t e n  as 
once a week (83). 

Neck p a i n  i n  f l i g h t  continues t o  be a problem. 
The most recent survey was published by Yacavone 
and Bason (211) who reviewed data from the Naval 
Safe ty  Center c o v e r i n g  t h e  years 1980 through 
1990, looking f o r  reported cases o f  i n - f l i g h t  neck 
injury causing a t  l e a s t  one day 's  absence from 
f l y i n g  duties. They found only  12 reported cases 
but did observe, be fore  1990, i t  was not  a re -  
quirement t o  r e p o r t  neck symptoms from h igh  Gz 
exposure. I n  a d d i t i o n  t o  c o v e r i n g  t h e  Naval 
Safety Center data, these authors surveyed f l i g h t  
surgeons asking them t o  u n o f f i c i a l l y  repor t  the  
number o f  cases o f  G r e l a t e d  neck i n j u r y  seen 
d u r i n g  a 90 day p e r i o d .  They found a p e r i o d  
prevalence o f  6.7% over the 90 day per iod equiva- 
l e n t  t o  a prevalence o f  26.8% per year. These 
ra tes  are much lower than repor ted by other  au- 
thors, mostly because only  those cases reported t o  
the f l i g h t  surgeon were counted. Yacavone and 
Bason (211) a l s o  suggest the USN benef i ted  from 
the e a r l i e r  experience o f  the USAF and was able t o  
implement preventative measures when they i n t r o -  
duced the F/A-18 and F-16. These measures includ- 
ed a l i g h t e r  weight helmet and physical condit ion- 
ing programs. Naval aviators, as a captive popu- 

l a t i o n  f o r  long periods o f  t ime on a i r c r a f t  c a r r i -  
ers a t  sea, may have be t te r  canpliance wi th  physi- 
c a l  cond i t ion ing  programs when compared t o  USAF 
p i l o t s .  Most l i k e l y  the low incidence seen i n  
t h i s  s tudy  r e f l e c t s  t h e  genera l  r e l u c t a n c e  o f  
p i l o t s  t o  report medical problems unless they are 
i n t e r f e r i n g  ser ious ly  w i th  the p i l o t s '  funct ion ing 
i n  the cockpit. 

3.2.3 Chronic Health Effects of H S G  

The published cases o f  major neck i n j u r y  and the 
high prevalence o f  neck pa in  in  f l i g h t  ra ise  the 
question o f  long-term e f fec ts  on the musculoskele- 
t a l  system o f  exposure t o  high G r  forces. Several 
attempts have been made t o  invest igate t h i s  ques- 
t i o n .  A n  e a r l y  e f f o r t  t o  i d e n t i f y  long  term 
sequelae o f  high G exposure, surveyed USAF waiver 
f i l e s  f o r  the two years from 1 Jan 1980 through 1 
Jan 1982, looking a t  27 spec i f i c  disease catego- 
r i e s  d iv ided i n t o  4 major organ groups thought t o  
be a f f e c t e d  by G exposure (126). P i l o t s  f l y i n g  
tanker, t ranspor t  and bomber a i r c r a f t  served as 
the contro l  group f o r  t h i s  study. The only s ig -  
n i f i c a n t  d i f ference found between the two groups 
was f o r  ver tebra l  f r a c t u r e s  which, on d e t a i l e d  
analys is ,  were r e l a t e d  t o  e j e c t i o n  and n o t  G 
exposure. The author o f  t h i s  study does c m n t  
that  experience of  high performance a i r c r a f t  was 
l i m i t e d  a t  the time of  the study and a long term 
prospective study was essential t o  invest igate the 
question of chronic e f fec ts  o f  h igh G exposure. 

A more recent study (65) examined a group o f  31 
p i l o t s  with ages ranging from 23 t o  55 years and 
high performance f i g h t e r  experience ranging from 
240 t o  7,200 hours. A combination o f  c l i n i c a l  and 
radiographic methods was used t o  compare the p i l o t  
group t o  a group o f  age and sex matched contro ls  
who were not  p i l o t s .  Seventy-one percent o f  the 
p i l o t s  re la ted  i n - f l i g h t  neck pa in  experiences o f  
varying frequencies occurring under s imi la r  c i r -  
cumstances t o  those d e s c r i b e d  i n  t h e  s t u d i e s  
above. The only  c l i n i c a l l y  detectable d i f ference 
between the p i l o t s  and the c o n t r o l  group was i n  
neck range of  motion, wi th  p i l o t s  i n  the age group 
30-39 years showing s i g n i f i c a n t l y  reduced l a t e r a l  
neck f lex ion.  Radiography o f  the cerv ica l  spine 
was used t o  examine ver tebra l  body heights, para- 
ver tebra l  s o f t  t issue, degree o f  lordosis, osteo- 
phyt ic  spurring and in terver tebra l  d isc  narrowing. 
O f  these parameters, there were s i g n i f i c a n t  d i f -  
ferences in  the degree o f  osteophytic spurring a t  
C5 and C6 between p i l o t s  and contro ls  i n  the age 
group 30-39 years and smaller but s t i l l  s i g n i f i -  
cant d i f fe rences  i n  the age group 40-55 years. 
Disc space narrowing was s i g n i f i c a n t l y  greater i n  
the p i l o t  group i n  a l l  age groups. The authors o f  
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t h i s  paper conclude t h a t  p i l o t s  do s u f f e r  an 
increased r a t e  o f  degenera t ive  change i n  t h e  
cerv ica l  spine compared t o  controls. 

The s tudy above s u f f e r e d  from a number o f  prob- 
lems. The f i r s t  o f  these was the cont ro l  group a t  
a l l  ages was smaller than the subject group. In 
the  age range 20-29 years, t h e r e  was o n l y  one 
cont ro l  subject making comparison impossible. To 
make up f o r  this, a published study of  radiograph- 
i c  f i n d i n g s  i n  a Large group o f  asymptomatic 
s u b j e c t s  was used as a c o n t r o l  group f o r  t h e  
radiography, a l though t h e  paper i s  n o t  always 
c lear  whether the selected o r  the published con- 
t r o l  group was being used w i t h  some o f  the com- 
parisons. Five o f  the subjects i n  t h i s  survey had 
been i n v o l v e d  i n  an a i r c r a f t  mishap i n v o l v i n g  
e i t h e r  an e j e c t i o n  o r  f o r c e d  landing.  These 
subjects were not excluded from the analysis. The 
forces encountered during accidents and e ject ions 
apply substant ia l  loads t o  a l l  leve ls  o f  the spine 
and have a known p o t e n t i a l  f o r  s p i n a l  injury, 
poss ib ly  confounding attenpts t o  i so la te  high Gz 
as a source o f  injury. I f  these subjects had been 
excluded, i t  i s  possible tha t  some o f  the s t a t i s -  
t i c s  might no longer be s i g n i f i c a n t .  The other  
major problem wi th  the above invest igat ion i s  the 
in te rpre ta t ion  o f  the radiographic images. Decid- 
ing  whether a d isc  space i s  narrowed o r  there i s  
s i g n i f i c a n t  osteophyte f o r m a t i o n  c a l l s  f o r  a 
subject ive judgment on the par t  o f  the rad io log is t  
in te rpre t ing  the images. In G i l l e n  and Raymond's 
study (651,  two r a d i o l o g i s t s  d i f f e r e d  i n  t h e i r  
i n t e r p r e t a t i o n  i n  up t o  8% o f  t h e  f i l m s .  The 
paper does not ind icate how these d i f ferences were 
reso 1 ved. 

The only other published study that  has inves t i -  
gated c h r o n i c  damage t o  t h e  c e r v i c a l  sp ine  i n  
p i l o t s  was published in  1993 by Hamalainen e t  a1 
( 8 0 ) .  T h i s  s t u d y  i n v e s t i g a t e d  a group o f  12 
senior f i g h t e r  p i l o t s  from the Finnish A i r  Force 
with ages ranging from 35 t o  37. They were se- 
lected because t h e i r  Gz exposures were the highest 
among F inn ish  A i r  Force personnel i n  the  decade 
preceding the study. The p i l o t s  were compared t o  
an age matched c o n t r o l  group o f  12 Finnish A i r  
Force ground personnel. Quest ionnai res estab- 
l i shed tha t  the contro l  group had s imi la r  smoking 
and e x e r c i s e  h a b i t s .  Both groups had s i m i l a r  
h i s t o r i e s  o f  non- f l igh t  re la ted  neck pain over the 
previous 12 months. Low f i e l d  Magnetic Resonance 
(MR) was used t o  produce s a g i t t a l  sections through 
the cerv ica l  spine. Disc degeneration was c lass i -  
f i e d  as grades 1 - 6  depending on t h e  degree o f  
poster ior  nuclear extension. Overall, the median 
leve l  o f  d isc  degeneration (grade 21 was s i g n i f i -  
can t ly  greater f o r  the p i l o t s  than the contro l  

group (grade 1 ) .  Uhen the ind iv idua l  d iscs were 
examined, 88% p i l o t s  had degeneration (grades 1 t o  
6 )  a t  the C3-4 leve l  compared t o  64% o f  the con- 
t r o l s .  There were no d i f fe rences  a t  any other  
level.  Uhen the degree o f  d isc  degeneration was 
subdivided i n t o  m i l d  (grades 1 and 2 ) ,  moderate 
(grades 3 and 4 )  and severe (grades 5 and 61 ,  
there was again a s i g n i f i c a n t  d i f ference between 
p i l o t s  and contro ls  a t  the C3-4 d isc  ( p i l o t s  88%. 
c o n t r o l s  36%).  There were i n s u f f i c i e n t  severe 
cases f o r  s t a t i s t i c a l  analysis and no dif ferences 
i n  the  m i l d  category. Two researchers examined 
the HR images together and reached a consensus on 
grading o f  d i s c  degeneration. The order o f  the 
f i lms was changed and the  two researchers read 
them aga in  a few hours l a t e r .  The Pearson's 
coef f i c ien t  of cor re la t ion  between the two read- 
ings o f  0.69 was considered good; thus suggesting 
tha t  exposure t o  h igh Gz can cause degeneration of  
the in terver tebra l  disc. However, the paper does 
not  i n d i c a t e  which o f  the  two readings was used 
f o r  subsequent analysis. 

3.2.4 Lubar  Spine 

A t  present, researchers concerned wi th  the e f f e c t  
o f  high Gz forces on the spine have focused on the 
cerv ica l  spine, la rge ly  because o f  the high preva- 
lence o f  i n  f l i g h t  neck p a i n  and the  publ ished 
case studies of  major neck i n j u r i e s  occurring in  
f l i g h t .  The res t  o f  the spine has been neglected 
except f o r  the problem o f  e ject ion.  High Gz can 
i n j u r e  t h e  lower back. Two cases o f  r u p t u r e d  
i n t e r v e r t e b r a l  d i s c s  i n  the lower back were r e -  
ported by Shaw i n  1948 (178 ) .  The f i r s t  o f  these 
occurred in  a P-38 tha t  executed an emergency 9 G 

pul l  up t o  avoid ground c o l l i s i o n .  The subject  
experienced acute back pa in  on ge t t ing  out o f  the 
a i r c r a f t  and developed the symptoms and signs of  a 
herniated L4-5 disc, Later confirmed wi th  a myelo- 
gram and a t  surgery.  The o t h e r  case was o f  a 
c i v i l i a n  t e s t  p i l o t  who experienced an acute onset 
o f  Lou back p a i n  a t  5 G i n  an F-4 F .  He t o o  
developed the s igns and symptoms o f  a ruptured 
in terver tebra l  disc, but, as he was t reated con- 
serva t ive ly ,  the d iagnosis  was never confirmed. 
In both o f  these cases, the  sub jec ts  were i n  a 
f lexed pos i t ion  during the high G and t h i s  pos i -  
t ion was considered i n s t r w n t a l  i n  producing the 
in ju r ies .  

Harms-Ringdahl e t  a1 ( 8 3 )  asked about the occur- 
rence of  back pa in  along wi th  questions about neck 
p a i n  i n  t h e i r  s t u d y  p u b l i s h e d  i n  1991. They 
report 26 % of  t h e i r  sarrple o f  Swedish A i r  Force 
f i g h t e r  p i l o t s  suf fered low back pain i n  f l i g h t .  
Voge and Tolan (195) investigated the occurrence 
o f  back-pain among a group o f  20 centr i fuge sub- 
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j ec ts  who had regu la r ly  r idden a t  leve ls  up t o  9 
G. They compared t h i s  group wi th  20 s i m i l a r  
research s u b j e c t s  who d id  n o t  p a r t i c i p a t e  i n  
centr i fuge experiments. There was a lower i n c i -  
dence o f  back problems i n  the c e n t r i f u g e  group. 
I t  i s  possible that  t h i s  observation i s  a r e s u l t  
o f  the s e l e c t i o n  procedures f o r  the c e n t r i f u g e  
panel. Subjects wi th  a previous h i s t o r y  of  back 
problems are c a r e f u l l y  excluded from the  panel. 
In order  t o  s t u d y  a l a r g e r  group o f  sub jec ts ,  
these authors inves t iga ted  the  d i s a b i l i t y  r a t e s  
f o r  a l l  s e p a r a t i n g  o r  r e t i r i n g  USAF A i r  Force 
O f f i c e r s  f o r  the  years 1972 through 1991. They 
were unable t o  find any dif ferences between non- 
ra ted of f icers ;  tanker, transport and bomber ra ted 
o f f i c e r s ;  and h i g h  performance f i g h t e r  r a t e d  
o f f i cers .  In fact, the d i s a b i l i t y  r a t e  f o r  both 
types o f  r a t e d  o f f i c e r s  decreased a f t e r  1985 
compared t o  the non-rated o f f i c e r s .  This study 
did not  support the  hypothesis t h a t  exposure t o  
high G causes back problems. These authors recom- 
mend a prospective study o f  a l l  ra ted o f f i c e r s  be 
conducted and the separation physical examination 
include a de ta i led  back h i s t o r y  and examination. 

The cerv ica l  spine should not remain the exclusive 
focus o f  invest igat ions of  the e f f e c t  o f  high Gz 
on the spine. High G forces may accelerate the 
normal degeneration process a t  a l l  levels. One of  
the problems i n  invest igat ing the 1-r region i s  
tha t  back problems are  extremely comnon i n  the 
general population. A subject group of  20000 or  
greater may be needed i f  the e f f e c t  o f  high G on 
the lower back i s  t o  be separated f rom o t h e r  
sources o f  back problems (194). The a b i l i t y  o f  
h igh G forces t o  i n j u r e  the neck i s  evidenced by 
the h igh incidence of  neck pain in  f l i g h t  shown i n  
e x i s t i n g  s tud ies .  There have been o n l y  t h r e e  
publ ished attempts t o  i n v e s t i g a t e  the long term 
e f f e c t s  o f  h i g h  G on the  c e r v i c a l  spine. These 
invest igat ions have i l l u s t r a t e d  the many problems 
of  research i n  t h i s  area. Nonetheless, these 
studies do suggest that  high G forces do promote 
degeneration o f  cerv ica l  spine structures beyond 
tha t  normally associated wi th  aging. 

3.3 RISK FACTORS FOR LulBAR SPINE DISORDERS 

Back i n j u r y  o r  pa in i s  extremely cannon in  indus- 
t r i a l  populat ions. For example, i n  the Uni ted 
States, i t  i s  the  f o u r t h  most comnon complaint 
among adul ts  with acute synptoms (1141, makes up 
about 20 percent  o f  a l l  occupat iona l  i n j u r i e s  
(1291, i s  the leading cause o f  d i s a b i l i t y  i n  those 
under 45 years o f  age and the t h i r d  major cause of  
d i s a b i l i t y  i n  genera l  (exceeded o n l y  by h e a r t  
d isease and a r t h r i t i s )  (68, 123, 133). Most 
i n j u r i e s  are minor (sprains and s t ra ins)  and 

p a t i e n t s  recover w i t h i n  one month (15, 19, 31), 
but recurrences are comnon i n  t h a t  up t o  70% o f  
those af fected w i l l  experience a t  least one recur- 
rence (1, 148, 204). Men and women seem t o  be 
af fected equally as are white c o l l a r  workers and 
laborers, although these issues are controversial 
(31, 61, 129, 131, 204, 215). Low back p a i n  i s  
most frequent between 35 and 45 years of  age (31, 
55, 129, 215). S ix ty  percent o f  r e t i r e d  workers 
reported having experienced low back pain in  the 
workplace (before r e t i r i n g )  o f  s u f f i c i e n t  sever i ty  
t o  seek medical a t ten t ion  (164). Low back pain i s  
frequently the most expensive i t em i n  t o t a l  over- 
a l l  d i s a b i l i t y  compensation payments (165). Some 
authors est imate t h a t  70-90% o f  a l l  i n d i v i d u a l s  
w i l l  eventual ly su f fe r  back problems of  some sor t  
(31, 61, 129, 204). The prevalence o f  back prob- 
lems increases wi th  age and a lso seems t o  have a 
r e l a t i o n s h i p  t o  an i n d i v i d u a l ' s  a c t i v i t i e s  and 
occupations. The m a j o r i t y  o f  acu te  back p a i n  
suf ferers  have no re la ted  les ion demonstrable on 
(pos i t i ve  in  as few as 1%) rad io log ica l  examina- 
t i o n s  o r  w i t h  soph is t i ca ted  c l i n i c a l  t e s t s  (61, 
134). 

A c l e a r  understanding o f  the causes o f  back and 
neck problems remains e lus ive .  The problem i s  
d i f f i c u l t  c l i n i c a l l y ,  as s t ruc tu ra l  causes of  back 
and neck p a i n  are no t  o f t e n  i d e n t i f i e d  i n  these 
pat ients ,  wh i le  extens ive degeneration i s  o f t e n  
found in  asymptomatic people. 

The economic consequences of  spine problems have 
prompted a considerable research e f f o r t  i n t o  the 
e t i o l o g y  and biomechanics o f  muscu loske le ta l  
disorders of  the spine aimed a t  preventing work- 
place i n j u r i e s  and improving treatment. 

H i  ldebrandt (89) has reviewed the published l i t e r -  
ature and i d e n t i f i e d  r i s k  ind icators  f o r  low back 
p a i n  t h a t  appear c o n s i s t e n t l y  i n  publ ished sur-  
veys. This author found 24 work-related factors  
which were regarded as r i s k  factors  f o r  low back 
pain. O f  these, 8 could be considered as general- 
l y  accepted ( i n  t h a t  they were mentioned by a t  
least three sources). These were: heavy physical 
work, s t a t i c  work load, prolonged s i t t i n g ,  dynamic 
work load, heavy manual handling, heavy o r  f r e -  
quent 1 i f t i ng , trunk r o t  a t i ng , push i n g / p  1 1 i ng and 
v i b r a t i o n .  There were 55 i n d i v i d u a l  f a c t o r s  
mentioned by a t  least one o f  the sources. Hi lde- 
brandt reduced these t o  s i x  genera l l y  accepted 
r i s k  factors; 1) c o n s t i t u t i o n a l :  age, r e l a t i v e  
muscle strength, phys ica l  f i tness ;  2) medical: 
p rev ious  back compla in ts ,  u n s p e c i f i e d  psycho- 
s o c i a l  factors ;  and 3) other: work experience. 
Av iators  are exposed t o  a l i m i t e d  number o f  the 
r i s k  factors  c i t e d  by Hildebrandt (89). The most 
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important o f  t h e s e . r e l a t e  t o  prolonged s i t t i n g .  
Riihimaki (157) reviewed these general ly accepted 
r i s k  factors  in  more de ta i l .  O f  in te res t  t o  the 
a v i a t i o n  community i s  motor v e h i c l e  d r i v i n g  i s  
p o s i t i v e l y  associated wi th  low back pain, s c i a t i c  
p a i n  and hern ia ted  i n t e r v e r t e b r a l  discs. Uhole 
body v i b r a t i o n  i n  t h e  seated p o s i t i o n  may be 
responsible. Although the forces and v ibrat ions 
experienced i n  h i g h  performance a i r c r a f t  d i f f e r  
from those seen i n  motor veh ic les ,  t h e r e  i s  a 
p o s s i b i l i t y  they may be increasing the r i s k  o f  low 
back p a i n  i n  p i l o t s .  I n  v i v o  pressure measure- 
ments o f  d isc  pressure (131) have demonstrated the 
load on the i n t e r v e r t e b r a l  d i s c s  i s  greatest  i n  
the  seated p o s i t i o n .  T i l t i n g  t h e  seat  back, 
prov id ing lunbar support, and the use o f  arm res ts  
reduce these pressures. Fighter p i l o t s  s i t  on an 
e jec t ion  seat which provides minimal lunbar sup- 
por t ,  and w i t h  the  except ion o f  the F-16, have 
seatback angles close t o  the ver t i ca l .  The lunbar 
and thorac ic  s p i n a l  s t r u c t u r e s  are  requ i red  t o  
support the  loads imposed by h igh  G i n  postures 
tha t  are no t  optimal. Our cur ren t  knowledge o f  
the e t i o l o g y  and biomechanics o f  low back p a i n  
suggest p i l o t s  o f  h i g h  performance j e t s  have 
increased r i s k  o f  low back disorders. 

3.4 R I S K  FACTORS FOR CERVICAL SPINE DISOROERS 

Although musculoskeletal problems of  the neck are 
connon, there i s  less published information on the 
e t i o l o g y  o f  these d isorders.  Kelsy e t  a l  (108) 
found, other than age and sex, the most irrportant 
r i s k  f a c t o r s  f o r  p ro lapsed c e r v i c a l  d i s c  were 
c i g a r e t t e  smoking, frequent d i v i n g  from a board 
and l i f t i n g  heavy objects. Dr iv ing  o r  r i d i n g  i n  
automobiles, operat ing v i b r a t i n g  equipment and 
p o s s i b l y  p l a y i n g  g o l f  were assoc ia ted  w i t h  an 
elevated r i sk ,  but these r i s k s  were not s t a t i s t i -  
c a l l y  s ign i f i can t .  The most frequently prolapsed 
cerv ica l  d iscs were C5-6 and C6-7. Hagberg (73)  
was able t o  find only  a few reports on the preva- 
lence o f  degenera t ive  changes o f  t h e  c e r v i c a l  
spine i n  d i f f e r e n t  occupational groups and con- 
cluded t h a t  occupational s t r e s s  as a f a c t o r  i n  
degenerative j o i n t  disease remains obscure. He 
goes on t o  suggest there i s  strong support i n  the 
l i t e r a t u r e  t h a t  occupational muscle s t ress  may 
cause d isorders  o f  the neck and shoulder. The 
s t resses  assoc ia ted  w i t h  c o n s t r a i n e d  work ing 
postures and r e p e t i t i v e  arm movements are potent 
causes o f  neck and shoulder disorders. In a l a t e r  
a r t i c l e ,  Hagberg and Uegman (74) reviewed t h e  
l i t e r a t u r e  hoping t o  establ ish the associat ion and 
impact o f  occupational exposures on diseases o f  
the shoulder and neck. These authors were ham- 
pered by the lack o f  de ta i led  job descript ions i n  
many of  the a r t i c l e s  they considered. Meat c a r r i -  

ers, dentists, miners and heavy workers had higher 
r i s k s  f o r  the developnent o f  cerv ica l  spondylosis 
(degenerative disease o f  the cerv ica l  spine gener- 
a l l y  diagnosed from r a d i o l o g i c a l  changes). The 
f a c t  t h a t  meat workers p a r t i a l l y  c a r r i e d  t h e i r  
loads on t h e i r  heads and miners' neck loads were 
increased through wearing helmets, were considered 
t o  support the hypothesis that  cerv ica l  spondylo- 
s i s  i s  caused by h igh  loads on the  spine. Den- 
t i s t s  are frequently required t o  ho ld t h e i r  heads 
i n  extreme p o s i t i o n s  which may increase t h e i r  
cerv ica l  spine loads. C i v i l  servants were found 
t o  have increased r i s k s  o f  cerv ica l  d isc  disease 
which was hypothesized t o  occur because t h e i r  work 
postures required extreme forward f lexed pos i t ions 
of  t h e  c e r v i c a l  sp ine.  Tension neck syndrome 
(neck s t i f f n e s s  because o f  fatigue, wi th  neck pain 
or  headache) occur red  f r e q u e n t l y  i n  keyboard 
operators .  Hagberg (73) p o s t u l a t e s  extended 
per iods  o f  s t a t i c  c o n t r a c t i o n  o f  t h e  neck and 
shoulder muscles may be r e s p o n s i b l e  f o r  t h i s  
syndrome. 

The high prevalence of  i n - f l i g h t  neck pain and the 
case s tud ies  l i n k i n g  neck I n j u r i e s  t o  i n - f l i g h t  
forces inply that  the cerv ica l  spine i n j u r i e s  seen 
i n  p i l o t s  may represent a unique occupational r i s k  
having l i t t l e  i n  common w i t h  other  occupational 
groups. Hamalainen e t  a l  (80) attenpted t o  find 
determinants o f  Gz re la ted  neck pa in  by fo l lowing 
a cohor t  o f  27 male f i g h t e r  p i l o t s .  The o n l y  
ind iv idual  charac ter is t i c  having a re la t ionsh ip  t o  
. i n - f l i g h t  neck p a i n  was the frequency o f  muscle 
endurance t ra in ing.  The other factors  (strenuous- 
ness o f  work, j o b  s a t i s f a c t i o n ,  p s y c h o l o g i c a l  
distress, smoking habi ts  and anthropometric meas- 
urements) had no cor re la t ion  wi th  i n - f l i g h t  neck 
pain. The a b i l i t y  o f  A f r i c a n  laborers t o  c a r r y  
loads o f  200 l b  (90 kg)  on t h e i r  heads demon- 
s t r a t e s  t h a t  t h e  c e r v i c a l  s p i n e  i s  capable o f  
c a r r y i n g  v e r y  h i g h  loads as s t u d i e d  by Scher 
(170). C a r r y i n g  these loads does n o t  seem t o  
predispose these workers t o  premature osteo-ar-  
th ros is  o f  the cerv ica l  spine. Assuning the head 
and helmet weigh 6 kg, the s t a t i c  load car r ied  by 
the c e r v i c a l  spine a t  8 G would be 48 kg (76); 
while a t  9 G, i t  would be 54 kg, well  w i t h i n  the 
load carry ing capab i l i t ies  of  Scherls laborers. 

3.5 METHODS FOR INVESTIGATING HEALTH EFFECTS OF 

HSG 

The repor ts  i n  the l i t e r a t u r e  t o  date leave no 
doubt about the a b i l i t y  o f  h igh Gz t o  cause neck 
pain. The few reports r e l a t i n g  such acute i n s u l t  
t o  long term, chronic  degeneration o f  the spine 
are suggestive, but not conclusive. There i s  a 
c lear  need f o r  continued research on: 1) acute 



i n j u r i e s  i n  f l i g h t  and 2) the po ten t ia l  long term 
consequences o f  exposure t o  h igh  Cz.  The most 
urgent need i s  t o  establ ish whether o r  not spinal 
degeneration i s  accelerated i n  p i l o t s  exposed t o  
high Cz. There are two basic approaches t o  inves- 
t i g a t e  t h i s  relat ionship. The f i r s t  i s  by cross- 
sectional studies o f  the type which have already 
been reported. They have established the preva- 
lence o f  neck symptoms i n - f l i g h t .  They are less 
successful i n  establ ish ing the chronic e f fec ts  o f  
Gz exposure. The invest igat ions reviewed before 
i n  t h i s  chapter, demonstrate many o f  the problems. 
When e x i s t i n g  records, such as waiver f i l e s  o r  
e x i t  medicals, are used as a data source, they may 
be subject  t o  considerable underreport ing. The 
e x i t  medical examination i s  a very general medical 
examination conducted by many d i f f e r e n t  doctors  
u i thout  spec i f i c  ins t ruc t ions  t o  assess the cerv i -  
ca l  and [unbar spine. These medical examinations 
w i l l  o n l y  f i nd  obvious d e f i c i e n c i e s  and, t o  a 
researcher, su f fe r  from a lack o f  standardization 
i n  the c l i n i c a l  assessment. Uaiver f i l e s  underre- 
p o r t  t h e  inc idence o f  s p i n a l  problems because 
there has not been a requirement f o r  f l i g h t  sur- 
geons t o  report such problems. U n t i l  there i s  a 
severe problem, aircrew do not usual ly  report t o  
the f l i g h t  surgeon. This type o f  study should 
continue, but can only  be successful i f  ind iv idual  
f l i g h t  surgeons are required t o  examine the neck 
and back in  deta i l ,  and i f  guidel ines are issued 
standardizing the c l i n i c a l  examination o f  the neck 
and back. The standard doctor 's o f f i c e  c l i n i c a l  
examinat ion i s  a v e r y  i n s e n s i t i v e  method f o r  
de tec t ing  degeneration o f  the sp ine and, unless 
p a r t i c u l a r  care i s  taken, does not assess funct ion 
accurately. 

Imaging o f  the spine i s  a more sensi t ive method o f  
detect ing degenerative changes, but a lso suf fers  
f rom many t e c h n i c a l  problems.  I f  a c r o s s -  
sectional study i s  car r ied  out using radiography, 
the subjects are exposed t o  an unnecessary x-ray 
dose. When x-rays are not used f o r  treatment and 
d iagnosis ,  e t h i c a l  problems a r i s e .  Magnetic 
Resonance (HR) scans are  no t  considered t o  have 
any adverse h e a l t h  e f f e c t s  and are the imaging 
modal i ty  o f  choice f o r  s tud ies  o f  the type d i s -  
cussed ear l ie r .  Unfortunately, while they demon- 
s t r a t e  s o f t  t issues, such as the i n t e r v e r t e b r a l  
disc, bone i s  no t  imaged as wel l .  The changes 
associated w i th  degeneration of  the spine requi re 
hunan in te rpre ta t ion  of  the images. Such i n t e r -  
p re ta t ion  i s  subject ive and there are o f ten  disa- 
greements when d i f f e r e n t  ind iv iduals  report on the 
same image. U h i l e  c e r t a i n  changes seen rad io -  
graphica l ly  are accepted as associated wi th  degen- 
e ra t ion  o f  the spine, there i s  l i t t l e  cor re la t ion  
between radiographic f ind ings and c l i n i c a l  f ind-  

ings. These issues are discussed in  more d e t a i l  
in  the sect ion on imaging. The studies claiming 
t o  have shown degenerative changes in  the cerv ica l  
spines of  p i l o t s  exposed t o  high Gz used imaging 
methods, and ind icate tha t  these methods should be 
par t  o f  the invest igat ion o f  the chronic e f fec ts  
of  high Cz on the spine. 

A c r o s s - s e c t i o n a l  s tudy  needs t o  compare t h e  
sub jec t  group t o  a c o n t r o l  group i n  order  t o  
establ ish the s ign i f icance of  experimental find- 
ings. Se lec t ion  o f  good c o n t r o l  groups i s  ex- 
tremely d i f f i c u l t .  The studies on the prevalence 
o f  i n - f l i g h t  neck p a i n  have compared p i l o t s  o f  
a i r c r a f t  o f  d i f f e r i n g  performance and have suc- 
c e s s f u l l y  demonstrated an e f f e c t  o f  a i r c r a f t  
performance. In other studies, ground crew have 
been used as contro l  groups. Although ground crew 
are not exposed t o  high Cz forces, a be t te r  con- 
t r o l  group would be another p i l o t  group t h a t  i s  
not exposed t o  high Cz. The studies using tanker, 
bomber and t ranspor t  p i l o t s  as a c o n t r o l  group 
have f a i l e d  t o  de tec t  d i f f e r e n c e s  between t h i s  
group and p i l o t s  o f  h igh performance a i r c r a f t .  A 
Lou G group of  subjects remains the ideal  cont ro l  
group f o r  comparison with p i l o t s  o f  high perform- 
ance a i r c r a f t  . 
The ideal  method of  inves t iga t ion  i s  the longi tu-  
d i n a l  study. Voge and Tolan (195) concluded tha t  
a prospective study was the best way t o  i d e n t i f y  
chronic back problems induced by Cz. The problem 
w i t h  such s t u d i e s  i s  t h e y  t a k e  a long t ime t o  
y i e l d  results, especia l ly  wi th  the type o f  problem 
deal t  wi th  in  t h i s  section, which takes years t o  
develop. There can be a h igh a t t r i t i o n  r a t e  among 
the members o f  t h e  s t u d y  and c o n t r o l  groups, 
reducing the s i g n i f i c a n c e  o f  the  f i n a l  resu l ts .  
The long term involvement o f  the invest igators  i n  
longi tud ina l  studies i s  expensive and the delay in  
producing usable resu l ts  delays the in t roduct ion 
o f  remedial measures. However, when measures are 
introduced t o  combat the chronic e f fec ts  o f  high 
Gz on p i l o t s ,  a p r o s p e c t i v e  s t u d y  i s  t h e  bes t  
method o f  measuring treatment effectiveness. 

There are other methods o f  obtaining data regard- 
ing degeneration o f  the spine. P i l o t s  k i l l e d  i n  
a i r c r a f t  accidents o f f e r  a unique opportunity t o  
obta in  information not avai lab le by other means. 
Dissection o f  the in terver tebra l  discs, ver tebra l  
bodies, and sp ina l  ligaments would enable changes 
in  st ructure and biochemistry t o  be investigated. 
The numbers involved are small but o f f e r  a unique 
source o f  in format ion.  To o b t a i n  t h i s  type o f  
information, pathologists conducting post mortems 
would have t o  be inst ructed t o  c o l l e c t  the neces- 
sary mater ia l  and establ ish a t e s t  protocol t o  
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include de ta i led  neuropathological review. 

Physiological studies o f  neck funct ion in  f l i g h t  
have y ie lded usefu l  information. Electromyography 
(EMG) can be used t o  measure muscle performance i n  
f l i g h t .  Hamalainen and Vanharanta (78) used t h i s  
technique t o  measure the a c t i v i t y  o f  the cerv ica l  
e rec tor  spinae u i t h  the  head i n  d i f f e r e n t  pos i -  
t ions  a t  various Gz levels. He found some indi- 
v iduals  reached 100% o f  maximal voluntary e f f o r t  
w i th  the  head r o t a t e d  a t  4 G. Hamaleinen (77) 
also used t h i s  technique t o  measure the e f f e c t  o f  
d i f f e r e n t  helmet ueights on the cerv ica l  erector 
spinae a t  d i f f e r e n t  Gz levels. Although he only 
used tu0  sub jec ts  i n  t h i s  study, he was able t o  
demonstrate uearing a l i g h t e r  helmet did produce 
lower neck forces a t  high Gz levels. Linder e t  a1 
(115)  have also r e p o r t e d  u s i n g  EMG i n  f l i g h t .  
Studies o f  t h i s  t y p e  u s i n g  l a r g e r  numbers o f  
subjects could produce useful information on the 
physiology o f  neck funct ion a t  h igh G leve ls  that  
could v a l i d a t e  the  muscle tens ions pred ic ted  by 
mathematical models and i n  turn serve as a useful 
input t o  those models. 

The occurrence o f  neck p a i n  i n  f l i g h t  i s  u e l l  
established. The funct ional  s ign i f icance o f  in- 
f l i g h t  neck p a i n  i s  no t .  F i n d i n g  a r e l i a b l e  
ob ject ive method of  funct ional  assessment of  the 
spine i s  extremely d i f f i c u l t .  A var ie ty  o f  tech- 
n i q w s  have been used i n  the past t o  measure range 
o f  mot ion  o f  t h e  neck i n c l u d i n g  radiography, 
cineradiography and photography. The standard 
c l i n i c a l  method t o  assess j o i n t  motion i s  a pro- 
t r a c t o r  (known as goniometry). The use of  goniom- 
e t r y  f o r  measuring head motion has been reviewed 
by Defibaugh (48). He proposed a pendulun goniom- 
e t e r  a t t a c h e d  t o  a mouth p i e c e  as a r e l i a b l e  
device t o  measure head motion i n  a l l  three planes. 
A more recent method found t o  cor re la te  u e l l  u i t h  
measurements made us ing  cineradiography was r e -  
p o r t e d  by Alund and Larsson (7) .  T h i s  method 
consis ted o f  a number o f  e l e c t r o n i c  goniometers 
bui l t  i n t o  a system o f  rods attached t o  the top of  
the head a t  one end and t o  a po in t  near the shoul- 
der a t  the other. U i t h  the torso restrained, t h i s  
apparatus was a b l e  t o  produce r e 1  i a b l e  t h r e e  
dimensional measurements o f  j o i n t  motion. These 
au thors  make t h e  p o i n t  t h a t  neck i n j u r i e s  a r e  
o f t e n  associated w i t h  impaired f u n c t i o n  ra ther  
than d e t e c t a b l e  morphologic  l e s i o n s  and t h a t  
precise object ive assessment o f  the neck i s  impor- 
tan t  t o  record i n i t i a l  impeirment and t rack recov- 
ery. Marras e t  a1 (121) have added v e l o c i t y  and 
accelerat ion t o  the range o f  motion measurements 
taken from pat ients  w i th  Lou back disorders. They 
found v e l o c i t y  and accelerat ion were more sensi- 
t i v e  indices o f  funct ional  capacity, u i t h  acceler- 

a t i o n  the most sensit ive. This approach might be 
useful in  the neck. Range o f  motion i s  only one 
aspect o f  spine function. Muscle strength meas- 
urements are also useful measurements. Isometric 
extension strength has been shoun t o  be a r e l i a b l e  
measurement in  both the cerv ica l  spine and lunbar 
sp ine  (69, 113). When these measurements a r e  
taken over the f u l l  range o f  motion of  the neck o r  
lunbar spine, the graph o f  strength against exten- 
s ion should be l inear .  Deviations from l i n e a r i t y  
are usual ly  associated u i t h  funct ional  abnormali- 
t ies .  Isometric extension strength has been used 
by these authors t o  t r a c k  recovery from sp ina l  
i n j u r i e s .  Harms-Ringdahl e t  a1 (83) found neck 
m o b i l i t y  and strength did not cor re la te  wi th  neck 
pain o r ig ina t ing  i n - f l i g h t  u h i l e  neck f lexor  and 
extensor endurance d id .  Test ing w i t h  sustained 
low neck muscle resistance or  maintained rotated 
neck p o s i t i o n s  f r e q u e n t l y  provoked neck p a i n  i n  
those p i l o t s  r e p o r t i n g  i n - f l i g h t  neck p a i n  as a 
weekly occurrence. Very l i t t l e  information apart 
from t h i s  repor t  i s  a v a i l a b l e  on the f u n c t i o n a l  
s ign i f icance of  i n - f l i g h t  neck pain. Research i n  
t h i s  area i s  harrpered by a lack o f  techniques f o r  
f u n c t i o n a l  assessment o f  t h e  neck. Th is  area 
needs more e f f o r t ,  f i r s t l y  t o  i d e n t i f y  s u i t a b l e  
measurement techniques and secondly t o  c o l l e c t  
data on p i l o t s  w i th  neck pain. 

3.6 TREATMENT AND PREVENTIOY OF INJURIES ARISING 
FR(I( HSG: 

3.6.1 Limit Hi* G Exposure Time: 

Knouing t h a t  h i g h  Gz can cause c h r o n i c  h e a l t h  
problems i s  important but must lead t o  methods f o r  
reducing these ef fects .  The most obvious method 
i s  t o  reduce the t o t a l  l i f e t i m e  exposure t o  high 
Gz forces by al lowing p i l o t s  t o  f l y  only  a l i m i t e d  
number o f  t o u r s  on h i g h  performance a i r c r a f t .  
Th is  approach has disadvantages. I t  does n o t  
al low the armed services t o  f u l l y  amortize t h e i r  
investment i n  t r a i n i n g  and w i l l  n o t  e l i m i n a t e  
acute i n - f l i g h t  neck pa in .  Those p i l o t s  uho 
succeed i n  t r a i n i n g  t o  f l y  high performance a i r -  
c r a f t  have imnense p r i d e  in  t h e i r  achievement and 
are l i k e l y  t o  r e s i s t  moves t o  l i m i t  t h e i r  f l y i n g  
time. I d e a l l y ,  techniques t h a t  p revent  sp ine  
in jury  shou ld  be dev ised t h a t  a l l o u  p i l o t s  t o  
continue t o  f l y  a f u l l  career on high performance 
a i r c r a f t  . 
3.6.2 Pilot Selection 

There are a l i m i t e d  number of  approaches t o  t h i s  
problem. The e a r l i e s t  p o i n t  o f  i n t e r v e n t i o n  i s  
before t r a i n i n g  s tar ts ,  by screening out ind iv idu-  
a l s  with ex is t ing  abnormalit ies and a predisposi- 
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t ion t o  degenerative changes i n  the spine. 

His tory  i s  the key. Full neurological as u e l l  as 
past spinal, social,  and fami ly  h i s t o r i e s  are as 
good a screening too l  as any other examination yet 
introduced a t  a f r a c t i o n  o f  the cost, p a r t i c u l a r l y  
i f  a t ten t ion  i s  plied t o  the r i s k  factors  spel led 
out in Table 3-1. 

Caut ion has t o  be  e x e r c i s e d  i n  a p p l y i n g  b r u t e  
technology t o  selection. Ind iv idual  prognosis and 
rout ine screening have a poor t rack record. Care- 
ful surve i l lance o f  e x i s t i n g  aircreu, the resu l ts  
o f  which are published and p r a c t i c a l  exposure t o  
and f a m i l i a r i t y  u i th  present and fu tu re  operation- 
a l  r e a l i t i e s  among medical members o f  s e l e c t i o n  
panels w i l l  remain the most cer ta in  assurance of  
successful a i rc reu  selection. 

Kazarian and Belk (104) proposed standards f o r  
acceptance o f  cand ida tes  f o r  a i r c r e w  t r a i n i n g  
based on biomechanical investigations. They l i s t  
a number o f  cond i t ions  v i s i b l e  rad iograph ica l l y  
t h a t  shou ld  d i s q u a l i f y  p r o s p e c t i v e  t ra inees .  
Their main concern uas that  cer ta in  disorders o f  
the sp ine  would be aggravated by e j e c t i o n  and 
exposure t o  h igh G t .  The Noruegian A i r  Force has 
inst igated a program o f  rad io log ica l  spine screen- 
ing  in  a i rc reu  t ra inee applicants. They found on 
average 2.27 diagnoses per  x - rayed sp ine  (9 ) .  
Despite considering f i l m s  uhere the f ind ings uere 
in  doubt o r  borderline, as normal, they re jected 
25 o f  232 a p p l i c a n t s .  The B e l g i a n  A i r  Force, 
concerned about degenerative disease o f  the spine 
in t h e i r  F-16 p i l o t s  has i n i t i a t e d  a program o f  
regular screening w i th  cerv ica l  spine x-rays every 
f i v e  y e a r s  s i n c e  1984. The r e s u l t s  o f  t h i s  
screening program have no t  ye t  been published. 
Subjects selected as candidates f o r  the Armstrong 
Laboratory c e n t r i f u g e  panel a t  Brooks A i r  Force 
Base, Texas a r e  screened i n  a s i m i l a r  way t o  
a l rc reu  candidates. The spine i s  examined u i t h  a 
complete s e r i e s  o f  s p i n a l  rad iographs (200).  
Eight o f  81 candidates uere re jected as a r e s u l t  
o f  sp ina l  abnormalit ies considered d isqua l i f y ing  
by Kazarian and Belk's report (104). 

Recently MR1 scans have been used t o  screen f o r  
spinal abnormalit ies in  t h i s  group. Burns e t  a1 
(29) r e p o r t e d  t h a t  77% o f  22 male c e n t r i f u g e  
subjects and 74% o f  19 age matched males used as a 
contro l  group, had spinal d isc  abnormalities. One 
of  the problems in t h i s  study uas cornperison o f  a 
f i r s t  and second reading by one o f  the r a d i o l o -  
g i s t s  demonstrated 23% agreement and 77% disagree- 
ment. S i m i l a r l y ,  comparison o f  the  same f i l m s  
read by t u o  d i f f e r e n t  r a d i o l o g i s t s  demonstrated 
11% agreement and 89% disagreement, h igh l igh t ing  

the subjectiveness o f  i n t e r p r e t a t i o n  o f  the r e -  
s u l t s  o f  these investigations. 

Pre-employment sc reen ing  u s i n g  rad iography  i n  
occupations a t  h igh r i s k  o f  Lou back pain has been 
c o n t r o v e r s i a l .  These x - r a y s  have been p o o r l y  
p r e d i c t i v e  o f  f u t u r e  Lou back p a i n  and have no t  
been shown t o  o f f e r  any benef i t s  i n  indust ry  (64). 
In s e l e c t i n g  candidates f o r  f l i g h t  t r a i n i n g ,  ue 
can t o l e r a t e  f a l s e  p o s i t i v e s  i n  screen ing  f o r  
spinal abnormalit ies leading t o  r e j e c t i o n  o f  some 
candidates who might not develop sp ina l  problems. 
Houever, i f  t h e  use o f  x - r a y  o r  MRI screen ing  
becomes uide-spread, i t s  e f f i cacy  should be evalu- 
ated. 

Despite the intense physical challenge h y p e r 4  ACM 
presents, the primary m i l i t a r y  requirement f o r  the 
i n t e l l e c t u a l  i n t e g r i t y ,  capacity, d e x t e r i t y  and 
f l e x i b i l i t y  t o  undertake successful defense w i l l  
remain. The sometimes c o n f l i c t i n g  c r i t e r i a  f o r  
the i n t e l l i g e n c e  t o  evolve t a c t i c s  and s t ra tegy  
and f o r  the physique t o  exp lo i t  them w i l l  continue 
t o  tes t  selectors. 

3.6.3 Physical Training 

3.6.3.1 History  

I n  modern m i l i t a r y  practice, the re la t ionsh ip  o f  
pos ture  t o  subsequent s a t i s f a c t o r y  m i l i t a r y ,  
a l b e i t  in fan t ry ,  performance even i n  a selected 
populat ion seems t o  have been recognized f i r s t  in  
the basic t r a i n i n g  of  the Preobrazenskaya Regiment 
f o r  Peter Romanov. Lordosis o r  ra ther  oocorrect  
m i l i t a r y  bearing" in the language o f  the day uas 
not  o n l y  advantageous i n  m a i n t a i n i n g  o r d e r l y  
appearance on parade, but proved essent ia l  t o  the 
unfa l ter ing,  automatic wearing o f  a 56 l b  backpack 
without t a c t i c a l  impediment on campaign. This 
lesson uas not l o s t  on Frederick o f  Prussia a f t e r  
the u n s a t i s f a c t o r y  performance o f  h i s  o r i g i n a l  
Guard. Every d r i l l  sergeant  knows t h e  f i r s t  
requirement i s  lordos is  and a balanced head. In 
practice, the f i r s t  p r inc ip les  o f  high -Gz opera- 
t i o n  have u n w i t t i n g l y  been taught by the armed 
forces f o r  almost 300 years. Though Ms BEATON, 
%arriageoo, deportment and f i n i s h i n g  schools are 
out o f  fashion, a re tu rn  t o  c i v i l i a n  a l a t i o n  has 
recent ly  been proposed (20). 

3.6.3.2 Revieu of  the Relat ionship Betueen Physi- 
c a l  Fitness and Spinal Synptoms 

Suggestions that  neck muscle strengthening exer- 
cises reduce the occurrence of i n - f l i g h t  neck pain 
are a r e c u r r i n g  theme i n  a l l  o f  the repor ts  on 
t h i s  subject. The re la t ionsh ip  of  muscle strength 
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and physical f i tness  t o  occupational disorders of  
the back has a l s o  been inves t iga ted  by several 
authors. Speci f ic  exercise and muscle strengthen- 
ing p r o g r a m s  have been used i n  the treatment o f  
back and neck disorders. Chaf f in  e t  e l  ( 3 6 )  found 
a worker's l i ke l ihood of  sustaining a back i n j u r y  
increases when job  l i f t i n g  requirements approach 
o r  exceed the strength capabi 1 i t y  demonstrated by 
an ind iv idual  on isometric simulat ion of  the job. 
This report recomnends strength performance c r i t e -  
r i a  should be used i n  se lect ing employees f o r  jobs 
p lac ing h igh s t ress on the back. Cady e t  a1 ( 3 3 )  
demonstrated a graded and s t a t i s t i c a l l y  s i g n i f i -  
cant p ro tec t ive  e f f e c t  f o r  added levels  of  f i tness  
and c o n d i t i o n i n g  on the occurrence o f  back in- 
j u r i e s  i n  f i r e f i g h t e r s .  Strength and f i tness  may 
a l t e r  the way i n  which musculoskeletal components 
of  t h e  s p i n e  f a i l .  Y h i l e  a l a r g e r  p o r t i o n  o f  
miners present wi th  low back pain when compared t o  
non-miners, fewer of  the miners had c r i t e r i a  f o r  
d isc  protrusion. Porter (150) hypothesizes heavy 
manual work strengthens the  spine, r e s t r a i n i n g  
encroachment o f  a d isc prot rus ion i n t o  the verte- 
b r a l  co lum. The r o l e  o f  f i tness  i s  not as c lear  
i n  a l a r g e  ( 3 , 0 2 0  s u b j e c t s )  s tudy  r e p o r t e d  by 
B a t t i e  e t  a1 (19). Thei r  subjects  completed an 
extensive quest ionnai re cover ing card iovascular  
r i s k  factors ,  past medical h i s t o r y  and previous 
back problems. Maximal oxygen uptake measurements 
were completed in  2,434 o f  these subjects. These 
measurements were no t  p r e d i c t i v e  o f  f u t u r e  back 
i n j u r y .  I n  f a c t ,  c o n s i s t e n t  w i t h  many o t h e r  
studies, the only fac to r  p red ic t i ve  of  back i n j u r y  
in t h i s  prospective t r i a l  was a h i s t o r y  of  smok- 
ing. Porter (151) examined the cadaveric spines 
of  young men k i l l e d  i n  road accidents. They found 
the compressive strength of  spines from subjects 
over 18 years  o f  age increased w i t h  l e v e l  o f  
physical a c t i v i t y  and, in  some cases increased t o  
such an extent, the d isc  prolapsed before verte- 
b r a l  f a i l u r e .  Riihimaki (157) concluded general 
phys ica l  f i t n e s s ,  measured by aerobic capacity, 
and trunk muscle strength did not predic t  fu tu re  
back in ju ry .  

Despi te  a lack o f  consensus on the r e l a t i o n s h i p  
between physical f i tness, muscle strength and back 
problems, phys ica l  therapy i s  one o f  the major 
conservative approaches t o  treatment o f  musculo- 
ske leta l  problems of  the spine. The "Back School 
Programts, m a s i z i n g  posture and using a regimen 
of  s t re tch ing and strengthening exercises t a i l o r e d  
t o  ind iv idual  patients, was recent ly  reviewed i n  
d e t a i l  (201).  Lumbar s t rengthen ing ,  u s i n g  a 
device designed t o  s p e c i f i c a l l y  s t rengthen the 
i s o m e t r i c  lumbar extensors,  has been shown t o  
reduce symptoms i n  low back p a i n  s u f f e r e r s  as 
compared t o  an untreated contro l  group. The 

t reated group reported less physical and psychoso- 
c i a l  dysfunction (158). Speci f ic  t r a i n i n g  reg i -  
mens and equipment can a l s o  increase isometr ic  
cerv ica l  extension strength (113). This t r a i n i n g  
was a b l e  t o  reduce p a i n  and increase range o f  
motion i n  90 patients, reported by Highland e t  a1 
(88). Unfortunately no contro l  group was included 
i n  t h i s  study. 

There has been very l i t t l e  i n v e s t i g a t i o n  o f  the 
e f f e c t s  o f  t r a i n i n g  regimens on i n - f l i g h t  neck 
pain. Harms-Ringdahl e t  a1 ( 8 3 )  found neck f lexor  
and extensor endurance was c o r r e l a t e d  w i t h  neck 
p a i n  i n  a group o f  39 Swedish A i r  Force f i g h t e r  
p i l o t s  (discussed above), but neck range of  motion 
and strength were not. Hamalainen e t  a1 (79) used 
a questionnaire t o  t r y  t o  i d e n t i f y  determinants of  
i n - f l i g h t  neck p a i n  i n  27 male student f i g h t e r  
p i l o t s .  The p i l o t s  who engaged i n  frequent muscle 
endurance t r a i n i n g  (although the d e t a i l s  o f  t h i s  
t r a i n i n g  a r e  n o t  descr ibed)  s u f f e r e d  l e s s  in-  
f l i g h t  neck pain. Grip s t rength  and isometr ic  
neck muscle s t rength  d i d  not  c o r r e l a t e  w i t h  in -  
f l i g h t  neck pain. The wide-spread use of  muscle 
s t rengthen ing  t o  t r e a t  back problems and the  
growing use o f  c e r v i c a l  muscle s t rengthening t o  
t r e a t  neck problems suggest these methods may be 
useful i n  f i g h t e r  p i l o t s .  Many of  the p i l o t s  who 
su f fe r  regular i n - f l i g h t  neck pain episodes added 
comnents t o  t h e i r  questionnaire responses t o  the 
e f f e c t  t h a t  they were o n l y  ab le  t o  f l y  i f  they 
performed a set o f  neck warm-up exercises before 
f l i g h t .  The two studies c i t e d  above do not c l a r i -  
f y  whether muscle s t r e n g t h e n i n g  and endurance 
exercises would be benef ic ia l .  The biomechanical 
invest igat ions demonstrating the neck muscles are 
functioning close t o  t h e i r  strength l i m i t s  a t  high 
Gz ind icate increasing neck muscle strength should 
be benef ic ia l .  A neck strengthening program would 
f i t  neat ly  i n t o  the isometric muscle strengthening 
program cur ren t ly  used t o  improve tolerance'of the 
cardiovascular system t o  high Gz. The introduc- 
t i o n  o f  a neck muscle strengthening program should 
be monitored t o  establ ish i t s  e f f icacy.  

3.6.3.3 Present Aircrew 

Aircrew education t o  cover the present problems, 
the habi tua l  p rac t ice  of  lordos is  and head balance 
wherever possible, and the customizing of  present 
seats t o  the i n d i v i d u a l  i s  f e a s i b l e  and can be 
introduced imnediately. This e f f o r t  w i l l  make the 
best use of  present equipment and minimize induced 
morb id i ty  t o  t h a t  imposed by present conf igura-  
t ions. This i s  a duty of  care. 

3.6.3.4 Future Aircrew 
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Tra in ing  f o r  f u t u r e  HPA operat ions requ i res  the 
determined es tab l i shment  and then cont inuous 
maintenance o f  lunbar and cerv ica l  lordosis. No 
f ledg l ing  HPA ace w i l l  take k ind ly  t o  t h i s  appar- 
e n t l y  anachron is t i c  reawakened i n t e r e s t  i n  the  
d r i l l  square unless the purpose i s  explained and 
the neuro log iva l  and sp ina l  f a c t o r s  invo lved i n  
the successful exp lo i ta t ion  o f  maximun manuevera- 
b i l i t y  are  understood ab i n i t i o .  Fortunately, 
t h i s  i s  the easiest and cheapest o f  the necessary 
reforms i n  a t t i t u d e  and prac t ice ,  wh i le  an i m -  
provement i n  posture i s  important t o  every member 
of  the armed forces as i t  should be t o  the general 
populat ion a t  large. 

E a r l y  f a m i l i a r i t y  w i t h  and f u l l  exposure t o  the 
whole +Gz envelope should fol low. Use of  HPA or  
simulat ion wi th  centr i fuges and v i r t u a l  r e a l i t y  i s  
expensive when d a i l y  progressly increasingly high 
Gz experience and cond i t ion ing  i s  required. A n  

a l te rna t ive  i s  the use o f  low cost un l imi ted class 
aerobat ic  a i r c r a f t .  They would enable f i g h t e r  
aircrew i n  t r a i n i n g  t o  ga in experience and conf i -  
dence throughout the f u l l  f l i g h t  envelope as well  
as maintain C condi t ion ing i n  establ ished f i g h t e r  
p i  lo ts .  

3.6.4 Physical Therapy Post HSG 

The p i l o t  o f  HPA can be compared with professional 
a t h l e t e s  o f  p h y s i c a l l y  demanding c o m p e t i t i v e  
sports; e.g., American footbal l ,  baseball, basket- 
b a l l ,  e tc .  Support programs f o r  these a t h l e t e s  
include a professional sports t r a i n e r  and a doc- 
tor; often, a doctor o f  Osteopathy or  a spec ia l i s t  
i n  phys ica l  (spor ts )  medicine. I t  i s  f e l t  t h a t  
these ath le tes would not be able t o  compete on a 
regular basis without the support o f  these physi- 
c a l  therap is ts .  Immediately f o l l o w i n g  a game, 
t ra iners  "rehabi li tate l l  these ath le tes w i  th body 
manipulat ions,  massages, e t c .  Many o f  these 
manipulations involve the spine, p a r t i c u l a r l y  the 
cerv ica l  and lunbar regions. F l i g h t  surgeons a t  
bases f o r  HPA report requests f o r  s im i la r  t r e a t -  
ment by f i g h t e r  p i l o t s  a f t e r  HSG exposures; par- 
t i c u l a r l y  from f l i g h t  surgeons who are experts i n  
musculoskeletal manipulation. P o s t - f l i g h t  physi- 
c a l  therapy  may prevent  t h e  m a n i f e s t a t i o n  o f  
u n d e r l y i n g  s p i n a l  degenerat ion.  P r o v i d i n g  a 
t r a i n i n g  room wi th  s k i l l e d  physical therapists f o r  
a l l  squadrons o f  HPA c o u l d  be b e n e f i c i a l  f o r  
p r e v e n t i n g  c h r o n i c  types o f  s p i n a l  d i s o r d e r s  
(159) .  

3.6.5 Regular High G Fly ing  Exposures 

Despite the major cont r ibu t ion  which simulation, 
centr i fuges and environmental t ra iners  can make, 

there  i s  no s u b s t i t u t e  f o r  a i r  t ime. High - G  
c o n d i t i o n i n g  and a d a p t a t i o n  r e q u i r e  cons tan t  
exercise throughout the Gz envelope which can only 
be provided s a t i s f a c t o r i l y  i n  the a i r .  Financial 
r e s t r i c t i o n  being what i t  is ,  the use of  unlimited 
aerobatic a i r c r a f t  as low cost HPA surrogates i s  
now an e f f e c t i v e  t r a i n i n g  opt ion.  Progress ive ly  
increased exposure t o  h igh Gz over weeks should be 
the norm. Once established, the adaptation which 
h igh  +Cz to lerance represents requ i res  constant 
and continuous practice. A f te r  even short periods 
o f f  f l y ing ,  a re tu rn  t o  the associated autoregula- 
t o r y  adaptation, e s p e c i a l l y  t o  h igh  -Gz, takes 
several p a i n f u l  days o f  h i g h  G exposure t o  r e -  
deve 1 op . 

3.6.6 Eqipnent  lnprovements 

Though improvements in  helmet design, construction 
and materials t o  l igh ten  neck a x i a l  loading have 
been made, no attempt has been made t o  improve 
p i l o t  posture i n  general or  neck biomechanics i n  
par t i cu la r  by removing, replacing, re-contouring 
or  r e - p o s i t i o n i n g  t h e  e j e c t i o n  seat  headbox, 
despite the l i m i t a t i o n  t h i s  s t ructure imposes on 
rearward view i n  a i r c r a f t  dedicated t o  a l l - round 
vision. Headbox redesign could al low a Ynaximum C 

head park" p o s i t i o n  f o r  the  helmet i n  f u l l  head 
and neck extension. However, the Eurofighter has 
incorporated a twin gun des ign i n  the e j e c t i o n  
seat, a l l o w i n g  t h e  headbox t o  be moved back, 
improving p i  l o t  head mobi l i t y .  

Protect ion against e jec t ion  injury, i n  fact, led 
t o  suggestions f o r  head support devices. Several 
proposals were ou t l ined  by Mat t ing ly  e t  a1 (122)  
using neck bel lows and cables. A p ro to type was 
b u i l t .  The problem w i t h  these devices was tha t  
although they reduced the load on the neck during 
eject ion, they d i d  so a t  the cost o f  r e s t r i c t i n g  
head mobi l i ty .  The analysis reported by Raddin e t  
a1 ( 1 5 4 )  also proposes a device that  would provide 
an a l te rna t ive  load path t o  reduce neck loads when 
contro l  of the head i s  l o s t  under G. This study 
was theoret ica l  and d i d  not progress t o  bu i ld ing  a 
prototype. Head support devices may be essential 
i f  p i l o t s  are t o  funct ion a t  higher Cz leve ls  than 
those seen i n  cur ren t  and proposed f i g h t e r  a i r -  
c r a f t ,  but useful systems have yet t o  be devised. 
Helmet design o f f e r s  the p o t e n t i a l  f o r  reducing 
neck loads by reducing the weight o f  the helmet. 
Unfortunately, recent trends toward lower helmet 
weights may be reversed by the add i t ion  of  helmet 
mounted displays which increase the weight o f  the 
helmet s u b s t a n t i a l l y .  These dev ices  may be a 
l i a b i l i t y  a t  high G and during eject ion. Another 
approach t o  reducing neck load i s  t o  reduce head 
motion under G. The complexity o f  the information 
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capable o f  d isp lay  using up t o  date technology i s  
i n c r e a s i n g  s t e a d i l y .  Improvements i n  d i s p l a y  
techniques may al low the presentation of  the three 
dimensional information needed by a p i l o t  maneu- 
ver ing a t  h igh G i n  a manner that  does not requi re  
head movement. Inproving weapon systems wi th  the 
a b i l i t y  t o  acqui re t a r g e t s  o f f  bore-s igh t  could 
a lso reduce the amount o f  a i r c r a f t  maneuvering and 
head movement needed dur ing an engagement. 

TABLE 3-1: RISK FACTORS FOR BACK DISORDERS 

1. Predic t ive Risk Factors: 

H I  STORY 

Age 
Frequent L i f t i n g  

Prolonged s i t t i n g  
Family h i s t o r y  
Poor f l e x i b i l i t y  
Boredom a t  work 
Vu lnerab i l i t y  t o  s t ress (e.g.,: 

f r u s t r a t i o n  and workload) : 
Unfitness 
Excessive exercise 
Exposure t o  v i b r a t i o n  
Smok i ng 
Low s e l f  esteem 

(especia l ly  u/poor posture) : 

EXAMINATION 

Poor posture 
Obesity 
Unequal leg length : 
Low proprioceptive : 

abi li t y  

RADIOLOGY 

Degenerative d isc  changes 
Thinning o f  an in terver tebra l  d isc  space 
Pars i n t e r a r t i c u l a r i s  defects 
Generalized exostosis 
Hypertrophic a r t h r i t i s  
Un i la te ra l  sacra l i za t ion  o f  e i ther  5 th 

Old healed f rac tu re  wi th  moderate t o  severe 

Fus i ons 
Previous h i s t o r y  of  d isc surgery 

or  6 th  lunbar vertebra 

deformi t ies 

~ ~ 

2. Non-Predictive Risk Factors: 

: Height : Normal back 
: Weight : B i l a t e r a l  sacra l i za t ion  of  5 th lunbar vertebra 
: Overal l  strength : Lunbarization of  1st  sacral vertebra 
: Equal l imb length : Centres o f  o s s i f i c a t i o n  on ver tebra l  body margins 

: M i l d  t o  moderate Schmorl's nodes 
: Spondylolisthesis (cont rovers ia l )  
: Spondylosis (controversi a1 ) 
: Transi t ional  lumbosacral vertebrae 
: Sag i t ta l  o r  assymetrical lumbosacral facet j o i n t s  
: Scheuermann's disease 
: Minor sco l ios is  (<60°) 
: Lunbar lordos is  (<70°) 
: Spina-bif ida occulta 
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CHAPTER 4 

IMAGING'S aYTRIBUTION TO THE I W V E S T I ~ T I O N  AWD 
WOYlTORlYG OF THE EFFECTS OF LONG TERn, 

REPEATED HIGH SUSTAINED +GZ (HSG). 

4.1 IYTROWCTIOY 

Increasing h igh performance a i r c r a f t  (HPA) a g i l i -  
ty, the associated technology (h igh +Gz, helmet 
mass, e jec t ion  seat and headbox design), and the 
need f o r  extreme head and neck m o b i l i t y  subject  
the head, neck and sp ine t o  enhanced mechanical 
s t ress .  I n  o p e r a t i o n a l  terms, t h e  s p i n e  i s  a 
task-envi r o m n t  re la ted  Qeak l ink". The problem 
i s  corrplicated by the f a c t  that  a l l  adul t  hunans 
u i l l  eventua l l y  experience sp ina l  degeneration 
wi th  in terver tebra l  d isc mater ia ls  aging and the 
complications o f  i n t e r v e r t e b r a l  space narrouing 
(spondylosis) unless ac t ive  counter-measures are 
taken. Most people u i l l  experience symptoms a t  
some time. Apart from the acute hazard posed t o  
the kyphot ic  sp ine by HPA operations, there  i s  
understandable concern tha t  increased exposure t o  
+Gz might accelerate the normal sp ina l  degenera- 
t i o n  uhich we a l l  s u f f e r  from puberty onwards. 
Aircrew spina l  images can therefore be expected t o  
be abnormal, l i k e  those o f  t h e i r  peers. The 
problem f o r  surve i l lance i n  general and imaging in  
p a r t i c u l a r  i s  t h e  requi rement  t o  demonstrate 
d i f f e r e n t i a l  change i n  an already changing subject 
i n  which there are wide var ia t ions on the norm and 
no published long-term prospective studies. 

In these circumstances, i n v e s t i g a t i o n  has by 
t r a d i t i o n  been targeted, d i rected by the c l i n i c a l  
requirements o f  the ind iv idual  pat ient  and i n t e r -  
p r e t e d  i n  t h e  l i g h t  o f  t h e  c l i n i c a l  f i n d i n g s .  
Imaging i s  used as a t o o l  ra ther  than a " f ree-  
standingll, independent test .  Imaging i s  selected 
on the  bas is  o f  c l i n i c a l  impression. Choice o f  
imaging modali ty i s  inf luenced by ant ic ipa t ion  of  
the l i k e l y  resul t .  U h i l s t  the c l i n i c a l  intention, 
a t  the end o f  the day, i s  t o  " t r e a t  the man not  
the scanu8. 

In HSG survei l lance, the objectives of  the exer- 
c i s e  uould be d i f fe ren t .  Imaging i s  used i n  the 
conventional fashion in  symptomatic aircreu. The 
novel requirement i s  t o  def ine ind iv idual  s ta tus 
and suggest i n i t i a l  prognosis i n  the asynptomatic 
populat ion and then monitor ind iv iduals  wi th  and 
w i thout  t h e  b e n e f i t  o f  v a r i o u s  stratagems t o  
e s t a b l i s h  the  spontaneous e v o l u t i o n  o r  n a t u r a l  
h i s t o r y  o f  sp ina l  degeneration under HSG, together 
w i th  the e f f e c t s ,  o r  lack  thereof, o f  in te rven-  
t ions  (such as the res tora t ion  and maintenance o f  
the lordoses, removing the head box, etc). The 

invest igat ion may (hopeful ly w i l l )  be o f  benef i t  
t o  the ind iv idual  investigated, but t h i s  cannot be 
assured. I n  t h i s  scenar io ,  t h e  p o t e n t i a l  f o r  
misch ie f  caused by i n e x a c t  i n v e s t i g a t i o n  and 
Bayesian r e a l i t y  i s  protean. The p o t e n t i a l  f o r  
good and ill i s  f u r t h e r  compounded by the  near- 
universal demonstration o f  degenerative changes i n  
the target  populat ion and the absence o f  a c l e a r l y  
d e f i n e d  e n t i t y  which c o u l d  be s t i g m a t i z e d  as 
I'high-G spinell. Imaging s u r v e i l l a n c e  would be 
operated i n  a manner ak in  t o  populat ion prognostic 
screening, i n  uhich the extens ive experience t o  
date has been disapproving. 

Imaging of  the HPA cormunity i s  o f  great academic 
in te res t  as they represent a populat ion subject t o  
an o v e r a l l  increased a d u l t  l i f e  G-exposure o f  
4 0 % .  T h e i r  enhanced ( i f  i n t e r m i t t e n t )  a x i a l  
loading cou ld  prov ide f u r t h e r  i n s i g h t  i n t o  the 
mechanics o f  s p i n a l  degenera t ion  and i t  c o u l d  
i d e n t i f y  a number o f  i n d i v i d u a l s  who might  on 
review be considered a t  enhanced r i s k  o f  acceler- 
ated degeneration o r  actual acute spinal element 
f a i l u r e  under increased sp ina l  load. 

But before i n s t i t u t i n g  such a program, a nunber o f  
basic questions have t o  be addressed: 

1. "Non nocerell. Can ind iv iduals  be assured that  
no harm, or  more good than harm w i l l  come t o  them 
as a r e s u l t  o f  t h e i r  par t i c ipa t ion? 

2. Conf l i c t ing  p r i o r i t i e s  i n  the Duty of  Care: 

a. Uhat i f  the  program throws up anomalies 
which uould not have become manifest in  the normal 
way without the neu program? Should the p i l o t  be 
grounded and loose h i s  career? 

b. Should there be a waiver tha t  par t i c ipa-  
t i o n  i n  the program u i l l  under no circunstances be 
turned t o  the  i n d i v i d u a l ' s  career disadvantage? 
Without a uaiver, cooperation u i l l  be m i n i m a l  and 
every e f f o r t ,  no t  unreasonably, u i l l  be made by 
i n d i v i d u a l  p i l o t s  e i t h e r  t o  obscure anomalies 
uhich might hazard t h e i r  ambitions or  t o  maximize 
and d i s t o r t  them t o  skew the inves t iga t ion  t o  some 
personal advantage. 

c. I t  i s  important t o  e s t a b l i s h  t h a t  un t i l  
the conclus ion o f  the program, and on ly  then i f  
the f i n d i n g s  are  t h a t  p o l i c y  should be changed, 
the av ia t ion  medical 8brules88 w i l l  not be changed. 
The llgoal-postsll s tay where they are. This does 
not prevent conf ident ia l  ind iv idua l  discussion and 
advice as the i n d i v i d u a l  p i l o t  o r  h i s  f a m i l y ' s  
c l i n i c a l  in te res t  d ic ta tes.  
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3. There w i l l  be a desire, possibly a compulsion 
t o  apply any operational lessons as soon as they 
are detected. To ensure t h a t  e a r l y  i n t e r p r e t a -  
t i o n s  a r e  c o r r e c t  r a t h e r  than f a l l a c i o u s  t h e  
p r o s p e c t i v e  and s t a t i s t i c a l  dimensions o f  t h e  
study must be powerful enough t o  accept s i g n i f i -  
cant v a r i a t i o n s  i n  the  p r a c t i c e  both o f  a i rcrew 
and t h e i r  cont ro ls  ( f o r  exalrple, improved posture 
and paraspinal ton ic  muscle mass). The a l terna-  
t i v e  becomes a prospective case study ser ies wi th  
lesser but poss ib ly  more r e a l i s t i c  and prac t ica l  
s t a t i s t i c a l  pretensions. This  would be no less  
important, but prudent prospect ive surve i l lance 
and review i s  not the same as a cont ro l led  study. 

4.2 BASIC PROBLEMS 

Uhat are we looking for? (1) an enhanced r i s k  o f  
o r  p o t e n t i a l  f o r  ca tas t roph ic  f a i l u r e ?  (2) a 
r e l a t e d  chronic  progress ive degeneration? ( 3 )  
enhancement, acce le ra t ion  o r  exacerbation o f  a 
n a t u r a l l y  occurring process? o r  ( 4 )  some t o t a l l y -  
unforeseen c i rcumstances? That i s  08shotgun88 
research, shooting i n t o  the dark i n  the hope tha t  
a target  might present i t s e l f .  

In t h e  s p i n e  HSG o p e r a t i o n s  t respass  beyond a 
number o f  normal +1Gz human f a i l u r e  boundaries 
(such as the load performance o f  the lunbar d iscs 
already carrpressed in lunbar kyphosis). This may 
be enhanced by missed o r  occul t  ind iv idual  weak- 
nesses (such as pars i n t e r a r t i c u l a r i s  defects)  
which by the end of  adolescence have developed i n  
>5% o f  the normal populat ion (60). To date, acute 
f a i l u r e  has been l i m i t e d  t o  the e jec t ion  case. I n  
the  +9Gz g e n e r a t i o n  a i r c r a f t  r a t h e r  than t h e  
developnent o f  a Wigh-G Backot syndrome, radiolog- 
i c a l  appearances have been compat ib le  w i t h  a 
p o s s i b l e  enhancement o f  t h e  normal process o f  
s p i n a l  degenera t ion  w i t h  age, compounded by a 
v a r i a t i o n  o f  p a t t e r n  w i t h  maximum s t ress  being 
experienced a t  C3-4 rather  than the more usual C5- 
6 l e v e l  ( 8 0 ) .  This  i s  i n  keeping w i t h  enhanced 
upper c e r v i c a l  f lex ion /ex tens ion  a c t i v i t y  i n  a 
b a s i c  p o s t u r e  o f  en forced c e r v i c a l  kyphosis, 
enforced t h a t  i s  by head box and helmet keeping 
the head w e l l  fo rward  o f  t h e  s p i n a l  ax is .  I n  
practice, imaging would be u t i l i z e d  t o  attempt t o  
def ine accelerated or  d i s t o r t e d  degeneration i n  an 
already degenerating population. Controls i n  such 
a s t u d y  would have t o  be b o t h  age, dimension, 
posture and degeneration matched. 

The problem i s  compounded by the  requirement t o  
survey an asymptomatic populat ion. The normal 
high propor t ion o f  degenerates in  the adul t  popu- 
l a t i o n  removes the  mathematics o f  the s i t u a t i o n  
from Bayesian realms, only f o r  the target popula- 

t i o n  (accelerated patterns and p r o f i l e s  of  degen- 
e ra t ion  w i t h i n  that  greater population) t o  re tu rn  
the problem t o  tha t  o f  de f in ing  moving needles in  
moving haystacks. The r i s k / b e n e f i t  ana lys is  o f  
such a program i n  a h igh ly  motivated and i n t e l l i -  
gent popu la t ion  i s  i l l u s t r a t e d  by the Bayesian 
considerat ion o f  one facet ,  the  presence o r  ab- 
sence of  spondylolysis as a hazard t o  pars in te -  
r a r t i c u l a r i s  s t a b i l i t y  under h i g h  +Gz. Given 
1,000 p i l o t s  harboring a normal populat ion of  >5% 
defects  w i t h  a t e s t  s e n s i t i v i t y . a n d  s p e c i f i c i t y  
both of  95% (outstanding and probably impractical 
in  c l i n i c a l  radiology), the 905 t e s t  88normals88 (N) 

would include 2 wi th  defects wh i ls t  47 o f  those 95 
labeled ~ labnormal~~ (ABN) would i n  f a c t  be normal 
and wrongly excluded from HPA f l y i n g  i f  such a 
defect  were an exc lus ion  (F igure 4 - 1 ) .  Given a 
more l i k e l y  90% s e n s i t i v i t y  and s p e c i f i c i t y ,  then 
95 ( 6 8 % ) ,  an a c t u a l  m a j o r i t y  o f  t h e  140 t e s t  
%bnormals88 would be f a l s e l y  labeled normals and 5 
(<0.6%) actua l  abnormals would escape de tec t ion  
( F i g u r e  4-1). Th is  " f a l s e  abnormaloo l a b e l i n g  
would p o t e n t i a l l y  exclude some o f  the best candi- 
dates i f  such a t e s t  was an ab i n i t i o  c r i t e r i o n .  
I t  would c rea te  mayhem i n  an es tab l i shed p i l o t  
population. General, ooblind88 screening o f  a p i l o t  
o r  candidate populat ion should be used wi th  cau- 
tion, de f in ing  the exact purpose o f  the examina- 
t ion, whether i t  i s  t o  protect  or  exclude those a t  
r i s k  and what w i l l  be t h e  nex t  s t e p  f o r  those 
labeled %bnormalll when a t  least h a l f  w i l l  i n  fac t  
be normal. 

4.3 PROSPECTIVE TRIALS 

Prospective t r i a l s  a re  eas ie r  when break ing new 
ground in  new populations and in  new circunstances 
rather than re-examining establ ished populations. 
In consider ing a prospect ive t r i a l  cover ing a l l  
HPA aircrew, the complex i ty  o f  the task and the 
po ten t ia l  f o r  mis in terpretat ion o f  resu l ts  mer i t  
consideration as wel l  as the fol lowing: 

1 )  The m u l t i p l e  s i g n i f i c a n t  f a c t o r s  invo lved 
include: 

a) Posture, both h a b i t u a l  and imposed by 
the cockpit ergonany, together wi th  the po ten t ia l  
f o r  d i s t o r t i o n  o f  t h e  o v e r a l l  r e s u l t s  by t h e  
adoption o f  a l te rna t ive  postures during the course 
of  t h e  t r i a l  which c o u l d  m a t e r i a l l y  a l t e r  t h e  
prognosis f o r  the ind iv idual .  This would not be 
l o s t  on aircrew a t  r i s k  o f  being grounded. 

b) Anthropomet ry  and t h e  d i f f e r e n t i a l  
e f fec ts  of  the var iab le re la t ionships o f  standard 
c o c k p i t  dimensions and t h e  wide v a r i a t i o n s  i n  
p i l o t  physique. 
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Figure 4-1: Imaging Used As A Test Rather Than As A Tool 
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e) Anatomical p r e d i s p o s i t i o n  due to :  (1)  
congenital sp ina l  and cranio-sp ina l  anomalies; (2) 
acquired, o f t e n  t raumat ic  les ions,  such as pars 
i n t e r a r t i c u l a r i s  de fec ts  which though absent a t  
b i r t h  are present in  >5% o f  the young adul t  popu- 
l a t i o n  from which tomorrow's HPA aircrew w i l l  be 
selected; o r  ( 3 )  an acentuated d i s p o s i t i o n  t o  
sp ina l  degeneration t o  which a fami ly  h i s t o r y  may 
provide some clue. 

2)  Control Groups: 

c )  Ind iv idua l  f l y i n g  s ty les  and techniques. 
Though " f l y - b y - w i r e "  does impose a degree o f  
standardization on ind iv idua l  f l y i n g  style, suc- 
cessful f i g h t e r  p i l o t s  have i n  the past included 
those who have e x p l o i t e d  t h e i r  i n d i v i d u a l i t y .  
High +Gz exposure i s  l i k e l y  t o  be non-uniform, 
w i th  ind iv idua l  p r o f i l e s  having a profound e f f e c t  
on sp ina l  component mechanical creep, most obvi- 
ously o f  the in terver tebra l  disc. 

d) Uh i le  age has a un ivera l  e f fect ,  the o l d  
adage that  there are o l d  and bold p i l o t s ,  but no 
old, bo ld  p i l o t s  has impl icat ions f o r  the spine. 
Older p i l o t s  s t i l l  f l y i n g  HPA tend t o  look a f t e r  
themselves. But f l y i n g  wi th  one's head permanent- 
l y  "out" o f  the cockpit means tha t  looking a f t e r  
oneself i n  d o g - f i g h t i n g  terms may a c t u a l l y  mean 
greater neck loading i n  the older p i l o t  populat ion 
than i n  t h e i r  less  conf ident  o r  re laxed j u n i o r  
colleagues. Age has there fore  many s i g n i f i c a n t  
di mensi ons . 

Controls would have t o  be selected t o  r e f l e c t  a t  
l e a s t  t h e  above v a r i a b l e s ,  t o g e t h e r  w i t h  t h e  
accurate matching o f  s i g n i f i c a n t  changes i n  sub- 
j e c t  f u n c t i o n  and a c t i v i t y  occur r ing  dur ing  the 
course of  such a t r i a l .  

3) T r i a l  Inc lus ion Cr i te r ia :  

Entry l l n o r m a l i t y "  needs c a r e f u l  d e f i n i t i o n .  
Re jec t ion  o f  candidates on other  grounds uould 
already have produced a biased, skewed population. 
Should normal i ty /abnormal i ty  be judged on past, 
fami ly  or  soc ia l  h is tory ;  on symptoms or  signs; on 
p h y s i c a l  and i n t e l l e c t u a l  performance; o r  by 
imaging? 

4) D e f i n i t i o n  o f  T r i a l  Outcome: 

The c r i t e r i a  by which outcome would be de f ined 
would have t o  be agreed p r i o r  t o  t r i a l  i n i t i a t i o n ,  
together  w i t h  t h e  means o f  a n a l y s i s .  U i t h  t h e  
present pace o f  imaging development a l l  present 
imaging c r i t e r i a  can be guaranteed t o  be archaic 
and probably d iscredi ted long before a. study was 

concluded. I f  no e f f e c t  o f  HSG operat ions were 
demonstrated, t o  uhat l i m i t s  could confidence in  
such a r e s u l t  be held? 

5 )  What then? 

I f  no e f f e c t  were detected wh i le  extending HSG 

opera t ions  t o  +12 Gz, u o u l d  t h e  t r i a l  then be 
repeated t o  +15 Gz? How much/long HSG would be 
necessary t o  exclude hazard? I f  abnormatity were 
demonstrated, should asymptomatic p i l o t s  be a l -  
lowed t o  continue f l y i n g ?  Should the symptomatic 
be r e h a b i l i t a t e d  o r  d ischarged? Leaving such 
questions t o  be answered i n  an ad hoc fashion as a 
t r i a l  developed, would ensure every e f f o r t  by the 
sub jec t  p o p u l a t i o n  t o  skew t h e  s tudy  t o  each 
ind iv idua l ' s  benef i t .  

4.4 IMAGING: GENERAL CONSIDERATIOWS 

4-4.1 Imaging System Performance 

Problems o f  technique, system s e n s i t i v i t y  ( t h e  
a b i l i t y  t o  de tec t  abnormali ty) and s p e c i f i c i t y  
( the a b i l i t y  t o  c o r r e c t l y  label  the ind iv idual  as 
abnormal or  normal) are compounded by the applica- 
b i l i t y  o f  ind iv idual  imaging modal i t ies  t o  p a r t i c -  
u l a r  problems. I n  c l i n i c a l  practice, t h i s  has led 
t o  a v a r i e t y  o f  techniques being. developed t o  
address p a r t i c u l a r  problems. There i s  no one 
Wn i ver sa 1" i mag i ng met hod. 

4.4.2 Standardization 

1 )  Technique can be a problem. MR, magnetic 
resonance imaging, as a contemporary example, i s  a 
nightmare kaleidoscope o f  f i e l d  strengths, se- 
quence design, weighting and contrast techniques. 
Rapid developments and the l i k e l y  in t roduct ion of  
e lect ron as wel l  as other nuclear ( t o  date largely  
p ro ton)  resonance techniques ensure t h a t  t h e  
imaging methods o f  any p r o s p e c t i v e  s tudy  w i l l  
change beyond r e c o g n i t i o n  dur ing  the course o f  
that  study. 

2 )  I n t e r p r e t a t i o n  remains h i g h l y  sub jec t ive  
wh i le  some techniques (such as u l t rasound)  are 
e x q u i s i t e l y  opera tor  dependent. Experience, 
anticipation, and team in te rac t ion  a l l  p lay t h e i r  
part.  Indeed, they are the hallmarks of  success- 
ful  c 1 i ni  co- rad i  o l  ogi c a l  c o l  laborat i on. Yet such 
success i n  the service o f  the ind iv idual  pat ient  
i s  anathema t o  the "unbiased" repor t ing required 
by a prospective t r i a l .  The fac t  that  screening 
and the "correct" diagnosis of asymptomatic popu- 
la t ions  i s  unfami l iar  t o  any establ ished c l i n i c a l  
rad io log ica l  team adds a fu r ther  degree of  poten- 
t i a l  i n s t a b i l i t y  t o  the in te rpre ta t ion  of  pro- 
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spective data. 

4.4.3 Hazards 

These f a l l  i n t o  three main areas: 

1) Physical. Deleterious e f f e c t s  o f  very high 
magnetic and r a p i d l y  sw i tch ing  radio-frequency 
f i e l d s  have yet  t o  be demonstrated. Conversely, 
the a l l e r g i c  hazards o f  con t ras t  agents and the 
dangers o f  x - r a y s  and i o n i z i n g  r a d i a t i o n  a r e  
constantly being re i terated.  

2) Economic. The po ten t ia l  economic hazards t o  
the i n d i v i d u a l ,  o f  loos ing  a career through the 
apparent ly  random i n t r o d u c t i o n  o f  some new and 
p o t e n t i a l l y  "unfair11 process, are l i k e l y  t o  exer- 
c ise  the minds and fears of  most aircrews. 

3) Emotional. To suggest that  a l l  are "degener- 
ate" i s  l i k e l y  t o  be less than acceptable t o  the 
r i g h t l y  self-confident, -centered and -opinionated 
ind iv iduals  who comprise a s i g n i f i c a n t  proport ion 
of  any successful HPA aircrew population. There i s  
a lso  the  p o t e n t i a l  t o  s e t  a i rcrew against t h e i r  
medical adv isors and conf idents ,  i f  there i s  a 
perception tha t  doctor and p i l o t  are pursuing d i f -  
ferent  objectives. The former's primary in te res t  
then b e i n g  h e l d  t o  be t o  p revent  r a t h e r  than 
promote the l a t t e r ' s  determination t o  be the best 
and m s t  e f f e c t i v e  man-machine combination since 
Crea t i on. 

4.4.4 C o s t  

Program cost has many dimensions: 

1)  The abso lu te  c o s t  o f  t h e  imaging/review 
exerc ise o r  i t s  c o n t r i b u t i o n  t o  the  o v e r a l l  HPA 
o p e r a t i o n a l  budget, t o  which i t  would make a 
miniscule contr ibut ion.  This can be quant i f ied by 
an agreed program of  imaging t o  be fo l loued by a l l  
aircrew with a margin f o r  the fur ther  imaging of  
symptomatic ind iv iduals .  It would be complicated 
by the complexity o f  the imaging program required 
t o  address any/a l l  po ten t ia l  condit ions associated 
wi th  or  possibly exacerbated by HPA/HSG operations 
over the aircrew's l i fespan. Financial cost w i l l  
always remain a cons idera t ion  w i t h  the costs  o f  
i n d i v i d u a l  t e s t s  v a r y i n g  between c o u n t r i e s .  
Generally i f  Sonography costs I A ,  then convention- 
a l  radiography costs 2A, CT 4A and MR 8-10A. 

2) The cost/benefi t  re la t ionsh ip  in  a par t i cu la r  
program. A massive amount o f  work could wel l  be 
done only  t o  be rendered absolete ear ly  on in  any 
study. 

3) The very considerable e f f o r t  required t o  

screen large nunbers o f  asymptomatic aircrew and 
the c l i n i c a l  rev iew o f  any a c t u a l  o r  p o s s i b l e  
abnormal f ind ings ,  together with t h e  associated 
d is rup t ion  t o  the ind iv idual  asymptomatic p i l o t s  
du t ies  and routine. 

4) Mistrust. The in tensely  p r a c t i c a l  nature of  
HPA operation could contrast with the o f ten  appar- 
e n t l y  haphazard requi rement  f o r  t h e  d e t a i l e d  
c l i n i c a l  review and fu r ther  imaging of  aircrew who 
i n  t h e i r  own and others' eyes were e n t i r e l y  nor- 
mal. Maintaining t r u s t  in  a study i s  time consun- 
ing and can s t r a i n  c l i n i c a l  con f ident ia l i t y .  

5)  The p o t e n t i a l  a d d i t i o n a l  loss  o f  va luable 
aircrew label led abnormal, unless a p r i o r  guaran- 
teed waiver was provided that  the program i t s e l f  
would not ground those who s t i  11 f u l f  i 1 led present 
c r i t e r i a .  The study would be best introduced as 
p a r t  o f  t h e  research, development and s a f e t y  
program associated wi th  the in t roduct ion of  a new 
a i r c r a f t  type and the exp lo i ta t ion  of  new opera- 
t i o n a l  domains. 

4.4.5 Imaging A v a i l a b i l i t y  

In tense c o m p e t i t i o n  and c o n s t a n t l y  improv ing 
imaging performance would r e q u i r e  imaging t o  be 
undertaken a t  c a r e f u l l y  selected and in te r l inked 
centres,  backed w i t h  a c e n t r a l  r e g i s t r y  and a 
common data base subject  t o  annual review by a 
p r a c t i c a l  yet  spec ia l i s t  body such as AGARO/AMP. 

4.5 CURRENT IMAGING HETHODS 

Appropriate imaging methods a t  present avai lab le 
i nc 1 ude: 

1) X-rays: Plain, stereo and tomographic. 

2) Cont ras t  s t u d i e s  such as d iscography and 
myelography. 

3 )  C T ,  computer -ass is ted  x - r a y  tomographic 
scanning, both standard and f i n e  cut. Good bone 
de f in i t ion ,  var iab le windowing and the a v a i l a b i l i -  
t y  of  contrast agents mean that  CT w i l l  continue 
t o  have a place i n  sp ina l  and petrous bone imaging 
despite rap id  developments i n  MR methodology. 

4) Combined procedures, such as CAM, computer- 
assisted myelography (Myelography + CT). 

5)  MR, magnetic resonance imaging. To date t h i s  
has been nuclear, u s u a l l y  p ro ton  (water) based, 
though e l e c t r o n  resonance systems a r e  on t h e  
threshold of  c l i n i c a l  appl icat ion and characteri- 
zation. Var iab le  magnetic f i e l d  strengths, se- 
quence design and a bewildering and expanding 
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var ie ty  o f  techniques guarantees tha t  whatever i s  
s e l e c t e d  as t h e  b a s i s  f o r  a p r o s p e c t i v e  s tudy  
today, w i l l  soon be rendered obsolete, whatever 
present intentions. 

The two current areas of  study are: 

1. MR imaging: 

a) Orthodox (and time-consuning). 

b) Fast techniques that  al low dynamic assess- 
ment and volune acquisit ion. 

c )  EchoPLanar, r e a l - t i m e  imaging which d i s -  
plays actual f low and motion. 

d) EchoVolunar, 3-dimensional imaging i n  which 
one d imension may be used t o  d i s p l a y  chemical 
s h i f t  and provide both anatomical loca l i za t ion  as 
wel l  as biochemical characterization. 

e) MR Microscopy provides i n  v ivo  histology, 
though a t  present i t  requires high strength mag- 
n e t i c  f i e l d s  which have yet  t o  ga in acceptance f o r  
human, c l i n i c a l  a p p l i c a t i o n  and f o r  which novel 
magnets w i l l  probably be required. 

2. MR Spectroscopy, which w i l l  f i n d  an applica- 
t i o n  in  every t i ssue during the time scale of  any 
prospective HSC study. 

6 .  Ultrasound 

Sonography and the exp lo i ta t ion  o f  Doppler s h i f t  
and co lour  coding no t  o n l y  a l low r e a l  t ime and 
f low imaging and measurement, b u t  a r e  r e a d i l y  
repeatable and without known hazard. I t  i s  howev- 
e r  t o t a l l y  operator dependent both f o r  anatomical 
demonstration and t o  a lesser extent f o r  in terpre-  
ta t ion.  I t  i s  best i n  s o f t  t issues. I t s  penetra- 
t i o n  of  mature bone i s  a t  present poor. 

7. Isotope studies 

These may be by sirrple isotope uptake scans (166, 
203) o r  by more accura te  techniques (such as 
SPECT, s ing le  photon emission corrputed tomography) 
required t o  d isp lay small areas of  t issue d is tu rb-  
ance (such as the p r e - f r a c t u r e  cancellous bone 
f a i l u r e  which preceeds spondylo l is thet ic  f racture 
of  the pars i n t e r a r t i c u l a r i s )  (56,  92). 

4.6 IMAGING EXPERIENCE 

The persistence o f  so many d i f f e r e n t  modali t ies i s  
an i n d i c a t i o n  n o t  o n l y  o f  t h e  r i s e  o f  imaging 
costs, but a l s o  t h a t  each method has s p e c i f i c  
appl icat ions which remain best addressed by that  

method d e s p i t e  t h e  r a p i d  development o f  o t h e r  
technologies. In the surve i l  lance of  HSC aircrew, 
a choice has t o  be made e i ther  t o  se lect  the most 
appropr ia te methods a v a i l a b l e  today, accepting 
t h a t  t h e y  w i l l  soon be rendered o b s o l e t e  and 
shor t l y  thereaf ter  d i f f i c u l t  t o  obtain, or  accept 
t h a t  s u r v e i l l a n c e  w i l l  i n e v i t a b l y  have t o  be 
conducted us ing a v a r i e t y  o f  r a p i d l y  developing 
and changing techniques. The l a t t e r  in  i t s  turn 
would mean tha t  c1,inical and anatomical c r i t e r i a  
w i l l  continue t o  be paramount in  aircrew surve i l -  
lance. I t  w i l l  always be necessary t o  " t rea t  the 
man not the scan". C l i n i c a l  primacy avoids Baye- 
s i a n  problems by t r e a t i n g  the i n d i v i d u a l  as an 
ind iv idual  rather than a unit in  the system under 
review. On the other  hand, , th is  does mean t h a t  
c l i n i c a l  h i s t o r y ,  examination and i n v e s t i g a t o r y  
c r i t e r i a  w i l l  have t o  be regularised and coordi- 
nated through a c e n t r a l  o r g a n i z a t i o n  such as 
ACARD/AMP. C l i n i c a l  assessment i s  beyond the  
remi t  o f  t h i s  chapter ,  b u t  i s  c e n t r a l  t o  t h e  
e f f e c t i v e  surve i l lance o f  the next generation of  
HPA aircrew who w i l l  exp lo i t  the a b i l i t i e s  of  the 
F-22/Eurofighter/Rafale/Gripen generat ion a i r -  
c r a f t  . 
4.7 IMAGING TARGETS IN THE SPINE AND VESTIBULAR 

SYSTEMS 

Selection of  the appropriate imaging and modality 
depends on the target  t issue or  structure. 

4.7.1 Spine 

1) The general morphology of  the spine as well  

as # 

2) S p i n a l  dynamics can be addressed b o t h  by 
p l a i n  f i l m s  o f  the whole spine and i t s  var ious 
par ts  i n  f u l l y  ac t i ve  f l e x i o n  and extension and by 
MR which i s  p a r t i c u l a r l y  he lp fu l  i n  the s a g i t t a l  
plane and when extended up i n t o  the head t o  cover 
the poster ior  fossa and b r a i n  stem. 

3 )  The i n t e r v e r t e b r a l  d i s c s ,  t h e i r  a n n u l i ,  
n u c l e i ,  t h e  end p l a t e s  and t h e  c h a r a c t e r i s t i c  
changes in  the adjacent ver tebra l  bodies in  d isc 
degeneration (186) are best defined by MR. 

4) Synovial facet and neuro-central j o i n t s  are 
s t i l l  best defined by CT as are osteo- and spondy- 
lophytes. That MR i s  o f t e n  used i s  due t o  the 
a b i l i t y  o f  MR t o  image i n  any p l a i n  wi thout  the 
necessity f o r  reconstruction i n  CT. 

5 )  Ligaments (anter ior  and poster ior  long i tud i -  
na l ,  l igaments f l a v a ,  i n t e r -  and supra-sp inus 
l igaments) though t h e o r e t i c a l l y  s o f t  t i s s u e  and 
therefore ultrasound sens i t i ve  are i n  prac t ice  
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usual ly  assessed during CT and MR review. 
exceptions are prever tebra l  les ions (espec ia l l y  
absesses and co l lec t ions  requi r ing needle biopsy) 
uhen ultrasound i s  invaluable. 

The 

6) Vertebrae: p l a i n  f i l m s  and C T  de f ine  most 
abnormalit ies and MR the res t  ( p a r t i c u l a r l y  a t  the 
Foramen magnum). The most d i f f i c u l t  area t o  
de f ine  i s  the  pars i n t e r a r t i c u l a r i s .  C l i n i c a l  
s u s p i c i o n  i s  paramount ( 9 8 )  and o b l i q u e  p l a i n  
f i lms  the t r a d i t i o n a l  method of  choice and s t i l l  
the f i r s t  step. CT i s  o f t e n  d isappo in t ing  (70) 
and MR s u r p r i s i n g l y  good a t  p i c k i n g  up the  s o f t  
t i s s u e  i n  t h e  bony d i s c o n t i n u i t y ,  i f  present .  
Symptoms o f  spondylolysis o f ten  preceed c o r t i c a l  
fracture. In t h i s  s i tuat ion,  SPECT can def ine the 
cancel lous f a i l u r e  o f  the pre- f racture stage ( 5 6 ) .  

7) Paraspinal muscle abnormalit ies can be d i s -  
played both by MR and by ultrasonography. 

8) The sp ina l  cord, subarachnoid space, meninges 
and the s p i n a l  canal contents together u i t h  the 
b r a i n  stem are best demonstrated by MR u i t h  Gado- 
l inium DTPA o r  o t h e r  c o n t r a s t  enhancement as 
indicated. 

9) Spinal cord vasculature can be v isual ized by 
MR angiography and venography, wi th  conventional 
angiography back-up as c l i n i c a l l y  indicated. 

10) CSF c i r c u l a t i o n  and cisterns, together u i t h  
cord cav i t ies,  and 

11) Dysraphic s ta tes are best defined by MR. 

4.7.2 Vestibular 

BaVestibularBB imaging usual ly  e n t a i l s  p l a i n  f i lms  
t o  exclude obvious s k u l l  base dest ruct ive lesions; 
f i n e  cut CT f o r  temporal bone anatomy and MR f o r  
in t ra -pe t rous  s t ruc tu res ,  the cerebel lopont ine 
angels, poster ior  fossa and b r a i n  stem. 

4.8 IMAGING ORGANIUTIOLI 

Spinal and v e s t i b u l a r  imaging i s  a too l ,  not  a 
test. Just as too ls  are useless o r  uorse i f  not 
proper ly  u t i l i z e d ,  so imaging has t o  be enployed 
as a contr ibutory  par t  o f  a greater survei l lance 
scheme. Imaging i s  c m n l y  used i n  three circun- 
stances: 

1) as p a r t  o f  t h e  admiss ion g a t i n g  c r i t e r i a  
d u r i n g  ab i n i t i o  s e l e c t i o n .  Imaging can be a 
u s e f u l  a d j u n c t  i f  t h e  admiss ion c r i t e r i a  a r e  
c l e a r l y  defined and agreed. 

population, fo l lowing standard c l i n i c a l  c r i t e r i a .  

3 )  as p a r t  o f  t h e  p r o t o c o l  o f  a p r o s p e c t i v e  
t r i a l .  Here the major problem i s  that  a l l  humans 
are abnormal t o  a greater or  lesser degree. Any 
such t r i a l  has there fore  t o  have e i t h e r  de f ined 
tolerances o f  the degree o f  abnormal i ty  t h a t  i s  
acceptable, or  be designed t o  accept ind iv idua ls  
as ind iv idua ls ,  making t h e i r  performance ra ther  
than t h e i r  appearance the prime c r i t e r i o n .  

4.8.1 Further S i g n i f i c a n t  Considerations 

Accepting t h i s  imaging organization i s  then faced 
by : 

1) The Duty o f  Care. Both t o  the ind iv idua l ,  
the Serv ice and the taxpayer. C l i n i c a l l y ,  the 
ind iv idual  i s  paramount. The t r u s t  o f  a i rc reu  and 
the usefulness of  the attending physician depend 
on th is .  

a) The s i t u a t i o n  o f  a i r c r e u  has t o  be as- 
sessed i n  terms o f  poss ib le  cu lpable hazard t o  
uhich they might be exposed both by the operation- 
a l  requirement and the invest igat ion.  Each u i l l  
e f f e c t  t h e  o t h e r  and d e f i n e  t h e  r i s k / b e n e f i t  
equation f o r  both the operation and the ind iv idu-  
a l .  

b) The need t o  establ ish c l i n i c a l l y ,  backed 
by invest igat ion where appropriate, uhether or  not 
an i n d i v i d u a l  i s  a t  some p a r t i c u l a r ,  i n d i v i d u a l  
enhanced r i sk .  

c) Prevention of  hazard both by the exclusion 
of  ind iv idual  r i s k  and by ac t ive  counter-measures 
such as improved posture or  reduced a x i a l  loading 
by the prov is ion of  Light-ueight helmets. Imaging 
can contr ibute t o  both ind iv idua l  assessment and 
the design of  counter-measures (such as the dynam- 
i c  HR imaging o f  head/neck posture and movement 
pa t te rn  imposed by seat and helmet conf igurat ion 
and design). 

d) Therapy. A n  adequate h i s t o r y  and examina- 
t i o n  o f  symptomatic a i r c r e u  may r e q u i r e  f u r t h e r  
inves t iga t ion .  I n  spine and v e s t i b u l a r  system, 
t h i s  usual ly  by imaging. 

2) The problems o f  ab i n i t i o  screening: @#se- 
lect ing-outIB ind iv iduals  should be based on care- 
ful  c l i n i c a l  assessment. I t  cannot be delegated 
t o  imaging used as a pass/ fa i l  test, i f  only f o r  
Bayesian reasons, l e t  a lone t h e  l i k e l y  b l i n d  
se lect ing out o f  many o f  those who might otherwise 
be ideal  candidates. Imaging i s  no subs t i tu te  f o r  
formal ind iv idual  r i s k  assessment. 

2) as par t  o f  the medical support o f  the service 
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3) The p r a c t i c a l i t i e s  o f  s u r v e i l l a n c e  and the 
screening o f  those a l ready i n  the Service. The 
more r igorous the review, the more the abnormali- 
t i e s  that  u i l l  be revealed. This i s  p a r t i c u l a r l y  
so i f  new modali t ies are introduced t o  examine the 
e x i s t i n g  p i l o t  populat ion.  Such ##moving o f  the 
( i n v e s t i g a t o r y )  goalposts@@ should be used w i th  
caution. A l t e r i n g  medical standards can create 
not unreasonable d issa t is fac t ion  among the ex is t -  
ing  a i rc rew who have based t h e i r  careers on one 
set o f  standards, only t o  find them being changed 
f o r  technological rather than p r a c t i c a l  reasons. 
The in t roduct ion of  new a g i l e  a i r c r a f t  type does 
however provide po ten t ia l  grounds f o r  @@moving the 
goalposts#@ because the goalposts w i l l  o f  necessity 
change by v i r t u e  o f  the new domains the new type 
i s  being in t roduced t o  e x p l o i t .  S i m i l a r l y ,  the 
i n i t i a l l y  small numbers o f  p i l o t s  converting on t o  
the F-22 and s imi la r  a i r c r a f t  w i l l  a l low deta i led  
ind iv idua l  c l i n i c a l  review and the in t roduct ion of  
the r e c m n d a t i o n s  o f  t h i s  report.  

4 )  Imaging i n  prospective t r i a l s .  

a) Large numbers o f  i n d i v i d u a l s  and c o n t r o l s  
can be handled i f  the t r i a l  c r i t e r i a  are c l i n i c a l ,  
tha t  i s  performance-based. 

b) I f ,  houever, imaging were t o  be used as a 
p a s s / f a i l  t e s t  ( i .e . ,  i f  anatomy r a t h e r  than 
performance were the c r i te r ion) ,  then the preve- 
lenced o f  abnormality in  any adul t  human popula- 
t i o n  would mean that  a l l  the variables defined i n  
the in t roduct ion above would have t o  be matched. 
Numbers would be r e s t r i c t e d  by the e f f o r t  involved 
or  only a sample of  the whole populat ion selected, 
a source o f  fu r ther  er ror .  

5)  Data c o l l e c t i o n  and re t r ieva l .  

Good imaging i s  expensive of  money, t ime,  exper- 
t i s e  and above a l l ,  o f  enthusiasm. Good q u a l i t y  
d a t a  a r e  e x q u i s i t e l y  dependent on t h e  l a s t .  
C l i n i c a l  review and appropriate imaging of  those 
converting t o  a g i l e  a i r c r a f t ,  rather than at tenpt-  
ed ba l l -park  surve i l lance of  a l l  HPA aircrew, are 
most l i k e l y  t o  be useful, as well  as discharging 
the  d u t y  o f  c a r e  t o  those e x p l o i t i n g  the  new 
operational oppor tun i t ies (opportunit ies that  are 
both f o r  good and ill). A t  the same time, para l -  
l e l  c l i n i c a l  review o f  a l l  symptomatic HPA aircrew 
wi th  a common data base w i l l  ensure the maximum 
re turn  on e f f o r t  and expenditure, while target ing 
expensive imaging most e f fec t i ve ly .  

Prac t ica l  Appl icat ion 

U t i l i z a t i o n  o f  the imaging discussed can be repre- 
sented as a decision Yree@# (Figure 4 - 2 ) .  
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CHAPTER 5 

VESTIBULAR SYSTEM DYSFUNCTIOW FOLLOUING 
REPEATED EXPOSURE TO HIGH SUSTAINED G 

5.1 NEURO-ANATOIII: 

The vest ibu lar  system represents a complex neuro- 
anatomic in te r re la t ionsh ip  of  neck, cent ra l  nerous 
system, and inner ear structures. As wel l  as the 
spine, four  other anatomical areas are involved i n  
AR317. *15+Cz operat ions have imp l ica t ions  f o r  
b r a i n  stem, cervico-medullary junct ion and spinal 
cord as we l l  as the peripheral vest ibu lar  system 
w i t h i n  the temporal bone. Uhole b r a i n  motion; 
cerebral blood f low (CBF); the cerebral microc i r -  
cu la t ion;  b lood-bra in  b a r r i e r  (BBB); b r a i n  i s -  
chaemic tolerance; the %- f ree  uindow'l and second 
messenger e f f e c t s  a r e  o u t w i t h  UC17Is terms o f  
re fe rence though they  a r e  c e n t r a l  t o  hyper-C 
operation. 

The bas ic  a r t e r i a l  p e r f u s i o n  o f  s p i n a l  cord and 
b r a i n  stem depends on a major  a n t e r i o r  a x i a l  
a r t e r i a l  s t ruc tu re .  This  i s  represented by the 
an ter io r  sp ina l  and bas i la r  ar ter ies.  Dynamical- 
ly, these tuo s t ructures (25, 26) are d i f fe ren t .  
Below the C2 ver tebra l  level,  the sp ina l  cord i s  
long i tud ina l l y  suspended w i t h i n  i t s  p i a l  envelope 
from the dura on e i ther  side by the dentate l i g a -  
ments. Continuously and l i n e a r l y  attached t o  the 
sp ina l  cord medially, the dentate ligament bridges 
the subarachnoid space, in  an arch f o r  each spinal 
segment and i s  attached f o c a l l y  t o  the dura l a t e r -  
a l l y  between each sp ina l  nerve dura l  e x i t  sheath. 
This arrangement, which i s  the bane of  the sp ina l  
surgeon (as i t  l i m i t s  the degree o f  sp ina l  correc- 
t i o n  which t h i s  system o f  p i a l  suspension w i l l  
a l low before p i a l  corrugation, Virchou-Robin space 
d i s t o r t i o n  and chord venous ou t f low obs t ruc t ion  
occur), p r o v i d e s  a x i a l  s t a b i l i t y  f o r  t h e  c o r d  
despite the major cerebrospinal f l u i d  (CSF) per- 
t u r b a t i o n s  which occur w i t h i n  t h e  s p i n a l  CSF 

subarachnoid c is te rns  wi th  each heart beat, respi -  
r a t i o n ,  cough, head o r  neck movement, a n t i - C  
s t r a i n i n g  maneuver (AGSM) or  change of  Gz. Pure 
Cz re la ted  a x i a l  sp ina l  cord disturbance a t  <15+Gz 
i s  less l i k e l y  than sp ina l  nerve root  and dorsal 
root  ganglion percussion o r  compression by an ter i -  
o r  sp ina l  co lurn col lapse i n  cerv ica l  kyphosis, or  
by gross c e r v i c a l  i n t e r v e r t e b r a l  foramen/ex i t  
canal pressure gradients i n  PPB. 

The b r a i n  stem has no such s t a b i l i z a t i o n  o r  pro- 
t e c t i o n  even though i t  has s imi la r  but even longer 
m i d l i n e  a n t e r i o r  p e r f o r a t o r s  uh ich extend back 
from the  b a s i l a r  a r t e r y  t o  the IV th  v e n t r i c u l a r  
f loor .  Worse, i t s  cross sectional area i s  larger 

and a x i a l l y  unstable which i s  not surpr is ing as i t  

was des igned t o  l i e  h o r i z o n t a l  under Cx. B u t  
under a x i a l  acceleration, t h i s  renders i t  suscep- 
t i b l e  t o  the a x i a l  sleeving phenomenon (116). 

Unl ike the dentate-s tab i l ized cord and the sleev- 
ing stem, the cervico-medullary junction, betueen 
the b r a i n  stem medulla above and sp ina l  cord a t  C2 
(running through the Foramen magnun and the h igh ly  
mobile cranio-cerv ica l  junction) i s  optimized f o r  
motion i n  and about a l l  three spat ia l  axes. I t s  
blood supply i s  la rge ly  l a t e r a l l y  derived (as the 
Latera l  Medullary Syndrome demonstrates) and of  a 
res i l ience which allows f u l l  head on-neck-movement 
without vascular compromise. I t s  smaller cross- 
s e c t i o n a l  area appears t o  reduce i t s  s l e e v i n g  
s u s c e p t i b i l i t y .  I f  lower medullary based, then 
Katchen's case (101) i s  the exception which proves 
t h i s  ru le .  

With few except ions  (46, 101, 147), t h e  a x i a l  
s l e e v i n g  phenomenon has been the  preserve  o f  
un l imi ted class aerobatic p i l o t s  p rac t ic ing  high 
-Cz sequences i n  t u r b u l e n c e  and u e l l  o u t s i d e  
compet i t ion meteoro log ica l  l i m i t s .  One unpub- 
l i s h e d  episode (97) i s  a n e c d o t a l l y  s i m i l a r  t o  
P h i l l i p s '  case (147) of  cerebellar i n j u r y  a t  9 C 
but probably involved >ll-Cz. High -Gz transients 
appear t o  be responsible f o r  the c i v i l i a n  aerobat- 
i c  cases, causing b r a i n  stem per fo ra to r -cap i l la ry  
bed d is rup t ion .  Such i n s u l t  i s  now f a m i l i a r  i n  
res t ra ined h igh  speed v e h i c l e  occupant accident 
v ic t ims when peak decelerat ion occurs a f t e r  head 
p i t c h  forward has swung the b r a i n  stem i n t o  the 
main dece le ra t ion  a x i s  (18, 34, 67, 153). The 
typ ica l  lesions that  r e s u l t  wi th  f l y i n g  are multi- 
ple, punctate b r a i n  stem hemorrhages. These can, 
and charac ter is t i ca l l y  do, mimic vest ibu lar  d i s -  
turbance by foca l  c e n t r a l  v e s t i b u l a r  connection 
interference. 

The c l i n i c a l  hallmark i s  acute i n - f l i g h t  onset o f  
vector r e l a t e d  v e r t i g o  (VRV).  In prac t ice ,  care 
has there fore  t o  be exerc ised t o  d i f f e r e n t i a t e  
between centra l  b r a i n  stem and peripheral vestibu- 
l a r  a c c e l e r a t i o n - r e l a t e d  les ions  (50, 102, 173, 
174). The l a t t e r  have been found i n  animals  
subjected t o  extremely high leve ls  of  whole body 
accelerat ion (49, 85, 118, 142, 143, 205). U i t h i n  
our accelerat ion domain [*15+Gzl a minimum o f  +12C 
f o r  >3 minutes has proved necessary t o  induce 
o t o l i t h  separation (142, 143). An apparent i n t e r -  
cept, i s  provided by the observation by Davis (46) 
of  ben ign  paroxysmal p o s i t i o n a l  v e r t i g o  t h a t  
pers is ted f o r  several months i n  a subject exposed 
t o  h igh  l e v e l s  o f  +Cz. But t h i s  could j u s t  as 
wel l  be explained on a b r a i n  stem centra l  basis as 
the r e c l i n i n g  seat would have brought the b r a i n  
stem i n t o  the main accelerat ion axis. I f  so, t h i s  
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may i n d i c a t e  another +Gz sector  o f  the b r a i n ' s  
accelerat ion t o l e r a t i o n  envelope. 

5.2 HIGH Gz VESTIBULAR RELATED EXPERIENCE 

This  re levant  in fo rmat ion  i s  prov ided by three 
populations exposed t o  G environments u i t h  magni- 
tudes a t  leve ls  considered conducive t o  vest ibu lar  
damage: (1) Centr i fuge; (2) High performance 
( la rge ly  fas t  j e t )  a i r c r a f t  (HPA); and (3) Unlim- 
i t e d  aerobatics. 

5.2.1. Centrifuge: 

The c e n t r i f u g e  experience i n  i t s  turn comprises 
three separate domains (two hunan and one animal) 
though there may be intercepts. 

1) Hyper-G, <15+Gz Johnsv i l le  p i l o t  t r a i n i n g  f o r  
the X-15 program. 

The pers is t ing  subject ive problem from t h i s  unpub- 
l ished experience was that  o f  unremittent, i f  Lou 

grade c l i n i c a l  vest ibu lar  disturbance. This i s  i n  
keeping w i t h  a chronic  impairment o f  v e s t i b u l a r  
performance (57, 58, 174) and may ind icate otoco- 
n i a l  s e p a r a t i o n  s i m i l a r  t o  t h a t  descr ibed by 
Parker e t  a1 (142, 143). 

2) <9+Gz hunan centr i fuge exposure. 

This G exposure represents most o f  the centr i fuge- 
r i d i n g  population. U i t h  iso la ted exceptions (46, 
52, 101), v e s t i b u l a r  symptoms have been no tab le  
f o r  t h e i r  absence. 

3) Animal u l t racentr i fugat ion.  

Given tha t  s u f f i c i e n t  accelerat ion i s  appl ied f o r  
long enough, though the vectors  have o f t e n  been 
poorly control led, otoconial detachment and sludg- 
ing can be achieved (49, 85, 118, 142, 143, 205). 
As mentioned above, only the work o f  Parker e t  a1 
(142, 143) i s  s t r i c t l y  applicable, but a m i n i m  
o f  12G uas maintained f o r  3 m i n  15 secs. 

Though the case o f  Davis e t  a1 (46) may have been 
otoconial related, both her and P h i l l i p s 1  pat ient  
(147) recovered i n  t h e  manner nou f a m i l i a r  i n  
b r a i n  stem i n j u r y  and i n  h igh  -Gz VRV which ap- 
pears b r a i n  stem based and i s  discussed below. A t  
least one Johnsv i l le  r i d e r  was l e f t  u i t h  a perma- 
nent d e f i c i t  compatible w i t h  o tocon ia l  (17, 57, 
75,  174) o r  u t r i c u l a r  macular i n s u l t  (37). I t  

does seem that  prolonged, constant vector <15+Gz 
can induce per iphera l  v e s t i b u l a r  i n j u r y  i n  man. 
However the vector and temporal dimensions of  t h i s  
inner ear accelerat ion f a i l u r e  boundary have yet 
t o  be defined. 

5.2.2. High perforrance aircraft 

Our experience here i s  a l l  human and from three 
areas of  a i r c r a f t  performance: 

1) Hypersonic f l i g h t .  

Unplanned very h igh +/-Gxyz loading i n  the hyper-G 
domain t9-15Gzl uhere s u r v i v a l  has occurred.  
However, the a i r c r a f t  behavior was such tha t  very 
rapid, out o f  balance, a l te rna t ing  autorotat ional  
s t a t e s  were t h e  order  and subsequent e j e c t i o n  
added a f u r t h e r  a c c e l e r a t i o n  epoch. Immediate 
c l i n i c a l  concern was understandably  f o r  major  
systemic i n s u l t .  The inconstancy d e s p i t e  t h e  
magnitude o f  the vectors experienced i s  probably 
the reason f o r  the absence o f  pers is tent  vestibu- 
l a r  o r  recal led brainstem sleeving symptoms (212). 
The temporal requi rement  f o r  t h e  i n d u c t i o n  o f  
t i s s u e  acce le ra t ion  damage has been emphasised 
(183). 

2) The "+9G GenerationB1. 

I n i t i a l  experience wi th  the F-15 and F-16 a i r c r a f t  
was r e l a t i v e l y  benign, i n  t h a t  on ly  very b r i e f  
excurs ions were made >8+Gz (66). Subsequent 
operational f a m i l i a r i t y  w i th  and the opportunity 
r o u t i n e l y  t o  u t i l i z e  <9+Gz l i m i t e d  by r e l i a b l e ,  
p r e - p r o g r a d  f l y -by-w i re  const ra in ts  have ena- 
b led Inon the stopsll f l y i n g  u i thout  fear  o f  over- 
s t ress ing  the a i r f rame.  This  i n  i t s  t u r n  p ro-  
duced a series o f  reports o f  spinal,  p r i n c i p a l l y  
cerv ica l  mischief i n  a l l  those a i r c r a f t  types so 
equipped tF-14, F-15, F-16, F-181 (4, 8, 13, 14, 
21, 65, 109, 191, 192, 211). Needless t o  say 
rear-seat F-14 aircrew, u i t h  head and neck perma- 
n e n t l y  t w i s t e d  around t h e  headbox t o  scan 6 -  
ooclock i n  exact ly  those circumstances when unan- 
t i c i p a t e d  maximal onset r a t e  t o  maximal programed 
high +Gz i s  warranted, are among the worst e f f e c t -  
ed. This USN/USAF experience has been confirmed by 
others operating a g i l e  a i r c r a f t  (6, 76, 79, 80). 
The symptoms have been cerv ica l  w i th  no "vestibu- 
la r "  effects. 

3) The previous I16G" generation. 

Though there were occasional d i r e c t  (168, 169) and 
ind i rec t  (189) reports o f  cerv ica l  injury, carefu l  
review suggested t h a t  F4/MiG-Z1/Mirage a i rcrew 
pathology e i ther  re f lec ted  that  o f  t h e i r  general 
populat ion cohorts (125) or  was non-existent (124, 
185). Occasional dramatic repor ts  ind icated opera- 
t i o n  wel l  outside intended performance parameters 
(147). S u f f i c i e n t  experience was gained dur ing  
t h i s  e r a  t o  suggest t h a t  t h e  n e x t  inc rease i n  
manned a i r c r a f t  performance would requi re at ten-  
t i o n  t o  a i rc reu  musculo-skeletal as wel l  as car- 

, I 
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dio-vascular fac to rs  (3, 32, 40, 44, 86, 95, 104, 
127, 144, 152, 168). Though improvements i n  helmet 
design, construction and materials l ightened neck 
a x i a l  loading,  no at tempt  was made t o  improve 
p i l o t  posture i n  general or  neck biomechanics i n  
p a r t i c u l a r  by removing, replacing o r  re-pos i t ion-  
ing  the e jec t ion  seat headbox, despite the l i m i t a -  
t i o n  t h i s  s t r u c t u r e  imposed and cont inues  t o  
impose on rearward view i n  a new generat ion o f  
a i r c r a f t  dedicated t o  a l l - r o u n d  v is ion .  Again, 
pers is t ing  vest ibu lar  symptoms were lacking. 

5.2.3. Unlimited Aerobatics. 

This i s  a useful area of  m i l i t a r y  study, not only 
because o f  the aerobat ic  lessons learned by the 
Red A i r  Force against the Luftwaffe i n  Spain and 
the Japanese A i r  Force i n  China during the 1930s, 
l a t e r  appl ied t o  NATO Member States' discomfort, 
but because very h igh -/+Gz, wel l  i n t o  the present 
area o f  i n t e r e s t  has been used cont inuously  and 
s u c c e s s f u l l y  a t  v e r y  Low a l t i t u d e s  ( > l o 0  M, 
328'agl) f o r  many years wi th  l i t t l e  obvious dele- 
ter ious e f fec t .  Plus 12/-9Gr envelopes have been 
comnonplace and pract iced by in ternat ional  class 
( i n c l u d i n g  U o r l d  Champion) p i l o t s  w e l l  beyond 
ccmnercial ret irement age, yet alone the " f a s t - j e t  
years". Age and the human frame alone are  mani- 
f e s t l y  not cont ra- ind icat ions t o  these extreme Gz 
danains. 

Differences from HPA operations include the great 
p h y s i c a l  c a r e  such p i l o t s  take  o f  themselves; 
t h e i r  c a r e f u l  cockp i t  design and the f a c t  t h a t  
they operate w i t h i n  the 'IC-free windowl' o f  the 
hunan bra in 's  ischaemic tolerance envelope, i t s  5 
second a b i l i t y  t o  continue t o  funct ion unperfused 
before the  imnediate and a t  h i g h  +Gz unheralded 
onset o f  coma. Seats are t a i l o r e d  t o  the ind iv id -  
ual.  The p e l v i s  i s  "screwed t o  the airframe'' by a 
separate 3 - p o i n t  G-harness u i  t h  t h e  shoulder  
s t raps o n l y  t i g h t  enough t o  prevent upper body 
f l a i l i n g  in high-Gz autorotat ion. Though operating 
i n  supposedly f r i e n d l y  a i rspace,  unobs t ruc ted  
v i s i o n  and f u l l  head and neck maneuverabil ity i s  
mandatory t o  keep the (1 Km ) canpet i t ion box t a r -  
gets in  s igh t  a t  a l l  times. Extended canopies and 
rear fuselage cut-outs avoid any airframe st ruc-  
t u r a l  r e s t r i c t i o n  of  head p o s i t i o n  and movement. 
No more than minimal e l e c t r i c s  and l igh twe igh t  
helmets, a t  best, are worn. 

3 

Progressively increasing exposure t o  h igh Gz over 
weeks i s  the norm. Once established, adaptation 
t o  high -Gz tolerance requires constant and con- 
tinuous practice, exercise and stressing. A f te r  
even shor t  per iods o f f  f l y i n g ,  a r e t u r n  o f  the 
associated auto-regulatory adaptation especia l ly  
t o  h igh -Gz, takes days t o  re-develop. Pers is t ing 

vest ibu lar  symptoms are not a problem. Transient 
p i l o t - f l i g h t  IIhigh-G wobbles" are comnon i n  f i r s t  
exposure t o  v i o l e n t  maneuvers, but r a r e l y  l a s t  
more than a few minutes. 

Unl ike P h i l l i p s '  (147) case which was under high 
+Gz, the major problem i n  u n l i m i t e d  compet i t ion 
aerobat ics  has been exposure t o  h igh  -Gz t r a n -  
sients. The apparent cause i s  b r a i n  stem sleeving 
(116). Though one incident (97) a t  the Behkeschaba 
Uor ld  Championships was anecdota l ly  associated 
wi th  a >-11Gz push-through (reproducing P h i l l i p s '  
c l i n i c a l  p ic tu re  [1471), most cases have occurred 
a t  lower recorded -Gz levels  ( t y p i c a l l y  7-8 -Gz) 
but invar iab ly  i n  turbulence or  during over-rapid 
-Gz fami l ia r i za t ion .  

C l i n i c a l  p resenta t ion  i s  as an acute i n - f l i g h t ,  
usual ly  s ing le  vector re la ted  vert igo. This con- 
t inues once back on the ground. I t  s e t t l e s  slowly 
and spontaneously over the next 2-8 weeks. Cl in i -  

c a l  r e v i e u  and determined i n v e s t i g a t i o n  t o  the 
l i m i t  o f  present scanning discrimination, reveal 
no more than occasional f ine, i r r e g u l a r i l y  scat- 
tered punctate b r a i n  stem lesions. Bra in  stem and 
someto-sensory evoked potent ia ls ,  echo-cochleogra- 
phy, o t o - a c o u s t i c  e m i s s i o n s  and f u l l  neuro-  
physiological,  -o to log ica l  and -ophthalmological 
reviews are e i ther  normal, unhelpful or  suggestive 
o f  minor, mu l t i foca l  brainstem involvement as seen 
i n  demyelination bu t  w i t h  r e l a t i v e l y  r a p i d  and 
complete recovery. EEG and de ta i led  psychometry 
have been unhelpful. 

The syndrome i s  best managed c l i n i c a l l y  by recog- 
n i t ion ,  de f in i t ion ,  explanation, reassurance, good 
humor and t ime f o r  spontaneous recovery.  One 
ind iv idual  had repeated symptoms during repeated 
re tu rns  t o  h igh  -Gz aerobat ic  t r a i n i n g .  Though 
h i s  c l i n i c a l  i n v e s t i g a t i o n  was e n t i r e l y  and r e -  
peatedly  normal, i t  was f e l t  prudent t o  suggest 
a l te rna t ive  a c t i v i t i e s .  Other p i l o t s  have experi- 
enced no fur ther  discomfort, d is t ress  o r  incident 
and have d is t inguished themselves i n  l a t e r  World 
Championships. 

The -Gz induced VRV syndrome ind ica tes  another 
por t ion  of  the human bra in 's  accelerat ion t o l e r -  
ance envelope, a l b e i t  i n  an area L i t t l e  explored 
by t h e  m i l i t a r y  s i n c e  t h e  1940s. P h i l l i p s '  
p i l o t ' s  f u l l  recovery (147) suggests the b r a i n  
stem sleeving phenomenon can be reproduced under 
h igh +Gz, though j u s t  where t h i s  sector  o f  the 
bra in 's  f a i l u r e  envelope occurs remains t o  be 
determined. Personal experience of  repeated short 
per iod a i r  tes t ing  t o  +15Gz produced no more than 
t rans ient  subjective unease on return ing t o  +lGz. 
In contrast, the X-15 +Gz centr i fuge p r o f i l e s  were 
prolonged. Nevertheless, the p o s s i b i l i t y  o f  
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s leev ing has t o  be considered uhen operat ing a t  
<15+Gz. P i l o t s  need t o  be auare o f  i t  and pre-  
pared t o  make an i n s t r w n t  re tu rn  and approach t o  
touch doun u i t h o u t  head movement. The l i k e l y  
pers is tence o f  symptoms a f t e r  the a i r c r a f t  has 
come t o  a h a l t  suggests t h a t  ass is ted  e x i t  from 
the a i r c r a f t  i s  prudent l e s t  VRV inadvertently be 
e l i c i t e d  causing the  p i l o t  t o  f a l l  and occasion 
fur ther  personal o r  airframe damage. 

5.3 VESTIBULAR FUNCTION MID CLINICAL TESTING: 

The peripheral vest ibu lar  system provides informa- 
t i o n  re la ted  t o  one's o r ien ta t ion  i n  space using 
information from f i v e  d i f f e r e n t  sources located in  
small organs i n  each inner  ear. Three o f  these 
organs sense angular  a c c e l e r a t i o n  i n  r o u g h l y  
orthogonal planes while the other tu0 sense spe- 
c i f i c  forces ( l i n e a r  acce le ra t ion  and g r a v i t y ) .  
This per iphera l  in fo rmat ion  i s  in tegra ted  u i t h  
that  o f  other senses, inc lud ing v i s i o n  and propr i -  
oception from spinal  and j o i n t  mechano-ceptors, t o  
g i v e  i n f o r m a t i o n  about t h e  o r i e n t a t i o n  o f  t h e  
ind iv idual  in  space and t o  a l l o u  f o r  appropriate 
compensatory r e f l e x  responses. These r e f l e x e s  
adapt t o  enhance our abi li t y  t o  cope u i t h  changing 
grav i ta t iona l  and postural conditions. The three 
major re f lexes involved are the vestibulo-ocular, 
the vestibulo-spinal,  and the vest ibu lo-cerv ica l  
re f lexes .  The f i r s t  a l l o u s  one t o  keep v i s u a l  
objects o f  in te res t  s tab le on the r e t i n a  u h i l e  the 
others maintain head stab i  li t y  during body move- 
ment. Reflex movements so produced can be used t o  
evaluate responses t o  v e s t i b u l a r  s t i m u l i .  The 
c l a s s i c a l  d e s c r i p t i o n  o f  the r e f l e x e s  r e f e r  t o  
canal functions. 

In o p e r a t i o n a l  s i t u a t i o n s ,  i t  i s  unusual f o r  
accelerat ion condit ions t o  occur i n  a simple form. 
One u i l l  never be exposed t o  an unvary ing  +Gz 
stress u i thout  even small l i near  accelerations in  
another d i rect ion,  unless the subject i s  strapped 
i n  a rather unusual s i tuat ion.  

When consider ing the e f f e c t  o f  sustained l i n e a r  
accelerat ion on the human body, and especia l ly  on 
the v e s t i b u l a r  system, i t  can be expected t h a t  
some modi f icat ion develops i n  the human response 
t o  t h i s  type of  acceleration. Houever, i f  modifi- 
ca t ions  develop i n  the v e s t i b u l a r  system, these 
may perhaps no t  remain r e s t r i c t e d  t o  the l i n e a r  
accelerat ion perception part,  but a lso a f f e c t  in  
one uay o r  another the r o t a t i o n a l  acce le ra t ion  
perception conponent i n  t h i s  sytem. 

Susta ined '  m i c r o g r a v i t y  i s  assumed because o f  
a l t e r e d  o t o l i t h  i n p u t  t o  m o d i f y  the  p o s t u r a l  
cont ro l  mechanism. Reschke e t  a1 (156) reported 
about a study in  which they found s ign i f i can t  

dev ia t ions  from r e s u l t s  before and a f t e r  space 
f l i g h t  obtained from the Hoffmann r e f l e x  and the 
dynami c posture tests. 

When microgravity u i l l  change the postural behav- 
ior ,  i t  i s  not unreasonable t o  expect also changes 
i n  t h i s  behavior f o l l o w i n g  prolonged susta ined 
accelerat ion u i t h  values exceeding 1G. 

Testing o f  the v e s t i b u l a r  f u n c t i o n  u i t h  basic, 
c l i n i c a l l y  o r i e n t e d  t e s t s  a r e  t ime consuming. 
This hazard's acceptance by p i l o t s  and i s  fur ther  
compl icated by t h e  m u l t i p l i c i t y  o f  a v a i l a b l e  
equipment and the s e n s i t i v i t y  o f  t e s t  in te rpre ta-  
t i o n  t o  ind iv idual  expertise. 

The adaptive, multisensory and in tegra t ive  nature 
o f  the v e s t i b u l a r  system makes i t  d i f f i c u l t  f o r  
c l i n i c a l  tes ts  e i ther  s ingu la r ly  o r  in  ba t te r ies  
t o  detect the i n i t i a l l y  subtle, chronic modif ica- 
t i o n  of  vest ibu lar  funct ion l i k e l y  t o  be induced 
by proposed l e v e l s  o f  repeated exposure t o  HSG. 

The i n a b i l i t y  o f  c l i n i c a l  tes t ing  t o  detect abnor- 
mal vest ibu lar  funct ion f o l l o u i n g  spat ia l  d i s o r i -  
e n t a t i o n  has been r e c e n t l y  reconf i rmed (167). 
Navy Aeromedical Research Laboratory (USA) (NAMRL) 
f i l e s  of  p i l o t s  su f fe r ing  spat ia l  d isor ien ta t ion  
uere reviewed. Four uere i d e n t i f i e d  o f  which one 
would have f a i l e d  the i n i t i a l  physical examination 
had appropriate c l i n i c a l  tes t ing  been undertaken. 
I n  the three others, one a survivor o f  a spat ia l  
d isor ien ta t ion  incident, neurological examination 
and a l l  subsequent r o u t i n e  i n v e s t i g a t i o n s  uere 
u i t h i n  normal l i m i t s .  Houever, uhen exposed t o  
motion st imulat ion, a l l  subjects exhib i ted abnor- 
mal  perceptual responses uhen no v isua l  references 
uere avai lable, u i t h  excessive and prolonged p i t c h  
and r o l l  i l l us ions .  P r i o r  t o  test ing, the p i l o t s  
had been able t o  suppress i n - f l i g h t  i l l u s i o n s  by 
v isual  reference. Spatial d isor ien ta t ion  then had 
occurred on l i m i t e d  pane ls  such as uhen u s i n g  
n i g h t  v i s i o n  goggles i n  s i t u a t i o n s  l i k e l y  t o  
promote s p a t i a l  d i s o r i e n t a t i o n  even i n  normal 
subjects. In these cases, i t  was only  poor f l i g h t  
performance, repeated s p a t i a l  d i s o r i e n t a t i o n  o r  
a c t u a l  mishap u h i c h  prompted i n v e s t i g a t i o n .  
Perceptual tes t ing  of  spa t ia l  o r ien ta t ion  has been 
pursued t o  " i d e n t i f y  a c lass  o f  p i l o t s  i n  whom 
p a t h o l o g i c a l  v e s t i b u l a r  processes e x i s t  t h a t  
predispose them t o  s p a t i a l  d i s o r i e n t a t i o n ;  i n  
e f fec t ,  vest ibu lar  insuf f ic iency.  S imi lar  exces- 
s ive  magnitude or  durat ion of  i l l u s o r y  perceptions 
have been re la ted  t o  motion sickness suscept ib i l i -  
ty. Enhanced, perce ived p i t c h  magnitude dur ing  
centr i fuge s t a r t - u p  and s top uas noted i n  motion 
o f  susceptible ind iv iduals  uhen compared t o  imnune 
subjects  (112) though Dobie, i n  a thousand case 
study had found no re la t ionsh ip  betueen cupulogra- 
phy and a i r  sickness s u s c e p t i b i l i t y  (51). More 
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r e c e n t l y ,  a c l o s e r  l i n k  has been demonstrated 
between perceptual anomalies and spat ia l  d isor ien-  
t a t i o n  (167). 

The o r i g i n  of  such abnormal perceptual responses 
remains obscure. Are they llcongenitaloo, resu l t ing  
from some g e n e t i c  coding, acqu i red  d u r i n g  t h e  
e a r l y  stages o f  the s p a t i a l  o r i e n t a t i o n  system 
maturation o r  the r e s u l t  o f  l a t e  vest ibu lar  system 
pathology? I f  the l a t t e r ,  then chronic exposure 
t o  HSG might induce o r  enhance s i m i l a r  changes. 
Though there i s  no evidence i n  the l i te ra tu re ,  the 
p o s s i b i l i t y  o f  chronic higher accelerat ion induced 
v e s t i b u l a r  patholog ies which might l a t e r  impair 
p i l o t s '  performance does j u s t i f y  surve i l lance of  
those f l y i n g  the next generation o f  high G, a g i l e  
a i r c r a f t .  

5.4 CLINICAL SURVEILLANCE OF HPA AIRCREY 

The n o n - a v a i l a b i l i t y  o f  normal comparative data 
and the absence o f  simple t e s t s  f o r  v e s t i b u l a r  
function together wi th  vest ibu lar  in te rac t ion  wi th  
other sensory organs has resul ted in  the accept- 
ance and t r a i n i n g  o f  p i l o t  candidates who were 
l a t e r  demonstrated t o  have harbored f l i g h t  incom- 
p a t i b l e  vest ibu lar  def ic ienc ies (167). 

Current c l i n i c a l  tes t ing  depends on the vest ibu lar  
ocular  re f lexes .  Separate dynamic eye movement 
tes ts  are compared t o  d o l l ' s  head eye movements. 
This assessment i s  r e l a t i v e l y  gross as such tes t -  
i n g  o n l y  in te r rogates  the v e s t i b u l a r  end organ 
i n d i r e c t l y .  Vestibular mediated motor responses 
are  next ,  but t h e  v e s t i b u l a r  c o n t r i b u t i o n  i s  
d i rected by visual, somatosensory, auditory, and 
other  a f f e r e n t  inputs .  Such complications have 
led  t o  ba t te r ies  o f  tests, most notably the elec- 
tronystagmography (ENG) t e s t  b a t t e r y  which has 
evolved over 40 years but s t i l l  has deficiencies. 
The c a l o r i c  tes t  has the a b i l i t y  t o  s t imulate one 
ear a t  a time using m i n i m a l  equipment. However, 
t e s t  r e s u l t s  o f  n o n - u n i f o r m i t y ,  t h e  l a c k  o f  a 
cont ro l led  stimulus, the necessity t o  i n f e r  ves- 
t i b u l a r  pa tho logy  f rom i n d i r e c t  eye movement 
observation, the i n a b i l i t y  t o  s t imulate more than 
one o f  the  f i v e  v e s t i b u l a r  components, and poor 
cor re la t ion  w i th  vest ibu lar  and oculomotor models 
lead t o  r e l i a n c e  on personal assessment ra ther  
than object ive test ing.  

Prospective v e s t i b u l a r  screening o f  i n d i v i d u a l s  
r i d i n g  i n  cent r i f igues  or  f l y i n g  HPA i s  u n l i k e l y  
t o  fa re  any bet ter .  On present evidence, a great 
deal o f  e f f o r t  i s  u n l i k e l y  t o  produce a use fu l  
r e s u l t  . 
Nevertheless, e f f o r t s  t o  devise e f f e c t i v e  vestibu- 
l a r  screening programs have continued and been 

described in  the repor t  o f  the Working group on 
e v a l u a t i o n  o f  t e s t s  f o r  v e s t i b u l a r  f u n c t i o n "  
(197). 

Tests were sequenced t o  minimize adaptation. The 
t e s t  b a t t e r y  was administered i n  the  f o l l o w i n g  
order: 

1) electronystagmography (ENG o r  electro-oculo- 
gram (EOG) ca l ibrat ion;  

2) saccade test; 

3) spontaneous nystagmus and gaze-evoked nystag- 
mus test; 

4) v isua l  pursu i t  test; 

5 )  posi t ion ing and pos i t iona l  test; 

6) c a l o r i c  tes t  

Only q u a l i t a t i v e  data were obtained, the in terpre-  
t a t i o n  of  which s t i l l  required s k i l l  and experi- 
ence. The s i x  tes ts  were lumped as "basic vest ib-  
u l a r  funct ion ba t te ry  category A". 

Attempted quant i ta t i ve  tes t ing  involved ca l ib ra ted  
recording of  eye movements i n  response t o  v isual  
s t i m u l i :  fas t ,  slow and s t a t i c  p o s i t i o n i n g  t o -  
gether w i t h  c a l o r i c  s t imu la t ion .  Equipment in- 
cluded: a r e c l i n i n g  chai r  or  examination table; 
recording electro-oculography (EOG); hot and co ld 
calorics; prevention of  v isual  f i x a t i o n  in  a dark 
room by Frenzel's glasses (+20D) or  dark goggles; 
and c a l i b r a t e d  f i x e d  and moving t a r g e t s  t o  t e s t  
s t a t i c  gaze, f a s t  (saccadic) and slow ( p u r s u i t )  
eye movements. 

The fo l lowing problems pers is t :  

1) Lack of  standardization between tes t  labora- 
t o r i e s ,  l i t t l e  agreement on t h e  magnitude and 
durat ion of  st imulat ion, and considerable var ia-  
b i l i t y  i n  techniques. 

2) DC-coupled EOC recordings are more accurate, 
yet  many widely-used machines s t i l l  employ A C -  

coupled record ings even though AC-coupling does 
not accurately record s t a t i c  eye pos i t ion.  

3) Eyes are frequently closed despite the asso- 
c ia ted inat tent ion,  eye elevation, reduced ca lo r ic  
response, and increased recording a r t i f a c t s .  The 
a l t e r n a t i v e s ,  a darkened room o r  l i g h t - t i g h t  
goggles or  lenses, remain t o  be standarized. 

4) Open loop extended water i r r i g a t i o n  i s  com- 
monly used f o r  c a l o r i c  tes t ing  but with no un i -  
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form, standardized temperature or  duration. Most 
c l i n i c s  tend t o  t e s t  w i th  water temperatures o f  
30' and 44OC f o r  30 seconds. 

5) The presence o f  nystagmus may be i n f e r r e d  
from s t r ip -char t  records, scoring by hand methods, 
o r  displayed on- l ine  by sophist icated computation- 
a l  programs. Standard ized t e s t  c r i t e r i a  f o r  
recording and averaging data f o r  the evaluation o f  
ocular  responses have y e t  t o  be agreed. A f t e r  
hand and d o l l ' s  head eye movement test ing, Ha l l -  
p i k e  and D ix  v e s t i b u l o - c e r v i c a l  t e s t i n g  i s  the 
simplest. From the s i t t i n g  posit ion, the ind iv id -  
ua l  i s  l a i d  down and the head imnediately turned 
fu l l y  t o  e i t h e r  s i d e  and h e l d  there. Observed 
nystagmus and s u b j e c t i v e  v e r t i g o  i s  sought .  
Simple head r o t a t i o n  t o  l e f t  o r  r igh t ,  then held 
there f o r  one minute seems t o  g ive as much i n f o r -  
mation. Head r o t a t i o n  has t o  be repeated t o  
e i ther  side. 

Ver t igo  and nystagmus provoked by t h i s  t e s t  a re  
assumed t o  be generated from the cerv ica l  proprio- 
ceptive a f fe ren t  system, even though marked head 
accelerat ion and r o t a t i o n  i s  involved. Not sur- 
p r is ing ly ,  s e n s i t i v i t y  i s  var iab le and s p e c i f i c i t y  
poor, resu l t ing  i n  many fa lse  pos i t ives and nega- 
t ives.  This order o f  performance would s t u l t i f y  
any prospective study. 

Nevertheless, as about 60% of  a l l  proprioceptive 
sensors i n  the hunan body are located in  the neck, 
and the p o t e n t i a l  f o r  c e r v i c a l  based v e s t i b u l a r  
and ENT symptoms described under Gz (135, 1761, 
carefu l  review (accepting the above reservations) 
o f  a l l  HPA and a g i l e  aircrew developing vest ibu lar  
systems i s  prudent. A cent ra l  r e g i s t r y  i s  indi- 
cated wh i ls t  a t  the same t i m e  work should continue 
t o  standardize vest ibu lar  tes t ing  and explore the 
perceptual dimension o f  or ientat ion.  As proposed 
by Rupert (1671, t h i s  i s  the most promising route 
t o  quant i ta t i ve  and reproducible vest ibu lar  system 
tes t  i ng . 

5.5 ALTERNATIVES TO FORIUL VESTIBULAR TEST BAT- 
TER I ES : 

S p a t i a l  o r i e n t a t i o n  as a means o f  v e s t i b u l a r  
test ing, using motion devices and advanced d i s o r i -  
e n t a t i o n  t r a i n e r s  c o u l d  be combined w i t h  t h e  
r o u t i n e  c e n t r i f u g e  t r a i n i n g  o f  a g i l e  and HPA 
a i rc rew.  The l a t t e r  i s  becoming common p l a c e  
throughout the NATO HPA comnunity wi th  d isor ienta-  
t i o n  t r a i n e r s  o f t e n  in tegra ted  i n t o  c e n t r i f u g e  
t r a i n i n g  f a c i l i t i e s .  Development o f  a standard 
vest ibu lar  t e s t  protocol t o  be incorporated i n t o  
the d i s o r i e n t a t i o n  t r a i n i n g  should be requ i red  
together wi th  a means o f  recording and repor t ing 
the resu l ts  t o  a centra l  NATO database f o r  annual 

audi t  and review. Such tes t ing  would a l low long- 
term prospect ive t e s t i n g  as we l l  as p i c k i n g  up 
chronic d e t e r i o r a t i o n  i n  v e s t i b u l a r  performance 
and al lowing the d o c w n t a t i o n  o f  acute vest ibu lar  
compl ica t ions  i n  c e n t r i f u g e  t r a i n i n g  and HPA 
operations. 

The f e a s i b i l i t y  o f  such a program should be pur- 
sued wi th  D r  Rupert o f  NAMRL (U.S.) and a survey 
o f  cent r i fuge and d isor ien ta t ion  t r a i n i n g  f a c i l i -  
t i e s  undertaken. The d i f f i c u l t y  o f  designing and 
va l ida t ing  a tes t  protocol which could be pursued 
on each and everyone o f  t h e  many and v a r i o u s  
motion devices avai lab le i n  NATO t r a i n i n g  centers 
should no t  be underestimated. But t h i s  i s  the 
most promising avenue t o  pursue as we l l  as ad- 
dressing the duty of  care issues f o r  the p i l o t s  o f  
the next generation o f  HPA. I 

5.6 COLSCLUSION: 

There i s  l i t t l e  evidence t o  date o f  HPA/HSG r e l a t -  
ed peripheral (end organ) vest ibu lar  damage. I n  
anatomical, phys io log ica l  and neuropatholog ica l  
terms, b r a i n  stem a x i a l  sleeving i s  l i k e l y  t o  be 
the f i r s t  cent ra l  nervous system f a i l u r e  boundary 
t o  be encountered i n  the  <15+Gz domain. Other 
areas of  concern inc lud ing enhancement o f  cerebel- 
l a r  e c t o p i a  [ C h i a r i  m a l f o r m a t i o n l  and c r a n i o -  
cerv ica l  CSF c i r c u l a t o r y  disturbances, have not so 
f a r  proved a problem. Simple rout ine vest ibu lar  
s u r v e i l l a n c e  through d i s o r i e n t a t i o n  t r a i n i n g ,  
test ing, and performance recording, incorporated 
i n t o  the d isor ien ta t ion  t r a i n i n g  component o f  HPA 

operations i s  reccimnended. 
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CHAPTER 6 

CONSIDERATIOWS FOR TOPICAL RESEARCH PROJECTS 

6.1 IYTlMWCTIOY 

The requirement t o  conduct prospective research on 
the prevalence of  sp ina l  disorders i n  aircrew o f  
f i g h t e r  a i r c r a f t  i s  d i f f i c u l t  t o  determine. The 
high G envirorment that  f i g h t e r  p i l o t s  are exposed 
t o  p o t e n t i a l l y  can cause permanent spinal d isor -  
ders. Despi te  t h i s ,  the  evidence suggests t h a t  
s p i n a l  in ju ry  i s  n o t  common a t  h i g h  G; i .e., 
c l i n i c a l l y  reported i n j u r i e s  are few. I f  spinal 
i n j u r i e s  are occurring, they are: (a) not report- 
ed by p i l o t s  f o r  f e a r  o f  l o s i n g  t h e i r  f l y i n g  
status; o r  (b) s u b c l i n i c a l  process r a r e l y  mani- 
fes ted  acutely, but d e l i v e r i n g  a cumulative in- 
su l t ,  the resu l ts  o f  which may become c l i n i c a l l y  
evident i n  the f i g h t e r  p i l o t  popu la t ion  severa l  
decades from now. 

Since the m i d  1960's, o f fens ive and defensive high 
performance j e t  a i r c r a f t  t a c t i c s  frequently sub- 
j e c t  p i l o t s  t o  h i g h  G l e v e l s .  No p r o s p e c t i v e  
studies have been done t o  determine the long term 
ef fects  o f  high G leve ls  on the av ia tors  i n  these 
a i r c r a f t .  The s k e l e t a l  system i s  e s p e c i a l l y  
important because o f  po ten t ia l  cunulat ive t r a m  
ef fects .  Some acute problems have been previously 
repor ted,  b u t  these have been l i m i t e d  t o  t h e  
c e r v i c a l  sp ine and, except where f r a c t u r e s  were 
present, were s e l f - l i m i t i n g  (sprains, s t ra ins ,  
occasional temporary neuro log ica l  d e f i c i t ) .  (8, 
101, 109, 168, 169, 191) 

AGARD by t h e  Armstrong Laboratory ,  Brooks A i r  
Force Base, Texas (U.S.) and included aeromedical 
departments o f  29 NATO nations that  f l y  HPA. The 
questionnaire used f o r  t h i s  study can be found a t  
Appendix A. This survey has been completed with 
pre l iminary resu l ts  reported a t  the 41st Interna- 
t i o n a l  Congress o f  A v i a t i o n  and Space Medicine, 
12-16 Sep 1993, Hamburg, Germany. Twenty of  the 
29 nations queried responded. Screening methods 
included h is tory ,  physical examination and spinal 
x- ray.  CT, M R I ,  o r  EMG were n o t  used by any 
nat ion.  D i s q u a l i f y i n g  de fec ts  were consis tent  
among nat ions.  E igh ty  percent o f  the  count r ies  
considered musculoskeletal injury of  HPA p i  l o t s  as 
a serious problem. Although the effect iveness of  
screening methods were debatable, spinal screening 
was considered useful i n  se lect ing p i l o t s  o f  HPA 
(160). In add i t ion  t o  t h i s  study, a cross-section- 
a l  study o f  r e t i r i n g  and separating U.S. aircrew 
of  a l l  USAF a i r c r a f t  i s  planned by the Armstrong 
Laboratory. 

Other nations are a lso in terested i n  the problem. 
A small  l o n g i t u d i n a l  s tudy o f  30 F-16 p i l o t s  i s  
being c a r r i e d  out  by the  Greek A i r  Force. The 
Belgian and Norwegian a i r  forces are a lso screen- 
ing  t h e i r  p i l o t s  and e l iminat ing those considered 
unsuitable f o r  HSG f l i g h t .  They are a lso monitor- 
ing those p i l o t s  selected f o r  HSG and w i l l  hope- 
f u l l y  publ ish t h e i r  experiences a t  sometime in  the 
near future. 

6.3 SPECIFIC CONSIDERATIOWS FOR FUTURE STU)Y 
DESIGN 

6.3.1 Introbction: 
6.2 STtDIES INSPIRED BY THIS UORKIYG GROUP: 

A study was car r ied  out tha t  searched USAF separa- 
t i o n  f i l e s  i n  p i l o t s .  No s i g n i f i c a n t  dif ferences 
were found between aerobat ic  and non-aerobatic 
p i l o t s .  A retrospective, cross-sectional study o f  
twenty subjects who had r idden the centr i fuge f i v e  
t o  ten years ago and who had a t  least 100 c e n t r i -  
fuge exposures was a l s o  conducted. Two c o n t r o l  
groups were used. The f i r s t  consisted of  twenty 
hypobaric research subjects while twenty airmen, 
matched f o r  age, sex, and job specia l ty  formed the 
second group. The small nunbers involved allowed 
100% o f  the questions (Appendix B) d i s t r i b u t e d  t o  
be returned. Centr i fuge exposure was not predic- 
t i v e  o f  back problems. The resu l ts  o f  t h i s  study 
were presented t o  the 1993 Annual Aerospace Medi- 
c a l  Association Meeting (195). 

Another s tudy surveyed the medical requirements 
( i f  any) f o r  p i l o t s  t o  f l y  h igh performance a i r -  
c r a f t .  This survey was conducted i n  support o f  

AGARD Working Group 13 ( s i m i l a r  i n  c r e a t i o n  t o  
t h i s  one) has been conducting a study of  possible 
cardiovascular problems resu l t ing  from exposure t o  
HSG. The recommendations made by t h a t  group 
(AGARD AR-297) l e d  t o  an ongoing s tudy.  The 
experiences o f  those conducting t h a t  study are 
v a l u a b l e  t o  any group seeking t o  i n i t i a t e  an 
in ternat ional  co l laborat ive research e f f o r t  such 
as tha t  discussed in  t h i s  AR. Therefore, a meet- 
i n g  was h e l d  on 18 Dec 1991 a t  t h e  Armstrong 
Laboratory wi th  many o f  those persons involved i n  
designing and conducting tha t  study. A sumnarira- 
t i o n  of  tha t  meeting follows. 

6.3.2 General Concerns: 

The f o l l o w i n g  general concerns were i d e n t i f i e d .  
Uhen the study protocol i s  developed, there i s  a 
need t o  have a c l e a r  idea o f  what the study i s  
t r y i n g  t o  prove; i.e., how the data w i l l  be used. 
Problems may be encountered in  (a) iden t i f y ing  the 
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p o p u l a t i o n  a t  r i s k ,  and (b) r e l a t i n g  s p e c i f i c  
i n j u r i e s  t o  f l y i n g  HPA. A p r e l i m i n a r y  study o f  
re t rospec t ive  data may a s s i s t  i n  designing the 
d e f i n i t i v e  prospect ive study. I f  a pro toco l  i s  
w r i t t e n  wi th  procedures set  out too spec i f i ca l l y ,  
then problems may occur l a t e r  i f  these procedures 
are m k e a b l e  and need t o  be modified. Care must 
be taken i n  formatt ing h i s t o r i c a l  data. D i f f e r -  
ences i n  n a t i o n a l i t i e s  can create problems; e.g., 
foo tba l l  in  Europe i s  soccer i n  the U.S. and q u i t e  
d i f f e r e n t  from Canadian o r  American footbal l .  Be 
sure  uhen d e s i g n i n g  a q u e s t i o n n a i r e  t o  have a 
d e f i n i t i v e  standardized quant i f i ca t ion  measure f o r  
sports so tha t  the leve l  o f  a c t i v i t y  can be accu- 
r a t e l y  assessed. 

6.3.3 Spine Study Concerns: 

Selection o f  an appropriate contro l  group i s  v i t a l  
t o  the success o f  any study seeking t o  i d e n t i f y  an 
e f f e c t  o f  HSC on the spine. A good h i s t o r y  from 
each s u b j e c t  i s  e s s e n t i a l  as one o f  t h e  r i s k  
fac to rs  f o r  spine problems i s  inheritance. Par- 
t i c i p a t i n g  in  sports a c t i v i t i e s  may already have 
increased ind iv idual  subject 's r isks,  thus quanti- 
f i c a t i o n  o f  previous sports a c t i v i t i e s  i s  extreme- 
l y  important. U h i l e  an incidence s tudy o f  neck 
problems i s  most urgent, the opportunity t o  c o l -  
l e c t  d a t a  on t h e  whole s p i n e  s h o u l d  n o t  be 
ignored . 
A we l l  designed study w i l l  most l i k e l y  inc lude 
some sor t  o f  imaging. In l i g h t  o f  the many prob- 
lems of  in te rpre t ing  spinal images, a centra l ized 
d iagnos t ic  s tudy should be considered t o  reduce 
v a r i a b i l i t y  i n  i n t e r p r e t i n g  f i lms .  One copy o f  
each f i l m  could be mailed t o  an independent diag- 
nos t ic  center. 

As a l l  adul ts  o lder  than 16 years have some degree 
o f  degenerative disease o f  the  sp ine and have a 
high chance o f  past back injury, the question of  
s e l e c t i o n  o f  study subjects  i s  extremely d i f f i -  
c u l t .  I f  t h e  c r i t e r i a  f o r  i n c l u s i o n  a r e  t o o  
s t r i c t  (e.g., no previous h i s t o r y  o f  sp ina l  d isor -  
ders), then a la rge nunber o f  po ten t ia l  subjects 
could be eliminated, and the nunbers necessary t o  
i d e n t i f y  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  
cont ro l  and s tudy groups impossible t o  achieve. 
A n  important quest ion i s  whether o r  no t  a i rcrew 
with a h i s t o r y  o f  previous e ject ions o r  accidents 
should be inc luded.  The f o r c e s  generated by 
catapult launches o f f  naval a i r c r a f t  carr iers ,  and 
assisted landings are a lso  a possible confounding 
fac to r .  A count o f  the  number o f  such landings 
and takeoffs could be useful. 

The data co l lec ted  should be analyzed t o  determine 
the  v a r i a b i l i t y  o f  i n t e r - i n d i v i d u a l  c o n t r o l s .  
This in fo rmat ion  i s  necessary t o  determine the 
s ize  o f  the subject and cont ro l  groups. I f  var ia-  
b i l i t y  i s  t o o  h igh,  then t h e  l a r g e  numbers o f  
subjects required t o  i d e n t i f y  s i g n i f i c a n t  d i f f e r -  
ences between contro ls  and subjects w i l l  preclude 
conplet ion o f  the study. 

As large n&r o f  subjects w i l l  need be surveyed, 
a successful s tudy w i l l  most l i k e l y  be a mult i -  
service, in ternat ional  study. Continuous monitor- 
ing w i l l  be necessary t o  assure s imi la r  standards 
between diagnosticians o f  a l l  p a r t i c i p a t i n g  coun- 
t r i e s .  This i s  p a r t i c u l a r l y  important i f  MR i s  
used as a diagnostic method. 

The valuable information avai lab le from p l a i n  x- 
rays means that  t h i s  method, regardless tha t  newer 
imaging techniques are avai lable, w i l l  l i k e l y  be 
used in  any d e f i n i t i v e  study. I f  x-rays are used 
f o r  research purposes, ra ther  than diagnosis and 
treatment, then the  r a d i a t i o n  hazard o f  x- rays 
necessitates obtaining informed consent from study 
par t ic ipants .  Although MR i s  much less hazardous, 
the  i n t e r p r e t a t i o n  o f  MR images i s  much more 
d i f f i c u l t .  

I n e v i t a b l y ,  any s t u d y  t h a t  i s  conducted w i l l  
i d e n t i f y  pathology in  the study par t ic ipants .  In 
c m n  wi th  any study of  t h i s  type, the subsequent 
disposal o f  such par t i c ipants  creates a c r i t i c a l  
dilemna. I f  a pathology i s  i d e n t i f i e d  t h a t  in- 
creases the subject 's r i s k  o f  injury due t o  HSG, 
then i t  i s  a duty o f  care o f  the  phys ic ians in-  
volved in  the study t o  ground these individuals. 
However, i f  such a p o l i c y  i s  adopted, then very 
few p i  l o t s  w i  l 1 volunteer as they have concerns of  
be ing grounded. Under such circumstances, i t  

would be d i f f i c u l t  t o  obta in  enough volunteers t o  
conduct a success fu l  s tudy.  The duty o f  care  
needs t o  l i f t e d  from the  phys ic ians running the 
study by a higher leve l  p o l i c y  decision, inplied 
by protocol approval a t  a high leve l  o f  m i l i t a r y  
COmnand. 

6.3.4 V e s t i h u l a r  Study Concerns: 

A vest ibu lar  study i s  considered more d i f f i c u l t  t o  
conduct than a s p i n a l  study. Acute i n j u r i e s  t o  
the vest ibu lar  system e i t h e r  heal o r  are conpen- 
sated f o r  by the CNS making detections o f  previous 
i n j u r i e s  almost impossible. Uhere symptoms are 
manifest, i t  i s  o f ten  d i f f i c u l t  t o  diagnose cause. 
Although a v e s t i b u l a r  study uould complicate a 
spinal study, the opportunity t o  invest igate the 
vest ibu lar  system should not be l o s t  i f  the e f f o r t  
i s  taken t o  organize a d e f i n i t i v e  spinal study. 

I 

i 
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Some techniques tha t  could be used f o r  a vestibu- 
l a r  study include: 

1) Screening p la t fo rm posturography wi th  accom- 
panying EMG measurements o f  forearm or  c a l f  MS- 
cles. This  t e s t  q u a n t i f i e s  data from the func- 
t i o n a l  v i s u a l ,  v e s t i b u l a r  and p r o p r i o c e p t i v e  
systems. The inst rumentat ion needed i s  comner- 
c i a l l y  avai lable, computer driven, and sirrple t o  
admin is te r .  T h i s  t e s t  c o u l d  be used f o r  b o t h  
cross-sectional and longi tud ina l  studies. 

2) Evoked otoacoustic emissions and electroco- 
chleography measure the m i c r o - e l e c t r i c a l  m i l i e u  
and would a f f o r d  excel lent too ls  f o r  both cross- 
sectional and longi tud ina l  studies at tenpt ing t o  
i d e n t i f y  a HSG e f f e c t  on the cochlea. 

I 

3) Subjects r i d i n g  centr i fuges o f f e r  an accessi- 
b l e  group already indoct r inated i n t o  the process 
o f  p a r t i c i p a t i n g  i n  a research program who could 
form the basis of  a pre l iminary investigation. A 
previous ENG study (206 )  d i d  show post G e f fec ts  
f o r  up t o  10 days. 

As there has been l i t t l e  widespread awareness or  
p r a c t i c a l  experience o f  v e s t i b u l a r  dys func t ion  
among p i l o t s  as a group, they may be d i f f i c u l t  t o  
ent ice i n t o  a research program i n  the absence of  a 
c lear  operational problem. 
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APPENDIX A 

SPINAL SCREENING OF NATO FIGHTER PILOTS: 
A CaPARIsQl B E M E N  THE -1CAL REQOIRUEYTS OF 

NATO NATIONS 

The Un i ted  States A i r  Force School o f  Aerospace 
Medic ine i n  suppor t  o f  t h e  Adv isory  Group f o r  
Aerospace Research 8 Development (AGARD) i s  con- 
duc t ing  a study t o  h e l p  determine those f i g h t e r  
p i l o t s  who are  a t  r i s k  f o r  developing sp ina l  o r  
back injury as a r e s u l t  o f  f l y i n g  high performance 
a i r c r a f t .  We are surveying the various countr ies 
tha t  f l y  high performance a i r c r a f t  t o  c o l l e c t  data 
on whether o r  no t  these count r ies  screen t h e i r  
h i g h  performance p i  l o t  candidates f o r  s p i n a l  
ahnormalities. The fo l lowing questions w i l l  he lp  
us in  our study: 

QUESTIONS 

1. 
does your country f l y ?  

What type of  high performance f i g h t e r  a i r c r a f t  

F-14 - F-5 - Tor nado - 
- F-15 - Mirage F-1 - Mig-21 
- F-16 - Mirage 5 - Mig-29 
- F-18 - Mirage 2000 - Mig-31 
- F-4 - Jaguar - SU-27 

- Other f i g h t e r  a i r c r a f t  (please l i s t ) :  

2. Do you screen the spinal c o l u m  of  your high 
performance p i l o t  candidates w i t h  any o f  t h e  
fol lowing: 

Yes - No 
Yes - No 

conputer tomography (CT scan) - Yes - No 

magnetic resonance imaging (MR1)- Yes - No 
Yes - No 

physical examination - 
radiographs (x-rays) - 

electrophysiology (EMG) - 
3. What back abnormalit ies are d isqua l i f y ing  f o r  
your h igh  performance p i l o t  candidates? Please 
l i s t :  

a r t h r i t i s  o f  spine 
scol ios is :  degrees 
lordos is  (synptomatic) 
kyphosis (synptomatic) 
spondylol i s  thesi s (synptomat i c) 
spondylolysis (symptomatic) 

herniated d isc  (HNP) 
f rac tu re  or  d is loca t ion  o f  vertebrae 
spina b i f i d a  
osteomyeli t is o f  vertebrae 
recurrent d isabl ing back pain 
fus ion o f  two o r  more vertebrae 
other (please l i s t ) :  

4. Does your  c o u n t r y  cons ider  s p i n a l  o r  back 
injury a problem i n  the p i l o t s  who f l y  the h igh  
performance a i r c r a f t ?  - Yes - No 

Please explain: 

5. I f  you screen your  h i g h  performance p i l o t  
candidates with physical examinations, x-rays, CT 
scan, o r  M R I ,  do you f e e l  t h i s  has decreased the 
incidence o f  s p i n a l  o r  back injury i n  your h igh  
performance a i r c r a f t  p i l o t s ?  -Yes - No 

Please explain: 

Thank you f o r  your assistance. I f  you have any 
questions o r  i f  we can prov ide any f u r t h e r  in-  
struct ions, please contact: 

L t  Col Herminio Cuervo, MD 

Major Douglas Robb, DO 
AL/AOCN 
2507 Kennedy C i r c l e  
Brooks AFB TX 78235-5117 USA 
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DEPARTMENT OF THE AIR FORCE 
ARMSTRONG LABORATORY (AFMC) 
BROOKS AIR FORCE BASE. TEXAS 

4 Dec 92 

AL / AOC N 
2507 Kennedy Dr 
Brooks AFB TX 78235-5117 

Dear Col league 

At the Cljnical Sciences Division of the Armstrong Laboratory under the 
direction of Colonel James R. Hickman (MD), and in collaboration with AGARD, 
we are conducting a study into the effects o f  gravitational acceleration on 
the vertebral column of aviators. 

As part o f  this project, w e  are conducting a survey of the various air forces 
who operate h i g h  performance combat jets. 
informatibn about selection criteria applied to the vertebral column o f  pilot 
candidates and the utilization of surveillance methods f o r  high performance 
pilots. 

The US Air Force does not employ selection criteria for the spinal column. 
have developed the attached questionnaire to assist us in gathering data for 
this phase of the project. 

We are interested in obtaining 

We 

Your assistance i n  the timely completion and mailing o f  this questionnaire 
will be greatly appreciated. We will happily share the results with the 
participants of the study, which will be submitted for publication. 

Thank you very much for your kind help. 

Sincerely 

HERMINIO CUERVO, Lt Col, USAF, MC, SFS 
Chief, Neurology Function 

1 Atch 
Questionnaire 
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APPEWIX B 

CROSS-SECTICMM STlDY OF RETIRINWSEPARATING 
U.S A I R C R N  FOR SPINAL DISORDERS 

A cross-sectional study o f  r e t i r i n g  and separating 
av ia tors  s h a l l  be done t o  determine the need f o r  a 
twenty year fol low-up study o f  av ia t ion  cadets. 

A standardized questionnaire and physical examina- 
t i o n  w i l l  be  admin is te red  t o  a l l  r e t i r i n g  and 
separa t ing  a v i a t o r s  a t  t h e  t ime o f  t h e i r  e x i t  
phys ica l  examination. The t o t a l  number o f  sub- 
j e c t s  i n  t h e  survey w i l l  be determined. The 
phys ic ian  admin is ter ing the quest ionnai re w i l l  
r e c o r d  any h i s t o r y  o f  back o r  neck in jury,  
sprains, s t ra ins ,  f ractures,  etc. The phys ica l  
examination i n  asymptomatic subjects w i  1 1  consist 
o f  (as per Dr .  Gonzales, Rehabi l i ta t ion Center o f  
South Texas): f u l l  range o f  motion o f  neck and 
lower back i n  a l l  th ree  planes measured w i t h  an 
inclinometer, s t ra igh t  leg raising, a t ten t ion  t o  
posture (sco l ios is ,  kyphosis, etc.) and an exami- 
nat ion o f  the peripheral nervous system (as r e l a t -  
ed t o  l imbs). Those asymptomatic subjects  who 
have abnormal physical f ind ings on the screening 
examinat ion w i l l  be  r e f e r r e d  t o  t h e  Neurology 
Department o f  Wi l fo rd  Ha l l  USAF Medical Center f o r  
a f i n a l  d e t e r m i n a t i o n  o f  d i s a b i l i t y  (same as 
symptomatic subjects who meet a Physical Evalua- 
t i o n  Board). Sub jec ts  w i t h  a h i s t o r y  o f  non- 
av ia t ion  t raunat ic  back injury (e.g.: motor vehi- 
c l e  accident, sports trauma, etc.) w i l l  be i d e n t i -  
f ied wi th  the analysis. A questionnaire, s im i la r  
t o  the physician adninistered questionnaire, w i l l  
ask the examinee i f  the examining physician car- 
ried out the various required por t ions o f  the e x i t  
examination. 

Ind iv iduals  found t o  have sp ina l  problems through 
the above mentioned evaluat ions and r e f e r r e d  t o  
W i l f o r d  H a l l  Medical Center f o r  f u r t h e r  study, 
w i l l  have a t  least  the fo l lowing included i n  t h e i r  
second phase evaluations: complete neurological 
evaluation, neck and lunbar range of  motion three 
planes s t ra igh t  leg  raising, MRI  using the conput- 
er ized llatlasaa technology wi th  vo lunetr ic  recon- 
s t r u c t i o n s  and i n t e r v e r t e b r a l  d i s c  data. EMGs, 
nerve conduction s tud ies,  and circumferences o f  
arms ( i f  c e r v i c a l )  o r  legs ( i f  lumbar). Other 
studies may be done as indicated. 

independent v a r i a b l e s  w i l l  be: a c t u a l  f l i g h t  
hours in  high performance a i r c r a f t ,  smoking h i s t o -  
ry, height (stature), obesity index, age, fami ly  
and personal  h i s t o r y  o f  back d i s a b i l i t y .  The 
dependent var iab le w i l l  be compensation f o r  spinal 
i n j u r y  (neck o r  back) a t  separation/retirement. 

There i s  no imnediate r i s k  t o  the p a r t i c i p a n t s  
since t h i s  i s  a questionnaire and physical exami- 
nat ion survey. The resu l ts  o f  e i t h e r  cannot harm 
the p a r t i c i p a n t s ’  m i l i t a r y  careers, s ince  they 
w i l l  be i n  the process o f  e x i t i n g  the m i l i t a r y .  
P i l o t s  apply ing f o r  f l y i n g  jobs w i t h  comnercial 
c a r r i e r s  may be a t  r i s k  i f  asymptomatic abnormali- 
t i e s  are found. 

There i s  no consent statement requ i red  f o r  t h i s  
pro ject  since there i s  no hazard t o  the p a r t i c i -  
pants. This i s  merely par t  o f  the rou t ine  separa- 
t ion/ret irement physical examination which should 
be done anyway. The repor t  s h a l l  inc lude on ly  
s m r y  s t a t i s t i c s  wi th  no unique i d e n t i f i e r s .  

A l l  ques t ionna i res ,  p h y s i c a l  examinat ion and 
special study resu l ts  w i l l  be sent t o  the primary 
invest igator  a t  the Armstrong Laboratory, Brooks 
A i r  Force Base, f o r  storage and analysis. We w i l l  
analyze the resu l ts  w i th  a m u l t i p l e  l o g i s t i c  r i s k  
formula o r  a Cox proport ional hazards model. The 
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AppElBIX c 
AGARD SPINAL EXAIIINATIOY YORK SHEET 

3. X-rays/MRl taken? (dates/location): 

A l l  data must be entered as of the date of the 

(CROSS-SECTIONAL STUDY ONLY) 
exmination 

- a. Conjunction w i th  suspected spinal 
problems ( i f  yes, explain): 

- b. Not i n  conjunction wi th  suspected 
sp ina l  problems 

A. SUBJECT G€NERAL INFORIUTIQI: 
c. Diagnosis (dates) - 

1. Subject I d e n t i f i c a t i o n  Nunber 
4. A i r c r a f t  E jec t ion  Injury His tory  

/ I - - - - -  
country code alphammeric 5 d i g i t  i d e n t i f i e r  

Country Codes: 01 Belgiun 02 Canada 03 Denmark 
04 France 05 FRG 06 Greece 07 I t a l y  
08 Netherlands 09 Norway 10 Portugal 11 Spain 
12 Turkey 13 UK 14 USA 15 Sueden 
16 Other 

2. Date o f  B i r th :  / / (mo/day/yr) 

3. Height: - cm Ueight: - kg 

4. Nat iona l i t y  o f  p i l o t :  - (use country 
codes ) 

5. Country i n  which study was done: - (use 
country codes) 

6 .  

7. 

8. 

B. 

1. 

Sex: - " -  F 

Present P i l o t  Situation: 

- a. P i l o t  present ly  f l y i n g  
- b. P i l o t  not present ly  f l y i n g  
- c. P i l o t  leaving serv ice 

F l i g h t  Experience: 

~~~ 

A i r c r a f t  Dates Flown Approx Total 
# (*) (month/year) ( f l i g h t  hours) 

(*) See Appendix C-A 

SUBJECT SPINAL HISTORY: 

P i l o t  has had c l i n i c a l l y  diagnosed spinal 
problems: 

Yes (explain) - No - 

a. Spinal X-rays taken? - Yes 
(explain) - No 

Date Location (Cl in ic /hospi ta l  
address) 

b. Boney Spinal Involvement - Yes 
(explain) - No 

Fracture/Corrpression 
Vertebra locat ion(s) 

c. In ter rupted Flying? - Yes (explain) 
No 

Duration grounded (days) 
Date returned t o  f l y i n g  

C. EXERCISE AllD PHYSICAL HISTORY: 

1. See attached Exercise Puestionnaire 
(Appendix C-B) 

2. Sport/Physical Injury - Yes (explain) 
- No 

a. Involve Boney Spine - Yes (explain) 
No 

Fracture/Conpressi on 
Vertebra nunber/location 

b. Spinal X-rays taken?- Yes (explain) 
- No 

Date Location (Cl in ic /hospi ta l  
address) 

2. C l i n i c a l  diagnoses (dates) 
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APPEllDIX C-A 

1. Temoin - Non p i l o t  
2. A 3 
3. A 4 
4. A 5 
5. A 6 
6. A 7 
7. A 10 
8. A l i z e  
9. Alpha Jet 

10. AMX 

11. Andover 
12. AT 37 
13. Avio Jet 
14. A t l a n t i c  
15. Azor 
16. B 1 
17. B 52 
18. B 57-66 
19. B 707 - C 135, 137 E3 
20. B 727 - C 22 
21. B 737 - T 43 
22. B 747 - E 4 
23. BA 146 
24. BAC 111 
25. Bel fast  
26. Buccaneer 
27. Buf fa lo  
28. C 1 - Tracker 
29. C 5 
30. C 9 - DC 9 
31. C 47, 117 - Dakota 
32. C 101 
33. C 118 - DC 6 - DC 7 
34. C 119 
35. C 123 
36. C 124 
37. C 140 - Jet Star 
38. C 141 
39. c 212 
40. Cambera 
41. Challenger 
42. Caribou 
43. CF 100 
44. CL 215 
45. CP 107 
46. CT 39 - C 20 - C 21 
47. DC 8 
48. Devon Sea 
49. Draken 
50. E 3 - Haukeye 
51. Etendard 4 
52. F 4 Phantom 
53. F 5 Tiger T 38 
54. F 8 Crusader 
55. F 14 
56. F 15 

LIST OF NATO AIRCRAFT 

57. F 16 
58. F 18 
59. F 84 
60. F 86 
61. F 100 
62. F 101 
63. F 102 
64. F 104 
65. F 105 
66. F 106 
67. F 111 
68. Falcon 10, 20, 50, 900 
69. Fouga 
70. Fouga Magister 
71. G 91 
72. G 222 
73. Gnat 
74. Harrier-Sea 
75. Hauk 
76. Hercules C 130 
77. HS 125 
78. Hunter 
79. Jaguar 
80. KC 97 
81. L ightn ing 
82. HB 326 
83. HB 339 
84. Mirage 2000 
85. Mirage 3 
86. Mirage 4 
87. Mirage 5 
88. Mirage F1 
89. HS 760 
90. Mystere 4 
91. N 2501 
92. N 262 
93. Nimrod 
94. P 3 - Orion 
95. P 166 

97. Pembroque 
98. S 3 - V ik ing - C2A 
99. s 211 

100. SHB 2 
101. Super Etendard 
102. T 33 
103. Tornado 
104. Transal l  - C 160 
105. Tutor 
106. vc 10 
107. Venom 
108. Vulcan 
109. Helicopteres 
110. Other l i g h t  a/c 
111. Other transport a/c 

96. PD a08 
I 
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APPENDIX C-B 

EXERCISE QUESTIONNAIRE (page 1 o f  2) 

Identification number: 

Country Code: 

Birthdate: / / 

ACT I V 1 TY 

Aero b i cs 

Archery 

Badminton 

Basketball 

Bowl i ng 

Boxing : in ring 

Boxing : sparring 

Canoeing : competition 

Canoeing : leisure 

Circuit-training 

Climbing hills : with 20 kg 

Climbing hills : with 10 kg 

Climbing hills : with 5 kg 

Climbing hills : with no load 

Cricket : batting 

Cricket : bowling 

Croquet 

Cycling : competition 

Cycling : leisure 15 km:h 

Cycling : leisure 8 km:h 

Field hockey 

American foot ball 

Go1 f 

Gymnastic 

Horse : race, gallop 

Horse : training 

Horse : walk 

Horse : trot 

Ice hockey 

Judo 

Marching, rapid 

K s c u l a t i o n  : circuit (Men) 

Masculation : circuit (Women) 

# hrs 
per day 

3 days 
per week 

Dates ( 
Began 
- 
Ended 

I- 
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EXERCISE QUESTIONNAIRE (page 2 o f  2) 

Identification number: 

Country Code: 

Birthdate: / / 

ACTIVITY 

Running, cross country 

Running, level, 5'30 per mile 

Running, level, 6' per mile 

Running, level, 7 '  per mile 

Running, level, 8' per mile 

Running, level, 9' per mile 

Running, level, 11'30 per mile 

Scuba diving, moderately active 

Scuba diving, very active 

Skiing-hard snow/on hill/max speec 

Skiing-hard snow/on flat/walking 

Ski ing-on fl at/moderate speed 

Ski ing-powdered snow/leisure (Men) 

Ski ing-powdered snow/leisure (Worn) 

Snow shoeing , powdered snow 

Soccer, European football 

Squash 

Swimming : breast stroke 

Swimming : crawl, leisure 

Swimming : crawl, fast 

Swimming : backstroke 

Swimming : sidestroke 

Swimming : treading, normal 

Swimming : treading, fast 

Table tennis 

Tennis 

Yo1 1 eybal 1 

Walking : plowed field 

Walking : fields a hillsides 
Walking : asphalt road 

Walking :. grass track 

Weight training 

# hrs 
per day 

3 days 
per week 

Dates 1 

Began 
o/year 
Ended 
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CHAPTER 7 

RECamEllDATIOWS 

7.1 INTROWCTIOW: 

Since t h i s  rev iew i s  concerned w i t h  long- te rm 
e f fec ts  o f  sustained C on two e n t i r e l y  d i f f e r e n t  
anatomical/physiologic systems; i.e., musculo- 
s k e l e t a l  ( p r i m a r i l y  t h e  sp ine)  and v e s t i b u l a r  
( p r i n c i p a l l y  the o to l i ths ) ,  each w i l l  be consid- 
ered separate ly  regard ing recommendations f o r :  
(a) the need f o r  spec i f i c  act ions and, i f  needed; 
(b) what those actions should require. 

7.2 SPINAL SYSTM: 

Uorking Croup 17 was formed t o  w r i t e  t h i s  AR 317 
wi th  d i r e c t i o n s  t o  focus p r i m a r i l y  on the long- 
term e f f e c t s  o f  HSG. I n  s p i t e  o f  the f a c t  tha t  
i n f o r m a t i o n  i s  n o t  a v a i l a b l e  t h a t  e s t a b l i s h e s  
causal re la t ionsh ip  between long term e f fec ts  of  
the spine and HSC, we recomnend several courses of  
ac t ion  that  s t i l l  seem prudent. Also, i t  became 
apparent t h a t  acu te  symptoms o f  s p i n a l  i n j u r y  
conmionly occur in HPA p i l o t s .  Indeed, considering 
the propens i ty  o f  evidence o f  acute neck injury 
and i t s  s i g n i f i c a n t  e f f e c t  on operations, t h i s  
chapter includes r e c m n d a t i o n s  f o r  deal ing wi th  
both chronic and acute sp ina l  problems. 

7.2.1 Spine Study ReqJiremnts: 

Primary concerns invo lve the c o l l e c t i o n  o f  addi- 
t i o n a l  data regarding spine degenerative changes 
as they r e l a t e  t o  repeated HSG exposure. P rompt -  

ing the d i r e c t i o n  i s  that  the information on t h i s  
subject i s  cont rad ic tory  invo lv ing small subject 
numbers; i.e., an epidemic of  s i g n i f i c a n t  spinal 
diseases i n  f i g h t e r  p i l o t s  does no t  a t  present 
ex is t .  I t  i s  clear, therefore, i f  HSG does cause 
sp ina l  diseases, the incidence i s  not very high. 
Yet, fu tu re  HPA that  are capable o f  higher leve ls  
o f  sustained G, would benef i t  from detecting low- 
l e v e l  o f  occurrence, thereby, p r o v i d i n g  some 
warning o f  fu tu re  problems. Also, there i s  always 
cons iderab le  i n t e r e s t  w i t h i n  t h e  a c c e l e r a t i o n  
s c i e n t i s t  populat ion t o  explore the p o s s i b i l i t i e s  
of  increasing our knowledge base i n  HSC. 

There are two basic approaches t o  obtaining more 
data spec i f i c  t o  HSG: (a) ac t i ve  or  (b) passive. 
The former involves developing experimental proto- 
c o l s  t o  s tudy p i l o t s 1  spines o f  HPA e i t h e r  i n  a 
longi tud ina l  study or  cross-sectional study. The 
l a t t e r  approach invo lves  c o l l e c t i n g  in fo rmat ion  
from uncontro l led sources such as: (a) p i l o t s  o f  
HPA repor t ing back in jur ies;  (b) f l i g h t  surgeons 

%tudying1I p i lo ts ;  and (c) post mrtem data from 
a i r c r a f t  accident vict ims. Relat ing those data t o  
docunented HSG durat ion data from the same p i l o t s  
would increase the value o f  t h i s  type of  study. 

Although the a c t i v e  approach would p rov ide  the 
best information, the high cost, l o g i s t i c a l  prob- 
lems, and time requirements make i t  less accept- 
able. Col lect ing more passive data wi th  greater 
s p e c i f i c i t y  towards spine problems i s  r e c m n d e d  
by t h i s  working group. A t y p i c a l  approach t h a t  
uses t h i s  d i s c i p l i n e  i s  de ta i led  spine-neurologi- 
ca l  examinations of  aircrew of  HPA upon t h e i r  d i s -  
charge o r  re t i rement  from the A i r  Force as pro-  
posed f o r  t h e  U.S. A i r  Force by t h e  Armstrong 
Laboratory (see Chapter 6). 

7.2.2 A i r c r e w  Selection: 

The g e n e t i c  code o f  a l l  i n d i v i d u a l s  embodies 
in fo rmat ion  use fu l  i n  p r e d i c t i n g  t o  some extent  
spinal heal th  and disease. Fami l ia l  h i s t o r y  would 
be considered i n  some d e t a i l  i n  se lect ing aircrew 
f o r  HPA. In addit ion, complete medical physical 
examinations focused on the spine that  include x- 
rays and a complete sp ina l  funct ional  assessment 
(quant i f icat ion)  tha t  i s  yet t o  be developed (see 
research requirements sect ion that  fol lows). 

Caution must be exerc ised here because there i s  
much more t o  f l y i n g  HPA than a h e a l t h y  spine; 
i.e., in te l l igence,  dexter i ty ,  o r ien ta t ion  sense, 
excel lent s i tua t iona l  awareness, are jus t  some of  
the many needed a t t r i b u t e s  o f  a f i g h t e r  p i l o t .  

7.2.3 A i r c r e w  T r a i n i n g :  

Once s e l e c t i o n  has p r o v i d e d  t h e  bes t  t h a t  t h e  
populat ion has t o  o f fe r ,  t r a i n i n g  d i rected towards 
sp ina l  health i s  h igh ly  r e c m n d e d .  Training and 
education always o f f e r  great benef i ts  a t  low cost. 
Training should involve: (a) physical condition, 
(b) proper posture; and (c) m o b i l i t y  under G. 

Physical t r a i n i n g  regimens f o r  improving C-dura- 
t i o n  tolerance have been developed and are e i ther  
h igh ly  encouraged on a voluntary basis f o r  aircrew 
o r  required by regulat ions (see AGARD-AG-322). A 

subset o f  t h i s  t r a i n i n g  regimen i s  neck exercises. 
These should be elevated i n  importance and requi re 
neck strength tes t ing  f o r  compliance. Total spine 
exercises ( p a r t i c u l a r l y  the lumbar region) should 
be developed and made an essent ia l  (required) par t  
o f  the aircrew of  HPA physical condit ioning pro- 
gram. 

Phys ica l  t r a i n i n g  therapy  rooms w i t h  s k i 1  l e d  
t r a i n e r s  and/or t h e r a p i s t s  t o  man ipu la te  the  
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spine, e t c .  f o l l o w i n g  HSG exposure shou ld  be 
provided f o r  every appropriate squadron - -  located 
next t o  the aircrew weight - t ra in ing room. These 
would be made a v a i l a b l e  f o r  a i rcrew imnediate ly  
fol lowing each day's sor t ies  invo lv ing HSG. 

Proper body p o s t u r e  w i t h  emphasis on l o r d o s i s  
would provide considerable benef i ts  f o r  maintain- 
i n g  a h e a l t h l y  s p i n e  a t  1 G and d u r i n g  HSG. 
Training f o r  lordos is  should be i n s t i t u t e d  a t  the 
beginning of  f l i g h t  t ra in ing.  

Learning proper physical m o b i l i t y  regimens includ- 
ing  head movements during exposure t o  HSG requires 
t r a i n i n g  i n  a h igh G environment. Centrifuges are 
expensive t o  operate and present C o r i o l i s  problems 
with head movement. Aerobatic a i r c r a f t  are cheap 
t o  buy and operate (compared wi th  high performance 
j e t  a i r c r a f t )  and provide the rap id ly  changing G 
environment t o  t r a i n  proper m o b i l i t y  under G as 
well  as f i g h t e r  maneuvering techniques and s k i l l s .  
They a lso are an economical means of  maintaining 
G-conditioning. 

7.2.4 Aircreu Education: 
P i l o t s  should have p r a c t i c a l  knowledge about the 
s t r u c t u r e  o f  the  sp ine and how i t  func t ions  a t  
bo th  1 G and d u r i n g  HSG (see 11Research8a t h a t  
fo l lows i n  t h i s  sect ion) .  Thei r  in fo rmat ion  i s  
a lso  important i n  d i r e c t i n g  t h e i r  a t t e n t i o n  and 
i n s t i l l i n g  mot iva t ion  i n  performing the proper 
exercise regimens f o r  the back on a regular basis. 
Educate aircrew about proper body posture empha- 
s i z i n g  the importance o f  l o r d o s i s  (see Aircrew 
Training above). 

Neck i n j u r y  po ten t ia l  under G should be stressed 
and t h e  problems o f  head movement i n  t h e  HSG 

envirorment ( t o  check s i x )  defined. 

7.2.5 Equipment Modification and Dewlopaent: 

Present e jec t ion  seat headbox design corrpromises 
sp ina l  performance. Improved designs should be 
deveLoped and incorporated in  newly bui l t  and i n  
r e f i t t e d  a i r c r a f t  rou t ine ly  during upgrades. 

L ight -weight  helmets should be prov ided f o r  HPA 

a i rc rew.  Present  progress i n  reduc ing  helmet 
weight should be continued. Head-mounted equipnent 
should be des igned f o r  minimum weight, moved 
elsewhere i f  p o s s i b l e ,  and be p o s i t i o n e d  and 
i n t e g r a t e d  on t h e  head p r o v i d i n g  t h e  optimum 
center o f  grav i ty .  

Development o f  neck support equipment that  becomes 
funct ional  (deployed) during the onset o f  G, and 
not obtrusive t o  p i l o t  performance, should be 

i n i t i a t e d .  Headbox contouring t o  provide a high G 

park pos i t ion  in  f u l l  head-neck extension may be a 
useful option. 

7.2.6 Research Rqirements: 

Research should be i n i t i a t e d  and supported w i th  
adequate resources by a l l  NATO countr ies emphasiz- 
ing  the f o l l o w i n g  areas i n  support o f  a hea l thy  
sp ine d u r i n g  HSC. S p e c i f i c  suggested t o p i c s  
fol low: 

1) Improved knowledge about head-neck motion/ 
funct ion under HSG. 

2) Research and developnent o f  improved r e l i a b l e  
techniques t o  p r o p e r l y  assess s p i n e  func t ion ;  
i.e., the neck and lumbar areas pr imar i l y .  

3)  Development o f  optimum spine s t rengthening 
exerc ise program f o r  p i l o t s  t h a t  are e f f e c t i v e ,  
but requi re l i t t l e  time t o  perform (t ime e f f e c t i v e  
exercises). 

7.2.7 Conclusion: 

To conclude, count r ies  t h a t  a re  now performing 
ac t ive  data gathering studies on sp ina l  i n j u r y  of  
HPA a i r c r e w  on t h e i r  own i n i t i a t i v e  shou ld  be 
encouraged by AGARD t o  continue. The Biodynamic 
Comnittee of  AGARD/AMP should provide a forum f o r  
a tttechnology watch" on t h i s  top ic ,  request ing 
annual reports on the progress of  these studies. 
A fol low-on AGARD symposium on t h i s  top ic  should 
be p lanned b e f o r e  t h e  t u r n  o f  t h e  c e n t u r y  t o  
monitor and encourage progress i n  t h i s  important 
area of  aircrew pro tec t ion  from G hazards. 

7.3 VESTIBULAR SYSTEM: 

Test ing o f  v e s t i b u l a r  f u n c t i o n  w i t h  bas ic  t e s t  
ba t te r ies  are time consuming procedures. They can 
r a i s e  acceptance problems from p i l o t s  and from 
management because of  unpleasant side ef fects .  

The adaptive nature o f  the vest ibu lar  system means 
t h a t  a b a s i c  t e s t  b a t t e r y  would n o t  p r o v i d e  
enough in fo rmat ion  t o  de tec t  p e r s i s t e n t  a l t e r a -  
t ions  o f  the funct ion induced by repeated exposure 
t o  HSG. Such inadequacy of  c l i n i c a l  tes t ing  alone 
to.detect abnormalit ies of  the vest ibu lar  funct ion 
re la ted  t o  spat ia l  d isor ien ta t ion  has been shown 
recent ly  (167). Bearing t h i s  i n  mind,  i t  may be 
of  i n t e r e s t  t o  in t roduce t e s t i n g  t o  address the 
"perceptual11 s i d e  o f  t h e  s p a t i a l  o r i e n t a t i o n  
system, i n  order t o  assess global funct ion rather 
than o n l y  l i m i t e d  responses a t  the  v e s t i b u l a r  
leve l .  As an example, the Pensacola Vestibular 
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Test B a t t e r y  (PVTB) developed a t  NAHRL c o u l d  
ansuer t h i s  question and p o t e n t i a l l y  increase the 
p r o b a b i l i t y  o f  d e t e c t i n g  v e s t i b u l a r  long  te rm 
e f fec ts  o f  HSG. 

From a p r a c t i c a l  po in t  o f  vieu, the PVTB in  i t s e l f  
does n o t  d i r e c t l y  a l l e v i a t e  the concerns ra ised 
about d u r a t i o n  and acceptance o f  t h e  t e s t i n g .  
Houever, s p a t i a l  o r ien ta t ion  tes ts  could be eas i l y  
combined u i t h  c e n t r i f u g e  t r a i n i n g .  Centr i fuge 
t r a i n i n g  i s  nou uidespread i n  NATO na t ions  f o r  
p i l o t s  f l y i n g  h i g h  performance f i g h t e r  a i r c r a f t  
and i n  most cases, d i s o r i e n t a t i o n  t r a i n e r s  a re  
located near centr i fuge f a c i l i t i e s .  

A vest ibu lar  tes t ing  protocol designed t o  address 
chronical G-effects could and should be conducted 
p r i o r  t o  any c e n t r i f u g e  t r a i n i n g  session. Such 
tes t ing  would a l l o u  not on ly  a long term vestibu- 
l a r  fo l lou-up  o f  p i l o t s  exposed t o  HSG, but a lso 
assessment of  acute vest ibu lar  r i s k  of  cent r i fuge 
t r e i  n i  ng. 

7.3.1 Recommendations are: 

1) To r e v i e u  the a v a i l a b i l i t y ,  c h a r a c t e r i s t i c s  
and performances o f  d isor ien ta t ion  t ra iners  locat -  
ed close t o  centr i fuge t r a i n i n g  f a c i l i t i e s .  

2) To evaluate and advise about proper vest ibu lar  
t e s t  procedures i n  centr i fuge t r a i n i n g  programs, 
t o  be conducted w i t h i n  a reasonable time l i m i t .  

I 

3) To design standard tes t  procedures accomnodat- 
ing  charac ter is t i cs  and performances of  the var- 
ious d isor ien ta t ion  t ra iners.  

4) To cons ider  t h e  i n t r o d u c t i o n  o f  u n l i m i t e d  
aerobat ic  a i r c r a f t  e a r l y  i n  t r a i n i n g  us ing the 
uhole f l i g h t  envelope. 

5) To develop a NATO database of  both spinal and 
vest ibu lar  problems i n  a l l  aircrew. 
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