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CASE SERIES

                       J ERSEY  SL, H UNDEMER  GL, S TUART  RP, W EST  KN, M ICHAELSON  RS, 
P ILMANIS  AA.  Neurological altitude decompression sickness among 
U-2 pilots: 2002 – 2009.  Aviat Space Environ Med 2011; 82:673 – 82.  

   Introduction:   Compared to the previous 47 yr, U-2 pilots reported an 
increased number of altitude decompression sickness (DCS) incidents 
with central nervous system (CNS) manifestations during 2002 – 2009. 
Due to increasing incident severity during military operations, the U.S. 
Air Force initiated an investigation to prevent future mishaps.   Methods:   
We retrospectively examined all neurological DCS cases observed 
among U-2 pilots during 2002 – 2009. Urgency to prevent further pilot 
losses limited this study to using existing, often incomplete data sources. 
  Results:   During 2002 – 2009, 16 confi rmed incidents of CNS DCS 
occurred with 13 pilots, plus 4 possible incidents with 4 pilots. Signifi -
cantly, 12 of 16 confi rmed incidents occurred at 1 operating location, 
including 4 of 5 life-threatening cases. This series of cases were of a type 
and severity rarely found in fl ight operations and correlated temporally 
with increased sortie frequency/duration associated with combat opera-
tions. Multiple investigations confi rmed no defects in aircraft, support 
equipment, or oxygen supplies. Nor were signifi cant trends observed 
with age, habitus, environmental exposure, medication use, or cardiac 
defects. In 11 cases, symptom recognition occurred well after the 4-h 
point where clinical experience indicated risk should stabilize. Symp-
toms also recurred days later and responded to repeat hyperbaric oxygen 
therapy in three of four cases. Finally, neuropsychiatric symptoms persisted 
in six pilots for years and may represent permanent injury.   Conclusions:   
An increase in U-2 CNS DCS cases probably resulted from more cockpit 
activity combined with longer, more frequent high-altitude exposures. 
Adjustments in preoxygenation, cabin altitude, exercise at altitude, and 
frequency of fl ights may reduce incidence.   
 Keywords:   U-2  ,   decompression sickness  ,   neurological  ,   exercise  ,   risk 
mitigation  .     

 THE U-2 (U-2S AND U-2ST variants) is the sole re-
maining manned high-altitude reconnaissance air-

frame in operational U.S. Air Force use. Since typical 
missions expose pilots to a pressure equivalent up to 
29,500 ft (8992 m) of altitude for over 8 h while perform-
ing frequent movements in the cockpit, decompression 
sickness (DCS) remains an ever-present threat. In this 
sense, U-2 pilots operate at the limits of human and 
aircraft performance. While aircrew in other platforms 
(e.g., certain CV-22 and space missions) approach or ex-
ceed this risk at times ( 8 ), U-2 pilots deploy multiple 
times per year to fl y high-altitude missions, normally 
every 3 or 4 days for months at a time. This sustained, 
frequent exposure to a high-risk altitude profi le is unique 
in aerospace operations. 

 Two life support measures have been effective in pre-
venting DCS during the program’s history. These in-
clude preoxygenation (often referred to as prebreathe) 
with 100% oxygen at rest for at least 60 min before takeoff 

and wearing a full pressure suit (FPS) in case of sudden 
decompression. From the U-2 program’s inception in 
1955 to June 1998, there were no offi cial reports of mis-
haps, deaths, or serious DCS symptoms [i.e., DCS inci-
dents involving the pulmonary system, central nervous 
system (CNS), or both]. Reported operational cases in-
volved predominantly joint pain with no reports of per-
manent injuries or signifi cant mission impact ( 6,14 ). 
This is remarkable considering the signifi cant risk of 
DCS to which U-2 pilots are routinely exposed. Studies 
from altitude chamber exposures dating to World War II 
indicate the potential for life-threatening and/or perma-
nent damage from altitude DCS exists and may be ex-
pected based on statistical probability over the life of the 
U-2 ( 3,19 ). Also, predictions from the AFRL DCS Risk 
Assessment Computer (ADRAC) using an altitude pro-
fi le identical to U-2 missions calculated a 73% risk of de-
veloping any DCS symptoms. [This program is based on 
statistical data from altitude chamber exposures and a 
bubble growth model which was subsequently vali-
dated in human subjects ( 4,8,12 ).] Thus, the true inci-
dence of DCS in the U-2 program is probably higher 
than previously reported. Retrospective surveys of U-2 
pilots revealed widespread under-reporting, possibly 
due to fear of grounding and subsequent negative ca-
reer consequences. The surveys revealed 60 – 80% of re-
spondents experienced DCS symptoms at some point in 
their careers, with 16 – 18% of these neurologic. In some 
cases, respondents reported symptoms severe enough 
to alter their missions ( 1 ). While the level of severity re-
ported herein is greater than previously thought, the op-
erational impact appears minimal throughout much of 
the U-2’s venerable history. Unfortunately, this balance 
may have shifted. 
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 Following two severe cases of CNS DCS in early 2009, 
the 9 th  Reconnaissance Wing (9RW) Commander and 
Air Combat Command Surgeon General convened an 
expert panel from the U.S. Air Force School of Aerospace 
Medicine (USAFSAM), 711 th  Human Performance Wing, 
99 th  Reconnaissance Squadron, and 9 th  Medical Group 
(9MDG). The command directed the panel to evaluate 
U-2 operations for potential causes behind the apparent 
increase in number of CNS DCS incidents between 2002 
and 2009. This paper describes the results of the panel’s 
investigation and discusses measures implemented to 
mitigate risk of DCS in future U-2 operations.  

 METHODS 

 This study protocol was approved in advance by the 
Institutional Review Board of David Grant Medical 
Center at Travis Air Force Base, CA. The protocol was 
exempted from providing written informed consent 
under U.S. Air Force Surgeon General-approved Clinical 
Investigation #FDG20100012H. The panel approached 
their task in the manner of a safety investigation follow-
ing an aircraft mishap. The investigating team included 
pilots, fl ight surgeons, physiologists, fl ight safety offi cers, 
medical DCS experts, life support and aircraft systems 
engineers. Their purpose was to determine causal factors 
(human, materiel, environmental) directly or indirectly 
impacting U-2 neurological DCS events in order to pre-
vent future incidents. Secondarily, the 9RW Commander 
asked the panel to address whether excessive body fat 
or medication use (specifi cally dexamphetamine “go-
pills,” an authorized pharmaceutical counter-fatigue 
measure) could have infl uenced DCS risk in U-2 pilots. 

 Prior to visiting Beale Air Force Base, the panel com-
piled and analyzed data from multiple offi cial sources 
describing U-2 DCS incidents. Since no comprehensive 
repository on U-2 DCS incidents existed, 9MDG fl ight 
surgeons collated data from individual records at the 
USAFSAM Hyperbaric Medicine Division (treatments, 
consults), Air Force Safety Center (mishap reports), 
9MDG (narrative summaries, physiological support re-
ports), and 9RW (fl ight records, aircraft inspections, 
equipment records.) This effort produced a database of 
reported DCS incidents dating from January 1991 to 
December 2009. Using this database, four panel mem-
bers retrospectively reviewed the series of reported DCS 
incidents occurring in U-2 pilots between January 2002 
and December 2009, using the cases between January 
1991 and December 2001 for comparison. Confi rmed 
cases of CNS DCS were defi ned based on narratives 
from offi cial safety or medical records describing any 
CNS symptoms with onset during or after high-altitude 
fl ight. Probable cases were those in which offi cial re-
cords denoted CNS DCS symptoms but provided in-
complete details necessary for confi rmation. Possible 
cases were those in which patients retrospectively re-
ported CNS symptoms after high-altitude fl ight. Pilots 
in these cases either misrepresented or did not report to 
the fl ight surgeon at the time of the incident to avoid 
grounding ( 7,8,11 ). Thus, no offi cial record existed for 
physician review and confi rmation of diagnosis and 

treatment in these cases. Panel members then evalu-
ated each case for common risk factors and operating 
characteristics. 

 The panel performed their main investigation at Beale 
Air Force Base during August 2009. Panel members con-
ducted an exhaustive review of U-2 worldwide operations, 
life support equipment, and aircraft systems together 
with representatives from the 9RW Safety Offi ce, 9MDG 
Physiological Support Division, U-2 Maintenance Depot, 
and supporting contractors. Additionally, the team in-
terviewed four active case pilots to verify elements of 
their DCS incidents and subsequent treatment. 

 Ongoing military operations signifi cantly constrained 
analysis. U-2 fl ights had to continue uninterrupted to 
support combat operations while the panel sought po-
tential solutions which could be implemented quickly in 
order to prevent further pilot losses. This limited the 
team to using existing data, which was often inconsis-
tent and incomplete. Even so, the increasing likelihood 
of adverse in-fl ight events and mission compromise re-
quired action. With these constraints, the panel members 
analyzed U-2 operations based on our current under-
standing of DCS physiology while closely examining 
each operating location for any unique environmental, 
material, or human characteristics. 

 Over 20 yr of human performance data based on alti-
tude chamber exposures demonstrates the four most 
critical physiological factors for development of alti-
tude DCS to be: level of denitrogenation (prebreathe), alti-
tude attained, duration of exposure, and exercise at 
altitude ( 8,16 ). While other anthropomorphic variables 
and physical factors such as diet, sleep/rest cycles, and 
physical fi tness may affect individual risk of DCS and 
should be optimized, their overall effect is small by com-
parison ( 12,17 ). Achieving any signifi cant degree of DCS 
risk mitigation in the U-2 requires addressing the four 
main factors. At the conclusion of their investigation, 
the team briefed results to the 9RW Commander and 
recommended potential risk reduction measures.   

 RESULTS 

 U-2 pilots reported at least 67 DCS incidents of all 
types between 1991 and 2009. Given small numbers and 
the aforementioned tendency for under-reporting, these 
data are not all-inclusive and must be interpreted with 
caution. However, the trend for greater numbers of re-
ported neurological DCS incidents since 1991 is appar-
ent ( Fig. 1 ). The panel looked closely at the series of 
incidents occurring between 2002 and 2009 because this 
was the period of concern to the operational commander 
and most events occurred at a single operating location 
during this period. Unfortunately, simple examination 
of numbers does not show the worsening severity of 
these cases, which provoked the greatest concern, par-
ticularly when the number of neurological DCS inci-
dents spiked sharply upwards in 2009. Prior to 2002, the 
U-2 had performed without operationally signifi cant 
problems due to DCS. However, 2002 coincided with 
marked changes in U-2 operations related to military 
campaigns in Afghanistan and Iraq (discussed later).     
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 Changes in USAF aeromedical disposition regulations 
occurring circa 1999 probably infl uenced the reported 
number of U-2 CNS DCS cases. These changes essen-
tially facilitated reporting of DCS without risking per-
manent grounding of pilots, thereby removing a policy 
which unintentionally prevented patients from receiv-
ing adequate medical care. Historically, pilots avoided 
reporting to a fl ight surgeon unless symptoms became 
severe and/or persistent. For example, literature reports 
noted cases in which U-2 pilots regularly experienced 
minor joint and skin DCS symptoms without reporting 
them for fear of grounding. This resulted in only the 
most severe and persistent cases of DCS joint pain being 
recorded by fl ight surgeons ( 1,14 ) and may explain some 
periods where no DCS incidents were reported (refer to 
 Fig. 1 ). In contrast, research subjects in hypobaric cham-
bers report and are treated at the onset of any suspected 
symptoms. Even with this apparent bias, the incapaci-
tating nature of severe CNS symptoms makes it unlikely 
all pilots would have avoided reporting such distur-
bances prior to the 1999 regulatory changes.  

    Human and Medical Factors 

 Between January 2002 and December 2009, 37 U-2 
pilots reported 45 DCS incidents of all types (some had 
multiple incidents). Of these, we confi rmed 16 incidents 
of CNS DCS: 10 pilots with 1 incident each and 3 pilots 
with 2 incidents each. In addition, four probable inci-
dents of CNS DCS occurred with four pilots. Importantly, 
12 of 16 confi rmed incidents occurred at 1 operating lo-
cation, including 4 of 5 life-threatening cases. Five cases 
were considered life- and/or aircraft threatening be-
cause of the incapacitating nature of symptoms, their 
occurrence during fl ight, or both. Specifi cally, three ex-
treme cases included severe neurological and pulmonary 

symptoms in which the pilots were incapacitated and 
exhibited symptoms of shock ( 7,11 ). The other two pilots 
experienced sudden-onset waves of vertigo, confusion, 
and depressed consciousness during fl ight so severe 
they considered ejecting. Fortunately, all pilots recov-
ered their aircraft and received treatment. 

 The panel observed no signifi cant trends with age, 
gender, body characteristics, or use of dexamphetamine 
during fl ight (    Table I  ), which justifi ed further analysis. 
Most cases occurred in men (one woman), consistent 
with the U-2 pilot population. No patent foramen ovale 
or other cardiac defect was detected among six case 
pilots tested using transesophageal or transthoracic 
echocardiogram with bubble study. Of nine case pilots 
tested with magnetic resonance imaging (MRI), one had 
signifi cant brain lesions which corresponded with his 
neurological defi cits ( 7 ).     

 By comparison, 13 U-2 pilots reported 24 DCS inci-
dents of all types between 1991 and 2001 (some had 
multiple incidents;     Table II  ). Of these, fi ve pilots re-
ported two confi rmed incidents of pulmonary DCS and 
three confi rmed, one probable, and one possible incident 
of CNS DCS (some pilots had multiple incidents and/or 
symptoms). All cases occurred in men (Defense Depart-
ment regulations prohibited women in combat during 
most of this time). Data regarding age, body characteris-
tics, and post-treatment tests were incomplete. Only one 
pilot underwent diagnostic imaging tests, with normal 
cranial MRI and transthoracic echocardiogram with 
bubble study. Operational use of dexamphetamine was 
not implemented during this timeframe.     

 Based on previous altitude DCS research, nearly all 
DCS incidents should occur within the fi rst 4 h of expo-
sure ( 8,12 ). However, in many cases, U-2 pilots recog-
nized neurological symptoms late. Of 20 confi rmed and 

  

  Fig.     1.         Reported U-2 operational DCS incidents (1970-2009).    
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probable CNS DCS cases during 2002 – 2009, only 7 (35%) 
pilots recognized symptom onset during fl ight within 
4 h of takeoff. Of the remaining pilots, three (15%) recog-
nized CNS symptoms during fl ight but after more than 
4 h at altitude. Another eight (40%) recognized onset of 
CNS symptoms well after landing, between 4.7 and 36 h 
later (i.e., no recognition of symptoms during fl ight). 
Time of onset for the remaining two pilots (10%) oc-
curred at some unknown time during fl ight (see  Fig. 2 ). 
Among these 20 incidents, 3 pilots recognized DCS 
symptoms while in fl ight but avoided reporting. This 
resulted in progression to life-threatening neurological 
and pulmonary symptoms in two cases ( 7,11 ) and severe 
neurological symptoms in the third.     

 At least nine case pilots reported long-lasting and/or 
permanent neurological symptoms, which is highly un-
usual for aviation neurological DCS. As expected with 
aviation-related DCS, symptoms on initial presentation 
varied considerably and affected only the brain. No spinal 
symptoms were reported. Signs and symptoms included 
visual problems, vertigo, memory problems, confusion, 
headache, weakness, altered consciousness, and inap-
propriate fatigue. Symptoms improved markedly with 

  TABLE I.         U-2 PILOT ANTHROPOMETRIC AND FLIGHT DATA (2002-2009).  

  Mission 
Pilot Age

Body Mass 
Index

In-Flight 
Medication Use   †   

Physiological Altitude 
in meters (feet)

Exposure Time 
(hours) Type of DCS Symptoms  

  MP1 35 24 No 8900 (29,200) 10.5 Confi rmed CNS, pulmonary 
 MP2 37 32 No 8778 (28,800) 6.0 Confi rmed CNS 
 MP3 43 NR No 8992 (29,500) 11.7 Probable CNS 
 MP4 NR NR No 8992 (29,500) NR Probable CNS 
 MP5 30 NR No 8717 (28,600) 7.3 Probable CNS 
 MP6  *  35 24 No  . 7620 (25,000) 6.0 Confi rmed CNS, pulmonary 
 MP7 47 32 No 8534 (28,000) 11.1 Confi rmed CNS, pulmonary 
 MP7 48 32 No 8697 (28,500) 2.8 Probable CNS 
 MP8  *  33 23 No 8534 (28,000) 8.1 Confi rmed CNS 
 MP9 39 27 No 8230 (27,000) 5.0 Confi rmed CNS 
 MP10 37 28 No 8839 (29,000) 2.7 Confi rmed CNS 
 MP11 36 25 Yes 8626 (28,300) 5.5 Confi rmed CNS 
 MP12 35 21 No 8230 (27,000) 7.8 Confi rmed CNS 
 MP13 36 29 No 8230 (27,000) 9.5 Confi rmed CNS 
 MP14  *  42 24 Yes 8809 (28,900) 9.6 Confi rmed CNS 
 MP15 32 27 Yes 8077 (26,500) 7.0 Confi rmed CNS 
 MP16 34 24 No 8687 (28,500) 9.5 Confi rmed CNS  

   NR  5  Not reported.  
  * These pilots each had two confi rmed incidents of CNS DCS symptoms.  
     †    Dexamphetamine is a counter-fatigue medication approved by USAF for operational use.   

  TABLE II.         U-2 PILOT ANTHROPOMETRIC AND FLIGHT DATA (1991-2001).  

  Mission 
Pilot Age

Body Mass 
Index

In-Flight 
Medication Use   †   

Physiological Altitude 
in meters (ft)

Exposure Time 
(hrs) Type of DCS Symptoms  

  AP1 32 NR No  . 7620 (25,000)  . 8.0 Confi rmed CNS 
 AP2 34 NR No 8047 (26,400) NR Confi rmed CNS 
 AP3 NR NR No NR NR Possible CNS 
 AP4  *  37 NR No  . 7620 (25,000) 7.5 Confi rmed CNS, pulmonary 
 AP4 37 NR No  . 7620 (25,000) 6.5 Pulmonary, joint pain 
 AP5  *  31 26 No  . 7620 (25,000) 2.5 Probable CNS  

   NR  5  Not reported.  
  * These pilots had multiple DCS incidents and/or symptoms.  
     †    Dexamphetamine was not approved for operational use during this timeframe.   

descent and subsequent hyperbaric oxygen (HBO) ther-
apy in all cases. However, 9 of 20 pilots (45%) from 
2002 – 2009 reported lasting symptoms after completion 
of indicated HBO therapy. The most severe cases re-
ported permanent visual defi cits, short-term memory 
diffi  culties, and personality changes with corresponding 
cranial lesions on MRI ( 7 ). Seven reported a consistent 
pattern of recurrent headaches, central fatigue, memory 
diffi culties,  “ foggy thinking, ”  and personality changes 
(i.e., irritability). These symptoms generally improved 
over time but persisted for several weeks to years. Three 
of four treated with additional HBO therapy reported 
partial improvement. Additionally, one pilot was diag-
nosed and successfully treated for post-traumatic 
stress disorder. Review of medical records showed a 
second case pilot reported symptoms consistent with 
post-traumatic stress disorder, but was unrecognized at 
the time and subsequently lost to follow-up. While per-
sistent and/or permanent neurological defi cits are 
common in diving-related DCS, their presence in avia-
tion-related cases is rare ( 3,19 ). This pattern of symp-
toms and time course of illness is very similar to that 
seen in patients with mild traumatic brain injury ( 5 ). 
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 Panel members concluded appropriate treatment was 
provided in all but one case ( 8 ). Medical records showed 
fl ight surgeons administered ground level oxygen and 
HBO therapy appropriately in 19 of 20 confi rmed cases 
after consultation with USAFSAM hyperbaric medicine 
specialists. HBO therapy was delayed in one case, but 
subsequently initiated after return to home station with 
reported resolution of symptoms. However, symptoms 
recurred after completion of indicated HBO therapy in 
at least four other cases. Two case pilots reported re-
currence of symptoms after mild changes in altitude 
(approximately 305 m or 1000 ft) while driving home 
after HBO therapy. Unfortunately, repeat HBO therapy 
did not take place in these cases because symptoms had 
resolved by the time patients reported to a physician (over 
2 wk elapsed). Two more cases occurred during com-
mercial airline fl ights taken 4-5 d after HBO therapy. Al-
though these patients underwent repeat treatment within 
24 h of landing with substantial improvement, both are 
among the pilots who reported persistent symptoms.   

 Signifi cant Operational Factors 

 Three changes in U-2 operations during the timeframe 
studied coincided temporally with the apparent in-
creased number and severity of neurological DCS inci-
dents. First, a change in aircraft sensors and a shift in 
mission emphasis resulted in greater pilot physical ac-
tivity in the cockpit while at altitude. Prior to 1991, U-2 
missions emphasized collection of strategic intelligence 
data for policy makers. Early U-2 missions involved fl y-
ing a prescribed route using fi lm cameras requiring few 
actions by the pilot. Film was downloaded after landing 
and fl own to Washington, DC, for analysis and dissemi-
nation days later. In contrast, introduction of new sen-
sors during 1990 – 1991 enabled real-time intelligence 
support to combatant commanders and dynamic inter-
action with ground forces (Mayse C, 9RW Historian. 
Personal communication; July 2009). Today’s U-2 pilots 
operate multiple sensors and radio equipment while 
directing the aircraft to support tasks from ground com-
manders in real-time. As a result, present day U-2 pilots 
engage in more physical activity while at altitude. 

Though this is diffi cult to quantify, human research stud-
ies showed that even mild exercise increased risk of DCS 
from 57% (at rest) to 91% over 3 h at 35,000 ft (10,668 m) 
( 8,16 ). From these data, it is suggested that even mild 
activities such as pushing ones heels against rudder 
pedals, raising ones arms to actuate fl ight instruments, 
or even repeated shifting of body position would sig-
nifi cantly increase DCS risk over a resting condition. 

 Second, available data indicated present day U-2 pilots 
fl y more frequently than in the past. Individual records 
and comments from operational commanders initially 
suggested a greater number of fl ight hours among case 
pilots. Unfortunately, military data sources for fl ying 
hours are inconsistent and incomplete, providing only 
aggregate fl ying hours for the entire U-2 program and 
only for certain fi scal years. Also, detailed individual 
military personnel records of fl ight hours are stored at 
the base level and move with the pilots when they change 
job locations or retire. The individual records are not 
systematically collected or analyzed on a consistent 
basis. Consequently, panel members were unable to obtain 
the statistical data needed to calculate incidence rates or 
make individual comparisons over time. Nevertheless, 
panel members were able to confi rm an overall trend 
toward increasing sorties (number of fl ights) and total 
hours by using aggregate data for the U-2 program. 

 Available data showed the U-2 program fl ew an aver-
age of 13,195 h annually between fi scal years 1998 and 
2009. During this timeframe, the program supported 
multiple, sustained combat-related operations in the 
Middle East in addition to standing requirements for in-
telligence collection and international treaty monitor-
ing. By comparison, the program fl ew an average of 
10,140 h annually between fi scal years 1979 and 1989, 
mainly in noncombat missions (Lt. Col. Heupel, AFSC/
SEH. Personal communication; February 2010). This 
was a time of relatively routine military operations 
during the Cold War. Aggregate number of annual sor-
ties followed a similar trend. Between fi scal years 1998 
and 2009, U-2 pilots fl ew an average of 3457 annual sor-
ties. By comparison, the program fl ew an average of 
2039 sorties of all types annually between fi scal years 
1979 and 1981. (Data regarding number of sorties was 
available only for fi scal years 1979 – 1981 due to inconsis-
tent record keeping.) Again, the increase is attributable 
to sustained combat support missions added on top of 
stable, long-term operational support missions such as 
treaty monitoring. This information is more meaningful 
when one considers the number of available pilots (pilots 
actually fl ying combat missions and not unable to fl y for 
health or administrative reasons). An average of ap-
proximately 49 available pilots fl ew missions annually 
from 1994 – 1997. Due to various personnel decisions, the 
U-2 program experienced a gradual decline in available 
pilots afterwards. From 1998 – 2009, an average of approxi-
mately 37 pilots fl ew missions annually, a 24% reduction 
(TSgt. Sibley, 9RW Historian. Personal communication; 
February 2010). Assuming a stable personnel situation 
between the periods 1979 – 1981 and 1994 – 1997 (histori-
cal records indicated manning levels remained stable or 

  

  Fig.     2.         Time of initial symptom onset.    
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higher than 1994 during the latter part of the Cold War), 
U-2 pilots during that era fl ew approximately 207 h and 
42 sorties annually. In contrast, U-2 pilots from 1998 –
 2009 fl ew approximately 353 h and 92 sorties annually, 
an increase of 70% and 122%, respectively (    Table III  ).     

 Third, present day U-2 pilots fl y longer sorties. Re-
cords showed most serious DCS incidents, including 4 
of 5 life-threatening incidents, occurred at a single over-
seas location (called Operating Location B for conve-
nience). Not surprisingly, this was the primary support 
base for combat operations with the greatest number of 
assigned pilots. Analysis of the typical support mission 
for this operating location showed signifi cant differ-
ences in duration and frequency of altitude exposures 
when compared to other U-2 operations (Operating 
Locations A and C). Unfortunately, the panel’s initial 
analysis using aggregate data to derive average sortie 
durations was inappropriate and provided misleading 
results. For example, the foregoing data on fl ight hours 
and sorties from  Table III  shows a reduction in average 
sortie duration over time, from 4.9 h per sortie during 
1979 – 1981 compared to 3.8 h per sortie for the period 
2002 – 2009. This is both counterintuitive and contradicts 
individual fl ight records for this series of case pilots. The 
problem arose because aggregate data includes fl ights of 
all types, inappropriately combining both short-duration 
(typically 1-2 h) training missions with longer-duration 
(typically over 6 h) combat missions. Fortunately, Air 
Combat Command collected more complete informa-
tion on average sortie duration during the period of in-
terest.  Fig. 3  shows average combat sortie duration 
increased steadily from 8.2 to 9.3 h per sortie at Operat-
ing Location B between fi scal years 2002 and 2007 (last 
available year for comparison) (Lt. Col. Nasir, ACC/
SGP; Personal communication; July 2009). While com-
plementary data from the earlier 1979 – 1981 period were 
not available due to incomplete databases,  Fig. 3  pro-
vides a more accurate indication of average exposure 
duration at the operating locations of interest. 

 While long missions were never uncommon for the 
U-2, fl ights over 8 h were the exception prior to 2001 
rather than the rule as they are today. Today’s U-2 mis-
sions are designed to maximize time over target in order 
to provide persistent, responsive intelligence, surveil-
lance, and reconnaissance support to ground forces. As 
shown in  Fig. 3 , the greatest pressure to perform longer 
missions occurs with pilots at Operating Location B. Not 
surprisingly, pilots at this site experienced both the high-
est number and most severe cases of CNS DCS incidents. 
By comparison, average sortie durations at Operating 

Locations A and C are signifi cantly lower (between 6-7 h) 
during the same time period. These results accurately 
refl ect the long-term and generally less intensive nature 
of typical operational missions at these two locations.       

 Other Factors Analyzed 

 Review of operational and medical records indicated 
dehydration was not a contributory factor in any inci-
dent. Though there is little research, dehydration is 
believed to increase susceptibility to DCS. In theory, 
hemoconcentration may increase DCS susceptibility by 
promoting nitrogen bubble growth and/or impairing 
the circulatory system’s ability to eliminate nitrogen. 
Thus, current best-practice based guidelines recommend 
hydration as a DCS preventative measure ( 9 ). All case 
pilots prevented dehydration by drinking mixed water/
electrolyte solution during fl ight through a helmet port 
designed for this purpose. Inspections also showed all 
integrated aircraft/FPS urine collection systems func-
tioned properly. 

 Given the high number of severe, life-threatening 
events occurring at a single location, the panel carefully 
scrutinized the operating environment and equipment 
used at deployed locations. Internal and external agency 
inspections confi rmed no defects in aircraft, life sup-
port, or oxygen supplies. Aircraft maintenance and 
safety personnel routinely inspected all aircraft systems, 
life support equipment, and oxygen supplies after each 
incident. Aircraft mechanical failures were rare, involv-
ing only one or possibly two cases of joint pain due to 
loss of cabin pressure. No mechanical failures occurred 
with any case of neurological DCS. Likewise, the cabin 
oxygen supply was designed as a separate, closed sys-
tem to prevent cross-contamination from other aircraft 
systems. Tests showed no contamination in either air-
craft or ground-level oxygen supplies. Finally, safety 
personnel recorded tail numbers for most reported DCS 
incidents and there was no correlation with specifi c 
aircraft. 

 No signifi cant changes occurred in prebreathe proce-
dures or life support equipment design during the study 
period. Life support equipment and integration proce-
dures were standardized and implemented identically 
at each operating location worldwide. Each case pilot 
conducted a standard resting prebreathe for denitroge-
nation lasting at least 1 h. Physiological Support Divi-
sion personnel inspected each FPS and helmet after 
every incident. There was no evidence of suit malfunc-
tion or improper use.     

  TABLE III.         COMPARISON OF U-2 MISSION DURATION AND FREQUENCY.  

  
Previous Generation Pilots

(1980s  –  1997)
Present Generation Pilots

(1998  –  Present) Percent Change  

  Number of Pilots Available 49 37 24% fewer pilots 
 Average Annual Hours per Pilot 207 353 70% more hours 
 Average Annual Sorties per Pilot 42 92 122% more sorties 
 Time to Achieve  “ 1,000-Hour ”  Status 7-10 yr 3-5 yr
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 DISCUSSION 

 This case series showed U-2 pilots reported an in-
creased number and severity of neurological DCS inci-
dents during 2002 – 2009 compared to earlier periods. No 
readily apparent cause was identifi ed by the expert pan-
el’s investigation. Eliciting causal factors is diffi cult due 
to the unique nature of the altitude exposures, inade-
quate databases, and limits to our current understand-
ing of DCS pathophysiology. The increase in U-2 CNS 
DCS cases corresponded temporally with increased 
sortie duration and frequency associated with military 
operations. In particular, 12 of 16 severe cases occurred 
at the operating location with the highest frequency and 
duration of altitude exposures. Additionally, these U-2 
case pilots engaged in more physical activity at altitude 
than their predecessors due to evolution in sensor capa-
bilities and mission emphasis. Based on our current un-
derstanding of altitude-related DCS physiology, these 
are the most likely causes behind the increased number 
of U-2 DCS incidents. No other environmental, mechan-
ical, equipment, procedural, or medical factors explained 
the increased number of cases, nor the preponderance of 
severe, life-threatening cases which occurred at a single 
operating location. 

 Operationally, this analysis was suffi cient to demon-
strate a trend toward more frequent high-altitude expo-
sure for longer periods of time than the historical norm 
for the average U-2 pilot between 1998 and 2009. Mili-
tary commanders often must act in the face of uncer-
tainty based on trends or partial information. In this 
instance, action was needed to prevent further loss of 
pilots and potential loss of life while maintaining a vital 
wartime mission. Scientifi cally, however, the foregoing 
is statistically fl awed and unsuitable for determining 
exposure rates or predicting risk of DCS for individual 
pilots. Caution must be taken in drawing conclusions 
from these data as the inherent limitations of any retro-
spective observational series apply. These include small 
numbers, potential selection bias, confounding vari-
ables, and lack of controls. Collecting consistent opera-
tional data over decades for individuals was not possible 
due to personnel moves and poor databases. Addition-
ally, prospective studies were not possible given the urgent 

need for preventative action. Nevertheless, study of 
these individuals subjected to the same uniquely dan-
gerous environment adds valuable new insight to our 
understanding of human high-altitude exposure. 

 Based on our current understanding of DCS pathophys-
iology, achieving any signifi cant degree of DCS risk mit-
igation in the U-2 required addressing four critical factors: 
level of denitrogenation (prebreathe), altitude attained, 
duration of exposure, and exercise at altitude ( 12,16 ). 
While other anthropomorphic variables and physical 
factors such as diet, sleep/rest cycles, and physical fi t-
ness may affect individual risk of DCS and should be 
optimized, their overall effect is small by comparison 
( 12,17 ). 

 Weight constraints forced engineers to originally de-
sign an inadequate partial pressurization system in the 
U-2, which resulted in high altitude cabin pressures. 
Technological advances may enable better pressuriza-
tion of the U-2 cockpit in the future. However, redesign-
ing the pressurization system at this stage may be too 
costly, too lengthy to implement, and/or technically in-
feasible, so alternative preventative measures must be 
used until further engineering analysis can be completed. 
Exercise-enhanced prebreathe (EEPB) was the most 
effective DCS countermeasure available not regularly 
used by the U-2 program. Originally designed and 
tested operationally with U-2 pilots, the procedure un-
derwent further human testing and use by NASA in 
space extravehicular operations ( 6,18 ). The standard 
EEPB protocol involves 10 min of moderate upper and 
lower body exercise at the beginning of a 60-min total 
prebreathe period. The protocol is proven to reduce DCS 
risk in the U-2 altitude profi le by approximately 35%, is 
readily available, and inexpensive to implement. Opera-
tionally, there may be limitations to using EEPB in hot 
environments due to thermal loading since further 
stress, fatigue, and discomfort for pilots would be coun-
terproductive. Alternatively, increasing the current 60-min 
resting prebreathe is ineffi cient: each additional hour 
after the fi rst reduces DCS risk by only about 10%. There-
fore, the expert panel recommended pilots who devel-
oped any DCS symptoms should use EEPB for all 
subsequent high altitude fl ights ( 8 ). Further operational 
testing and evaluation is ongoing to address concerns 
with thermal loading and may lead to continued use of 
EEPB by U-2 pilots. 

 Altering U-2 fl ight altitude parameters may seem in-
conceivable. However, modeling demonstrated relatively 
minor variations in physiological altitude (altitude the 
pilot’s body experiences in the FPS) signifi cantly altered 
U-2 DCS risk. ADRAC calculations show DCS risk 
steadily declines with decreasing physiological altitude 
below 30,000 ft (9144 m) and drops markedly below 
24,000 ft (7315 m). This suggests modest operational 
measures to reduce the pilots ’  physiological altitude 
could reduce overall risk of DCS for the U-2 population. 
With the U-2 ’ s differential cabin pressurization system, 
this can be accomplished by a combination of fl ying 
lower and/or infl ating the FPS ( 8,18 ). Mission require-
ments dictate operating altitudes — some missions require 

  

  Fig.     3.         Average sortie duration by location.    
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maximum altitude to optimize sensor collection or avoid 
threats while others may allow lower altitudes. In any 
case, the pilot is generally not required to operate at 
maximum altitude for the entire sortie. Given opera-
tional fl exibility in this area, ADRAC results indicate 
signifi cant DCS reduction can be expected with modest 
altitude reductions (    Table IV  ). Additionally, pilots have 
some control over physiological altitude through FPS 
infl ation. Many U-2 pilots reported infl ating the suit for 
comfort or after DCS symptoms occurred (attempted 
treatment). By turning a knob, the pilot can adjust suit 
infl ation through a range, producing minimal pressure 
(0.5 psi) with no restriction in movement to a high pres-
sure (2.0 psi) requiring considerable exertion for move-
ment. Together, using these two measures (lower altitude 
plus partially infl ated suit) could signifi cantly increase 
protection from DCS. In practice, implementing such 
changes in U-2 operations requires a shift in thinking 
since altitude differences of these magnitudes were pre-
viously considered inconsequential. Additionally, U-2 
pilots need to be educated to fl y with the suit partially 
infl ated for the entire fl ight as a preventative measure, 
not just when symptoms appear.     

 The increased number of reported U-2 neurological 
DCS cases coincident with increased frequency and 
duration of altitude exposure suggests a causal relation-
ship. Unfortunately, there is no recorded history of 
similar problems with aviation DCS for comparison in 
either the U-2 or other military high-altitude reconnais-
sance programs based on our literature review ( 14 ). Such a 
long period of sustained high operations tempo is un-
precedented in the U-2. Anecdotally, senior members of 
the U-2 community reported times during the Vietnam 
War when fl ying schedules were adjusted to allow more 
rest between fl ights because of increased DCS incidence. 
If so, no record of these actions remained in the 9RW 
archives (Mayse C, 9RW Historian. Personal communi-
cation; July 2009). 

 Unfortunately, misperceptions persist among many 
fl ight surgeons and pilots regarding DCS. For example, 
early studies suggested gender, age, and body charac-
teristics played a signifi cant role in aviation DCS sus-
ceptibility. Recent research by Webb et al. showed 
gender was not a factor in DCS susceptibility and level 
of fi tness is a more appropriate measure of susceptibility 

than weight alone ( 17 ). This cohort of U-2 pilots with 
CNS DCS included one woman. Since only six female 
pilots served in the U-2 program since these combat po-
sitions were opened in the 1990s, the authors felt this 
case was consistent with demographics. Likewise, this 
series did not show any tendency for more frequent or 
severe DCS with increased age or body mass index 
(BMI). Ages and BMI of the U-2 pilots described herein 
were consistent with current and historical norms. 
Though BMI is a poor measure of fi tness, it is a widely 
used clinical marker that correlates with poor health 
when elevated. U-2 pilots in this series were relatively 
fi t based on military standards and consistent with their 
unaffected peers. 

 Similarly our experience with these cases also sug-
gests fl ight surgeons must reconsider the previous 
maxim that DCS rarely presents after 4 h when evaluat-
ing fl yers for potential treatment. Previous empirical 
data and human research indicated DCS risk increased 
with duration, but symptom recognition seldom occurred 
after 4 h ( 8,10 ) These conclusions were based on over 
3000 subject altitude chamber exposures during 1983 –
 2005 ( 8 ). Butler et al. also noted that 60% of 1153 subjects 
manifested symptoms at altitude or within 2 h of expo-
sure in USAF altitude DCS cases treated between 1941 
and 1999 ( 3 ). Though small in number, 58% of U-2 pilots 
in our study presented after more than 4 h in fl ight, in-
cluding 42% presenting over 24 h after landing. How-
ever, operational U-2 pilots are a markedly different 
population than the test subjects in the earlier studies. 
Of note, 93% of exposures examined by Butler et al. and 
100% of those examined by Pilmanis came from altitude 
chamber operations ( 3,8 ). Altitude chamber subjects are 
monitored specifi cally for any suspected symptoms, 
with ready access to immediate medical treatment. Con-
versely, in addition to fear of grounding, operational 
pilots and astronauts tend to delay medical reporting for 
many practical reasons, such as pressing mission needs 
and extreme distances to treatment facilities. The pro-
tean nature of DCS symptoms also makes it diffi cult for 
physically stressed pilots to recognize nonspecifi c symp-
toms such as headache and inappropriate fatigue until 
severe or worsened. Thus fl ight surgeons must maintain 
a high degree of clinical suspicion for at least 72 h fol-
lowing any signifi cant operational altitude exposures. 

  TABLE IV.         ADRAC PREDICTION OF U-2 DCS RISK BY PHYSIOLOGICAL ALTITUDE ( 6 ).  

  Physiological Altitude 
in meters (feet)  *  

Predicted Risk (%)  –  Historical 
U-2 Exposure Profi le  §  

Predicted Risk (%)  –  Current 
U-2 Exposure Profi le   †   

Predicted Risk (%)  –  Current 
U-2 Exposure Profi le with EEPB   ‡     

  9144 (30,000) 74 88 65 
 8534 (28,000) 52 76 32 
 7925 (26,000) 45 71 27 
 7315 (24,000) 34 54 18 
 6706 (22,000) 5 5 1  

   EEPB  5  exercise-enhanced prebreathe.  
  * Actual altitude experienced by the pilot’s body in the full pressure suit.  
  § Includes 60-min resting prebreathe and mild exercise at altitude.  
  † Includes 60-min resting prebreathe, more exercise at altitude, longer exposure at altitude, more stress and fatigue.  
  ‡ Includes same exposure profi le, but using 10 min of mild exercise within a 60-min total prebreathe.   
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 Research regarding the effects of repeated high-altitude 
exposures for long durations (greater than 8 h) on DCS 
risk is unclear. A 2002 review by Pilmanis et al. showed 
inconsistent and contradictory results regarding the ef-
fects on DCS of repeated altitude exposures. The same 
study showed four consecutive, short-term (30 min) 
high-altitude exposures actually reduced incidence of 
DCS compared to a single 2-h exposure ( 13 ). No studies 
made further differentiation on the basis of exposure 
duration and most cases involved altitude chamber ex-
posures less than 8 h. A more recent series by Brandt et al. 
noted a possible dose response relationship with higher 
rates of DCS among inside observers with more frequent 
altitude chamber exposures ( 2 ). Consequently, the U-2 
and other operational programs have imposed various 
ground interval requirements between fl ights based 
primarily on operational factors (i.e., mission needs, 
duty restrictions, past experience, etc.). 

 Finally, some animal and human performance studies 
suggest it is possible to become acclimatized by repeated 
decompression exposures, thereby reducing the risk of 
altitude or diving DCS in some individuals ( 13,15 ). 
These studies suggest that variability in individual stress 
response to pressure changes or to nitrogen gas emboli 
could result in some pilots being more susceptible to 
DCS, whereas others become acclimatized. Indeed, 
within the U-2 program many pilots never experienced 
any DCS during the past 10 yr, while at least three case 
pilots experienced severe CNS DCS within their fi rst 
few operational sorties. Current research does not 
enable prediction of individual susceptibility to DCS. 
However, this case series suggests an increased risk of 
CNS DCS with frequent long-duration high-altitude 
fl ights. Further research would be helpful regarding the 
infl uence of both exposure duration and frequency on 
risk of altitude DCS. Ideally, fl yers would benefi t from 
guidelines similar to dive tables in providing standards 
for safe intervals between fl ights based on frequency, 
duration, and altitude of exposure. As the diffi culties 
depicted by the authors in this analysis illustrate, consis-
tent operational records of individual altitude exposures 
and medical treatment would greatly facilitate statistical 
analyses required to develop better exposure guidelines. 

 In conclusion, our investigation did not uncover a 
single causal factor which could explain the apparent 
increased number of neurological DCS cases in U-2 pilots 
during 2002 – 2009. The cause is probably multifactorial, 
with both operational factors and individual suscepti-
bilities infl uencing results. Conceptually, it appears U-2 
pilots crossed a heretofore unrecognized physiological 
line in meeting the demands of current combat opera-
tions with the available manpower. In the absence of a 
single correctable problem and with only incomplete 
data, U-2 commanders have made incremental changes 
in controllable variables to mitigate DCS risk. Further 
research regarding the effects of frequency, duration, 
and activity of altitude exposure are also being under-
taken. Given mission needs, there is little fl exibility re-
garding physical activity at altitude beyond educating 
pilots to avoid unnecessary movements. Likewise sortie 

(altitude exposure) duration is driven by the need to 
maintain support to vital ground operations. However, 
the commander has increased the number of available 
pilots in order to both reduce the frequency of altitude 
exposure and increase rest cycles between fl ights while 
deployed. Time and further analysis with improved 
data collection may alter our scientifi c understanding of 
the relationship between frequency and duration of 
operational altitude exposure. Together, these measures 
may succeed in reducing the overall number of DCS in-
cidents experienced by the U-2 program.    
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