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BOL.INGER, R. R., and G. R. CARWELL. Biomedical cost of siderable experimental work has been done to measure
low-level flight in a hot environinent. Avit. Space Environ human responses to elevated temperature and dehydra-
Med. 46(10):1221-1226, 19'5 tion in the laborator under controlled conditions

The physiologic and per- ince effects of low-level recon- y
naissance flying in hot environments were documented and (6,10,12,16). However, little similar data are available
quantitated. RF-4C pilots and weapons system operators were on aircrew physiology and, especially, performance dur-
studied in hot and cool seasons during both high and low mis- ing comparable operational situatioi.s in high-perform.
slons t distinguish environmental temperature from flight level ance aircraft. Thu,, the application of laboratory derived
effects. ECG, sternal and thigh skin temperatures, and cockpit
temperature at helmet level were monitored continuously. Body physiologic principles to'flight operations often rests on

weights, oral temperatures, sieat Na/K ratios, and urine clec- assumnptions or empiric practice. Quantitative assessment
trolytes, steroids, and catecholamnes, as well as sleep and fa- of aircrew physiology in adverse operational situations is
tigue scores, were measured. Mission performance was assessed essential to relate laboratory findings to practical ques-
using photo target acquisition scores. RF-4C aircrews are exposed tions of flying safety and mission performance.
to moderate heat stress and acute dehydration (1.2% over 90 T
min) during low-level summer flights where cockpit temperature The problems of inadequate cockpit air conditioning,
occasionally exceeded 50"C. Photo target scores indicated that especially elevated temperature, humidity, and caropy
the potential for crew error v as increased, and that the margin fogging, %, ere reported by RF-4C crewmen and con-
of safety was accordingly decreased, during such hot missions. firmed by their flight sturgcons. Rciek of the Category
The RF-4C cockpit air conditioning system proved inadequate. II Clmatc Evaluations of the RF-4C Aircraft (15) re-

vealed that these problems were detected during the
initial hot weather flights in Panama. However, the

L OW-LEVEL reconnaissance flying in hot environ- cockpit conditions had been studied only from the
ments exposes flight crews to multiple stressors. Con- avionics and sensor engineering viewpoi,'t and their

physiologic significance had never been determined.
Consequently, Operation Phantom Flame was designed

The current address of R. R. Bollinger is Department of Sur- to quantitate the physiologic and performance effects of
gr,, Duk-, .niversitv Medical Center. Durham, NC. The cur- -he I-, rAC
rent address of G. R. Carwell is Department of Surgery, Nor- no,, '€€-! - i - nd to relate opera-
folk General Hospital, Norfolk, Va. tional data to existing experimental knowledge.

This research was conducted jointly by personnel in the En-
vironmental Sciences Division, USAF School of Aerospace Medi- MATERIALS AND METHODS
cine, and the Flight Medicine Office, Shaw Regional Hospital
The voluntary informed consent of the subjects used in this Data ere collected from crewmen of the 16th TRS,
research was obtained in accordance with AFR 80-33. 363 TRW, Shaw AFB, SC, during regular student train-
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ing missions. Volunteers with sir'ilar prior fi-ght experi- of the s%%eat. Oral temperatures were measured pre- and

ence from two consecutive classes were uscd at identical post-flight using a Yellow Springs Instruments Telether-

phases of their flight training when they Were flying the mometer. During 16 of the summer and 17 of the winter

same mission protiles. The flyers studied in August 1973 Ilights, eah cre ,man was monitored contintously with

formed the hot-season group shiown in Table 1, while the sensors for electrocardiogram (ECG) and cockpit ten-

next class, in January 1974, onprised the tool-weather perature at helmet level, as well as for sternal and thigh

group. In each case. information Was obtained during skin temperatures. The outputs were taped on a 4-

both high- and low-level reconnaiss1tiLe missiOns. Siml- J'1nncl cassctte-t)pe analog recorder, which fit into the

taneous control data %%ere colleted from ,revvinen per- map compartment of the aircraft. The recorder was con-

,orining almilistrative duties oil the ground. Flights were nected , ia breakawkay plug to a signal conditioner in the

classified as low% level if they had 30 mm or more of crew man's G-suit leg pocket. Simultaneous data were

hig-speed 42U knots), low-altitude ( 152 in AGL) obtained from the pilot and weapons systems operator

flying over circuitous courses several hundred miles long. (WSO) to allow comparison of conditions in the front

i gh-level missions inluded air-to-air refueling, area versus the rear cockpits. Ground temperature and dew

cover, and other re-onnaissanLe missions flown at alti- points were re,-orded hourly by the Shaw AFB weather

tudes greater than 610 in. Multiple simulated military station. Cockpit humidity was measured on selected

targets tdams, bridges, etc. ) Were preseleted for photog- flights w ith a hand-held psychrometer. Mission perform-

raphy. 1he courses were flown with pilotage teLhniques ance was asscsed on the basis of aircrew photo target

so that relativel% riinor errors in heading, timing, or aLquisition scores by comparing the exposed sensor
Lrew coordination wuld Lause a missed target, especial- films wkith preflight target maps. Squadron photo inter-
lv at the low er altitudes. G forces usually ranged from preters determined the number of targets missed during
0 to + 3 or 4 G, in the turns. No aerobatics or defen- all missions flown in each of the 2-week study periods
sive combat maneuvers were performed. whether or not tile crews Were being monitored. Misses

An experimental station wvs set tip in the squadron due to pilot error wcre distinguished from those due to
persoinal Cqtuprmrent room. Urine sampics %ere -olle1Lted bad w eathcr, in-flight emergencies, mechanical failures,
In dilute hydrocLloric acid and further preserved by im- or other factors beyond the crew's control.
mediate freezing at -20'C They were shipped to the RESULTS
School of Aerospace Medicine where they were analyzed

j"for urca b% Auto-Anil\zcr, soium and potasiu;m by A represcntatix e low-level flight temperature profile
tlanie photoincter, an1d t..atccholaimines by a fluorometric for a WSO is sho, n in Fig. 1. After takeoff, the helmet-

• mctlod 19 ). 17-01-1 ,ortlLosteriods % ere measured by lc,,el temperature declined as the aircraft climbed to
Endokrinc Laboratories, Inc., Madison, WXi. All urinary altitude. The temperature rose to more than 48°C.

ariablcs were expressed as ratios to the sample (II 8°F) diming the low-level portion of the flight, then
treatinme. whicht %,is liso determined by Auto-Anal)zer. fell precipitously, as the crew, climbed back to altitude,
Ac -utitc body wcights ere obtained before and after le eled slightly as they landed, and fell again as they
each flight using a scale sensiti,,e to 5 g and accurate to entered an ar conditioned debriefing area.
the nearcst 20 g. Sweait loss was calc.ulated by subtract- The cockpit temperatures measured during low- and
ing the \cight of Iltid lost , urine from the total dange high-lecl flights were much higher than the ambient
in postvoiding body weight occurring during the mission.
Sleep histories were filled out before each flight and
questionnaires probing for details of the mission, cockpit 500
conditions, and crew reaction were completed after-[ HEM
wards. Subjective fatigue forms were filled out both pre-
and post-flight. Filter paper squares with impermeable 375
backings were applied to two sites on the back of each
cr.wmnan to absorb sweat. These were subsequently dis- 25.0
solved in concentrated 1ICI and the resulting solutions 500
tested by ilaie photometer to determine the Na/K ratio . 0 STERNUM

tR 3.5-
TABLE I. P11ANTOM FLAME SUBJECTSI. [ E

Group Ground Low Hiigh Season ' 25.0

Season control level level :ctals 500- THIGH

I lOT

(Aug. 73) 24 26 30 80 37,5-1
(Jan. 74) 23 20 46 89
Group I 1 -1
Totals 47 46 76 169 0 1/2 I 1./2 2 2-1/2

'Sonie squadron personnel were sampled more than one time, HOURS INTO FLIGHT
in different groups on different days. Fig. 1. Phantom Flame in-flight recording.
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'rAlil:l 11 l\V iRONil-NIAl CONIII I *NS -Si!AW Al-i, SC

Stud) Day 1 2 1 4 S 6 7 8 9 it0

Condition

MJax 'lemipi 34 34 32 33 31 33 31 29 27 32
Aug MinIi leup 2S 31 27 27 26 27 22 24 23 24
1973 Ma.x tlurnid2 51 '14 83 78 83 70 77 72 77 83

Mmi 1Ilo-nid 31 49 55 55 66 44 44 49 63 49

Max Temnp 21 16 24 24 22 3 16 26 24 12 e
Jan Mim Tep17 8 16 17 19 2 9 18 17 1 0 b-

1974 Nla, Humid 100 53 82 100 94 93 100 88 82 83
Mmn IlziinJ 44 29 60 68 77 63 82 49 44 74

Vrenipkrturcs in I

'Relatise hunidits in pei cfl
Temrpciatures amnd humidities are for the daiily period 1000-1700 hourN during

which time Phantom Flame flights %%ere airborne

pet atutes greatet than 38 -C (1 0 F) for miore than

80 AUGUST - PILOT *~-I It, while thle pilot's cockpit was wvain .' , an 32'C
AUGUST- WSO 0---_ (9 i' ). III thle \kintei, thle WS() was cooler than the

70 p3ilot at head le~ el. Slem at ,Kill temperatures were nearly
~o JANUARY-PSOT 0 417 idetntical IIItile two( lpositionls. bilt thiolh skinl temperature

60 JAUARY-SO %as coolei ii the rear seat durino summer flighits. Post-
flielit oral teniperatul es shiowed no0 significant seas.onal

50 \Vat ltolls. 1-lowex er. the post flight mieasurenits we rc

S40 5 45 6, made lin the temrpel atuire-conli role quadIron equipmiet
roomj about 0i 5 It aftei coniplel lol of each mission and

30 thus llla\ li,:%e been t(,o late to (detect heat stored during

S20 I hie eleLtrOCat diograms wet e adequate for determlining

0 [X PC- heart iate and the ocu eneogisstrhhma.Nn
~PH ' ol the lattei were obsei xedl onl iecoi dings from cithet

"., season H eart rates just before and during takeoffwr
25-30 30-35 35*40 40'45 45-50 50-ss 9t0-100it beats, miin in the %x tnter. Rates of I1I0 beats/ nuni

MAXIMUM COCKPIT TEMPERATURES IN 9C or mote were genet allN obsei ved at thle coriesponrling
Fig 2 phantom Flame cockpit temperature by season tiles inl the summulei. After takeoff, heart rate could not

be correlated directly withi cockpit temperature butl,
temperatures The cockpit temperature (listributions by rather. jilpai ed to (lepend( mo(i e uponl whtat trianeux cis
"e&'o11 anld position arc shown inl Fig 2 The corres- or cx cuts were taking- pllace at the timei. I lowex Cr, heart
poilditig enivirontl lental temperatures anld humiudities are rates, gi eater than 1 20 beats,'nIm occut red 1 nfieq~uentl\
shiossn inl 1 able IL. Thle in-fl ight wet- anld dry -bulb tem- d11ot11 ugvintcr flgtwhereas thexN wet e obsen vcd 1.ot111g
lperature 1Iaeasuiremeiilts revealed relativ, humidities var - p)ortioins of nearly all stlimiler flights The iwlehet lte,,
ing from near 0 to 80"( , depending oil flight level. Before 3 ecorded were 150-1 60 beats! n (hiti Io hot xx eather
takeoff and at Mill1 AGiL cockpit humidity was usuially mlission.
greater than that of thle surrounding atmosphere. The As, a first step lin the analysis of physiological param-
high htmidity anld p~roblemls with canopy fogging limited etc~s, gYroundI control (data fin both seasons wei e cool-
cffectiveliess of the aircraft air conditioning systei at pailed to dletect at\, baseline shifts. Urie volume. po-
juist thie tulle whleni the high-speed low flight, relatively tassIim., sodill. Na! K ratio, meii Can td 17-01 ICS, as
high amibient temrperature, and( marked heat trappiing well as, ftitiue scores and oral tenix~tu e. shiowed:( no

.cenli ouse" effect of the canopy were conmbinitlg to swgnifiLaiit changes. The gi ouiid ckcntrol epinlephrinle \\as
p~roduce unlcomnfortably high cockpit temiperatures. Tem- 65 high,1ci during tile hot pcriod ( p< 0 025 ) anid sweat
peratut es greater than 49'C ( 120' F) wet e recordled loss oil the gio000( was necarly 300 , lin tile summer as
on three occasions and~ thle mimurinil mleasuredl was c~omipared to a ilegligible chaigo' lil the wvinter (p <
51.*70C ( 125,F).- The seasonlal iltule of the problem 0.005 ). IntIe restu rgly, sleep scol es were significantly high-
is also evidlent fi om Fig. 2. The air eoinditionling systeln ci ( p<0 .01I ) for thle summlier gi ouid conltrol group).
will lprovILle a suitable enlviroinmenlt dlurinlg cool seasons, Since most of these subjects flew thie day before, thle near-
butl iot (luriil hot, humid weather. Iyv I-h longei sdee p noted aIt ci II yi ni inl hot wealtle r call

intci stiliigy, t1 ., o.......- ~ ~ btveep be itnterpreted as ait imciease ill recovery tulle ieessitatedl
front anid rcar seat temlpet atures. D~uring suirmner flights, by more stressful flying circtiilstaices. Ill additloil1 to this
the WSO was nearly 5.5uC ( 101- ) warmier at hlelimet se~tsoinal difference lin sleep scores, thecre was a significaint
level than the pilot. The WSO routinlely experienced tei- (p=0.025) variatioln by ainticipatedl flight Crews that

A tmm Spiin in.~ and Ate, ipmeh d fii ion - ) lobe,, 1 975 1 223
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flew lo%,-lcvel flights got less sleep the night b-fore their TABLE III PHANTOM FLAME PERCENT SWEA" LOSS BY

missions than did those who were scheduled for high- FLIGHT LEVEL

level flights. PILOTS WSOs
* Once baseline stability was known, the physiological Season Low High Low High

data from both seasons could be compared. Sweat loss Hot 1.128 .818 1.166 1.048
(Table I1l), expressed in terms of percent of total body Cool .439 .689 .616 .511

weight lost, showed a significant season by level by posi- P .002 .469 .012 .004
tion interaction (p=0.0 2 7 ). Both pilots and WSOs fly-
ing low-level flights lost much more fluid as sweat during Season * Level * Position Interaction; p -. 027

the summer period. However, when high-level flights
are compared by season, the backseat crewman again TABLE IV PHANTOM FLAME PERCENT SWEAT LOSS BY
lost significantly more fluid in the summer (p=0.004) TIME DAY.
while the front seat occupant did not. When time of day,

PILOTS WSOsseason, and position are considered (Table IV) an en- _PILOTS WS_ s
vironmental effect is obvious in both positions (p= Season AM PM AM PM

0.042). The seasonal increase in sweat loss is due pri- Hot .872 1.073 .869 1.346
marily to hot, afternoon flights. Cool .534 .594 .630 .496

Crewmen flying in the summer and experiencing mark- p .090 .013 .228 <.001
edly increased water loss from :,weating showed a signif- Season * Time * Position Interaction; p - 0.042
icant (p=0.009) decrease in urine volume (Table V).
The same crewmen excreted less urea than their winter
counterparts (p=0.012). The Na/K ratio of the urine TABLE V. PHANTOM FLAME SEASONAL VARIATIONS IN

tenled to show increased sodium conservation during URINARY EXCRETION PATTERN.
ho. ,eather, but the seasonal difference was not sta- Mean Vol. (rNa
tistically significant. The Na/K ratio of the sweat also -. (cc)

failed to show any significant seasonal variation. Season

Sodium excretion (Fig. 3) showed a significant (p= Hot 85.2 987 2.72

0.005) season by level interaction. Sodium loss was Cool 141.1 1198 3.37

markedly diminished during low-level summer flights P .009 .012 .122
when compared to similar flights in the winter (p= 1mg/l0 mg creatinine.

0.001). In contrast, sodium excretion during high-level
flights showed no such seasonal difference.

Urinary .pinephrine show d a significant season by TABLE VI. PHANTOM FLAME VARIATIONS IN 17-OHCS
position by level interaction (p=0.028). Epinephrine EXCRETION1 BY SEASON, LEVEL AND POSITION.
excretion was greatest during low-level summer flights Season Pilot Low WSO Low Pilot High WSO High

and least during high-level winter ones. Low flights in Hot 413.4 384.4 403.2 3803
the winter and high flights during the summer produced Cool 295.2 353.9 306.4 294.5

intermediate levels. As in the case of sweat loss, WSOs p .034 .616 .020 .027
flying on high-level missions showed significantly (p=
0.035) increased epinephrine excretion in the summer 'In ugg/100 mg creatinine.

relative to the winter, whereas pilots on high-level flights
did not. The environmental basis for the effect is again (p=0.029). The difference between pilots and WSOs
confirmed by the position by level by time interaction on high-level flights is significant only in the afternoon

(p=0.020).
Steroid excretion was higher in August than in January

20- for both pilots and WSOs (Table VI). The differences
were statistically significant in three of the four groups

18° COO when the comparisons included the appropriate ground
control data. In the fourth, weapons systems operators

.6. flying at low level, the unusually large winter value is
S""due to inexplicable large morning steroid values from a

O 14 P-.O01 P:.489 small number of subjects. WSOs flying similar missions
iin the afternoon showed changes paralleling the other

U5 12 three groups. Interestingly, the seasonal variation in
E "steroid excretion showed a significant interaction with

10 HOT aircrew age. The older crewmen showed higher summer
values and low winter values than their younger cohorts.

Ln 81HI Flight level did not affect 17-OHCS excretion.
LOHIHcon r- afl cThiincreasing, s.b,,o ftiguetee ti,

LEvEL LEVtL ......... . o -- s, L:eS
Fig. 3. Phantom Flame sodium excretion (season * level in- highly significantly (p< O.003) increased over ground

teraction: p-0.005). control values. This increase in fatigue tended to be great-

1224 Aviation, Space, and Environmental Medicine October, 1975
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'AIILIE VII PHANTOM FLAML PHOTO TARGET ACQUISI- summer lo s-l.,el flights LOnstitute an environment far

TION SCORES outside of the ASHRAE thermal comfort envelope (14).

seuon Rtsuht Mv.ons I argets When such cockpit measurements are substituted into
Summer Succe"sfuI 75 (75 8) 337 (91 8) the Rohles-Nevins equation for predicting thermal sen-

Unsuccessfull 24 (242) 30 ( 82) sation. tile\ yield a ,alue in the highest (hot) category.
l'otal 99 (100) 367 (10) Although the aircrewS' Llothng insulation values and

w ,ner SuLce,,ful 76 (905) 245 (957) actixits leels inaN not be identical to those used in de-
Unsuccessfull 8 ( 95) II ( 4 3) termining the comfort envelopes, tile flyers' subjective
Total 84 (100) 2S6 (100) impressions confirm the mathematical predictions. In

IDue to crew error Percentages are shown in pareatheses many .ases. the cockpit temperatures were higher than
body temperature so that iadiation, Londuction, and
L.onvection added to tie body heat load rather than serv-

er in tile summer than the winter. However, variations ing as i means of hcat removal. Under these circum-
m fat ,tie by season, flight level, and crew position were stalces. swedlin :, xas tile only major mechanism avail-
not statistically significant able for heat elimination. 1 cxer, in the face of high

'1 he proportion of successful missions and the propor- humidity, evaporatie heat los,, is inefficient Sweat soak-
non of successful targets for the two seasons are com- in, the flight suit and rolling off the skin, but providing

pared in Table VII. The vast majority ( >90W ) of little effective cooling, accounted for much of the water
targets was photographed in both seasons. However, lost when, for example, one crewmnan lost 4 8 lbs during
nearly twice the percentage of targets was missed in the a 90-nn flight. 1 he disLomfort, inconvenience, and dis-
sumner (8.2% ) as in the winter (4 .3% ). Moreover, the traction caused by' massive swseating may have been
misses due to pilot error were not isolated in one or two partly' responsible for the observed performance decre-
extremely Door missions but, rather, were spread over ment. However. heat by itself has demonstrable per-
24 % of the summer and 10,( of the winter flights. The formance effects.
proportion of targets successfully acquired in the winter Several authors hax e recently reviewed the literature
approached being statistically significantly higher (p= on performance at e!exated tempeiatures (4,8.20). The
0.070) than in the summer period. More definitely, re- levels of heat stress experienced by the Phantom Flame
connaissance crews were significantly (p = 0.011) more crews have been shown to deciease visual monitoring
likely to have a completely successful mission in the win- accuracy and tra',, abdl'ty undet experimental condi-
ter time. tions. 'These peiforniance decrements are most apparent

in complex tasks, such as instrument flying Early flight
DISCUSSION sinulation studies showed increasing performance errors

Slhe Phantom Flaine results indicate that RF-4C air- as the temperatures and dtirations of exposure ap-
crews are exposed to moderate heat stress and dehydra- proached the limits of physiological toltrance ( I ). More
tuon during low-level flights in a hot environment. 'I he recent simulation studies have demonstrated marked de-
1.2% acute dehydration experienced by the men over creases in pilot performance when the temperature ex-
90 mnn has been shown to cause a 15-18% decrease in ceeds 43.3°C or 110'F (7). U.S. Army investiga-
+G, tolerance (05-1.0 G) i similar subjects during tions of helicopter pilots revealed performance decre-
.entrifuge testing (17). Blackouts occurred at 3.8 to 4.3 ments and increased variability at cockpit temper tures

G, in 1 C dehydrated subjects without G suits. No above 43.3'C (13). However, other experiments us-
blackouts were reported by tile aircrews dtring Operation ing complex performance devices, monitoming, tracking,
Phantom Flame. However, all subjects were wearing G or atithinetic tasks have failed to demonstrate peiform-
,,uits a'l were exposed to 3-4 +G,, for relatively short ance decrements it elevated temperature, (3,5.18 ). Con-
periods of time. Under more stressful maneuvering m scquentl, it was not possible to predict from laboratoiy
emergency or combat situations, the decreased G toler- experience whether the peiformance of RF-4(" aiicrews
ance in dehydrated individuals would be significant. would be affected by' the stress of hot, los-le\el icecon-

The Na/K ratios of sweat and urine were determined naissance flights. TFhe Phantom Flame photo target ac-
for both the summer and winter groups as an index of qiisitiol scores iidicate that the potential foi crew error
temperature acclimation. A reduction in tile concentra- is increased and that tile margin of safety i,. accordingly.
tion of sodium in these fluids often accompanies heat decreased during such hot missions. These data lend
adaptation (II). However, finding no statistically signif- operational support to the concept of increasing per-
icant differences is not surprising Since the Phantom forniance decrements in tracking, cognitive, and other
Flame pilots spent only a small part of each (lay in the skilled tasks at environmental temperatures greatei than
hot environment and the balance of their time ii air 29.4°C (4).
conditioned facilities, their acclimation would only be The temperature differences between the pilot and
partial. Moreover, if the subjects maintained a high salt WSO cockpits are due, at least in part, to peculiarities
intake, they might not have shown a change in the sodium of the RF-4C air conditioning system. Whereas the pilot

-1 - . . r,',v,". .'oir o'er hi head andl houlders, the rear
content oi neir sweat v,, ,f ! (.((. .. !.. . over ............. . ..
to some extent (11). seat ducts open at the level of the WSO's knees. The

The cockpit temperatures (90-125*F) and humidi- back seat, consequently. has mtuch poorer temperature
ties (50% + ) experienced by RF-4C crewmen flying control at head level than c' )es the front seat. Since head
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tenliper ature I,, a rttei dteimiinant of gene~ral thermal provided tedinulial istnc in thle design and construction
comfort, tits dilireence 111,1\ be ret leczed Ii the higher of a compact data recording system Mr Robert Miranda, Mr.
ilk RdlIkL Of lLSt bsr\L1101gW0 dinlo Edgar Williams and 'I'Sgi David 1-reeze assisted with) the chemi-

itdtsc obcrscd intng \' ~s lurng ot cal airlyses Mr kiehard Mc.Nee performed the statistical
Slinnkr fl ights rclatis- 110 toOJ coleN5 nlr ones. Other evaluation Dis I lenty Hale, James Ellis. and tBryce Hartman
phy siolo-icaI dil~iincs dot..ck]e bctseen the tso posi- provided helpful ad ace.nd ei.zouragement
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