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R 1. AUSIRACT

The effects of increased ambient air pressures on standing stead-
: iness at 2.2 ATA, 4 ATA, 7 ATA and 19 ATA, as compared with results
2 obtained in two control situations at ambient air pressure 1 ATA, were
2 etudied in 10 experienced divers. Body sway was recorded quantitatively
{ by statometry and in four different conditions: with open and closed
eyes and in sagittal and lateral directions. The device used-Stato-
meter IV-allowed analog and digital recording and evaluation of
variations in frequency and amplitude of the pattern of body sway, and
an advanced statistical analysis was made by using a randomized block
‘ factorial analysis of variance design. ‘The results indicated that (1)
3 there is a strong quadratic relationship between balance and depth,
. (2) deterioration in balance increases at a much faster rate for the
eyes closed condition than for the eyes open condition as depth is
increased, {3) there are highly significant individual differences,
(4) the performance at depth is related to the performance at the
surface, (5) there seems to be 'no habituation or other adaptation
to the test device and (6) there seem to be no esgential after-effects
to the exposure to increased ‘ambient air pressure under the present
conditions. It was c¢-ncluded that the postural disturbances at
increased ambient air pressure might be related to the effect of the
breathing medium on the central nervous system as one symptom of
nitrogen narcosis in man.
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Effects of Incredgased Ambient Air
Pressuraes on Sianding Sieadinass in Man

J. A. Anovrson, L. Goinnene and ‘T, Berciace

Naval Medical Rescarch Group, Royal Swedish Navy, Stock-
holm, Sweden, Department of Aleohol Researeh, Karolinska
Institutet.. Stackholim, Sweden and U.S. Navy Experimental
Diving Unit, Washington, D.C., 20013

Aporrson, J. A, L. Coromme and T. Bencnacr., Effects of

spinal ventral roots and subsequent levels exteading up-
increased ambient air pressures on standing sieadiness in man,

Acrospace Med, 43(5):520-524, 1972,
The cffects of increased ambient air
steadiness at 2.2 ATA, 4 ATA, 7 ATA and
with resubs obtained in two contral situ
pressure (1 ATA), were studied in 10 cap
sway was recorded quantitatively by statom
ent conditicas: with open and dosed cycd
lateral directions, The device used=Statnm
log and digital 1ecording and evaluation of
and amplitude of the pattern of hady sw.
statistical apalvs was made Dy using a ranc
analysis of variance desien. ‘The resalls indi
a strong quadratic relationship between e
deteriaration in balance increases ot a mu
eves closed condition than far the eses apcds condition as depth
is increased. (3) there are highly significant iZdividual diffeiences,
(1) the performance at dopth is 1cdated to the performance at the
surface. (5) there seems to he no habituation or other adaptation
to the test desicr and (6} there scom to he no ecseential after~

wnee and depth, (2)

effects 1 the evposure to inereased ambiend air presaure yunder thets
ﬁ‘ ﬁ'
A -

present conditions, It was conciuded that the pa hend
ances at increased ambient air pressure might he Eointed 1o the
offeet of the breadiing medium on the ecutral nervous system as
one sviplom of nittogen narcosis in man,

D ODY SWAY MOTION represents the eritical made
in contral of hody posime hecause of the isherent
unstable “inverted pendulnm” chameletishes of the
body. Sensors in all areas of the orcanism aie used in
the control of pastwie. The <ensors obtain information
concerning pocition, otieatation and positure from both
internal and exteinal comees,
In e central nervous system the task of sensory pro-
cessing and zeneration of musele eommands is multi-
level, the lowest level of comdination located at the

The researeh reported in this paper was supported by the Swe-
dish Delaeation for Applied Medical Refence Recearch. Pioject
No. 31:071769 aad the Swedich Mo dieal Research Couneil, Proj-
cely N, B 70 1N-532.00 and B T1-1IN.502.07,

The statistical analysis has beos done in paical the U.S, Navy
Eagerhacatad Divine Unit, Washizaton, D.C.

Repants may be abtained foom D Joha A Adoliison, Manoens
Dykerihortor, Steppshalmen, §-100 14 Stockhalin 100, Sweden,

520 Acrospace Medicine < May, 1972

ressures on standing
ATA, as compared
nns at ambient air
enced divers. Bady
and in frur differ-
and in sacittal and
r IV—allawed ana-
jations in frequency
. and an advanced
nized blook {actorial
ted that (1) there is

faster rate for the

sV 1ae Dece

ward to the highest brain centers, 1017
Nashner'? has treated the basic functional properties
of the posture control system as a multiloop system in
which a number ¢f specialized for dback sensors con-
tribute toghe generation of commands. Proprioceptive
sensors andgneural processing at the lowest levels en-
able erude But fast acting responses based on infarma-
tion from Ly centered frames. “Inertial” sensors and
higher eeatef processing provide more acenrate, adapt-
able control Fut with longer processing delays. Tlence,
wostural confol is a highly nonstationary process a
‘hich responkes to transient disturbances are initiated

the liwwvsl Igvels. AHocation of (nntrol then “radiates”

ARG to ll:fé hizher conters whe® sucecssive correo-

tn®iased o nplete infordation. fine time the
irtial responsé

10T

~

iot slanding on a
riggd flat €@ the ankle strefh e gain is about
onc-third #hatFnecessary for postidF stability.?? Small
“stiction” forees acting between fil%s within both intra-
and extia-fusal museles, however, supplement this refles
gain. and together they provide a gain adequate for
complete stability for verv smali ankle deflections, The
kinesthetie cues. associated with changes in pressure
distribution of the feel. are the first sizmals af postural
divagence, These sianals trigger a multiplicative in-
crease in the reflex loop auin proportional to the dis-
turbanee ampiitude, Beeause deep pressure semsation
habitnates, an additional sense, cither visnal or uliienker
atolith information, is necessary to provide drift stabili.
vation."”

Ttis well established that various drugs espeeially al-
cohol, can distush the coordination. and certain gases
and ¢as miztures have sinilar effeet, 8131238 Subjective
feclings of dizziness and vertizo during exposure o in-
creased ambient air pressure wese icported repeatedly
by divess acting as subjeels in psycho-physiological ex-
petiments al Karolinska Tastituiet and at the Naval Div-
ing Training Center i Stockholin, Sweden 28 These
symptoms were also noled aficr inhalation of varions
fas wmivluses, including heliume-oaygen at increased at-
maosphetie pressures.

Preliminary results from an caclier study® showed that
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bady sway, measnxed by mcans of a so ealled Stato- ~
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meter, increased dnrivy expusnre 1o 10 ATA in the same
proporlior in sazittal direction, lateral divection cyes
apen and cyes closed, The mean scoies inercased by
95¢% on the average and the differences were highly
statistically significant, The varialiility also increased
significantly at 10 ATA.

It scemed likely, then, as a woVing liypothesis, o re-
late the sevious postural diste-nances at 10 ATA to a
narcotic eflzet of the hicathing medimm as one symptom
of inert gas narcosis in man at raiscd ambicnt air pres-
sure, acling upon the central nervous svstens. No train-
ing effeels were found, nor any dignificad aller-cffects
of the exposure 1o 10 ATA.

In the experiment reporled in this paper an attenint
was made to observe a nossible relationship between
graded inereases in ambient air pressure and changes
in body sway under various conditions: with opun and
claseG eves and in sagittal an Iateral ditections wlhile
breathing air.

METHODS

Subjects and Compreecimn-decompression Procedure
="The same 10 experienced test divers fram the Roval
Swedigh Navy who acted as subjeels in the carlier in-
vestigation® weie exposed to ambient air pressares of
2.2 ATA, 4 ATA and 7 A'CA in a dry compression cham-
her after lwo cantrol sedsions at 1 ATA. The order of
the expetiments was Tolated so that 5 subjects ~tmled
the testing at 22 ATA and 3 subjects started at 7 AT\,
After a 50-miante exposure lo maxinmm 7 A TA, decom-
pression took a total of 161 minules, whercupon a post-
contiol ssperiment was paformed al T ATAL The oriei-
nal fest data fiom the carlier (yposure 0 10 ATA ware
wsed in the evaluation of the 1esnlis.

Lotenmentation—The Statometer Madel 1V, dovel-
oped by the Wasking Croup on Stademietry at the De-
parbnent of Aleohol Rescaich, Karolingka Instituted,
Stockholn, Swcden,” was unad 1o wesd and (veluaite
chance in hady pesture o1 hady ssvay (sianding stcadi-
neesl, The apparins comprises hisicalis three inain
nails: for data aquisition, foryecording and storae and

For rccording, the outseine signals arc slored on line
on magnelic tape and are monitored on an analog ink-
wriler. '

For quantitative evaluation the signals are fod into
an A/C eomverter, where the varying vollage fiom the
signal wnits is converted into diserele pulses which are
counled clectronically during one-sec periods, corre-
sponding (o the area under the curve. .

The magnetic type recordings are used for visual pat-
lern recognition and identification of the numerical data
and for analysis of wave patterns and ficquency dis-
tribution,

Besides pallern evaluation three miain parameters
were compuled: mean score £ S.E., based on 50 counts
at cach recording, intra-individual and intes-individual
vanability.

Experimental Design~The recordings were  taken
with the subjeet in the compression chamber standing
nn the postine sensor transducer unit of the Statometer
in a Romberg position with fect together, eyes open - -
ciosed. "The variations in standing steadiness were re-
corded on magnetic tape and monilored on an ink-
wriler, the tape 1ecorder and the inkwiiter being placed
outside the chambor. The tape recordings were then
proceesed at the Depaitinent of Aleohol Researeh, Karo-
linske Institulet,

The standard procedure which was followed during
& test was compised ol:

Training G0 sees
Ist recording—cyes  open 70 sces
Interval 30 sees
STANDIHG STEADINESS
Lateral scero
Open Closed
51.3 Control 115.6
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for evaluabin and Jada analveis, Pets e \
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Lt recording-eyes clused

70 sees

Interval 30 sews
2 recording ~eyes open 70 sces
Inferval 30 sees

2ned reem Bug-eves closed 70 sces

During auc t: et day six subtests were s (1) pre-
control 1 AT.:, {2} control 1 ATA (afler an interval of
20 minntes) {3} hyperbaic test pressare level 1 (after
5 minutes at pressure level); () hapertharie tost pres-
sure level 2 (after 5 minutes at pressure level); (3)
hyperbarie test pressuie Jevel 3 (atter 8 minutes at pros-
sure level); (6) post-control 1 ATA (after a decompres-
sion period of 161 minutes),

RESULTS o

An example of the recordings made at 1 ATA and 10
ATA is given in Figure 1. The increase in amplitude as
well as fiequ2ney of sway and vaiability with time with
increase in ambient air pressure is noticed as well as the

STANDING STEADINESS (BODY SwaY)

to
ms4 e CLOSED EYES
LATERAL SCCRE
220 . L oy ald5-276¢ 41,2952
a"
210 - . -
J $+215€

200 - .
180 1
140 -
V16 4 TLOSED CYES

+  SAGITTAL SCORE
e 4 3} e 92,7-035x +12022
50 / ! / '
o
10 o
129 <
"o A OPEN LYES

L ATERAL SCORF

120 / ys Sk2 0x v 02702
90 +4
ag -
20 - OPFH EYES

v gaGnTAL SCORE
60 ya 103-131 ¢ Q3502
50
40
b [
16 -
10
0 ) T 1 1

y 2 ¢ H i

ADOILKRT AIR FRESSURE IN ATA

Fig. 2. Pelitiod botween standivs seadivess (hods swav)
Sthimnet== Untls {seased aned prosape bovel tdepth), Means of 10
epetieneed divers whiale bicathingg air, Cmves arte hest it
vanves significant Gt the poe 0001 Jovel, imphying a quadiatic
wehationlip,

a2 Acospace Medicine o May, 1972 5
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inercase when eyes were elosed. The patten: of sway
varied from subject to subject; large slow deviations
awiy Done the main positien, as well as small and rapid
exeursions around the main pesition were found. '

The cilects of graded insreases in ambient air pres-
sure are given in Figure 2 Already ac 22 ATA in two
co.ditions with oper, eyes the increase fromn the control
{1 ATA) wey statistically significant (p <0.03). Al of-
feets at higher pressures were highly statictically sig-
nificant (1 << 0.001).

For fmther evaluation of the present data a random-
ized block factorial analysis of varianee design was
nsed, The overall results are presenied in Table L
Blocking across subjeets was incorporated to 1c.nove in-
dividnal dilfesences from the crror term, The subjects
wde tosted twice with their evessopen-and twice ‘with
their eyes closed (Factor A), Each subject was {ested
four times at cach of five pressure levels (Factor B).
Shifts in balance {orce were measured in two planes:
Iateral and sagittal (Factor C).

The results indicate that the individual differences on
the balance test (Blocks) are statistically significant at
the p < 0.001 level. In other words, a difference as large
as the onc obtained could he expected by chance in
less than one of a thousand replications of this experi-
ment.

The differences noted between the ecyes open and
eves closed condition (Factor A) are also statisticaily
significant at the p <0.007 level. which is also the fact
for the differences between the pressure levels (Factor
B).

When the treatment levels for a given faclor form a
series of steps along an ordered scale, ie. increasing
docage, intensity, pressure, time, cle, then treatment var-
iation can bhe subdivided into lincar, guadiatic, cubie,
cle, trend components. A trend analysis of Factor B
(depth, pressure) indicates that when subjects are
breathing air there is an overall quadratic relationship
between balance and depth. This is itlustrated in Figure
0

The interaction between Factor A feyes open or
closed) and Factor B (depth) is statistically significant
at the p <2 0.001 fevel.

Also, the direction of movement (Factor C) is sta-
tistically significant {p <0.001). Without cxception the
<abjeets displaved more Jateral than <agittal movement,

The results obtiined in the pre-contiol and post-con-
trol situations at T ATA were compared hy means of
the t-iest. No statistieally significant differences (p >
0.03) were found, which is quile in accorcdnes with the
carlier findings.® Fianally, the results, shown in Table T1,
indicate that performance at depth is aclated to per-
formance on the surface. In other words, those peaple
who perform well on the suiface also perform well at
depth.

As mentioned above the subjects were tested twice
with epen eyes and twice with closed eyes at each press
sure Jovel, The tostaretest idiability tor each Uvo sels of
tests was high asd stabile for all variables studied in this
investigation and, therefore, it was possible to use cach
pair of measmements as ooe set in the final analysis,
The test-retest veliability is given in Tanls 1
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DISCUSSIGN cffect of 10 ATA and climinated vicual cues as come

The {dea to use statometry as a quantitative physio- {mr]cd _t'f the ‘“;O , 'viﬁl “}“‘" “l'b“ /‘:t iAT{\,I(.-a'u.scd the
logical measurement of inert gas narcosis in man is not VOV S8 ﬂyf\\/;.l";‘;.‘ "”; }";-‘,cs at 1 'Ii A‘; A"‘“:i";c to an
new. In 1942 Berggren® sturted a pilot study to reeord  8VOTESC OF H33% 0 the normal ( ) with open
cffects of increased ambient air pressure on the centrel ‘-‘fd”‘ dor these conditions it ssonable t ot
nervous system by employing a serics of psychomotor " nder these concitions 1 soelms m‘s‘;;“ q}o Suspec
tests including methods for quantitative photographic et man w ilt have a great deal of trouble with orienta-
recording of changes in body sway. This procedure was tion under water. The vestibular system is as sensitive
originally developed for studving cffects of aleoho) and ;" grz;vxt').' under water as in air, but postugtlbcéucs for ‘;
drugs.” Unfortunately, the experiments on divers were r.o.tcnl o ting diver are very much ]ro fl.uco ( causs 0
X discontinued duc to Berggren'’s untimely death, }"5 neutral buo:lun(iy. W}.wn thcs’c O85es 0 ds censory h:"

More recently reports on subjective feelings of dizzi- 0”":}“0". x}rc co:sp ed ‘;“llt "l‘)m? sﬂ(!«.'cn.n}z‘s:c] 00T
ness and vertigo during exposure to increased ambient  PFOCCSs information white breathing Wigh b. o -

' afr pressurct28 and episndes of imbalnce have actw. A it is not dlmcult'to uaderstand the reporic or
alized this investigation. While balance disturbances oc- 1;‘:0,[’"“ sg’i.mlmin}g ,(‘]?‘;}’ :; "ft"ﬂd "'f i“pdf"?nﬁ OD(:;’ :’::
cur during exposure to increased ambient air pressure ‘_“‘g :1 rocu )a; N ‘3‘ it “:" ‘:;' q;’s;:' ©0 3 fl::b ances
the reported episodes of so-called alternobaric verti.  YOTHB0 occurs in addition to the baance Gis
go%18 seom to oceur efther during or immediately after induced by the narcotic effect of the breathing medium,
ascent, This suggests that overpressurization of the mid- the actual dive may be catastrophic to the diver.
dle ear may be more important than a negative pressure
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E in the middle car.3® Most likely the vertigo thus soems TABLE 1. RANDOMIZED BLOCK FACTORIAL ANALiSIS OF

a to be induced by pressure changes in the middle ear ng’\{'::“*“")FxS‘;g\ffgg:‘}hﬁfg’g”&&ﬁﬁ?!}gcgg) : E
;- rather than to a narcotic effect of the breathing medium AT 1. 2.3, 4, 7 AND 10 ATA (DEPTH) WITH OPEN | K
2R upon the central nervous system. . _AND CLOSED EYES (EYES) IN THE LATERAL AND ’
¥ As one step n an attempt to localize possible sites SAGITTAL DIRFCTIONS (DIRECTION) WHILE BREATHING ATR. !
1 and mechanisms of action underlying the observed bal. = 0' = gy ” rall
. ance disturbances in divers underwater, the possible in-  Jeks o1%3 9 1013 18,6000 |

L fluences of hyperbaric- conditions (10 ATA) on cortein Treatments ) :
2 vestibular reactions ‘were studied.* No changer in the A Do 220032 ! oS K 3
: reaction pattern of the vestibular-ocular reflex are to (AB) 13754 4 3039 zoeee 3
.. graded movements of the head nor to acceleration and (C,  Dircction 20773 X 29773 34.5840 %
E ) retardation during rotation were found. Neither were fﬁg; g : i s 3
3 there any dif .rences obscrved in the activity between (ABC) 176 4 44 0.08 fi,
Ef the left and right labyrinths during exposure to an am-  Pedwd 0w - w8 %
L bient air pressure of 10 ATA. The results showed that  Totat 70605 199 3
Z certain pathway: of the vestibular system were not per- = 5
3 turbed by high ambient air pressures, but the results er<om 3
2 from the present investigation. on the other hand, show ]
;; that other systems undey vestibular contral, e.g., the pos- TABLE It. CORRELATION RETWEEN BODY SWAY IN THZ 3
] tural system, are clearly implicated. However, this is in (%?53’?3??:(%%\:'\z'x;ﬁno:";:gaﬁnl\gfoggf;?\% 2
3 strong need of further investigation, IN 10 EXPERIENCED DIVERS WHILE BREATHING AIR. &
4 Perhaps one of the most interesting findings-in the ‘ %
analysis of the results of the present avestigation is the Eyes Open Eyes Closed 3
3 intcraction hatween the visual conditions (open ‘closed  pene” ™ 7 Cometation Depths  Comelation | g
: eyes) and the depth conditions (Factor AB in Table S vie T T T om %
3 I). The results indicate that doeterioration in balance 13 074 14 073 Z
3 increases at a much faster rate for the cyes closed condi- 17 0.51 17 0.60
4 tion than for the eves apen condition as depth is - 137 0.78 1-10 0.69
2 creased, Tt appears that balance s deteriorating, but

that the subjects are able te compensate for this deteri-
& U, TEST-RETE ", SLATION BETWEEN
: oration as Jong as they have their eyes open and n visual  TADLE 1k TESTRETEST RELIABILITY. CORRELATE N Ao

steadiness ard heree add to the iwoafring offect of ex-

0.67 0.89 090 0.78
posure te incrcased ambient air pressure. The combined

Q.74 Q.70 0.58 057
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. DODY S\WAY IN FIRST AND SECOND RECORDING AT VARIQUS
- reference is present. This scems to be a reasonable ox- PRESSURE LEVELS (DEPTH) IN 10 EXPERIENCED DIVERS .
. 3 planation since most of man's spatial orientation infor. WHILE BREATHING AIR. :
‘20 mation comes via vision and that body sway is reduced == i
§ N . emen! ittal M ont
L, to half *vith open eyes as compared to eyes closed.$? Depth Lateral Mavement Sagital Movement 4
¢ In diving to deep depths or in turbid or amo: phous ‘;’:":“ Uen C:bn’:" ‘:.‘;: !
: water the visual reference is lost along with many of . _ .- A
the other orfentation cucs, The decraased visibility as 1 0.60 0.02 0.83 2.92 z
3 ’ 22 0.3 0.82 058 0.68
E well as the reduced illumination occurring duringa dive 0.50 Py 084 oot
é reduce the effect of visual cues and impair standing 7 083 077 083 085 1
3 10 3
0 b %
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The high individual differences found in this investi-
“ration indicate that cach individual has his own indi-
vidial body sway pattern, and the correlation between
the results obtained on the surtace and the resnlts ob-
tained at depths in each individul is high and very
stable at all the pressure levels tested, varying from r =
66 to r = 81 for open eves, and from r= .89 to r =.79
for closed eves (Table ). That means that performance
at depth is related to performance on the surface.

The findings in the carlier investigation? that there
were no systematie changes from the pre-control to the
post-centrol situation indicated that there were no es-
sential after-effects with regard to bhody sway. This s
confirmed in this investigation for three out of the four
comparisons possible. The actual t-values are: in the
lateral dircction closed eves 1.097. and open eyes 2.098
{p ~20.03); in the sagittal direction closed eyes 1,293,
and open eves 1.231.

The findings in this study scem to correspond very
well with the results of an investization on the effects
of hypoxia on standing steadiness by Bjerver & Persson
1957).% They found that after one minute inhalation of
107¢ oxyzen and 907 nitrogen at norma) ambient pres-
sure an inerease in statometer values was recorded and
increased successively during inhalation of the was mix-
twe, reading a maximum onc-ha!l minute after the ces-
sation of the gas mixture inhalation. They also found a
rather Lirge variation hetween the subjects, Arterial
oxvaen saturation was followed eontinuously. Whether
or not chanzes in the earbon dioxide tension in the ts-
sues would ecause changes in body sway has not yet
been elucidated.

From the results of this investization it seems likely
to confirm the conclusion from the carlier study? that
the serious postural disturbances at increased ambient
air pressures mizht be related to the effect of the breath-
ing medinm as ane symptom of nitrogen narcosis in
- man, This «vmptom is detectable at an early stage by
recording the changes in standing steadiness (statome-
trv). The inercased ambient aiv pressure seems to act
upon the central nervous svatem, affceting a number of
integrative processes which are engazed in maintaining
equilibrium while standing and alse ivvelving acular
pathways other than these so far tested. The mechanism
may differ from that of other agents causing postural
disturbances, e, cthanol, havine first dis-inhibiting and
then blocking effects on o number of eentral nervous

system structures, for instance the reticular forma-
tion,1514.15
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