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Red Blood cell (RBC) aggreganion plays a major role i
blood Now, particularly i the micrecirculation (1) In-
creased agaregation markedly enhances biood viscosity,
whuch slews blood flow. This in tum further increases RBC
aggregation, initialing a self-aceelerating evele leading to
“sludge blood"”, stasis, and ischemia ( 2,3). Accordingly,
unpaired EBC ageregation has been implicated in various
discases assocsated with microcirculatory disorders such as
cardiovascular diseases, diabetes, hemorthagic shock,
sickle cell disease, hyperlipidemia, retinal vein ocelusion,
and thalassemea (1.2,4-7)

High pressure, in the range of tens of atmospheres [ atm
abs = 33 9 foet of scawater (fsw) or 14.7 psi], has been
shown Lo alfect vanous functions, such as jon transport and
ATP metabolism (8.9 In a previous study it was shown
that m vitro application of hydrostatic pressure of several
mmespheres enhances RBC ageregability (10). A pressure
of several atm abs 15 applied to divers undersea or in
hvperbanc pressure chambers, as well as to blood cells
during routine centrifugation procedures (10,11). The
pressurc-induced enhancement of RBC aggrepability may
thus be pertinent to mucrocrrculatery: function in opera-
tronal diving scenanos

Professienal divers have been reported to suffer from
impaired nugrocirculation, specifically retinal vein occlu-
s10n andl ancurysm (12). Red blood cell aggregation, which
is o major determunant in mucrocirculation and considerad

T Uredersea aond Hyperbaric Madical Sovlery, fne

i predisposing factor to circulatory stasis (13), has been
directly linked to retinal vein ocelusion (12). The elevated
RBC aggregability induced by hyperbaric exposure may
then be implicated in the microcirculatory disorders
observed in divers

The present study was undertaken to test the hypothesis
that mild hyperbaric pressure may increase RBC aggrega-
tion i divers Investigation of this phenomenon will
imcrease owr understanding of the role of hvperbaric
pressure i erythrocyte function both undersea and dunng
hyperbarie treatment

METHODS AND PROCEDURES

Eleven volunteer US. Navy certified divers were sub-
jected to simulated hyperbaric pressure in the man-rated
charmber complex (MRCC) of the Naval Medical Research
Institute The subjects” physical characteristics were as
follows (mean + sEM): height = 1788 £ 1.6 cm, weight =
90.2 =31 kg, and age = 31 4 L vr. All subjects provided
informed consent to participate after being thoroughly
acguainted with all procedures and nisks. This protocol was
approved by the Committee for the Protection of Human
Subsects at the Maval Medical Rescarch Institute and at the
Maval Medical Research and Development Command, All
subjects refrained from cafTeine, nicotine, alcohol, and
strenusous exercase 24 h before and during these procedures,
tach diver received a postdive physical exam and was
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found 1o be in excellent physical health, There were no
untoward incidents and no cases of decompression iliness,
fve profife: This dive profike consisted of 9 davs at depth
w the MRCC. Data reparted in this manuscript were
collected immediately before the dive and on the st and
Ind davs of the dive (Days | and 2 of the dive). The dive
began at 0700 hon Day | and the MRCC was pressurized
lo 36 fsw on air then compressed 10 66 faw on helium at 30
Fw/min at 0800 b At 1600 h on that same day {Day 1) the
chamber was compressed to 250 fsw at 10 few/min and
then 300 fsw at 3 faw/min with He. The chamber remained at
300 Fsw undil Day 9 (the final day of the dive) when decom-
prossion procezded according Lo established Navy tables
fed blood cells: The MRCC was pressurized 1o 66 fow
(2.95 atm abs) on the maming of Day 1 and then increased
Lo 300 Bsw (9835 atm abs) at 1600 h that afternoon. Bicod
sampies {4 mi) were taken at the surface (1 atm abs)
immediaiely before the dive and at cach storage depth,
spectlically 2 b alter armving at 66 fsw on the Day 1 at
100U by and then at 300 Gw at 1000 h of Dav 2. Red blood
colls were isclated at depth by mild centrifugation, which
was nid sufficient o mduce a significant pressure ffect
{10}, and resuspended in Tris-HC1 buffer (pH = 7.4) while
still at depth. Red blood cells were suspended at 102
hematoerit in & Trs-HCI buffer (pH = 7.4) supplemented
with % albumin Hematoent was established with precise
volumetrie dilution of the RBC pellet. Aggregation was
mduccd by the addition of dextran-5(4} {moalecular weaght
SO0.000) to a final concentration of 5%, according to a
procedure established in previous studies (3,14). Each
fraction was then brought (o the surface via a small pres-
sure bocker at arate of 1 fsw/min, The rate of decompres-
si00 of the samples was such that there was no cell lvais in
the samples and the samples contained no plasma proteins.
Hematoent was verificd with a tabletop centnfupe and RBC
dggsceation was immediately determined in the lahoratory,

Red blood cell aggregation (specifically apgrepate siee
distribution and the shear stress regquired 1o disperse the
apgregates) was determined in o narrow-gap (30 pm) fow
chamber fitted with a thermostat to control temperature
(3770 by using customized software and the computerized
Cell Flow-propertics Analbvzer (CFA) as previously descnibed
4,153 Briefly, a CCD camera was mounted on a inverted
microscope o record the single laver flow of RBCs through
the flow chamber. The shear stress was controlled with a
penstaltc pump aftached to the flow chamber,

Data analises Data were anabvred with a repeated
micasures analysis of variance (ANOVA) for a complele
rassdomized block design. When the results of the ANOV A
were sigmificant, differences among data were detected with
Fisher's Least Significant Difference Multiple Comparison
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Test (16). Values are expressed as means + seM. Statistical
significance was achieved at P =< 0 03

RESULTS

Hyperbanic exposure increased RBC agpresation in mest
divers and markedly augmented it in some of them A
demonstration of this phenomenon is depicted in Fig, |,
which 15 a micrograph of RBC agprepates as visualized in
the CFA, at the surface, and following exposure Lo 66 fau
The corresponding ageregate size distribution diagram i5
also shown in this figure. It reveals that cells are in VEry
Large ageregates and aggrepate networks after the pressiire
trestment as compared with the contrel RBC

Table shows the median aggregale size for all the divers
As noted above, the ageregation was increased at depth in
mast subjects and markedly enhanced in some of them
Median aggregale size was significantly increased at 64
tsw and there was no sigmficant difference in the med)an
aggrezale suee at 56 and 300 fsw Examination of the data
from each subject shows thal exposure to hvperbare
pressure produced enly a shght effect in those wha had
high aggregation at the surface {subjects 10 and 11} These
data indicate that in most cases further exposure 1o 300 faw
produced only a small additional increase in the ageErepn-
tion. suggesting that most of the effect is expressed of
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HYPERBARK EXPOSURE ENHANCES RED CELL AGGREGATION ([t

Tabbe I: REC Aggregation for All Subjects Before and
Afrer Hyperbaric Exposure’

Median Aggregate Size

Subyect Surfwe fafy faw 00 faw
| 23 202 =37
2 7.1 b T3
1 9.4 5.4 a6
4 a5 19,4 256
5 1649 &0 (el
h 6.2 05332 o
7 [ ET ikl 395
] 20 187 234
9 165 16,8 13540
|1l 231 120 35
11 214 A3 L6
Melean = Spad 120=21] 330473 487 & 10 g*

Mediadi aggrepate siee (the aggregabe size above which 50% of
R populatisn exista) for each subject Blacd samples were taken
al the surlzce, &l 66 fw, and 8t H0 fw. BBCs were isolaied a
thepth and subected 1o aggregation analysis in the CEA. Median
gpreg e sires 4806 and 300 fow were no diferent from esch pther
but bath were sgnificantly. mereased compared to the surface
measuTemenl

“Hagnalicant at P 03

shallow depths. As noted in the introduction, enhanced
REC aggregation may facilitate microcirculalory obstruc-

tion. In this regard, the number of large agpregates in the
RBC population, rather than the median ageresate size,

may be more important. Accordingly, the distribution of

the RBC aggregates into small (<8 cells/aggregate),
medium (9-64 cellsfaggregate), and large (=64 cells!
aggregate) ranges was analveed Figure 2 shows this size
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Fig. 2—Dhenbution of EBC spgregales indo sixe tange hefore apd aller
hyperbare exposure. Percentage of RBC pomelstian in srall, medsm,
anid |arge size ranges, carresponifing to <8 ceflsaggrepate, B 64 pefly
nggregate, and =64 cells'apgregan, respectively. Daw represenied ans
i £2EAL for BBCs taken ot surface (open dlocks) and ot 66 fas
{analded Ao *Yalnes s depith sigmbicantly different from surizes, w
L1 = 1 sy
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MEDIAM AGGREGATE SIZE

SHEAR STRESS {dynefon? )

FIG. 3—Effect of shear stress on the aggregation of RACs token at the
aurface and at 56 fow. Median aggregace size at varving shear stress was
determined for BBCs tsken of the surface {®) and al A6 faw ()
*Values 51 depth signficiantly different from surface, n = || (P - 0.05)

distribution at the surface and at 66 fsw. These data show
that after exposure to pressure, over 40% of the cells (and
very few of the untreated cells) are in large-sized aggre-
gates, whereas a very small portion is in the low range

A mcasure of the RBC aggregability is the shear stress
required to disperse the ageregates (5141 Figure 3 shows
that higher than normal shear stress was required Lo
thsperse the pressure-reated RBC aparepates, indscating that
expome (o préssure might mduce the formation of AEpTCmMes
that are more resistant 1o disageregation by the blood flow

DISCUSSION

This study shows that exposure of humans 1o mild
hyperbaric pressure at 66 fsw (295 atm abs for 2 h)
mduces a dramatic increase in the ageregability of their
RBUCs, This result is similar to the in vitro elTect previously
observed (10} The extent of the effect seems 1o depend on
the basal status at the surface, as an increase in apgTegil-
bility was minor m those who exhibited high RBC aggrega-
tion at surface. Although the subject pool consisted of a
group of very specialized LS Navy saturation divers, the
wide range of responses observed 15 an indication that no
special adaptation has occurred with regard 1o the dggre-
gabality of their red blood cells at depth

Of specaal iterest is the finding that a dramatic increase
in RBC aggregation was achieved at 66 fsw, whercas
further exposure to 300 fsw produced a relatively small
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addivonal effect. It scems that the effect is not proportional
to the pressure but approaches a plateau at shallow depths
This supports the findings of the in vitro study where it was
observed that the effect of pressurc on RBC aggregability
exhibits an asymptote behavior as a multiplicative func-
tion of the level and duration of the pressure applied, In the
in vitro study, we showed that the enhancement of RBC
aggrepation 15 due 10 hydrostatic pressure (100, In the
present studv, the hyperbanc pressure was induced in a
chamber where inert gas 15 used to apply pressure. Thus,
the distinction between pressure ag 4 mechanical force and
partial gas pressure should be considered. In the pressure
chamber, fractions of gases are adjusted to maintain the
same regctive partial pressure of oxyeen and mitrogen at all
depths bevond 66 fsw (C), (0440 46 atm abs, N, < 1.0 atm
abs_ and balance He). Therefore, as depth increases bevond
66 fsw, the He partial pressure increases. I the increase in
RBC aggregation is i part caused by an increase in partial
pressure of mert gas, one would expect a proportional
increase of RBC apgregation at 300 fsw, That was not
observed. Together with the in vitro expenment, these
results suggest that the elevation of RBC ageregability is
due to hvdrostatic rather than to partial gas pressure, but
thiz remains to-be confirmed
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