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Blnod viscosity was measured at low shear _ates in a mocified G.D. M. vis-
cometer. At a shear rate of 0.01 sec™1, the time required to reach the maxiium
torque reading was dependent on hematocrit and placma protein conceniratioas. i’hen
hematocrit and other vlasma proteins were held coustani, the rise tinie was inversely
related to the fibrinozza concentration. The shear-rate dependence of blood viscosity
was atiributed to two factors, namely the interactions neiween cells and plasma pro-
tein which predominat=c at low hematocrits and the direcct cell-cell interactions which
became more important at high hepatocrits. The addiuion ol albumia to cell suspen-
sions caused a propoitionate increase in viscosity at ali shear rates, whereas the
addition of fibrinogen raised the viscosity preferentially at low shear rales. Cuspen-
sions of hardened erythrocytes showed much higher viscosity than normal cell suspen-
sions at the same concentration. Furthermore, filters with 5p pores allowed ihe
passage of normal cells but noi the hardened cells.

The early hemodynamic changes in endotoxin shock in dogs consisied primarily
of a marked constriction of small kepatiz veins and venules, causing reductions of
venous return, cardiac output anc arterial pressure. The hepatic venoconstriction was
not dependent on sympathetic activity. Following a partial recovery, the cardiac out-
pu: aad arterial pressure decreased again at 40 minutes post-endotoxin. These Ictz
charzes were more pronounced in dogs with intact spleen which .eleased arythrocytec
to raise blood viscosity. The plasiaa volume decreascd progrecsively in the dogs
with spleen but not in the splenactomized dogs.

Pericardial tamponade in splenectomized dogs caused clevation of central
venous pressure anc decreaces of cardiac output and arierial pressure. These changes
were maintained when the pericardial pressure was kent high bu. showed partial recov-
ery when the pericardial pressure was allowzd to decrease without supplementary
introduction of {luid into ihe pericardial cavity. The tlood volume remained esscntially
unchangecd during ta:cponade.
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I. INFLUENCE OF COMPONENTS OF BLOOD ON IZ3 VISCOELASTIC PROPERTIES
In the past year, we have continued and extended our previous investigations
(1964 Progress Report) on the influence of blood components on the viscoelastic proper-
ties of blood. The information obtained from these studies not only serves to elucidate
the physiological determinants of the flow properties of blood but also establishes &
baseline for investigations on p#thological changes in shock. All viscometric measure-
ments were made in the modified version of a couette viscometer (Gilinson, Dauwalter
and Merrill, Trans. Soc. Rheol. 7:319, 1963), as described in the 1964 Progress
Report. The shear rate used ranged from 50 to 0.01 sec~1 and the temperature was
37°C. Blood samples were obtained from heaithy human subjects and mongrel dogs.
When whole blood was used for viscometric measurement, heparin was added as the
anticcagulant. Ringer suspensions of cells were prepared by washing (3 times) the cells
in the heparinized blood samples with Ringer's solution after remcving the plasma.
Defibrinated blood was made by washing and then suspending Ringer-washed cells in
serum, which was obtained after the clotting of non-heparinized blood. In each type of
preparation, samples with different cell percentages were prepared by the removal or

addition of the respective suspending media.
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A. Time Dependence of Viscometric Behavior of Hunan Blood.

In some preliminaiy e.periments described in the 1554 Progress Report, it
was found that when blood viscosity was determined at low shear rates, the torque
reading (proportional to shear stress) showed characteristic time dependence, Thus
after a blood sample had been thoroughly mixed and introduced into the viscometer,
the torjue reading obtained with a constant, low shear rate first rose to a maximum
and then declined. This time dependence of torque response at low shear rates was a
major subject of investigation in the early part of 1965. Fig. 1 shows the alterations
in torque reading with time for whole blood, defibrinated blood and Ringer suspensions
of cells (all from the same subject with the hematocrit value adjusted to 45% cells)
at a constant rate of shear (0.01 sec-1) for 30 minutes. The torque reading for whole
blood and defibrinated blood showed an initial rise to a maximum and later decreased.
In this sample, low plateau readings were obtained between 20 and 30 minutes, but in
some other experiments the torque reading for whole blood showed a secondary, small
rise (e.g. Fig.2). As pointed out in the 1564 Progress Report, the initial rise time
was longer for the defibrinated blood (2.5 minutes in Fig. 1) than for the whole blood
(1 minute in Fig.1). The Ringer suspension gave a maximum reading in less than 0. C5
minute. The {ollowing experiments were performed to evaluate systematically the
influence of shear rate, hematocrit and plasma proteins on the torque-time relation-

ship, especially with respect to the initial rise time.




1. Shear rate and Torque-Time Curve.

Fig. 2 shows the torque-time curves at shear rates ranging from 50 to
0.01 sec™1 for a sample of human whole blood (45% hematocrit). At shear rates of
50 and 5 sec"l, there was little time dependence of torque readings. As the shear
rate was reduced to 0.5 sec~1 and lower, the time dependence became progressively
more prominent. Thus the initial rise time became longer and the slope of the subse-
quent decline of torque became steeper.

Results obtained on the defibrinated blood (45% aematocrit) were qualitatively
similar but quantitatively different. Thus when the shear rate was reduced to below
0.05 sec‘l, the initial rise time for the defibrinated biood was much more prolonged
than that for the whole blood. In Fig. 3, the relation of the initial rise time to shear
rate is shown for the whole blood, defibrinated blood and Ringer cell suspensions. It
can be seen that with shear rates above 0.2 sec~1, the initial rise time was only of the
order of 0.1 minute, regardless of the shear rate and the presence of plasma proteins.
Since similar order of response time was observed for the standard oils obtained from
the National Bureau of Ctandards, this short time interval represented the delay
inherent in the instrument. At shear rates lower than 0.1 sec-1, the initial rise time
for Ringer suspensions rose slightly, but was not significantly different from that for
the standard oils. At the lowest shear rates, the prolongation of the initial rise time
was more significant for the whole blood and most prominent for the defibrinated
blood (Fig.3). Thus at a shear rate of 0.01 sec™1, the initial rise time averaged 0.3
minute for linger suspensions of cells, 0.9 minute for whole blood and 2.6 minutes

for defibrinated blood.




2. Hematocrit and Torque-T:me Curve.

At any given on} shear rate, the time dependence of torque response became
increasingly pronounced as the hematocrit was raised. For whole blood, defibrinated
blood and Ringer suspensions of cells the initial rise time at 45% hematocrit and
0.05 sec~1 was under 0.5 minute (Fig. 4 lower panel); but when the hematocrit svas
elevated to 98% the initial rise time was prolonged to approxirmately 1 minute for all
three types of samples. The influence of hematocrit value (upper panel of Fig. 4) on
the initial rise time was much stronger at 0.01 sec~1, For defibrinated blood, the
prolongation of the rise time was most prominent when the hematocrit was raised
from 25% to 45%. For whole blood, the effect was most marked between hematocrit
values of 45% and 70%. For inger suspensions, major change occurred only when
the hematocrit -vas raised above 70%. Although the rise-time vs. hematocrit relation-
ship at 0.01 sec~1 was different for the three types of preparations, the rise time at
a hematocrit of 98% was esaentially the same, regardless of the composition of the
suspending medium.

3. Fibrinogen and Torque-Time Curve.

From the results described above, it is seen that defibrination caused a major
alteration in the torque-time relationship, especially at a shear rate of 0.01 sec-1
and a hematocrit of 45% (Figs. 3 and 4). The following experiments were conducted
to investigate (a) whether the effect of defibrination was due to the absence of fivrinogen
or due to the removal of other clotting elements during defibrination, and (b) the

quantitative relationship between fibrinogen coaxcentration and the initial rise time.




Fibrinogen was isolated ang purified from hurnan plasma according tc the
methed used by Dr. E.3. .eeve and hia co-workers at the University of Colorado
Medical Center (keeve anc “.oberts, J. Gen. Physiol. 43:414, 1950; Takeda, Am. J.
Physiol. 206:1223, 1234). The purified fibrinogen was cdissolved in autologous
heparinized serum to yicld fibi'inogen concentrations varying {rom 0 to 1.2 g%.
Autologous erythrocytes were wached with ainge:'s soiution twice and then once with
the fibrinogen-serum medium before finally resuspended in the latter to yield a hema-
tocrit of 45%. The fibrinogen concentratioa in the 3uspending media of the final
saraples was cetermiaed by the methoc of Zatnoff and Menzie (J. Lab. Clin. Med. 37:
313, 1:251). In Fig. 5, ihe logarithm of the initial rise tirae is plotted against the
fibrinogen concentration. As the fibrinogen concentration was increased from 0 to
0.5-0.5 g%, the rise time becan.e progrescively shorten=d and a linear relationship
existed on the semi-log ploi. The initial rise time was reducad to 0.2-0.3 miautes
with fibrinogen concentrations of 0.5-0.5 g% and did not decrease significanily with
further elevation of fibrinogei coucentration io i.2 3%.

The fibrinogen concentration in the original plasraa camples averaged 0.23 g%.
neference to Ifiz. 5 shows that the rise time in the :econstituied blood saxaples con-
taining 0.28 g% of fibrinogen in the suspending medium is approximately 0.9 minutes.
This is the same time interval obtained in the orizinal whole blood without cafibrination
(Fig.3). Therafore the acdition of purified autologous fibrinogen to defibrinated blood
can reduce the initial rise time to a value camparable with that obtained in whole blood.
It is concluded that the difZ>rence in the initial rise time between whole blood anc
defibrinated blood can be explained on the basis of the presence or absence of

fibrinogen.




4, Summary acd comnents.

v/hen whole blood was subjeciad to a co.asiani chear rate iower than 0.5 sec-l,
the shea:r stress recordec showed a iime dependence. The tiiae required (o attain a
maximum sh2ar stress secame progressively prolongec at lowar shear rates and
higher hematocrits. "he rern:oval of all plasma proteias reauced ihe initial rise
time bu: the rerioval of only fibiinogen prolongad the rise time. £t a shear rate of
0.01 sec™! and a heinaiocrit of 45%, the rise time was invarsely related lo tuo fdrin-
ozen concemiration. Zecause of the tiine depandence of tii. torque recponse at low
shear raies, the viscometric behavior of :lood aciually canaot be desciibed by a
single viscosity value. The viscosity value in the followinZ c=2ctions of this Zeport
veiers io that calculated from the ma:dimum torque value. Cince the rise time shows
marked dzpendence on piasiia proteins and especially fibrinogen, it may be an impor-
«ant rhaolorical parameier o consider in shock when (he concentrations of fibrinogen

and other plasma proteins are altered.
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R, Influence of i'las:na Prouzins on Elodgu 7iscosity,

1. Contribution of Cell-Protain Interactions to :he ilon-Iievtonian Behavior
ol Juman = lood.

In the 1864 Froziess Nepor:, the vigcosity of human vhole blood was compared
v7ith Zinger sucpensions of cells at shear rates irom 52 to 0. 052 sec~l. ‘These inves-
tigations have been extz2nded io include defibrinated blood. +s shown in Ff:. A ai
any given shear rate and hematocrit, the defibrinated blood (solid lines) showed lower
viscosity than the whole blood (Jotted lines), indicaiing that the presence of {ibrinogen
caused an increasc of ::lood viscosity. iz. 3B shows the comparison between v/hole
tlood (dot.ed lines) and inger suspensions of cells (solid lin2s). The removel of all
plasina proteins causacd a fu-ther decrease of viscosity ian the ~emoval of {ibrinogen
alone. In Fig. 7, the relationship beiween shear rate aad viscoeity is shown as log-log
plots for the various systems at hcmatocrit values of 0,45 and 20%. Flasma, serun:,
aud Jinger soiutio: (H = 0) wer> Newtonian, i.e. their viscosities were independent of
shear caics. At 15% hematocrit, depenlence of viscosity on shear rate was alr.ost
abseni in .inger suspersions ol cells, moderate in defilrinated blood, and mos. pro-
nowiiced in *whole blood. Al £0% hematocrit, the viccosities of ail threc ayclems were
stroucly ard almost equally shear-rate dependent. se results (Figs. S and 7)
indicate that at low heinatocrit value : the nnn-Newtonian behavior of blood is duc pri-
marily to the prcsence of plasiaa proteins, partially {ivrinozen and partially the other
proteins. Al high heiaatocrit values (e.g. 30%), the non-Newtonian behavior is atiribut-
able primarily to direct interactions among cells, withou. the necessily of the presence

of plasma proteins.
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Changes in blooZ viscosity and shear sircss as the shear raie approacies
zero are important for ascertaining whether or not blood can sustain a yleld stress
vefore flow begins. As depicted in Fig. 7, down to a shear raie of 0. 052 sec-1, the
viscosity of whola blood at a2 normal hematocrit apparently showed a continually upward
trénd. sugeesting the exiatence of a yield point. However, thisc suggestion was not
supporied by measuremants mace at still lowar shear rates. “/hen measurements
were exiended dovm to a shear rate of 0.01 sec~1, ihe log viscosity-log shear rats
plot gave a sigmoidal curve tending to reach plateaus at Loth ends of tii2 shear rates
atudied (Fig. 3). Other investigators have found that, ai sufficiently high shear rates
(above 200-40C sez~1), 1lood i8 similar o a Newton'sn fiuid with a consiant, low
viscosity (Cerny et al., Am. J. Physiol. 202:1188, 1352). The present experiments on
shear rates down to 0.01 sec~1 suggest that at verv low rates blood again approaches
another Newtonian region with high viscosity. If such a second Newtcnian region with
a conatan: viscosity exists, then at zero shear rate the shear stress (viscosity x
shear i:ate) alsc would be zero without a yield 3traas. Tn order to study tha changes
in shear siress as the shear rate approaches zero, rliicolozical data on blood often
hava been nresented in tha forin of the square root of shear stress (7~ 1/2) versus the
cquare root of shear rate ( ¥ 1/2) (Cassoa, in Zheolog of Cispersed Jyateras, ed.by
C.C. Mills, 1959, Pergamon; Cokelet et al., Trans Co:. .kdwicol. 7:303, 19G3), a plot
in which the low ends of the coordinates are mathematically expanded for detailed

excmination. I a linear relationship exists betweon these two variables, then

7"”2. — 75'/.'. + bﬁ . ,_;-)’2. (1)

-10 -
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In equation 1, ';7}1/ 2 js the intercept on the 1/2 gx:s at zero shear rate, as. Jy
thus represents the yizld stress of the system. .3 skown in Fig. 2, for whole blood
’JJ/ 2 was not a simple linear function of §1/2. Instead the J'1/2- ¥1/2 curve, down
to a shear rate of 0. 01 sec™1, showed an everchanginz slope convex.ng to the 3—1/ 2
axis. In such a plot, any reasonable extrapolation would pass through the origin (Fig. ¢).
‘hereiore if measurements are made at sufficiently low chear rates, wiole blood does
ici have a yield stress uncer the conditions of our experiiaents. In the absence of such
low shear rate measurements, one may get the imprassion that the terminal portion
of the | 1/2. '6'1/ 2 piot is linear. If a linear exirapclation is inade for such a short
poition of the curve, en "apparent yield siress' would be obtaired. In spite of our
findings that blood had no yield siress, the 3‘1/ 2 and 1';1/ Z sata ai two shear rates
(0.52 and 0. 052 sac™1) were Ztied to equation 1. Exirapolation of & straight line con-
necting these iwo points to zero shear rate gave an intercept of _’,?‘el/ 2, This was done
for two reasons: (a) toc comparz owr results with those of other investigators (Cokelei
et al., Trans. Coc. T“heol. 7:307, 1363; Merrill et al., Biophys. J. 3:159, 12C3) who
have used equation 1 to analyze their rheological data, anc (b) to gain an empirical,
though arbitrary, rieasure of the degree of departure from Newtonian behavior for the
various systems. The e values thus calculated can be correlated with hematocrit.
For whole blood and defibrinated tlood, with hematocrits up to 80% (Fig. 10A), the
cvhe root of e had a linear relationship with the hematocrit. These results are
similar to those obtained by Merrill gt al (Biophys. J. 3:12C, 1963). At high hemaio-
crit values, the relationship between o and hematocrit vras hetter described by an

exponential function given in Fig. 10B. It is seen from Fig. 10A that the heratocrit
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values at which 7, became appreciable were approxima:ely 3% foi:r whole blood,
20% for defibrinated blood, and 30-40% for Jinge:r suspensions of cells. These
values were approximately the hematocrits at which non-Nevwionain behavior firs:
appeared with increasing hematocrit (Figs. 64 and 5B). It is also indicaied in

Fig. 10A that, up to the normal hematocrit range, the 7 ¢ ia whole blood was pri-
marily due to the presence of plasma proieins (especially fibrinogen ) which inter-
acted with the cells. ‘/hen the hematocrit was progressively increased, thej"e
values for the three sysieins (whole blood, defibrinated blood, and linger suspensions
of cells) becar:e close to one another, indicating the predominance of cell-czli
interactions over cell-protein interactions. Therefore the relative coatributions

by these two types of interactions (cell-protein and cell-cell) to the empirical values
j"’e were similar to their relative contributions to the non-Newtonian behavior of
whole blood, and the value e can be used as a semni-quantitative description of the

non-Newtonian behavior of blood systems.

-12 -
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2. Effects of Albumin and Fibrinogen on the Viscosity of Linger
Suspensions of Dog Cells.

In October and November of 1965 a series of collaborative experiments
were performed with Dr, Luddo Nanninga (from the labo_atory of Zr, Mason
Guest at the Univeraity of Texas College of Medicine). These experiments were
designad to investigate the influence of albumin and fibrinogen on the viscosity
of dog cell suspensions. £ comparison was also imade between two types of
bovine fibrinogens, one with profibrinolysin and the other without nrofibrinolysin.

a. Zffects of Albumin., Zurified dog alburiin (Pentax Co.) was
added to i.inger suspencions of dog cells. The final albwain concertrations in
the suspensions ranged ‘rom 2 to 3 g% and the hematocri: vag 45%. At any
given shear rate the additio: of albumin increased the viscosity value, and the
increase can be correlated with the albumin coacentration in the suspension (Fig. 11).
When the viscosity-shear rate relationship was examined, it can be seen that
the addition of albumin caused a proportionate increase in viscosity at all shear
rates, and there was no significant change in the non-INev/tonian behavior of the
suspensions (Fig. 12).

b. Zffects of Cog Fibrinogen. Dog Fibrinogen was isolated and
nurified (Takeda, Am. J. Physiol. 206:1223, 1564) and added to the linger sus-
pension of autologous dog; cells. The {inal fiorinogen concantration in the sus-
pending medium ranged from 0 to 0.5 g% and the hematocrit was 45%. The

addition of dog fibrinogen to the linger suspension of cells ¢axased a progressive

-13 -
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increase in viscosity (Tig.13), especially at low chear rales. At a snear rate

of 50 sec~1 the viscocity of the suspensions containing various ainounts of fibrin-
ogen did not differ appreciably from that of the suspensions containing no fibrino-
gen. At a shear rate of 0.05 sec~1 the presence of 0.28 5% fibrinogen raised
the viscosity to 4.5 tiiaes coatrol. O5till large: rise in viscosity was obtained
with further increases of fibrinogen concentration. Therefore fibrinogean

alone, in the absence of other plasma proteins, can cause an increase in the
viscosity of cell suspension. I: contrast to the albumin, which caused a propor-
tionate increase of viscosity ai all shear rates, fibrinogen increased viscosity
preferentially at the low shear rates. Therefore fibrinogen is an important
factor in causing the non-Newionian behavior of blood.

c. Effects of Bovine Fibrinogen. Two types of bovine fibrinogen
preparations were made by Or. Naanninga's group; one coataingd profibrinolysin
and the other was free of profibrinolysin. These fibrinogen preparations were
added to the dog cell suspensions to yield concentrations in the suspencing
media ranging from 0 to 0.2 g%. The addition of either fibrinogen preparation
caused an inciease in viscosity of the suspension, especially at the low shear
rate range. ‘/hen equivalent firinogen concentrations were acded, the two
types of bovine fibrinogea preparations showed no significant difference in
their effects on the viscosity of cell suspensions (fig. 14). /.3 in the case of

the addition of dog fibrinogen, 'wovine fibrinogen raised the viscosity primarily
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at low shear iates (Figs. 14 and 15). “'hen the eifects of bovine fibrinogen
on the viscosity of doz cell suspensions (Fig. 15) wers compared with those
of the autologous dog fibrinogen (Iig. 13), there was no siznificant difference.
Therefore the species difference in fibrinogen as well as the presence or
absence of profibrinolysin did not affect the influence of fibriizogen on the vis-
cosity value and the non-Newtonian behavior of dog cell suspensions.

d. The Combined =ffects of Albumin and Fibrinogen. As
shown in Fig. 12, the effect of adding both albumin and fibrinogen to the dog
cell suspensiona was approximately equal to the sum of the individual actions
of these two proteins vhen added alone. Therefore the effecis of these iwo

proteins are additive,
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C. Ervthrocyte Deformability.

1. Influence of Deforraability on Blood Viscosity--Ctudies on Hardened Cells.

In the previous year, experiracntc were performed to compare the viscosity
of suspensions of rigid polystyrene latex particles and Tinger sucpension of human
cella (1234 Progress Laport). At any given shear rate and particle concentration
the vigcozity was considerably higher in the latet suspensions, suggesting that the
lack of particle deforraability contributed to a higher viscosity. Of course, latex
particles differ from human erythrocytes not only in deforinability but also in zize,
shape and other physico-cheraical properties. In order to invastigate more diractly
the influence of deformanility on viocosity of cell suspens!on, viscoaity was measured
on suspensions of <oz cells hardeaad with acetaldehyde (ilsard and Geaman, J. Gen.
Physiol. 43:635, 1560) and compared with that of suspensions of normal, deformable
dog cells. These experiment. were done in Ceptember 1335 in collaboration vsith
Dr. Geoffrey coaman of tho Cepartment of Radiotherapeutica, University of Cambridge.
v/ashed dog red cells were suspeuded in acetaldehyde solution for over 3 weels.
Curing this time cross linkages were formed among hemoglobin molecules, such
that the erythrocyte became rigid and no longer deformable. The hardened cells
were then washed and suspended in saline solution to give cell concentrations
ranginz rom 0 to close to 50%. The viscosity of those suzpensions as well as the
suapensions of normal dog cello svas determined at shear rates from 50 to 0.05 sec™1,
As shown in Fig. 13, the viscosity of suspensions of hardened dog cells did not show

raarked dependence on ihe shear rate. V’hen the cell conzentration was highar than 30%,
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the viscosity of hardenad dog cell suspensions at any given shear rate and cell con-
cemntration was much higher than that of the no:inal cell suspeusions, [hese experi-
ments cornparing the hardened dog cells with deformabla dog cells, both beinz sus-
pended in the same mediwa, offers a direct proof that the deformability of red cells
plays an important role in lowering blood viscosity and facilitating blood flow. In
the suspensions of normal doz cells, viscosity measurcineuts oan be made with call
Darnentagans ag high aa ¢0%. In rnontrest, the viscosity of hardened cells coataining
mmore than 50% cclls rose so sharply that thz viscosity at 30% cells was beyond the

upner Umit of measurement in our instrument.
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2. Measuremert of iJeformability by Microfiltration.

Thare is abundant visual evidence that normal red cells uncergo deformation
in the blood stream (e.g. Guest et al., Scienco 142:1312Z, 1¢¢3; Branemark et al.,
Biorheology 1:13%, 1533; and others),. and Frothero and Curton (Biophysical Jouraal 2:
213, 1362, "Tho Pressure Zequired to Ceform Erythrocyies in Acid-Citrate-Cextrose')
have reported that red cells readily pass through fiiters of 5 and even 3F pore size
under low pressures. Last spring one of us (M.I1.G.) made numerous unsuccessful
attempts to coulirm the experiments reported by Zrotharo and Burton., -/hen we con-
sulied with Dr. Burton w2z (aarned that he too had been unallo to repeat their earlier
rasults,

In receat months w2 have tasted raetallic silver fil{u.s 50,1 thick (S=las Flo-
tronies) and polycarhbonate slevas 10}1 thick (Fleiscchier ot ul., lcience 149:383, 1565)
bolh with nominal pcre sizas of 3,.1. Flow rates of the linzer's solution used as diluent
were determined for each fltar at a specified head of pirassure. The pressure was
couirolled by (a) maintaining a fluid column of knovm height above the filter (positive
pressure) or (b) maintaluing a coanstant pressure below atriospheric beneath the
filter'(negativo pressure). Ifext, cell suspensions were passed through the filier and
flow rate obtaiued as a funciion of volume {iltered. The erythiocyte concentration in
the orizinal Suspension and tho filtrate was deterininad in a Joulter Elsctronic Counter.
I*igura3 17 and 16 show tho resulis of typical experimce.:is, whore flow rate a....
erythrocyte concentration have been plotied against volwine paééed. Normal! oz or
hunan evythrocytes suspendad in Jinger's solution at coacontrations ranging from

1000 to 100, 000 cells/cu mint conio through these sieves ai nearly 100% of the original

-18 -



at fiitratioa pressures o 10-11 cm HyG (see Figs. 17 and 18). ‘With hardened red
cells (Heard and Ceamar, 3iochim. Biophys. Acta 53:3GC, 12C1) the filtrate contained
no cell: detectable with a Coulter Counter, which provices evidence that the pores
are smaller than ihe red cells,

Vith suspensions of norma! blood cells, the straight line on the semilogarithmic
plot indicates that the data fit closely an equation of the form

R = 3, exp (-1V),
vhere Ry is ihe initial {lov rate aad v is the volume passed. The parameter )\ ,
which is the slope o tie line, is a measure of the ''clogging rate'' of pores in the
filter,

It is likely that the value of ) will depend on the cell concentration, size and
distribution of pores ia the {ilter, and on ihe pressure difference across the filter.
Other fac:.ors, such as cell size, rigidity, electric charge, etc. may also influence ) .
Hence, tais experimental approach seems promising as & tool for the study of factors
influencing the flow properties of blood.

Thanks to the cooperation of several indusirial laboratories, we hope soon to
have additio.al filters and/or sieves of greater uniformity and wvith certain character-
istics tha. our L2sts so {ar icdicate may be useful.

Cr. Cyrus Duyant assisied in these filiration experiments.
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A. Lelationship between the cube
root of Te and the hematocrit. For
whole blood, a different closed symbol
is used for the results obtained on
each of 5 subjects. The linear regres-
sion formulae and the coefficients of
correlation (r) for whole blood and
defibrinated blood (both up to 80% H)
are given in the graph. The results
on Ringer suspensions of cells show

a curvilinear relationship.

B. Relationship between the logarithm
of Te and the hematocrit for whole
blood, defibrinated blood and Ringer
suspensions of cells. Note the linear-
ity of the results when T, is higher

than 0. 01 dyne/cm?2 (whole blood H»32%,
defibrinatoed blood H47'%, and Ringer
suspension H>65'%). The linear regres-
sion formulae and the coefficicnts of
corrclation (r) are given in the graph.
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II, EFFECTS OF ENDOTNXIMN 0i' BLOND VISCASITY AN® NTHEP HEMIDYNAMIC FUNCTIONS
Previous experiments (1964 Proaress Renort) have shown that andotoxin shock
in the don is associated with a marked increase in canillary permeability and a
loss of fluids from the circulation. Some preliminary exoeriments were also des-
cribed irn the 1964 Report to indicate that the fluid loss was associated with a de-
crease in the plasma volume and an increase in blood viscosity, In the nast year
these studies have been extended and completed. The purpose of these exneri-ents
was to correlate the changes in blood velume, blood flowand blood viscosity with
the alterations in capillary permeability, with the hope that the fundamental dis-
turbance in endotoxin shock can be elucidated and that an {deal theraneutic mea-
sure can be devised, The exneriments were performed orn healthy, monarel dogs, A
total of 50 doos was used, of which 12 had beer. splenectomized and 3 had been sym-
pathectomized and splenectomized, A1l operations had been done at least one month
prior to the endotoxin experiments., The endotoxin experiments were nerformed un-
der sodium nentobarbital anesthesia (30 ma/ka). The various hemodynamic measure-
ments were made in the controlled state and repeated followina the intravenous in-

jection of Escherichia coli endotoxin (3 ma/kq).

A, Cardiac Output

Tre cardiac output was determined with an indicator dilution method (Ham-
.+ton, Handbook of Physiology, Section 2, Volume I, Chanter 17, 1962, Am, Physiol,
Soc.) using indocyanine areen, Fiqure 1 summarizes the effects of E, coli endo-
toxin on cardiac outnut and other parameters of the systemic circulation in six
normal dogs (soleen intact) and ten splenectomized dogs. The injection of endo-
toxin resulted in a tynical course of arterial hynotension, "ithin 5 minutes the

arterial nressure decreased to less than 40% of the control and then rose slinhtly,




A secondary fall usually commenced 40 minutes following endotoxin and was less se-
vere in the splenectomized doas, The cardiac output underwent alterations similar
to those seen for the arterial pressure, The initial decrease in cardiac output,
however, was more severe than the reduction in the arteria oressure and as a re-
sult, the calculated total peripheral resistance (TPR = arterial pressure/cardiac
output) was apnroximately doubled during the first few post-erdotoxin minutes, The
partial recovery of arterial pressure between 5 and 40 minutes was accompanied by
increases in hoth cardiac output and TPR, A secondary decrease in cardiac output
was prominent in the dogs with spleen but was almost absent in the splenectomized
doas. In both groups of animals TPR rose progressively between one and three
hours after endotoxin and the values were hicher in the dogs with snleen, The
heart rate decreased sianificantly during the first 20 minutes and then returned
toward the control level, The stroke vc'ume followed essentially the same time
course as the cardiac output. Followina endotoxin injection the arterial cell per-
centace (hematocrit corrected for plasma trappina) becawe significantly elevated
in the dogs with spleen but not in the splenectomized doas.

Fiqure 2 shows the results of arterial pressure and the cardiac output on two
sympathectomized-snlenectomized doas, The control arterial oressure and the car-
diac output in these two animals were lower than those ohserved in the splenecto-
mized doas with sympathetic system intact (Fig. 1). Followina the injection of en-
dotoxin, these measurements decreased also in the sympathectomized animals, After
the first post-endotoxin hour, the cardiac outnut and the arterfal nressure de-
creased by a areater percent2oe than in the snlenectomized dons with sympathetic
system intact, The late rise in TPR seen in the doas with intact svmathetics was

not observed in the sympathectomized animals,




B, Venous Pressures

Venous pressures were measured in the left hepatic vein (catheterized
under fluorosconic control), the portal vein, the inferior vena cava (below the
df aphragm), the superior vena cava (at its junction with the right atrium), and
the left innominate vein, Fia, 3 11lustrates the average results on venous pres-
sures determined in the doqs with spleen. Endotoxin caused a marked rise in por-
tal venous pressure, The hepatic venous oressure showed inconsistent chances de-
pending upon the position of the tip of the catheter, “hen the catheter was
wedged 1n the small hepatic veins the pressure chanae was similar to that of the
portal venous pressure, “hen the catheter was nlaced more contrally, the pressure
rise became progressively smaller, In experiments where the tip of the hepatic
venous catheter was placed sufficiently centrally, the pressure decreased rather
than increased after endotoxin injection. The increases in portal and wedoed
hepatic venous pressures usually reached peak values at 2 minutes and returned to
control levels within approximately 20 minutes, The inferior vena caval pressure
increased slightly at 5 minutes following endotoxin, The pressures recorded from
the left innominate vein and the superior vena cava were closely similar and
therefore arouped together in Fia, 3. Both pressures decreased sfianificantly fol-
lowing endotoxin and remained low throughout the neriod of study. The chames in
venous pressures in splenectomized dogs were essentially the same as those shown
in Fiq, 3 for the dogs with spleen intact. The marked elevation of portal venous
pressure seen durinn the first few minutes after endotoxin was also observed in

the doaq that had been symnathectomized and splenectomized (Fia, 4).

C. Blood Viscosity

The viscosity of heparinized blood samples was determined in the modi-




fied GDM viscometer at a temperature of 37°C. The results on a normal dog and 2
splenectomized dog are compared in Fig, 5. In the normal dog with intact spleen,
the increase in arterfal cell percentage followina endotoxin injection was accom-
panied by a rise in blood viscosity. The plasma protein concentration dropped af-
ter endotoxin but rose later., When the post-endotoxin results were compared with
the viscosity-cell percentage relationship determined in the control state, the
rise {n viscosity was close to that expected from the increase in arterial cel
percentage (Fig. 6). Actually, the first few post-endotoxin samples tended to
have lower viscosity than the control samples adjusted to comparable cell oercen-
tages (Fig. 6), and this small difference can be attributed to the decrease in
plasma protein concentration seen in the early oost-endotoxin period (Fia, 5), In
the splenectomized dugs (Fia., 5), the arterial cell percentage did rot rise and
the blood viscosity showed a slight decrease together with the plasma protein con-
centration. Table I summarizes the viscositv changes in five normal doos at § min-
utes, 1 hour and 2 hours after endctoxin, A clese correlation between the chan-
ges fn viscosity and arterial cell percentiage is evident. Fia, 5 also shows some
correlation between the changes in blood viscosity and the total peripheral re-

sistance, especially in the late stage of endotoxin shock in the normal doas.

D. Total Blood Volume

The total blood volume was determined as the sum of the cell volume and
the plasmz vclume, both of which were measured directly, The cell volume was de-
termined with erythrocytes labeles with Cr:". The plasma volume was determined
with 113]-13be1m: albumin, 7-1824, and dextran with 2 man molecular weioht of
250,000, Fcllowing the intravenous injection of these test substances, blood sam-

ples were usually ccllected at 10 minute intervals fcr 50 minutes cr lonner, By




alternatina the injections of different test substances for plasma volume mea-
surements, 1t was possible to determine the plasma volume at short intervals with-
out curtailing the time-concentration curve after each injection, Simultaneous
determinations with different substances showed good aareements both before and
after endotoxin,

1. Total Plasma Volume, In the doas with spleen, the nlasma volume decreased
after endotoxin (Fig, 7). The decrease was considerable even after allowance
had been made for the plasma removed in samling, The reduction of plasma vol-
ume became proqressively qreater with time and the loss was sianificantly oreat-
er ir the doas that died within 200 minutes after endotoxin, In the splenecto-
rized dogs, plasma volume did not decrease significantlv followinq endotoxin
(Fiq. 1). ‘hen corrections were made for the plasma removed in samlina, the
post-endctoxin plasma volume of <nlenactorized doas was larner than exnected, The
total circulatina plasma proteins, calculated as the product of the plasma volume
and the plasma nrotein concentration, decreased in all doqs after endotoxin, The
decrease in splenectomized doas was attributable tc the lowering of the plasma
protein concentration; whereas in the dogs with spleen it was due also in nart to
a reduction in plasma volume, In the non-survivals the lamer reduction in plasm
volume was accompanied by a hicher plasma protein concentration., Two of the
three sympathectomized-solenectomized dcgs survived for loncer than 200 minutes,
and one died within this nerifod, The changes in plasma volume in the two sur-
vivals (doas B and C in Table I1) were essentially the same as the splenectomized
dogs with intact syrmrathetics, {.e. the poct-endotoxin plasme volume was slfaghtlv
larger than that expected from the control value minus samplfina loss, The sympa-
thectomized-splenectzrizod doo that died 140 minutes after endotoxin (dog A, Ta-

ble II) showed - reduction in palsma volume vreater th:n that exnected from samr-

. .




1ing loss. The total circulatina vlasma proteins decreased in all three dogs, es-
pecially in the doo that succumbed at 140 minutes,

2, Total Cell Volume. In the doas with snleen the averasce total cell volume
decreased only s1fghtly after endotoxin (Fia. 7). ‘'hen corrections vere made for
the cells removed in sampliing, the cell volume was found to increase in some ex-
neriments. Such increas2 in cell volume was assnciated with a rise in arterial
cell percentage and a decrease 1in r.'r!"1 activity per unit volume of erythrocytes

(Fig. 8). In the experiments where there was no increase in cell volume, Cr5

! 2c-
tivity per unit volume of erythrocytes remained constant even though the arterial
cell percentage increased, In the snlenectomized doqs, the decrease in cell vol-
ume was greater than that found in the doos with snleen (Fig, 7). Even after

the correction of samlfing loss, th.re was still an averane decrease of aoproxi-
mately 6% of the control cell volume, In the symeathectomized-s~lenectorized dogs,
the post-endotoxin cell volume aareed well with that exnected from control cel?
volume minus sampling loss, As in the splenectorized dons, the artarial celil

percentace did not rise and the Crﬂ

activity Hcr unit volure of erythrocytes did
not decrease,

3. Total Blocd Volume and F .11 Factor., The total blood volume decreased
progressively :fter endotoxin (Fia., 9), even after correction for tlood samlina,
Two and one-half hours after endotoxin, the measured blood volurw decreased to an
averane of /3% nf control, The dogs that did not survive vithin 200 minutes had
lower blood volumes., Since the nlasma volure and the cell volume were deterrmined
simultoneously, the overzll cell overcentane can be calculated. Tie ratio of the

overall cell percentage to the arterial cell percentane, i.o, the F factor,

cells
averaged clcse to unfty in the control stane (Taole !'I)., The measurerents ~ade

approximatelv 80 rinutes after endotoxin shoied 2 ci~nificant decrease to an aver-
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age value of 0,90, In the snlenectomized dons, the total blood volume did not
decrease when corrections had been made for the amount of blood taken in sampling.

The Fcel value averaaed 0,88 in the control perfod and shovwed a sianificant de-

crease tlsan average v2lue of 0,83 efghtv minutes followino endotoxin (Table III),
The total blood volume in the two sympathectovize i-splenectomized doas that sur-

vived for lonoer than 200 minutes showed no decrease whea correction was made fC.
samolina 1oss, whereas 1t decreased sliohtly in the dog that died within this nere

fod (Table i}'. The F factor showed the same decrease as in the solenect-

cells
mized doos with intact sympathecics.,

E. Peqfonal Blood Velume

1. Central Blood Volume, The central blood volume was calculated as the
nroduct of the central mean transit time and the cardiac output, both of which
were deterrined from the dve dilution curve (Zierler, llandbook of Physioloay,
Section 2, Vol. I, Ch, 18, 1962, Am, Phvsiol, Soc.). In both the doas with spleen
and the splenectomized doqgs, the central bloed volume decreased vwithin 5 rinutes
vt endotoxin injecticn to approximately 60% of the zcrtrol (Fiq, 9), Between 5
and 40 minutes the central blood volume rose toaout 7C% of the contrc) and tnen
declined once again, The secondarv decreasc was more marked in the douas with
spleen, These findings on central blood volume follo+ed closely the pattern of
cardiac output and arterial pressure (Fig, 1), The certral blood volume in sym-
nathectomized-snienectomized doas showed a qreater decrease than in the doas
with intact symoatnesics (Fia. 16), Ir all three aroups of animals studied, the
central dlood volume was reduced by a laroer nercentace than il» total blood vol-
ume throuahcut the po-t-endotoxin pe=iod,

2, Splanchnic 51o0d Volume, The solanchric blood volume was calculated as

the product of the snlanchnic mean transit *ime and ¢he s~lanchnic bleood flow.




Changes in bloo< viscosoity and shear sircss ag the shear raie approaches
zero are important for ascariaining whether or not blood can sustain a yleld stress
defore flow begins. As depicted in Fig. 7, down to a shear rate of 0.052 sec-1, the
vigcosity of whole blood at a normal heraatocrit apparently showed a continually upward
trend, suggesting the existence of a yield point. However, this suggestion was not
supporiad by measuremants mace at still lowsar shear rates. “/hen measurements
wero axiended dovm to a shear rate of 0.01 sec~1, ihe log viscosity-log shear rate
nlot gave a sigmoidal curve teading to reach plateaus at Loth ends of t2 ahear rates
atucied (Fig. 3). Other invesiigators have found that, at sufficiently high shear rates
(above 200-40C sec~1), 1lood is similar o a Newton'~n fiuid with a consiant, low
viocosity (Cerny et al., Am. J. Phyaiol. 202:1188, 1052). Ths present experiments on
shear rates down to 0.01 sec~1 suggest that at verv low raies blood again approaches
another Newtonian region with high viscosity. I such a secoud Newtcnian region with
a constan: viscogity exists, then at zero shear rats ithe shoar streas (viscosity x
gshear rate) alsc would be zero vdthout a yield 3traas. 'n order to study tha changes
in ;hear stross ag the shear rate approaches zero, rhicological data on blood often
have been nresented in tha foria of the square root of shear stress (7T 1/2) versus the
cquare root of shear rate ( & 1/2) (Cassoa, in Theolog, of Cispersed Syateras, ed.by
C.C. Milis, 1955, Pergamon; Cokelet et al., Trans So:. ..Qidol. 7:303, 19533), a plot
in vhich tho low encis of the coordinatas are mathemaiically expanded for datailed
exemination. If a linear relationship exists betwean these two variables, then

"J‘"ya. — ’j"':"'/i + bﬁ . ". " (1)
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vation of the poirtal venous cressure which preceded the beginning of the decrease
in arterial nressure by a fewv seconds, The nortal hysertension was accomnanied by
an increase in the wedned hepatic venous nressure and a decrease of the larger
henatic venous pressure, indicatina that there was a constriction of the hepatic
venules or small veins, Furthermore, the hepatic blood flow showed a marked reduc-
ticn during this early stage, The henatic venoconstriction beaan to subside an-
nroximately 2 minutes after endotoxin and essentially disanneared in 20 minutes,
as evidenced by the return of the portal and the wedned henatic venous pressures,
At the same time, the hepatic blood flow also recovered partially. At the peak
of henatic venmconstriction, the pressure gradient between the sinusoids (as es-
timated from the wedaed pressure) and the large henatic veins increased 4-fold
(Fig. 3) ond the hepatic blood flow decreased to less than one-fifth of the con-
trel, Therefore the hepatic venous resistance must have increased to at least

20 times normal, Since the elevation in portal venous pressure was also observed
in totally sympathectomized dogs (Fia, 4), svmnathetico-adrenal activity cannot be
a significant factor in causina the heoatic venoconstriction, It rather seems
that the symathetic-zdrenal activity was a result of the arterial hynotemsion
fellowina the henatic venoconstriction, Since TPR was elavated in the eariy post-
engotoxin neriad, the decrease in arterial nressure was caused by the reduction in
car?fac ovtout. There is evidence that cardiac con ractility s not irmaired un-
til the terminal stage of endotoxin shock (Alicar et al., Am, 3. Surq. 103:702,
1962). Therefore the decr<ase in cardiac output resulted orimarily from a dimin-
iched venous return., Since the total hlood volume measured in the early stacre of
endotnxin shock showed 11ttle chance, even in the dons with snleen, the decrease
in venous return most likelv was a result of venoconstriction in the 1iver and

possitle also elsewhere. As nointed out above, the elevation of TPR in the
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early stage of endotoxin shock was seen in all three qroups of doas studied, in-
cluding the sympathectomized animals, Therefore it was not dependent upon syme
pathetfco-adrenal activity. Furthermore, during this early stage blood viscosity
did not increase, even in the dog with spleen, Hence the rise in TPR was probably
due to (a) the marked vericoonstrictfon in the liver and possibly also elsewhere
and/or (b) the passive constriction of blood vessels (arterioles) as a result of
the reduction of transluminal pressure. In the early stage of endotoxin shock,
the heart rate decreased significantly in both the normal dogs and in the splenec-
tomized dogs with intact sympathetics, This bradycardia, however, was much less
srominent 1in the sympathectomized animals. These findinas suggest that endotoxin
caused bradycardia primarily by a reduction in sympathetic impulses and only par-
tially by an increase in vagal impulses to the heart,

In the early stage of endotoxin shock, the sgtanchnic blood volume usually
increased, This is in agreement with the marked hepatic venoconstriction men-
tioned above, The hepatic venoconstriction, by increasinas the outflow resistance
from the splanchnic circulation, caused an expansion of the splanchnic blood vol-
uyne and also a rise in the caoillary hydrostatic rressure in the splanchnic organs,
The latter change was responsible for the increase of the outward movement of
fluids and proteins from the capillaries to the interstitial space, and lymph fiow
from the splanchnic region increased (1964 Procress Renort), This loss of protein-
rich fluid, however, was balanced by an influx of protein-poor fluid from the kid-
ney and pessibly alsc other sites (1964 Progress Report). Therefore the nlasma
protein concentration decreased significantly, but the total plasma volume re-
mained essentially unchanced at this time. The slight sequestration of ervthro-
cytes found in the splenectomized doas was probably also due to the severe hepatic

venoconstriction and stagnation of blood flow in the snlanchnic region, In the
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dogs with spleen, the sequestration of erythrocytes cannot be demonstrated because
1t 'as masked by the release from the snleen of red cells which had not yet been
equilibrated with the injected Cr5]-erythrocytes. In contrast to the expansion

of splanchnic blood volume, the central blood volume showed a marked decrease, and
there was a compensatory volume shift within the circulation, In the present ex-
periments, the central venous pressure measured in the superior vena cava decreaseq
indicating an adequate cardiac pumping, The slight and transient rise in the ab-
dominal inferior vena caval pressure was attributable to a simultaneous increase

in the intra-abdominal nressure, The latter was probably czused by the pocling of
blood and fluid in the abdominal viscerae as well as by chanaes in resniratory

movements,

G. Correlation of Hemodynamic Changes in the Late Stage of Endotoxin Shock.

As the hepatic venocenstriction subsided, the arterial pressure and
cardiac output first returned toward normal but fell again aporoximately 40 min-
utes after endotoxin, Later than one hour following endotoxin injection, the ar-
terial pressure was significantly lower in the normal than in the splenectomized
dogs (Fig. 1). As the TPR was higher in the normal degs, the lower arterial pres-
sure was attributable to a smaller cardiac outnut, In the absence of any evidence
of cardiac insufficiency or marked volume deficiency (Fia. 7) at this time, the
reduction in cardiac cutput was apparently initiated by an impedance to venous re-
turn, At a time corresponding to the onset of the secondary decrease in cardiac
output, an increased segmental resistance in the small mesenteric veins and the
small veins in the legs has been demonstrated (Meyer and Visscher, Am, J. Phvsiol,
202:913, 1962; Hinshaw et z1,, Am, J. Physiol, 202:103, 1962). Such increases

in postcapillary resistance can result from several factors. First, endotoxin
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causes the release of a number of vasoactive substances, including histemine,
which can cause constriction of small veins in the lea (Haddy, Am, J. Physiol, 198:
161, 1960), Second, sympathetico-adrenal discharce in endotoxin shock also can
cause venoconstriction, esnecially as endotoxin shock proaresses and vascular re-
activity chanoces such that the posicapillary effect of catecholamines is enhanced
and their precapillary action diminishes (Spink et al., Proc. Soc. Exper. Biol,
Med. 112:795, 1963), Besides these humoral and neural influences on the veins,
the vostcapillarv resistance may also rise as a result of chandes in the flow
oroperties of the blood. Thus intravascular coaqulaticn may occur in the venules,
blocking the outfiow from the capillaries (Hardaway et al., Ann, Sura. 154:791,
1961). The coaqulation nrocess, once initiated, may constitute a vicious cycle,
because the slowina of flow would further favor clotting,

Another change in flow nronertv of hlood is found in its viscosity, Since
blood viscosity rises as the shear rate is reduced, a decrease in blccd flow in
endotoxin shock would lower the shear rate and hence raise the blood viscosity
even if the composition of the blood remained unchansced, In dogs with spleen,
the contraction of thic orcan caused a rise in hematocrit and this resulted in a
rise of viscosity at any niven shear rate (Fiq, 6, Table 1), Therefore in these
animals, the in vivo blood viscosity in the venules would rise for two reasons,
namely the lowering of the shear rate and the increase of hematocrit, The rise
in viscosity ceused an increase in resistance to flow, especially in the pest-
capillary venules where the shear rate 1s low.

The above discussion indicates that the vascular and blood chanaes in the
Tate stane of endotoxin shock can perpetuate themselves in vicious cvcles, caus-
ina prooressive increase in postcapillary resistance and reduction in venous re-

turn, The preferential increase in postcapillarv resistance would favor the loss
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of fluid from the carillaries, In the dogs with snleer, the fluid loss was evi-
denced by the nrogressive decrease of nlasma vclume time (Fig, 7), This nlasma
loss was not accomnanied by a further lowerina of the tstal circulatine nlasma
proteins, indicating that a protein-poor fluid was lost from the circulation, The
fluid Toss anaravated the situation because 1t on the one hand increased the hema-
tocrit and the viscositv and on the other hand it reduced the hlood volume, It

is interestina to note that the doas that died within 200 minutes had a lower
plasma volurme and hisher plasma nrotein concentration and hematocrit than the sur-
vivals, Furthermore the splenectomized doas, which had a hiaher plasma volume and
showed hemodilution, all survived for lonaer than 200 minutes. These results
ocint to the imortance of the proaressive loss of protein-noor nlasme fluid in
causina a vicious cycle, The greater loss of nlasma fluid in the doas with spieen
seems to indicate that this fluid loss wras velated to the higher bleed cell per-
centage caused by splenic contraction and the resultina deleterious effects on the
microcirculation, It is nossible fhat the nresence of the spleen can have other
detrimental effects than the simple release of ervthrocvtes, It would be interest-
ing to extend the present studies to other animals, e.a, rmonkevs, in which the
srleen does not store a larne amcunt of ervthrocvtes. In the dogs with snleen,
although the volure reduction per se did not account entirely for the hemodvnamic
channes in endotorin shock, it nlayed a contributory role in the proaressive de-
tericration of the circulation,

The prefcrential constriction of nostcanillary vessels not only caused a re-
duction in total blood volume but also a redistribution of blood volume in the cir-
culation, Thus when arterial pressure was lover than 50% of control, the splanch-
nic blood volume increased rather than decreased, This increase in snlanchnic

blood volume seens io be due to primarily the incraase in blood volume in the ine
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testine, since in the late stace intestinal venoconstriction has been demon-
strated (Meyer & Visscher, Am, J. Physfol, 202:913, 1962), whereas hepatic veno-
constriction had already subsided (Fin. 3), The absence of any marked increase
of splanchnic blood volume in sympathectomized dogs at low arterial pressure
(Table II) indicates that sympathetic venoconstriction played a role in causing
the solanchnic pooling, The greater tendency for splanchnic pooling to occur in
the doas with the spleen sugoests that increases in blood viscosity (especially
in the postcapillary venules) contributed to this occurrence, In contrast to the
increase of splanchnic blood volume in the Jate stage of endotoxin shock, the
central blood volume remainad low throughout the entire period of study. Further-
more the per cent decrease of central blood volume was always greater than per
cent reduction in total blood voluma, indicating that it was a compensatory pro-
cess to increase the effective circulating blood volume and the venous return.
The late rise in TPR seen in the splenectomized doas with intact sympathetic
system was absent in the symathectomized-splenectomized dogs, suagesting that
in the splenectomized doqs sympathetic activity was the major reason for this late
resistance rise. By comparing the TPR changes in the normal dogs, splenectomized
dogs and the sympathectomized-splenectomized doas (Fig. 1 & 2), it is seen that
the late rise of TPR in normal dogs resulted principally from increases in he-
matocrit and viscosity and to a lesser extent from sympathetic vasoconstriction,
During the 200 minutes of observation period after endotoxin, none of the 12
splenectomized dogs died, whereas one of three sympathectomized-snlenectomized
dogs did. This, tbgether with the maintenance of the hijher cardiac outout in
splenectomized dogs than the sympathectomized-splenectomized dogs (Fia, 2), seems
to suggest that symathetic activity was beneficial in the splenectomized dons
given endotox:n, The beneficial effect is most likely the result of the svmpa-

thetic influence on cardiac nerformance, Althouch svmpathetic venoconstriction
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may agaravate the vicious cycles leadina to the deterioration of the microcircu-
lation (Lillehei et al., Ann, Surg, 160:682, 1364), the detrimental effect was
not apparent in the splenectomized dogs which did not show a rise in blood vis-
cosity following endotoxin, In the normal dogs the elevations of hematocrit and
viscosity already increased the resistance to flow, and therefore further syme
pathetic venoconstriction can cause excessive derangement of the microcirculaticn,
The vicious cycles that lead to circuiatory deterioration in the late stage of en-

dotoxin shock are summarized in Fig, 12,
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111, HEMODYMAMIC EFFECTS OF PERICARDIAL TAMPNNADE

The hemodynamic chanaes oroduced by the introduction of a constant volume of
saline into the pericardial cavity has been compared with similar channes produced
by the mairntenance of a constant fluid pressure within this cavity. Monarel doas
were operated upon at least 10 days nrior to the experiment.* Durina the operation
the soleen was removed and a catheter tied into the pericardial cavity, The cath-
eter was exteriorized through the thoracic wall, sealed and sewn under the skir,
On the day of the experiment this catheter was exnosed under pentobarbital anes-
thesia, attached to a saline reservoir and fluid (saline at 37°C) was pumped into
the space. The fluid volume administered was constant in 4 experiments and variable
in the other 4 with an attempt to maintain a constant 7ericardial pressure, The

hemodvnamic changes resultina from these two procedures were recorded and compared,

A, Pericardial and Central Venous Pressure

During the contrel period, the pericardial pressure and central venous
pressure were slichtly below zero, Mith the onset of tamponade they increased to
a positive value of approximately 13-14 cm saline, The nericardial pressure was
generally slightly hicher than the central venous pressure in both the constant
pressure and constant vclume series (Fin, 13), ODurina the two hour oeriod of the
constant volume tamponade, both pericardial and central venous nressures decreased
to near zero. In the constant pressure series such a decrease was not observed

because of the further intrcduction of saline,

B, Arterial Pressure

As the nericardial and central venous nressures were elevated immediatelv
followina the orset of the tamponade, both arterial nressure and pulse nrescure
* The collaboration of Nr, “obert T, Potter of the Dent. of Surcery, 3rooklyn-
Cumberland Hospital who did the surqical nrenaration of the dons is qratefully ac-
kriowledaed.
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showed a marked reduction from the control values, The maintenance of constant
nericardial and central venous pressures did not allow as much recovery of the ar-
terial pressure as in the constant volume exoeriments where the arterial nressure
returned almost to the control level durino the two hour neriod of tamonade (Fia,
13). The pulse pressure showed only a l1imited recovery during constant nressure
tamponade but increased markedly after the tamoonade was released, This differs
from constant volume tamponade where the pulse oressure aradually returned toward

normal and did not show a marked increase following the removal of the saline,

C. Cardiac Qut-ut

The cardiac output decreased and total peripheral resistance increased
at the onset of tamponade in both series of exneriments, The constant volume ex-
neriments showed a continuous recovery of both the cardiac output and veripheral
resistance during the tamponade period and both returned almost to control levels
after the release of the tamponade. The constant pressure series showed almost
no recovery of either cardiac output or total nerioheral resistance during the
twc hour period, but fo'lowing the release the carcdiac output increased to 140% of
control and the peripheral resistance d -reased to 50% of control. During the sub-
sequent hour these values qradually returned to control levels (Fig, 14). In bcth
series of experirents the heart rate siioved an initial dron, followed bv a pro-
aressive increase attaining a maximum value of approximatelv 110-120% of control
at the termination of the tamponade, The heart rate returned annroximately to con-

trol values durina the nost tamponade period,

D. Qxvoen Consurption

The oxvion consumption decreased by annroximatelv 50% at the onset of the
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tamponade in both the constant volume and constant pressure experiments (Fia, 14),
In both series of experiments the oxynen consumtion recovered to approximately 90%
of the control value during the two hour neriod of the tamnonade. Followina release

the control values were once aqain attained,

E. Plasma Protein Concentration and liematocrit

Immediately after the onset of tamponade of both types, both the plasma
protein concentration and the hematocrit beaan to decrease in a narallel manner,
with the chances beinn qreater in the constant oressure experiments. These cnanaes
were complete in anproximately 30 minutes (Fia. 15). Durina the remainder of the
tamponade oeriod and also after the release, there was no simificant change in
hematocrit, There aopears to be a slight recovery of the plasma orotein concentra-
tion in the constant volume series durinc the remainder of the two hour neriod and
also followina release. This recoverv is not evident in the constant pressure ex-

periments excent durina the nost tamonade neriod,

F. Total Blood Volurme

The plasma volume, cell volure, total blood volurme, total nlasma proteins
and overall Fel1s factor are nresented in Table IV vhere the control values are
corpared with those during the tamponade in both series of ex~erirents, The tatal
blood volure (m1/kn) increased by a qreater denree in the constant nressure series
thar in the constant volume series and the increase can be attribute” to the ex-
pansion of the plasma volume due to the hemcdilutfon., The decrease in cell volume
is accounted rtor bv samling loss, The total olasma orcteins and ovevall F

cells
factor bcth showed a decreace during the tamponace when comnared to the control val-

ues,
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G. Central Blood Volume

The central blood volume derreased to aoproximately 75% of the control
value {mmediately following the onset of the tamponade (Fig, 16), but recovered
somewhat in the constant volume experiments durina the two hour period and aiso
after release, but never returned to the control value, In the zunstant pressure
experiments there was almost no recovery during the tmmponade period, but followina
release the central blood volume increased to 2 value areater than tte control and
then aradually .ocreased durina the remainder of the post tamponade period. Fig.
16 also shows the central mean circuiation times, which {ncreased in both series,
the recovery beina areater when the rericardial fluid volume was held constant,

If the pressure was maintained constant, there was much less recovery during the
twc hour period, “:t a marked reccvery tc al.wst control values upon the release

of the tamponade,

H. Comparison of Constant Volume and Constant Prossure Experiments

The increase in pericardial and central venous pressures, bv the pumoing
of saline into tue nericardial cavity, Is su“ficient to impede vencus retum to
the right atrium and thereby produces a strikinn dron in cardiac outnut. In addi-
tion to the reduced venous flow there is a moderate reduction in heart rate during
the first 15 minutes of the tamponade, which also contributes to the reduction in
cardiac outout., The -educed blond tlow, desnite the increase in total peripheral
resistance, results in an irmediate and narkec drop in arterial aressure., This
decreace activates the barorecentor meci.inisms producina an increase ir heart rate
vhich eventuallv exceeds the control values, The cxvaen consumption drans inittal-
1y because 9¢ the reduced blocd flow but recovers durina the course of the exver-

iment almest to the control valus., Since the recovery af oxyoen consumntion was
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areater than that of the cardiac outnut, the oxvaen exiraction from the blood must
have increased, especially in the constant pres<ire experiments, Coincident with
the onset of the tamponade there is an increase in respiration rate and respiratory
minute volume, A comparison of the two series of exneriments shows that in the
constant voliume series, the pericardial and central venous pressures continuously
and aradually decline over the period of the tamponade, also allowina a recovery
of the reduced cardiac output by approximately 40%. As the cardiac output and ar-
terial pressure recover, the total peripheral resistance also decreases progres-
sivelv in the constant volume experiments. By contrast, in the constant pressure
experiments the pericardial and central venous pressures remain elevated and the
reduced cardiac output and the elevated total perirheral resistance do not chanaqe
throughout the course of the experiment. The arterial pressure also recovers to
a lesser extent in these experiments, The decrease in both pericardial and central
venous pressures durinn the period of the tamponade may be exnlained by two pos-
sible causes, Firstly, there may be a leakage or absornticn of fluid from the
pericardial cavity, oroducing a reduced volume. Secondly, there may be a chanae
in the size or shane uof the heart or pericardium as an adaption tc the fluid pumped
into the cavity. Howevar, with few exceptions, the volume recovered from the peri-
cardium was less than the volume pumped into it, showina that some leakaae or ab-
sorption rust have occurred, This loss in volume could only be a partial explana-
tion of the reduction in pericardial and central venous pressures, since the sa-
line volume required to maintain the constant pressure was much larger than that
unrecovered,

The reduced arterial pressure and the increased symnathetic activity probably
facilitated entrance of fluid from the tissues which exnanded the nlasma volume and

lowered the arterial hemetocrit and nlasaa protein concentration, Therefore, in
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pericardfal tamponade, with the arterial nressure reduced and the venous pressure
elevated, the capillary hydrostatic pressure apparently falls, The decrease in
capiilary pressure may be partially due to an increase in the pre-/post-capiliary
resistance ratio, A comparison of the two series of experiments indicates that
the degree of “&modilution is areater in the constant pressure series (Fiq, 15,
Table IV), indicatina that the capillary pressure is lower in these experiments,
Since the elevation of total peripheral resistacce is also higher in these exper-
iments, it is suqaested that the elevation of total peripheral resistance affects
preferentially the precapillary seagment, The fluid infux involves primarily a
protein-free fluid since the total plasma nroteins (am/kg) do not increase in both
series of experiments. The decrease in central bood volume in the face of a total
blood volume greater than normal indicates that pericardfal tamponade causes a

redistribution of reaional blood volume in the circulaticn.

.23




IV,
1.

10,

11.

12,

13.

LISY OF PUBLICATIONS

Gregersen, M, I., B, Peric, S, Chien, D, Sinclair, C, Chana, and H, Taylor: Vis-
cosity of Blood at Low Shear Rates: Dbservations on Its Relation to Volume Con-
centration and Size of the Red Cells, Proc. 4th Irternat, Cong, Rheol, Symnos-
fum on Biorheology. John tiley, N.Y., pp. 613628, 1965,

Chien, S., and S, Usami: Circulation of Sympathectomized Dogs Under Pentobar-
bital Anesthesia. Am. J. Physiol, 208:790-794, 1965,

Chien, S., R.J. Dellenback, S. Usami, and M.I, Greaersen: Hematocrit Chances in
Endotoxin Shock. Proc. Secc. Fxper, Biol, Med, 118:1182-1187, 1965,

Chien, S,, R.J. Dellenback, and S. Usami: Effect of Endotoxin on the Transfer
?f Fibrinogen from Plasma to Lymmh, Proc. Soc., Exper. Biol. Med, 118:1187-1190,
965,

Taylor, H.M,, S, Chien, 4,1, Grecersen, and J.L, Lurdberq: Comparison of Visco-
metric Behaviour of Susnensions of Polystyrene Latex and Human Blood Cells,
Nature 207:77-78, 1965,

Gregersen, M.I., S. Chien, B, Peric, and H, Tavior: Investigations of Blood
Viscosity at Low Rates of Shear: Effects of Variations in the Concentration
and Character of the Red Cells and in the Composition of the Suspendinag Me-
dium, Bibliotheca Anatomica 7:383-384, 1965.

Chien, S., S. Usari, R.J. Dellenback, K, Treitel, ", Barnett, and M,I. Greger-
sen: Effects of Endotoxin on Transfer of Plasma Proteins to Heoatic and Intes-
tinal Lymph, Abstracts of Papers presented at XXIII Internat. Cona. Physiol,
Sci., p. 148, 1965,

Gregersen, M,I,, S. Usami, and S, Chien: Effects of Plasma Exoanders on Yis-
cosity of Humar Blood. Abstracts of Papers nresented at XXIII Internat, Cona,
Physiol. Sci, p. 98, 1965,

Usami, S,, S. Chien, R.J. Dellenback, and M,I., Greqersen: Species Differences
of Bloo? Viscosity: Role of Cell Size and Suspendina Medium, Physiolonizt
8:293, 1965,

Chien, S., R.J. Dellenback, S. Usami, and M,I. Freaersen: Plasma Trappina in
Hematocrit Determination, Differences Amona Animal Snecies. Proc. Soc. Exper,
Biol, Med. 119:1155-1158, 1965,

Chien, S., R.J. Dellenback, S, Usami, and 4,I. Grecersen: Canillary Permeabil-
ity to Macromolecules in Endotcxin Shock, Third Conference on Artificial

Colloidal Agents, National Academy of Sciences-Naticnal Research Council, no,
56-73, Harcz. 1965.

Greaersen, M,I., S. Chien, and S, Usami: Studies cn the Effects of Hydroxy-
ethyl Starch and Other Plasma Expanders on the Viscosity of Human Blood at
Low Shear Rates. Third Conference on Artificial Colloidal Agents, Naticnal
Academy of Sciences-National Research Council, pp. 29-35, March, 1965,

Gregersen, M,I,, S, Usami, S, Chien, and P,L, Swank: Cormarison of Screen Fil-
%;2t10? Pressure and Low-Shear Viscosity of Blood, J. Appl, Physiol, 20:1362-
4, 1965,

«24-




TABLE I. EFFECTS OF EMDOTOXIN ON BLOOD VISCOSITY IN 5 NORMAL DOGS

Blood Viscosity (centipoises) Arterial
Shear rate = 50 sec‘] 5 sec'] 0.5 sec=1 0,05 sec:‘1 cell %
Control 5.910,8 11.,5%2.0 33+7 82124 44,014 .4

After endotoxin (change from control)

5 min. -0.61’.0.2 '154i0.7 -6i3 -]St 5 '2.71]02
1 hr, +2,5¢0,5 +6,6%1,7  +25+7 +61x11 +12,743,5
2 hr, +3,7:0,8 +9,612,1 +3618 +103£19 +15,913.9

* Values are means + S.E.I,

TABLE 1I. EFFECTS OF ENDOTOXIN OM BLOOD VOLUME IN SYMPATHECTOMIZED-SPLENECTOMIZED

DOGS

Cog Time Total Blood Volume  Art, (p.P.) Splanch. MAP
No, (min.) PY(m1)  CV(m1) cell 4 (qm %) BV(m1) (mm Ha)

A* control 489 260 39.9 5.86 - 110

40! 407 248 42,4 5.35 - 40

B control 763 408 40,0 5.86 232 110

17° 746 385 41,5 5.25 85 45

Q' 726 367 41,0 5.00 91 35

C control 475 275 42,1 5.86 126 129

45’ 495 251 41,0 5.00 58 35

1o 455 206 38.0 4,70 147 25

* Died 140 minutes after endotoxin




TABLE III, F FACTOR IN EMDOTOXIN SHOCK

cells

Dog No, Control F cells Endotoxin F .a11s E-C
Dogs with spleen

1 1.15 1.03 «0,12

2 0,97 0.84 -0,13

N c.91 0.84 -0,02

12 0.94 0.93 -0,01

13 1.00 0.85 -0,15

19 1.06 0.9 -0,15

20 1.01 0.78 ~0,23

21 1.02 0.94 -0,08
Mean 1.01 0.90 -0,11(P<0,01)

Splenectomized Dogs

3 0.85 0.87 +0,02

4 0.86 0.82 '0004

5 0,91 0.91 +0,00

6 0.85 0.84 . _ -0.01

9 0,86 0.81 / -0,05

10 0.93 0.83" ! -0.10

22 0.88 0.% -0007

23 0,92 0. -0,08

24 0,93 0.80 -0,13
Mean 0.88 0.83 -0,05(P<0.01)

TABLE IV, EFFECTS OF PERICARDIAL TAMPONADE ON RLOND VOLUME

Constant Pressure

Constant Yolume

(n=4) (n = 4)
Cont. Tamp. Cont, Tamp,
Plasma volume (ml/ke) 48,3 54,2 47,5 50.3
Cell volume (n1/kq) 29,7 28,6 32.0 30,2
Blood volume (od/kg) 78.0 82,8 79.5 80.5
Total plasma proteins (am/ka) 2,99 2,82 2,76 2,56
Fcells factor 0.90 0.85 0.91 0.87
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Fin, 1, Effects of endotoxin (niven at zero time) on hemodyna-
mic functions in 6 normal (Sp, in,, circles) and 10 snienec-
tomfzed (SnX, crosses) doas, The numbers represent the means
+ S.C.M. for the control measurements, There is no sianifi«
cant difference hetween the control values of the two aqrouns
excent the arterial cell nercentage which is hiaher in the
normal dons (Student t test, P<0,01). The post-endotoxin val-
ues are nlotted as % of control and the vertical bars renre-
sent S, E.M, 'lhen the P value for the difference between nore
mal doqs and snlenectomized doas is less than 0,05, closed
circles are used for the results on normal dons, Peainninn

at 30-60 minutes after endotoxin, the normal doas had lower
arterial pressure, cardiac outnut and stroke volume as well

as hiaher TPR (total neripheral resistance) and arterial cell %,
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Fla, 2. Fffects of endotoxin (aiven at arrows) an the hemo-
dvnaric functions of 2 sympathectomi zed-snlenectomized de °s.
“he control values for these 2 dons are niven (cardiac outnu?
and TPR on a 10<kn basis), They had lower control arterfal
pressure and cardiac outout than the snlenectomized doas with
intact syrmathetics (Fia, 1), but comparahle contml ™" and
arterial cell “, The noste-endotoxin channes seen in the snicne
ectorized dons (Fia, 1] are shown as< 3haded arcas for cornare
1s0n,
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Fin, 3, Cffects of endotoxin (F) on venous nressures in nore
mal doas. The number of dons used in each measurement i
niven in parentheses. Hote the narallal rises in nortal
vengus and wednea hepatic venous npressure durina the first
few mfnutes after endotoxin,
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Fin, 4, fffects of endotoxin on the arterial nrescure and
the portal venous nressure in 3 svemathectomized-snlenec-
tomized doa. ‘iote the similarity in nortal hynertension
between the sympathectomized don and the dons with intact
sympathetics (Fia, 3).
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Fin. 5. Vffects of endotoxin on hlood viscosity fat a shear
rate of N,75 sec™') and other related measurements on a nor-
mal daon {snleen intact) and a snplenectomized don, ‘inte the
increase in “lood viscositv in the normal doa and¢ the de-
crease in the snlenectomized doas, These are accomanied

hy narallel channes in arterial cell " and nlasra protein
concentration, The secondarv rise in T°? in the normal don
follows a tirme course narallel to that of the increase in
viscosity, "oise, which {s enval tn 17 centinnises, is
used as the unit for viscosity,
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Fian, 6, "elation between hlood viscositv and arterial cell per-
centaae in a normal doa before (number 1) and after (2 to 7)
endotoxin, For the control sample, viscosity was determined
rot onlv on the oriainal blood (1 in circles) but also on sam-
nies readjusted tn hiagher cell © by removina various amounts
of nlasma ( 1 in trianales ), The values on these control
reasurements are then joined bv lines which are curved and ex-
tended in manners accordina to the data abtained on a larae
turher of experiments, As shown in Fia, 5, the hlood viscos-
ity increased nroavessvely after endotoxin, and this Fia, in-
dicates that the increase in viscositv can be accounted for

on the basis of the rise in arterial cell %, In fact, the
viscosity values on samnles 2-5 fall sinhtly helow that exe
nected from their arterial cell %, and this can be attributed
tc the decrease in nlasma orotein concentration i{n these sam-
nles (Fin, 5).
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Fia, 7, Effects of endotoxin (F) on the plasma volume and cell
volume in normal (spleen intact) and snlenectomized dons. Closed
circies and crosses represent the measured values and onen SyMe
bois depict the volumes corrected for samlina loss., The ver=
tical bars denote S.E,M. C[ach nofnt is the averasne of 4 to 17

determinations., MNote the proaressive reduction of nlasma vole
ume in normal dons,
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Fin, B, fffact: nf endotoxin on nlasma volume and cell vol.
ume ir a rorral doa, The thin arrows renresent the time of
injections of tne test substances for nlagma volume (T-1824
and albumin-1121% and cel) volume {2RC-Cr°') and the calcu-
Jated volures {not corrected for samnlina) are nfven, Ene
dotoxin results in an irmediate rise in artcrlalssell ners
centane which is accomnanied by a decrease fn Cr™ ' activity
ner unit volure nf “RC, The later rises in arterial cell
nercentane are associated with decreases in nlasma volure,
Nlote the delav ir mnixine of the test subhstances injected he-
tween 27 aad 99 minytes after endotoxin,
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Fia, 9, Effects of en-
dotoxin (E) on the to-
tal blood volume and
central blood volume

fn splenectomized (spX,
crosses) and normal (sp,
in., circles)dogs. Ver-
tical bars represent
S.E.M, When the dif.
ference between the
splenectomized doas and
normal dons is siqnifi-
cant at the 5% level
(Student t test, P<0,05),
closed circles are used
for the values obtained
on normal dons, Note
the laraer ner cent de-
crease in central blood
volume than total blood
volume in hoth aroups of
animals,

Fia, 10, Fffects of en-
dotoxin (F) on the cen-
tral blood velume of 7
symnathectomi zed-snlen-
ectomized dons, The
shaded arex represents
the data (mean ¢ S.[.M.)
nn snlenectomized dons
(cf “in, 3) and is in-
cluded for comnarison,
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Fiq, 11, Splanchnic blood volume in endotoxin shock, nlotted
anainst mean arterial nressure (left nanel) and total hlood
volume (riaht panel), The results on splenectomized doas af-
ter hemorrhane (areas enclosed by thin 1ines, unnubhlished data
of Chien and Usami) are included for comparison, HNote the nro-
aressive increase in snlanchnic blood volume as the arterial
nressure is reduced to less than 40.50% of control, The dotted
Tine marked 1:1 in the riaht panel denicts the relationship ex-
pected if splanchnic blood volume were to decrease hy the same
oroportion as the total blood volume, In endotoxin shock, es-
pecially for normal doas (spleen intact), the snlanchnic blood
volume increases althouah the total blood volume is reduced,
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