Hemodynamic Studies on Cholera

Effects of Hypovolemia and Acidosis
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SUMMARY ‘
The hemodynamic effects of hypovolemia and acidosis were studied iti 23 patietits

wfith cholera. Studies were made before and during fluid replacement and administration

of alkali. ; ey )
The major hemodynamic dbnormalities encountered before rehydration ctan be

g2

ascribed to a reduction in circulating blood volume. Hypovolemia was associated with

a reduction in cardiac output, blood pressures, and central blood volume. Restoration
of blood volume returned thése variables toward normal. '

The chief effect of acidosis appenred to be a redistribution of blood from the
peripheral to the central circulation; consequently, central blood volume, lesser cir-
culation pressures, and cardiac output were relatively well maintained despite hypo-
volemia, Fluid administration without correction of acidosis favored a disproportionate
increase in central blood volume, while reduction in hydrogen ion concentration at-
tending fluid replacement resulted in a more even distribution of the circulating blood

volume and reduced the possibility of engorgement of the pulmonary bed.
It is postnlated that this redistribution of blood stems from peripheral venoconstric-
tion and a reduction in the capacily of venous reservoirs induced by acidosis.

Additional Indexing Words:
Shock
Venoconstriction

HE COPIOUS STOOLS and vomitus
which characterize cholera are capable
of producing severe dehydration and circula-
tory collapse with terrifying rapidity. Loss of
hicarhonate in the dejecta is responsible for
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the metabolic acidésis which accompanies the
reduction in circulating blood volume.! In-
travenous administration of fluids has been
shown to restore the blood volume and to
relieve shock, while intravenous administra-
tion of alkali relieves the acidosis.”

Certain features of the disease and of the
response to fluid repletion are unusual: First,
Snow'’s classic description of necropsy material
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called attention to the engorgement of the
pulmonary circulation and right heart cavi-
ties.? The presence of pulmonary congestion
in patients dying of the disease has been
confirmed by Dammin and co-workers.* Some
observers have postulated redistribution of
the cireulating blood volume to explain this
phenomenon.® Second, evidences of pulmonary

and peripheral congestion during the cowrse "

of fluid répletion have been reported on oc-
casion, especinlly in the older literature, at a
time when hydration was still incomplete
Third, the frequeney with which pulmenary
congestion is encountered has been reduced
by correction of the acidosis,® as has the mor-
tality,’ but the mechanism by which this effect
of alkali is mediated remains unclear.

Qur interest in the effects of an increased
hydrogen ion concentration on the pulmonary
cireulation prompted us to undertake this
study of the hemodynamic alterations which
accompany metabolic acidosis in patients with
cholera, in the expectation that the manner in
which pulmonary congestion develops might
be clarified.

Methods

Twenty-three patients preseniting with an acute
syndrome compatible with the diagnosis of cholera
were studied in the Pakistah-SEATO Cholera
Research Laboratory, Dacea, East Pakistan, dur-
ing the epidemic of January to March, 1965.

Bacteriological identification of Vibrio cholerac

Inaba was subsequently made in the excreta of
18 of these patients and of V. cholerae Ogiwa, in
two. The remaining three patients resembled the
others in all respects, but the organism could
not be demonstrated by darkfield examination or
culture of stool specimens.®® In only two in-
dividuals were other disenses suspected; ohe was
found to have an abnormal glucose tolerance
curve, and the other a neurological picture sug-
gestive of multiple sclerosis. The rectal tempera-
ture at the time of study varied from 96 F to
100.4 T; in only two did it exceed 100 I, Seven-
teen patients were male and six female. The
average age was 33 years with a range of 16 to
83 years. N

The patients chosen for study demonstrated
marked dehydration, profound acidesis, or both.
Shaock was reversible, and all recovered unevent-

fully from their diskase. They were studied with- -

out sedation. Nine had received no food for at
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least 12 hr, while the. remainder gave a history
suggesting abstinence for 2 to 12 hr prior to
study. The majority of these patients could not
be considered to be in a basal state; they were
apprehensive, frequently restless, and several
experienced muscle cramps. ‘

Studies were performed on a fluoroscopic table,
the top of which had been replaced by a canvas
stretcher. The stretcher had a central hole and
was covered by a plastic sheet made with a
funnel which led through the hole into a gradu-
ated bucket. In this way the “rice water” stool
could be collected and its quantity measured
without contaminating the catheterization field
or disruption of the various procedures. A 12-lead
electrocardiogram was then taken. Cardiac cathe-
terization was carried out in the usual fashion
through an antecubital vein. A systemic artery

~ was cannulated with a Cournand needle.

Pulmonary atterial, pulmonary “wedge,” right
ventricular, right atrial, and systemic arterial
blood pressires were recorded by means of Sta-
tham pressure transducers and a photographic
technique.* '

Cardiac output was mieasured by the direct
Fick principle ot by a dye-dilutlon method using
T-1824, or hy both. At the time that blood flow
was determined, the catheter lay in the pulmo-
nary artéry. The dye curves were inseribed with
a Gilford densitometer.t Plasma concentration of
T-1824 was measured with a Unicam-500 Spectro-
photometer# The curves were calibrated by use
of the pooled sample method of McNeeley and
Gravallese.’ Expired air was collected in neo-
prene balloons from which 30-ml aliquots were
immedintely drawn for analysis utilizing the
micro-Scholander analyzer. The remaining volume
was then measured in a’gastiometer§ which had
been calibrated previously against a Tissot spirom-
eter. When expired air was not collected, oxygen
consumplion was calculated from the cardiac out-
put as determined by the indicator-dilution tech-
nique, and the arteriovenous oxygen difference.
Blood samples were analyzed for oxygen content
and capacity and for carbon dioxide content by
the method of Vah Slyke and Neill. The carbon
dioxide tension was caleulated from the whole
blood carbon dioxide content with the linc
charts of Van Slyke and Sendroy. The pH of

*Model TR-4 monilor with accompanying 4-channel
camera, Llectronics for Medicine, Inc., White Plzins,
New York,

tMode! 103-1R, Gilson Instrument Laboratories,
Inc., Oberlin, Ohio.

+Unicam Instruments, Ltd., Cambridze, England.

§CD-1 meter, Parkinson Cowan Industrial Products,
Londeon, England.
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artérial and mixed fenovig-blood was detesmitied
with a- Model 33B Vibton Electrometer pH
meter.® Low : '
_ Plasma proteins were measured by mieans of @
Bausch and Lomb geriii protein meter. The
friitial estimates 6f plasma aiid total bldod volime
were made from the “plasina concentratiofl " of
T-1824 10 min after ijection of the dye, a time
interval previously ‘demonstrated to intrbducs @
negligible erroi in caleulution of plasma volome
in patients in shock,t and from the hematocrit

reading. - The latter .wis corrected for irapped .
plismal? and adjusted to body hematocrit.13 Be- |
todse digmificniit volumes of parenterat fluids were.

administered between the time of injection of dye
and the time of drawing the 10-min specimen,
a correction was introduced in the observed dye
concentration, Dy, according to the suggestions
of Noble and Gregersent!: :
Hlerit,

Herity

N

where D, is the theoretic dye concentration which
would have been observed had the plasma vol-
ume not changed during the sampling interval,
Herit, is the hematociit value observed at the
time of injection of dye, and H'erit, is that
observed-at the time the 10-mid Specimen was
drawn. To aveid the problems inherent in fol-
lowing sequential changes in blood velume by
re-injecting T-1824, especially since the dye was
already being used to follow alterations in blood
flow, plasma and blood volume were subsequently
caleulated fram the initial volume and from the
observed changes in plasma protein or hematoerit,
according to the considerations of Noble and
Cregersen?! and Phillips®:

DDZDtX

P.P., -
PP,

where P.V., is the control plasma velume evalu-
ated with T-1824, P.P,, is the plasma protein
concentration observed at that time, and PP, is
the plasma protein concentration observed at the
time of the new determination of plasma volume,
PV in three subjects, in whom plasma protein
estimations were not available, hematocrit was
substituted for plasma proteins. A modified cen-
tral blood volume was calculated as the product

PV, =PV, X

of stroke volume and the mean circulation time .

between pulmonary and brachial arteries, ac-
cording to the Hamilton formula,2*

Yalues for blood flow, hlood volumes,s and
" oxygen consumption are reported in terms of
body surface avea calculated on the basis of

v

*Electronic Instruments Ltd., Richmend Surl'ey;
England,
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weight at the time of the patients’ discharge
from thé hospital to aveid errors in estimation of
body weight due to, dehydration. It must be
borne *in mind that the surface-area of these
patients is significantly less (average, 1.40 m?%;
riinge, 1.00 to 1.62) thdn that upon which a¢-
cepted normal values are based. This discrepancy
‘may result inn an érroneous’ characterization of

the data withi respect to riormaley, .,
Since cholera produces dehydration snd acido-

sis concomitantly, it was.necessdry to vary the

protocal so that the infience of each could be

_ _ideutiﬁed. N '

Four' patients were studied :immediately after -
admission in the dehydrated, acidotic state. After
the initial measurements were made, two were
hydrated with solutions of isotonic saline and
two with solutions of isotonic alkali, administered
intravenously. In order to avoid chills consequent
to the intravenous administration of large vol-
umes of cold fluids, all solutions were warmed to
approximately body temperature. ,

Three additional patients were first treated for
2 to 3 days with intravenous administration of
solutions containing alkali until an optimal state
of hydration and acid-base balance was felt to
have been achieved. Eight to 9 hr prior to study
they were allowed to purge without replacement
of fluid loss; during this interval only small
amounts of alkalinizing solution sufficient to main-
tain blood pH were administered. Initial measure-
ments were then made and were repeated after
further dehydration and, in two, subsequent rehy-
dration. Blood pH was maintained at essentially
the same level throughout the study by small
infusions of alkali. '

In the remaining 16 patients, initial measure-
ments were obtained within 1 to 46 hr of admis-
sion during which time administration of isotonic
saline had corrected in whole or in part their
dehydrated state. Subsequently, one patient re-
ceived further infusions of saline before mensure-
ments were rcpeated; three received further
infusions of saline, followed by infusions of alkali
with measurcments being made during each in-
fusion pericd; in seven, observations were re-
peated during administration of alkali alone. The
sequential measurements obtained in the remain-
ing five are not included in this report.

The electrocardiogram was constantly moni-
tored. Blood pressures in the systemic and pul-
monary eirculations were recorded every 10 to
15 min. Plasma protein concentration and the pH

ol arterial blood were measured frequently to

provide a guide as to the state of the patient.
Maasurements of cardiac output and total and
central blood volumes were repeated at the end
of each period before a new state was initiated.
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" Figure 1

Graphic representation of hemodynamic events during
fluid replocement in* two patients with vascular col-
lapse due to cholera, The initial increase in circulating
blaod volume in both patients is accompenied by e
rise in blood flow and all intravascular pressures. The
" further administration of saline to the patient on the
left caused a continued vise in these variables, while
correction of acidosis in the patient on the right re-
sulted in a fall in central blood volume, cardiac out-
put, and pulmonary arterial pressure. The second and
last measurcments of cardiac output in the patient
" on the left were obtained by use of the Fick prin-
ciple, the remainder by the dye-dilution technique.

. All measurements cf blood flow in the other patient
were made by the dye—dilutim: technique.

Tables containing the data of the individual
patients have been deposited with the American
Documentation Center.

Results
Studies in ‘Untreated Patients (Fig. 1)

Three of the four patients who were studied
prior to fluid replacement displayed a fairly
upiform  hemodynamic pattern. They were
severely acidotic and had considerable in-
crease In plasma proteins and hematocrit,
There was a striking reduction in total blood
volume, cardiac output, and stroke volume. The
central blood volume and the ratio of central
to total blood volume, however, were within
normal limits in two of the patients and very

HARVEY ET AL.

low in the third Systemw drterial pressures
Were low as Weré pu]monary arterial, pul-
mornary “wedge,” hhd tight hedrt flling pres-
sutes, Rapid sinus t'ichycardh was present.
The fourth patient wiis also severely acidotic,
biit his hembtocrit’ ind plasmia protein con-
centration, ﬂlthough elevated, wefé fiot as high
as the others His ‘totdl and central blsod

" yolumes, cardist output and systeinic blood

pressmes were within riormal limits. His pul-
monary arterial, pulmonary “wedge,” and right
heart filling pressures were low.

Two of the four patients were hydrated
with isotonic saline and two with alkalinizing
solutions. Administration of saline was asso-
ciated with a slight rise in pH (0.02 to 0.04
units). One of the patients receiving alkali
had a progressive rise in pH from 7.04 to
7.37; hydrogen ion concentration was not mea-
sured in the other, but consideration of the
small amount of alkali given to' this patient,
and of the response to, alkali of other patients
in this series, suggests that the mcrease in pH
could not have been more than 0.08 units.
The three patients who had the smallest
change in hydrogen ion concentration had
similar responses to fluid replacement. The
total blood volume promptly rose to normal
or above normal limits. The central blood
volume also increased and in two patients the
proportion of central blood volume to total
hlood volume became larger, while it remained
essentially unchanged in the third. The cardiac
output rose above 3.5'L/min/m?® in all. The
systemic arterial, pulmonary arterial, and
right and left ventricular filling pressures rose.
Although systemic arterial blood pressures
remained within normal limits, the pulmonary
arterial diastolic and mean pressures exceeded
10 and 15 mm Hg. respectively, in two pa-
tients, Only one patient displayed a “wedge”
pressure above 10 mm Hg. Heart rate fell
progressively as did the hematocrit and plasma
protein concentration,

The early response of the fourth patient,
who was treated with a large amount of
alkali, differed in no way from the others.
However, in the latter part of the study when
the blood pIl approached normal values, the

Circrlation, Volume XXXVI, Alay 1968
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Figure 2

Craphic representation of hemodynamic events during
fluid loss consequent to purging in a patient with
cholera. The pH of the blood was maintained by
small emounts of intravenously odministered alkali.
Fluid balance was calculated as the difference be-
lwcen total futd intake (oral and parenterdl) and
latal fluid output (stool, vomitus, urine). For discus-
sion, sce texl.

central blood volume, cardiac output, and
pulmonary arterial pressures fell despite a
continued increase in total blood volume and
maintenance of brachial arterial pressures. The
heart rate, which had fallen progressively,
stahilized.

?‘lrt}diezs)in Patients Undergoing Dehydration

1,

Two of the three patients, whose fluid bal-
ance {that is, fluid intake — fluid output) was
allowed to fall through purging while their
hydrogen ion concentration was maintained
at nearly normal levels by small infusions—f
alkalinizing agents, had initial hemodynamic
findings similar in some respects to those who
had not heen treated. The total blood volume
wis at the lower limits of nmormal or was
markedly decreased, and the plasma protein

Girewlazion, Volume XXXV, May 1968
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concentration was elevated. However, the
ratio of central blood volume to total blood
volume was low, and the central blood volume
was also low. Cardiac output and stroke vol-
ume were also reduced. Sinus tachycardia was
present, Brachial arterial blood pressures were
well maintained, although pulmonary arterial
and “wedge” pressures were low. The total

blood volume of the third patient was slightly .

above normal at the time the initial measure-
ments were made, but all other values were
within normal limits.

Further purging resulted in a slight fall in
pH (0.02 to 0.04 units) in all three patients
although alkalinizing agents were continuous-
ly administered. All expetienced a fall in total
hlood volume, cardiac output, and stroke vol-
ume. Central blood volume also fell, and in
two the ratio of central to total blood volume
became smaller. Brachial artérial pressures
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Figure 3

Graphic representation of hemodynamic events during

_ fluid administration in two paticnts with cholera who

had received some saline intravenously before the
first measurements were made. The patient on the
left subsequently received only saline and remained
acidotic. The patient on the right stubsequently re-
ceived isotonic alkalinizing solution. Correction of
acidosis resulted, s in figure 1, in a foll in central
Blood volume, cardiec output, pulmonary arterial and
ventricular filling pressures despite @ confinned  in-
grease in total Blood wolume. .

-
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fell in two patlents and the previously nornial

pulmonarv arterial pressures of one fell tu,

the low rahige seen, originally in the ‘dthers.

Sinus tachyeardia developed in the patient 7

who previously had a normal raté, while in
the other two heart tate femained unchanged
Rehydration was carried out in two of these

patients with a combination of. saline and a .
small volume of alkalinizing soluhons, blood

pH was therefore maintained. Hemodymnnc
changes accompanying hydrition were sim-
ilar to those previously desciibed in the un-
treated patients. '

Studles in Patients Partially’
or Wholly Hydrated (Fip. 3){

Sixteen patients had ‘received varying
" amowunts of isotonic saline intravenously prior
to study, All were acidotic, the pH varying
from 6.98 to 7.35. Although five patients had

total blood volumes within normal limits as

usually defined,'® the plasma protein concen-

_tration was elcmtcd in the three in whom it
was measured. The totdl bl_ood volume was
above normal limits (+18.8 to +39.9%) in the
remaining 11 patients. Ong of these also had
an increased plasma protein concentration; in
the remaining 10 it vatied from 6.0 to 7.1 g/
100 ml. Central blood volume was within nor-
mal limits in all 12 patients in-whom it was
measured. The percentage of total blood vol-
ume which constituted the central blood vol-
ume varied from 20.7 to 369% The cardiac
“output was within normal limits in three
patients and above 3.5 L/min/m® in the re-
maining 13. Systemic blood pressures were
normal, Mild but definite pulmonary hyper-
tension was present in eight patwnts, and in
four of these the “wedge” pressi.e was also
elevated. All but four patients had a sinus rate
above 90 beats/min.

After these initial measurements had been
secured, fluid therapy was continued with iso-
tonic saline or alkali as described previously.
During the administration of isotonic saline,
the pH varied from —0.03 to +0.04 units
while the administration of bicarbonate caused
a rise in pH of 0.12 to 0.43 units. Two different
hemodynamic responses appeared which conld

HARVEY ET AL,

at least in part be related to changes in hydm
gen mn concentrahon

In the fout subiects who received saline,
total blood volunie rose above normal levels.
The central. blood volume became larger in
the three in whom it was measured, and in two
the proportion of . central to total blood vol-
ume also increased. Cardiac output and stroke
volume rose. There was a variable response in
heart rate and systemic blood pressure. Pul-
monary arterial and “wedge” pressures rose
slightly in three patients and strikingly in the
fourth, in whom it reached abnormal levels.

The administration of alkalinizing solutions
was associated with a rise in total blood vol-
ume in eight patients and with little change
in the remaining two. In five of the seven
patients in whom central blood volume was
measured it remained unchanged; it fell in
one and rose in another. The ratio of central
to total blood volume fell in four patients,
showed no change in one, and rose in one.
Cardiac output fell in six patients, showed no
change in two, and rose in two. Stroke volume

fell or remained unchanged. Heart rate showed

a variable response. Systemic arterial pres-
sures rose in all but three patients, in whom
it showed little change. Pulmonary arterial
pressures rose in only one individual. In all
the others, regardless of the level at which
they were initially foupd, they remained un-
changed or fell. Pulmonary “wedge” pres- -
sures also fell in a]l but one patient. This
patient’s complete study is depicted in figure
4 because he presented a hemodynamic pat-
tern which was different from that of the
others who received alkali. An infusion of
saline r‘apidly brought his total and central
blood wvolumes, cardiac output, pulmonary
arterial, and right and left heart filling pres-
sures to well above normal levels. This was
effected with little change in blood pH. Sub-
stitution of alkali for saline caused a marked
rise in pI1, a continued tise in total and central
blood volumes, a slight further rise ir filling
pressures, and a marked drop in earctiac out-
put. This is the only patient whose cardiac
output did not follow his filling pressures and

Circidation, Volums XXXVE, May 1968
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Graphic repraseniﬁtlbni of the relationship of fuid
balance, as defined in figure 2, plasma protein con-
centration, and total bloed volume.

The relationship between variables was de-

termined by the Gauss method of least mean .

squares. When only two variables were con-
sidered, the initial measurements as well as
those obtained subsequent to further manipu-
lations were utilized, except in the equation
relating pulmonary arterial diastolic pressure
to “wedge” pressure. In this instance only the
initial values obtained were used so that pre-
diction of subsequent values could be tested.
When three or more variables were simulta-
neously considered, only data_secured at the
time of the initial measurements were made
were utilized in solving the various equations,
unless otherwise specified. Using constants
thus obtained, the level of a particular variable
during the changing state as well as its direc-
tion and magnitude of change were predicted
and compared with observed values. In table
1 are given the estimating equations, as well
as the coefficients of correlation between val-
ues predicted on the basis of the equations
and the observed values, and the level of
significance of these predictions.

Hydrogen Ion Concentration ‘
The range of concentration of hydrogen
ijon of the arterial blood encountered and
engendered in this study was wide, ranging
from 104.80 (pH 6.98) to 32.36 muEq/L (pH
749}, The pH of the mixed venous blood was
on the average 0.02 units less than that of the
arterial blood with a range of 0 to 0.03 units.

HARVEY ET AL

The nrl{eria]—mﬁéﬁ_ venous pH difference did
not vary with the level of pH. Severe acidosis
persisted wheh hydration was cartied out with
isotonic saline, The fall i hydrogen fon con:

. cehtiatioh * produced by the ddministration’

of alka]i Wgé’_. pr6portiouﬂ to 'ﬂig armiotint of
alkali infused. ' -

. T;Jtal Blood Volume a_rgti Plﬁsﬁa Proteins

The total blood volime and the concentra-
tion of plasmia proteins varied as would be
expected with the fluid balance (fluid intake -
fluid output). The more positive the fluid
balanee, the latger was the total blood vol-
ume and the lower the concentration of plas-
ma proteins (fg. 5).

Central Blood Volume

The central blood volume dnd the ratio of
central blood volume to total blood volume
were related to the total blood volume (r=
0.821, P <0.001, and r=0422, P <0.005, re-
spectively ), to the hydrogen ioh concentration
of the blood (r=0.496, P<0001, and 1=
0.600, P < 0.001, respectively), and to minute
ventilation (r=0.519, P <0.005, and r=0.630,
P < 0.005, respectively). The larger the total
blood volume, or the higher the hydrogen ion
concentration or ventilation, the larger was the
central blood volume. The level of central
blood volume {CBV) as well as its magnitude
and direction of change could be predicted
best (table 1) by an equation of the following
type where total blgod volume (TBV) and
hydrogen ion concentration are considered
simultaneously:

CBV=K,+a, [H]* +b, TBY (1)

Thus, as shown in figure 6, at any given level
of total blood volume the more acidotic was
“the patient, the larger was his central blood
volume. It is also apparent that changes in
central blood volume depended not only on
changes in total blood volume but also on
changes in hydrogen ion concentration. If a
patient sustained a marked rise in total blood
volume and little change in hydrogen ion ¢on-
centration, his central blood volume would
rise; however, if a simtlar inerement in total
blood volume was accompanicd by a striking

Circulation, Volume NXNVII, May 1968
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CBY =K, +a,[H* +b, 1BV
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Figure 6

Relattonship between central blood volume (CBV), hy!drogun' fon concentration, and total
blood volume (TBV). On the left are plotied the predicted values for CBV against those
observed. The solid line is the regression and the broken one the line of identity. On the right
is & schematic representation of the equation which relates the three variables.

PAy K, +a,CBY +baR
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Figure 7

Graphic representation of the mean pulmonary “wedge” pressure (PA ), central blood volume
(CBV), and rate of infusion (R). On the luft are plotted the predicted values of PA,, against
those observed. The solid line is the regression and the broken one the line of identity. On the
"right is a schematic representation of the equation which relates the three variables.
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Figure B

Graphic representation of the relationship between
cardisc output (CO) and’ventricular filling pressures.
The black circles indicate the points relating CO
and the mean pulmonary “wedge” pressure; the solid
line iz the repression line indicating this relationship,

——The open cifcles indicate the points relating CO and

right atrial mean pressurc; the interrupted ling is the
regression line representing this relationship.
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Figure 9

Graphic representation of the relationship bettween
changes in cardiac output and changes in mean pul-
monary “wedge” (PA,) and right atrial pressures
(RA), respectively, The black circles and the regres-

sion line (solid ling) indicate the relationship be- -

tween CO and PA . The open circles and regression

line (interrupted ling) indicate the relationship be-

tiween CO and RA.

reduction in hydrogen ion concentration, cen-
tral blood volume would not rise and, indeed,
might fall,

Equation 1 can also be written by sub-
stituting minute ventilation for hydrogen ion
concentration,

HARVEY ET AL,

The rate at which the infusjon was given
bore no relationship to the central blood vol-
ume (r=0240, P <020) ot to the ratio of
the .central blood to the total blood volume
(r=0.141, P <0.40}. Furtheimore, inclusion
of the rate of infusion in equation 1 did not
improve the prediction of central blood vol-
ume,

Ventricular Filling Pressures

The pulmonary “wedge” pressure was found
to be related to the central blood volume {r=
0.687, P <0.001) and to the rate of infusion
(r=0.686, P<0.001). However, changes in
this filling pressure could not be related to
changes in either of these variables con-
sidered alone. The direction and magritide
of change of wedge pressure, as well as the
actual level, were most closely predicted by
a simultaneous consideration. of the central
blood volume and the rate of ihfusion (R):

PAv=Ke+a:CBV+bR  (2)

As seen in figure 7, the pulhonary “wedge’
pressure rose as did the central blood vol-
ume, but at any given level of tentral blood
volume, the. faster the rate of infusion the
higher was the “wedge” pressure. No relation-
ship could be demonstrated between the hy-
drogen ion concentration and-the “wedge’
pressite.

The right atrial mean pressure also appeared
to be related to the rate of the infusion (r=
0.456, P < 0.05), and to the total blood vol-
ume (r=0448, P <005). Although no sig-
nificant relationship was found between the
level of the right heart filling pressure and
hydragen ion concentration, the right atrial
mean pressure was expressed best by a simul
tancous consideration of the rate of infusion,
the total blood volume, and the hydrogen ion
concentration, r=0601, P <00l Since the
number of observations of right atrial mean
pressure were so few, all data were utilized
to derive this relationship; hence predictions
as to the magnitude and direction of chung
in right atrial mean pressure could not be

/

attempted.

Both right and left heart filling pressures
Girculation, Volume XXXVH, Mat 1968
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Figure 10

Graphic representation of the relationship of cardiac output (CO), hudragén ion concentration,
and total blood volume (TBV). On the left are plotted the predicted values of CO against
those observed. The solid line is the regression and the broken one the line of identity. On
the right is a schematic representation of the equation which relaies the three variables.

moved in the same direction: as one rose or
fell so did the other.

Cardiac Output

Cardiac output was closely related to the
level of pulmonary “wedge” pressure, r=
0939, P <0.001, and to the right atrial mean
(or right ventricular diastolic) pressure, r=

changes in cardiac output were encountered
which could not be ascribed to changes in

‘cither independent variable alone. When car-

diac output (CO) was considered as a joint
function of blood volume and hydrogen ion
concentration, then not only its level, but the
magnitude and direction of change could be
predicted with reasonable accuracy (table 1):

CO=Ky+ag[H]* +bs TBV + ¢, [H]* - TBV (3)

0.793, P<0.001. The slopes of these regres-
sions, however, differed significantly from each
other, P< 0.001 (fig. 8). In similar fashion,
the degree of change in cardiac output was
related to changes in “wedge” pressure, r=
0.883, P < 0.001, and to changes in right atrial
mean (or right ventricular diastolic) pres-
sure, r=0.670, P <0.05. There was a greater

change in left than in right ventricular filling

pressure, P <0.05, for a given change in car-
diac output (fig. 9).

A significant correlation was also found be-
tween cardiac output and total blood volume,
r=0.699, P<0.001, and hydrogen ion con-
centration, r=10.345, P<0.02, but not with
ventilation, r=0.163, P <040, However,

Circulation, Volume XXXVII, May 1968

As the total blood volume increased (and,
in turn, central blood volume and filling pres-
sures rose) so did the cardiac output pro-
vided there was little change in hydrogen ion
concentration. A marked fall in the Iatter
would be accompanied by a fall in cardiac
output and, as previously described, central
blood volume and filling pressures (fig! 10).

Pulmonary Arterial Pressures

The level of pulmonary arterial diastolic
pressure (PA;) and its direction and magni-
tude of change were closely related (fig. 11)
to the level of the “wedge” pressure (PAy)
and could be predicted from the equation:

PA4=K4+34PAW (4)
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to

predict pulmonary arterial systolic (PA,), mean { PA,H),

and diastalic (PA,) pressures.

A small gradient existed between the di-

astolic and “wedge” pressures which became
progressively less as the latter rose or -in-
creased as the latter fell.
" The pulmonary arterial systolic pressure
(PA,) varied with both the pulmonary .ar-
terial diastolic pressure and the stroke vol-
ume (SV}:

PA, = K, + a5 SV + bs PAq (5)

Pulmonary arterial mean pressure (PA.)
could also be predicted from the stroke vol-
ume and the pulmonary arterial diastolic pres-
sure {fig. 11): i

PAm=K6+aGSV+buPAd (ﬁ)

Pulmonary arterial mean pressure was high-

er the larger the central bloed volume, r="

0.753, P <0.00], and the higher the hydrogen
jon concentration, r = 0.433, <0001, It was
also found to increase with the rate of in-
fusion, r =0.532, P <0.001. '

Systemic Arterial Blood Pressure
Although brachial arterial mean pressure

HARVEY ET AL,

wis ré]atéd.‘t‘df the tatal bldod volume; =
0‘.4_13,;P_<O_.(']0_'5,-\i:hanges in total blood vol-
ume were not always followed by changes
in blood pressure. Brachial afterial mean pres-
sure also showed some relationship to cardiac
output, r=0317, P<0.02, but again vatii-
tions in mean pressure could not be predicted
from chariges in blood flow. No relationship
was found between the level of systemic ar-
terial mean pressuté and hydrogen ion con-
centration, but changes in pressure did show
some relationship to changes in hydrogen ion
concentratioh, r = 0380, P < 0.05.

Heart Rate

The level of the heart rate was found to
vary inversely with the total blood volume,
r=— 0544, P <0.001, and with the age of the
patient, r=—0.628, P<0.00l. Changes in
heart rate were inversely related to changes in
brachial arterial mean pressure, r=— 054l

160 — HR =Ky + azAGE+ b T8Y
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Figure 12

Schematic representation of the equation which e
lates heart rate, total blood colume, and the age of
 the patient.
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shock induced by hemorrhage lead to an in-
crease in the concentration of circulating
catecholamines, and with their correction, the
concentration falls.’#2% In the presence of
acidosis, however, the effects of catecholamines
arc apparently lessened, at least under certain

circumstances % 26-3¢ The ultimate response,’

however, may be determined by the relative
concentration of hydrogen ioni and catechola-
mines and may vary from one part of the
circulation to' another® 30.32.3% Tn the ensu-
ing iscussion we will atterript to assess the
relative contributions of thé levels of circu-
lating blood volume, hydrogen ion concentra-
tion, and sympatho-adrendl activity to the
hemodynamic patterns observed in this study.

The total circulating blood volume was
strikingly reduced in untreated patients,” or
in those in whom purging wias associated with
insufficient fluid replacemént. The finding of
a normal hlood volume, as judged Ly western
standards, at a time when the plasma protein
concentration was elevated is undoubtedly fe-
lated to the small size of these patients. When
an adequate amount of fluid was administered
intravenously, the blood volume was restored.
A rteduction in central blood volume, cardiac
output, and intmvnscular_pressures accom-

panied hypovolemia as .did tachycardia.

These variables returned tqw:ird normal as
the total blood volume was expanded unless
alkali administration produced a large reduc-
tion in hydrogen ion concentration. Under this
circumstance the central blood volume, right
atrial and pulmonary “wedge” pressures, and
- cardiac output did not continue to rise with
the total blood volume, and, indeed, might
fall.

While the normal range of the central blood
volume in resting supine man is wide, it
represents a relatively constant fraction of the
total blood volume.3®-4t Moreover, rapid ex-
pansion of the total blood volume in man by
dextran or saline is usually accompanied by
a proportionate increase in central blood vol-
ume.37 38 42-# Tny the present investigation the
ratio -of the central blood volume to total
blood volume was highest in the acidotic pa-
tients and fell when the infusion of alkali

- HARVEY ET AL,

caused a marked drop in hydrogen ion con-
centration which suggests that the distribution
of the total blood volume was being in-
fuenced by the hlood hydrogen ion concen-
tration.

It was not unexpected to find that the pul-
monary “wedge” pressure followed the central
blood volume since the left veno-atrial system

" contains a considerable portion of this volume.

However, the importance of the rate of infu-
sion in determining the level of filling pres-
sures was not foreseen. In the mary studies
during which rapid infusions have been given
to normal man, the rite of infusion has been
kept constant throughout the individual se-
ries. As a consequence, the effect of rate upon
filling pressures has not been apparent. The
mechdnisin whereby the rate of infusion can
affect these pressures remains obscure. It is
possible that the faster the rate of infusion,
the larger will be the total bldod volume and
hence the larger the volume in the heart and
pulmonary circulation with éorrespondingly
highet pressures. In this study, the rate of
infusion did not appear to inflitence the central
blood volume or the ratio of: central bloed

volume to total blood volume. However, since

the distribution of blood in the various vascu-
lar segments which contain the central blood
volume ini these patients is unknown, it remains
a possibility that the rate of infusion to some
extent determined the distribution of blood
within this vascular compartment. On the
other hand, it is coneeivable that some por-
tions of the vascular bed are relatively resistant
to deformation; so the rate at which their vol-
umes increase becomes a factor in the de-
termination of pressure.

Changes in cardiac output followed changes
in filling pressures with one exception and

* were independent of changes in total blood

volume if alkali administration induced a con-
siderable reduction in hydrogen ion concen-
tration, Since central blood volume also varied
as did cardiac output and flling pressures, the
most likely explanation for this uniform be-
havior is that venous return was being in-
fluenced by the concentration of hydrogen
ion.

Civenlation, Velumo XXXVII, May 1968
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Sharpey-Schafer and his assocmtes‘“" have
shown that a lflrge increase in hydrogen ion
concentration can callse ventoconistriction” and
a reduction in the chpacity of the peripheral *
venous bed. They postulated that venous
blood volume would thereby e teduced and
venous return to the heart woiild be increased.
Tt scems likely that in the preserice of wide-
spread venoconstriction, the cential blood vol-
ume would not fall as much ¢ as the total blood
volume during the development of dehydra-
tion and acidosis in patielits with cholera,
Enlargement of the total bload 'volume with:
out correction of the acidosis. would favor 2
disproportionate rise in cehtfal blood volume,
lesser circulation pressures, atid catdiac output,
Relief of venoconstrictiori and éxpansion of
the venous bed by alkali addiinistiation would
result in a more uniform distribution of the
cireulating blood volume and a dimunition of
the volume of blood returning to the heart
and pulmonary circulation. The reduced in-
cidence. of pulmonary congestion in treated
patients with cholera can be reasonably as-
cribed to the use of alkali.

There i« no direct evidence for venocon-
striction in cholera. Venoconstriction has been
postulated in patients with other forms of
hypovolemic shock and acidosis since an
abnormally high pressure gradient has been
found between peripheral veins and the right
atrium 4847

The mechanism whereby an increased hy-
drogen ion concentration effects venoconstric-
tion is not known. It may be directly related
to a ~hange in hydrogen ion concentration of
the muscle cell, to the migration of other ions,
to alterations of the cell membrane*® or to
the level of minute ventilation.*® Since varia-
tions in oxvgen tension have been shown to
alter the effect of acidosis on the pulmonary
arterial tree,"0-0% jt is conceivable that the
effect of the hydrogen ion might vary with
the blood oxygen tension from one venous bed
to another. It is also possible that the cate-
cholamines, known to canse venoconsiriction,™
are ultimately responsible for the distribution
of blood volume in these acidotic patients,
Frye and Braunwald*® have shown that the

Circsilution, Volume XXXVU, May 1968
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dlStI‘lbllthﬂ of blood in induced hypervolemia
may be mddlﬁed by ganghomc bloc]cade pre-
sumably by indetivationi of systemid venous
baroreceptors. It may be that acidosis alters

the activity of the autonomic nervous system

in a fashion resembling ganglionic blockade.

The occasional appearance of pulmenary
congestion, with or without fluid replacement,
in patients with other forms of acidosis as
may be encountered in diabetes mellitus, renal
insufficiency, bums, or other trauma also may
be related to a redistribution of blood volume.
Attention should be called to the fact that in
some other forms of hypovolemic shock, for
example, hemorrhage, acidosis appears after
the hypovolemic state is established. Systemic
venoconstriction under these circumstances
may have little discernible effect or even quite
different consequences,

It would be difficult to explain the patterns
of response of central blood volume, filling
pressure, and blood flow by invoking an effect
of the hydrogen ion on the myocardium. Most
investigators have demonstrated that an in-
crease in hydrogen ion concentration causes
deterioration of myocardial function®®-*% -6,
others, that it has little discernible effect™
To explain the high levels of filling pressures
and cardiac output (once the blood volume
has been expanded) in the presence of acid-
osis and the fall in these variables during ad-
ministration of alkali, it would be necessary to
postulate that a high hydrogen ion concentra-

“tion enhanced myoccardial contractibility or

decreased ventricular compliance. These sug-
gestions are at variance with most, if not all,
experimental data, Moreover, this explanation
would not account for the fall in central blood
volume induced by alkali. It is possible that
catecholamine activity was, in part, responsible
for the high levels of flow during acidosis,
since Downing and his associates®® and Ben-

* dixen and co-workers® have found that myo-

cardial contractibility can still be enhanced
by the administration of norepinephrine or
epinephrine in the face of an increased con-
centration of hydrogen ion.

In only one patient was hemodynamic evi-
dence of heart failure produced {fig. 4): a rise
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to abnormal levels in filling pressures without
a corresponding rise in cardiac output, but
rather a fall. This precipitation into heart

failure appeared to he relnted to hypervolemia

rather than to acidosis. :

The main detmmm‘mt of the level of the
pulmonary arterial pressures was the pulmo-
nary “wedge” pressure. This implies that as the
left atrial pressure rose, pulmonary blood vol-
ume increased. The contribution of the stroke
volume to the level of the pulmonary arterial
systolic and mean pressures was small but
could be detected nonetheless at low levels
of flow and pressure, The passive and mechani-
eal response of the pulmonary vasculature to
changes in left and right ventrenlar perfor-
mances is once again emphasized by these
observations.

A high concentration of hydrogen ion has
-been shown to produce pulmonary arterial vaso-
constriction in man and animals35. 50-53. 64-60
Although a close relationship existed be-
tween the concentration of hydrogen ion and
the mean pulmonary arterial pressure in this
study, no direct effect of the hydrogen ion on
the pulmonary vasculature could be demon-
strated. The marked changes in the pulmo-
nary “wedge” pressure and stroke volume
occurring in this investigation preclude any
attempt to define the role of the hydrogen
ion in the regulation of pulmonary arterial
pressures.

While relatively large fluctuations in lesser
circuit- pressures were encountered in this
study, brachial arterial blood pressures showed
little change when the total blood volume was
restored to normal. Although no relationship
could be established between the level of
mean arterial blood pressure (or peripheral
resistanes ) and the conzentration of hydrogen

ion, it is noteworthy that a large reduction in -

hydrogen ion concentration was associated
with a rise in brachial arterial mean pressure.
Vasodilation of the systemic arterial system is
gencrally found in the presence of an in-
creased  hydrogen  jon
Hence, correction of acidosis might well lead
to vasoconstriction and a rise in brachial ar-
terial pressure. However, reflex vasoconstric-

concentration,t7-71 .

HARVEY ET AL.

tion secondary to the fall in cardiac output
which attended the reduction in hydrogen jon
concentration cannot be excluded.

The influence of age on heart rate is rarely
detected in the adult, unless individuals are
subjected to severe stress, such-as maximal
exercise.™ "¢ Under this latter circumstance,
heart rate is appreciably lower in older age
groups. In exploring the cause of this phe-
nomenon, Frol'kis and associates™ demon-
strated that the tonic influence of the vagus
and sympathetic nerves on the heart is reduced
in older persons. The stress of cholera, partic-
ularly hypovolemia and acidosis, could well
have resulted in an increase in circulating
catecholamines to which the younger patients
were more responsive. One, however, cannot -
overlook the possibility that the demonstrated
relationship between total blood volume and
heart rate results from baroreceptor activity.

The high rate of oxygen consumption found
in this study may be more apparent than real
inasmuch as the standard used to evalnate
the normaley of the level is the body surface
area. Patients with cholera are not febrile nor
do they display histological evidence of a
marked cellular response to their disease; thus
these mechanisms cannot be invoked to explain
the high rate. Apprehension, restlessness, and
hyperventilation were present and any one
could be held to be respansible. However,
many patients in this study were not restless
and indeed one slept throughout most of the
procedure. Those who were restless hecame

" quiet as hydration and alkalinization wers
‘carried out, but a reduction in oxygen con-

sumption did not occur. Indeed, the higher
the total blood volume, the higher was the
oxygen consumption, If an incrense in cir

- eulating catecholamines was responsible for

the high rate, it would appear that a high con-
centration of hydrogen ion i the presence of

- hypocapnia does not greatly interfere with the

action of catecholamines on eflector organs
nor does it appreciably depress oxidative me-
tabolism 18

The hyperventilation displayed by thesc
patients can be in part aseribed to acidosis
and possibly to an increase in catecholamines.

Girculation, Volume XXXVIL, Mey 1968



HEMODYNAMIC STUDIES ON CHOLERA

Correctlon of acidosis and hypovolénia how-
ever did niot mvarmbly Jead to a decrease in
minute ventilation. These Gndings are in accord
with those of lhchardb and Coumnand in their
studies of shock % 4777

Thé shght but definite redlmtlon in ﬂl‘tLl‘iEll
osygen satutation in soime of these patients

lias been noted previously in shock by othér
investigators, as has its persistence with fluid:

replacement,*’ **-8 Previous authors have sug-
gested that this reduction in arterial oxygen
tension results from admixture with blood of
low oxygen content.” ™ 81 The considerations
of Briscoe® on distribution of ventilation-per-
fusion ratios indicate that, even in the pres-
ence of such inhomogeneities as exist in the
normal lung, the alveolar-arterial oxygen gra-
dient increases as the mixed venous oxygen
tension falls, The increase in the physiological
dead space found in this study suggests that
this inhomogeneity may have been accentu-
ated. Others have described an inereased
physiological dead space in animals when
hemorrhage has produced shock. This aug-
mentation of the dead space returns toward,
buat not to, normal as blood is reinfused. - 81
Gerst and co-workers™ attributed this finding
to closure of pulmonary capillaries consequent
to o marked reduction in pulmonary blood
flow. The demonstration that the central blood
volume is maintained in the acidotic patient
at the expense of the peripheral circulation,
suggests that the level of physiological shunt
flow (for example, Thebesian and bronchial
veins) also may be relatively well maintained
in the face of a reduced eardiac output. In the
presence of a low systemic blood flow, the
contribution of this component of venous ad-
mixture to arterial blood unsaturation wiuld
be enhanced.
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