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Cardiovascular Effects of Acute Changes in Extracellular lonized

Calcium Concentration Induced by Citrate and CaCly Infusions

in Chronically Instrumented Dogs, Conscious and during

Enflurane, Halothane, and Isoflurane Anesthesia

Einar S. Hysing, M.D.,* Jacques E. Chelly, M.D., Ph.D.,t Lawrence Jacobson, M.D.,
Marie-Francoise Doursout, Ph.D.,§ Robert G. Merin, M.D.T -

To study the cardlovascular effects of low blood jonized calcium
ion concentrations [Ca?*] induced by citrate infusion followed by
high [Ca?*), induced by CaCl infusion awake and during enflurane
(2.5% ET), halothane (1.2% ET), and isoflurane (1.6% ET) anesthesia,
dogs were chronically instrumented to measure heart rate, aortic,
left atrial, and left ventricular (LV) blood pressures, and cardiac
out'put In conscious dogs low [Ca**] (decreased 0.35 mM); increased
heart rate (HR) and mean aortic pressure (MAP) and decreased
stroke volume (SV) and LV dP/dtm., Low [Ca?"] increased HR dur-
ing all three anesthetics and decreased LV dP/dt,., except during
isoflurane anesthesia. Low [Ca®"] produced more hemodynamic
depression during enflurane anesthesia than during anesthesia with
halothane or isoflurane increasing left atrial pressure and decreasing
MAP and SV. The differences seen were partially related to decreased
systemic vascular resistance during halothane and isoflurane anes-
thesia. In conscious dogs following high [Ca?*] (increased 0.37 mMm);
only MAP and LV dP/dt,,, increased. LVdP/dt,,, was also in-
creased by high [Ca**] during all three anesthetics without a change
in MAP. Cardiac output increased during halothane and isoflurane
anesthesia but was unchanged during enflurane. It would appear
that the hemodynamic sensitivity for the effects of changing [Ca*']
was enflurane > halothane > isoflurane > awake. The results suggest
that the effects of changes in [Ca**] induced by citrate and CaCl,
infusion are modified by the three volatile anesthetics. (Key words:
Anesthetics, volatile: enflurane; halothane; isoflurane; Heart: blood

- flow; ventricular function. Ions: calcium; citrate.)

CHANGING THE IONIZED calcium concentrations [Ca®*]
has been reported to have important hemodynamic ef-
fects.! Such éffects may be induced in patients receiving
blood products anticoagulated with citrate (low [Ca®*])
and infusions of CaCl, or Ca-gluconate (high [Ca**]). In-
halational anesthetics also have pronounced circulatory
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effects.? Price demonstrated in 1974 that increased [Ca®*]
reversed the myocardial depression caused by halothane.”
Others have shown that volatile anesthetics cause complex
alterations in intracellular [Ca**] control by the sarco-
lemma, the sarcoplasmatic retlculum and, possibly, other
membranes of myocardlal tissue.?

Most of the previous work on the hemodynamic effects
of changing [Ca®"] has been performed during anesthesia
(especially halothane).>'° The purpose of this study was
to investigate the hemodynamic effects of changes in
[Ca®*] induced by citrate and CaCl; infusions awake and
during enflurane, halothane, and isoflurane anesthesia in
chronically instrumented dogs.

Methods

INSTRUMENTATION

A description of the basic model has'been previously
published.!!~!* Briefly, seven healthy mongrel dogs;
weighing 16.5-24.5 kg, were instrumented with the fol-
lowing: catheters (Tygon, Norton Inc., Akron, Ohio) in
the left atrium and thoracic aorta, an electromagnetic flow
probe (Micron Inc., Los Angeles, California) around the
pulmonary artery, and a high fidelity pressure transducer
(Konigsberg Inc., Pasadena, California) in the left ven-
tricular cavity. All animals were studied at least 10 days
after surgery when they were afebrile and trained to lie
quietly. The details of the measurement techniques have
also been previously published.'!"'? Aortic, left ventric-
ular, and left atrial blood pressures and cardiac output
were continuously recorded on a Gould polygraph (Gould
Inc., Cleveland, Ohio) during the experiments. Cardiac
output was measured using a Micron RC 1000 electro-
magnetic flow meter. Left ventricular dP/dty. was de-
rived electronically,

PROTOCOL

Each animal was studied awake and during enflurane,
halothane, and isoflurane anesthesia. For each dog the
experiments were performed on 4 different days. At least
48 h elapsed between experiments. The order of the ex-
periments was randomized.
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Following control measurements awake, citrate (46.7%
trisodium citrate with pH adjusted with citric acid [Hae-
monetics, Braintree, Massachusetts]) diluted 1:5 with
sterile water [pH 7.0 in solution] was infused using a pump
(Harvard Apparatus, Millis, Massachusetts) a dose of 1
ml/kg admlmstered over 10 min, followed by an infusion
of 1.6 ml+ kg™' - h™! to produce a stable decrease in [Ca“’*]
of about 0.35 mM. Hemodynamic measurements and
blood samples were taken after 5 min of infusion. The
citrate infusion was stopped, and a rapid infusion of CaCly
(Calcmm chloride USP 10%, Invenex Laboratory, Cha-
grin Falls, Ohio) 0.18 mmol/kg was then given over 2
min by pump to normalize [Ca?*], followed by an infusion
of 0.4 mmol/kg to produce a stable increase in [Ca®*] of
about 0.35 mM. Measurements were initiated after 5 min,
and the infusion was continued for another 5 min to en-
sure stable hemodynamic values and [Ca**].

On the day of the anesthesia experiments, anesthesia
was induced by mask with nitrous oxide/oxygen and the
corresponding inhalational anesthetic. When the animals
were sufficiently anesthetized, the trachea was intubated,
and ventilation was controlled with a Harvard ventilator
(Harvard Apparatus, South Natwick, Massachusetts) at
tidal volumes of 10-15 ml/kg with the rate adjusted to
maintain carbon dioxide tension as in the awake animal.
Immediately after tracheal intubation, nitrous oxide was
discontinued and nitrogen was substituted, using a con-
centration that maintained arterial oxygen tension at ap-
proximately the same level as in the awake animal. Rectal
temperature was monitored using a thermistor probe
(Yellow Springs Instruments, Yellow Springs, Ohio) and
maintained at 38° C using external heating if necessary.

During anesthesia end-tidal anesthetic (Beckman LB-
2, Beckman Inc., Schiller Park, Illinois) and carbon diox-
ide (Lifespan 100, Biochem International Inc., Waukesha,
Wlsconsm) concentrations were continuously monitored
using infrared absorption techniques. The experiments
were not performed before at least 20 min of steady state
end-tidal anesthetic concentration (concentrations that
blocked the response to noxious stimuli). All measure-
ments were done at zero airway pressure. Arterial blood
gas measurements were made several times during anes-
thesia, mcludmg the times of hemodynamic measure-
ments, using a Radiometer ABL electrode system (Co-
penhagen, Denmark). The animals were studied in a right
lateral decubitus position awake and anesthetized. They
received 5 ml- kg™ - h™! of a 5% glucose solution during
the experiments.’

SAMPLE ANALYSIS

Blood samples were taken from the aortic catheter.
Samples for ionized calcium concentrations analy51s were
drawn anaerobically into preheparinized syringes using a
special heparin with calcium added equal to the binding
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of calcium by heparin (S4500 Heparin for Ionized Cal-
cium Analyses, Radiometer A/S, Copenhagen, Den-
mark),!

DATA ANALYSIS

A factorial analysis of variance with repeated measures
design was used with the Bonferroni modification of the
two-tailed paired ¢ test to compare individual means when
significant. Alpha was set at a level of 0.05 before modi-
fication. Data are presented as = SEM. The protocol was
approved by the Animal Care Commiittee of the Univer-
sity of Teexas Medical School at Houston.

Results

pH, did not change more than 0.04 from control values
(awake 7.43 + 0.01, enflurane 7.42 % 0.01, halothane
7.43 * 0.01, isoflurane 7.44 * 0.01) during the experi-
ments.

The results in conscious dogs are presented in table 1,
during enflurane anesthesia (2.53 * 0.01% end-tidal) in
table 2, during halothane anesthesia (1.21 + 0.00% end-
tidal) in table 3, and during isoflurane anesthesia (1.61
+ 0.00% end-tidal) in table 4.

ANESTHETIC EFFECTS

The effects of the low anesthetizing concentrations of
enflurane, halothane, and isoflurane were essentially the
same as reported previously.'"'* All of the anesthetics
decreased MAP, SV, and LV dP/dt; enflurane and halo-
thane also decreased CO; although the heart rate was
increased with all three anesthetics, the changes were not
statistically significant for any. o

EFFECTS OF Low [CA**] (COMPARED
WITH NORMOCALCEMIA)

Heart rate increased awake and during anesthesia, but
only during isoflurane anesthesia was the change greater

TABLE 1. Conscious Dogs

Control ) Low High
1.40 £ 0.01 1.05 *+ 0.01 1.77 £ 0.02
N[ mM[Ca®] mM [Ca®] mM [Ca]
HR (beats/min) 71 78x4 97 + 5% 875
MAP (mmHg) 71 105+ 4 112 £ 5% 115 + 3%
LAP (mmHg) 6] 6307 ( 72x1.3 8.3£1.0
CO (I/min) 6] 1.78 £0.13{ 1.92 £ 0.14 | 2.03 = 0.10
LV dP/dty.

(mmHg/s) 612827 & 329 | 2492 + 333*|3784 + 648*
SV (ml) 6232+ 1.5 [203+1.2*%|24.3 2.0
SVR

(mmHg-1I"'-min"")|6| 61.56 £ 3.6 | 60.7+3.0 |57.4£23

N represents the number of dogs with the instrumentation necessary
to make this particular measurement.
* P < 0.05 versus control.
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TABLE 2. During 2.5% End-Tidal Enflurane TABLE 4. During 1.6% End-Tidal Isoflurane
Control Low High Control Low High
1.87 0,01 1.02 £ 0.01 1.72 + 0,02 1.40  0.01 1.02 £ 0.01%+ 1.74 £ 0.02
mM [Ca¥] mM [Ca?!] mM [Ca™] mM [Ca®*] mM [Ca®] mM [Ca®*]
HR (beats/min) 98 :k 1% 108 + 3} 82 + 4+ HR (beats/min) 108 + 7* 126 + 5 90 + 7t
MAP (mmHg) 70 + 3% 61 £ 3%+ 74 + 2% MAP (mmHg) 74 £ 4% 75 + 3% 79 £ 3%
LAP (mmHg) 4.7 £ 1.1 6.2 + 0.9% 6.0+1.2 LAP (mmHg) 3.8£14%| 6.5=*15% 50+1.3
CO (I/min) 1.43 £+ 0.06*| 1.36 £ 0.06* | 1.56 % 0.12* CO (I/min) 1.63 +0.15 | 1.94 + 0.13} | 1.77 + 0.18}
LV dP/dtp.x LV dP/dty.y
(mmHg/s) 1365 = 71* |1018 £ 53%1 (1754 + 104} (mmHg/s) 1599 + 152* 11508 * 144* (2250 + 229%+
SV (ml) 14.7 + 0.5% | 12.9 £ 0.8%| 19.2 £ 1.0%+ SV (ml) 16,4 + 1.4* | 15.8 = 1.2*% | 20.3 + 1.5¢
SVR SVR
(mmHg- 1™+ min™")| 49.8 £ 8.7* | 45.8 + 4.4 48.6 = 3.3 (mmHg-1I"' - min™')| 48.0 & 4.3* | 39.6 + 3.2%| 45.8 £ 3.9

* P < 0.05 versus conscious.
1 P < 0.05 versus control.

than in the awake animals. Mean aortic pressure increased
awake and decreased during enflurane anesthesia but did
not change with halothane and isoflurane. Left atrial
pressure increased during enflurane and isoflurane anes-
thesia, but the values were not different from awake. Car-
diac output increased during halothane and isoflurane
anesthesia, did not change during enflurane, and was less
than in the awake animals during halothane and enflurane
anesthesia. Stroke volume decreased awake and during
enflurane anesthesia. The values during the three anes-
thetics were lower than awake. Systemic vascular resis-
tance decreased during halothane and isoflurane anes-
thesia and were lower than awake. Left ventricular dP/
dt;ax decreased awake, during enflurane and halothane
anesthesia, and was less than awake with the two anes-
thetics.

EFFECTS OF HIGH [CA**] (COMPARED
WITH NORMOCALCEMIA)

Increasing [Ca®*] from low to high values always im-
proved hemodynamic conditions to normocalcemic values
or above (tables 1-4). The main differences between the
conscious and anesthetized animals were those due to the

TABLE 3. During 1.2% End-Tidal Halothane

Control Low High
1.41 + 0.01 1.05 £ 0.01 1.74 £ 0.02
mM [Ca™] mM [Ca®] mM [Ca™]
HR (beats/min) 867 112 £ 7¢ 807
MAP (mmHg) 74 + 4% 75 £ B* 82 + 3%
LAP (mmHg) 7.5+ 0.08% 8.2+13 8315
CO (I/min) 1.37 & 0.07*| 1.64 % 0.07*{ 1.50 + 0.09%}
LV dP/dt,uy
(mmHg/s) 1415 £ 112% 11223 + 77*} 1776 + 98++
SV (mly 15.9 £ 1.2% 114.8 + 0.9* 19.3 & 1.4*+
SVR
(mmHg 1" +min™!)| 56.2 + 3.8 {47.0 + 2.4%+ | 55.4 + 2.8

* P < 0.05 versus conscious.
T P < 0.05 versus control.

* P < 0.05 versus conscious.
} P < 0.05 versus control.

effect of the anesthetics themselves. Consequently, only
mean arterial pressure and LV dP/dt,,,, were lower dur-
ing isoflurane anesthesia than in the awake animals. Dur-
ing both enflurane and halothane anesthesia, mean ar-
terial pressure, cardiac output, and left ventricular dP/
dtmax were lower than during the comparable awake con-
dition. In addition, stroke volume was also lower during
halothane anesthesia.

Discussion

CRITIQUE OF METHODS

The control (Ca%*) of 1.40 mM is normal for healthy
dogs using the described technique. Adult reference val-
ues in humans for this electrode are 1.5-1.30 mM.

This protocol attempted to simulate clinical [Ca
changes. In patients a decrease in [Ca®*] is most frequently
induced by infusing blood products containing citrate.
CaCl; or Ca-gluconate are then often infused to counter-
act this decrease in [Ca®*]. A change in [Ca®*] of + 0.35
mM (+25%) is within the range experienced in clinical
practice.'® Even though calcium most often is given as
bolus injections, we chose to establish a stable increased
[Ca®*] using continuous infusion of CaCl, to avoid fluc-
tuations in [Ca®*]. The return of [Ca%*] to normal after
stopping CaCl; infusion was prolonged so that the order
of testing could not be randomized.

Citrate also binds extracellular Mg?* ((Mg®*]). The dis-
sociation constant for MgCit™ is identical to that of
CaCit™.'® Infusion of citrate will therefore induce a de-
crease in [Mg®*]. [Mg®*] has been shown to block Ca?*
entry in vascular smooth muscle and, hence, exaggerate
the effect of low [Ca?*].!” Bristow et al. showed a small
shift of the [Ca**]/LV dP/dt curve to the left (greater
dP/dt at lower [Ca®*]) when infusing citrate.'® They
showed that this difference disappeared using EGTA,
which has a 100,000-fold greater affinity for complexing
with Ca®* than Mg®* compared with citrate.!® Thus, the

2+]

¥20Z Yoie €} uo 3sanb Aq 4pd 8L000-000100661-27S0000/25E6L€/004/L/ZL/Ppd-ajonie/ABojoIsauisauR/WOD JIBYIIBA|IS ZESE//:dRY WOy papeojumoq



Anesthesiology
v 72, No 1, Jan 1990

effect of citrate-induced low [Ca®*] is buffered by a si-
multaneous decrease in [Mg?*]. Because accurate mea-
surement of [Mg?*] in blood is not possible at present, we
purposely did not assess the effects of citrate on [Mg**].
When [Ca®*] has been adjusted to the normal range, ci-
trate infusion is reported not to have any hemodynamic
effects, but the method and results are not given.>® Low
[Ca?*] in this study always refers to low [Ca?*] induced
by citrate. Even though the measurement at high [Ca**]
is done at steady state, it may have been influenced by
the preceding citrate infusion, but this is frequently the
situation in patients.

HEMODYNAMIC EFFECTS

Low {Ca®*] decreased heart rate and high [Ca®*] in-
creased heart rate in the isolated canine heart.2?! En-
flurane, halothane, and isoflurane also have negative
chronotropic effects in vitro that may be counteracted by
increasing [Ca®*].?2 However, in intact chronically instru-
mented animals the three inhalation anesthetics usually
increase heart rate,'!"!? probably through baroreflex
mechanisms.

Low [Ca*'] increased both heart rate and mean aortic
pressure awake. During halothane and isoflurane anes-
thesia low [Ca**] increased heart rate without changing
mean aortic pressure. During enflurane anesthesia low
[Ca®*] increased heart rate and decreased mean aortic
pressure. Aithough all three anesthetics have been shown
to depress baroreflexes with isoflurane having less effect
than enflurane and halothane,?® it does not seem that
baroreflex mechanisms can explain the heart rate changes
seen at low [Ca®*).

Sialer et al.?* demonstrated a decrease in cardiac rate
and an increase in stroke volume induced by CaCl; in-
fusion to dogs during urethane anesthesia. The heart rate
effect was mediated through the vagus nerve.?* Barore-
ceptor induced cardiac slowing in conscious dogs, with a
high parasympathetic tone (low heart rate), is also shown
to be primarily mediated through the vagus nerve, but
during anesthesia with a high sympathetic tone and high
heart rate (urethane), it is mainly mediated through with-
drawal of sympathetic stimulation.?®

Without marked changes in heart rate, preload or af-
terload, LV dP/dt., reflects contractile force reasonably
well.?® During low [Ca®*] awake and during halothane
and enflurane anesthesia, LV dP/dt was significantly de-
creased accompanied by an increase in heart rate. Awake
there was also an increase in mean aortic pressure (after-
load) and unchanged left atrial pressure (preload) indi-
cating that contractile force was decreased. Likewise dur-
ing halothane, unchanged mean aortic pressure and in-
creased left atrial pressure accompanying the decrease in
LV dP/dt strongly suggests a decrease in contractile force.
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Although mean aortic pressure was decreased by low
[Ca?*]and enflurane anesthesia, the increase in heart rate
and left atrial pressure again made a decrease in contrac-
tile force seem a likely contributor to the decrease in LV
dP/dt. Only during isoflurane and low [Ca®*] was LV
dP/dt unchanged. The more dramatic increase in heart
rate accompanied by increased left atrial pressure ap-
peared to modify the direct negative inotropic effect of
low [Ca®*] during isoflurane anesthesia.

During high [Ca®*] awake, the increased LV dP/dt
observed compared with the normal calcemic state may
have been related to both inotropic stimulation and the
increase in mean aortic pressure. However, during halo-
thane, enflurane, and isoflurane anesthesia, it seems likely
that the predominant effect of high [Ca?*] was an increase
in contractile force because cardiac output (halothane and
isoflurane) and stroke volume were also increased without
changes in mean aortic pressure, left atrial pressure, or
heart rate (halothane) or a decreased heart rate with iso-
flurane and enflurane. These effects are consistent with
previous observations that increased extracellular calcium
ion partially antagonizes the negative inotropic effect of
the potent inhalation anesthetics.>*

In contrast to LV dP/dt, which reflects contractile
force, the pumping function of the heart was estimated
in our study by measurement of cardiac output and stroke
volume. The determinants of cardiac output and stroke
volume are similar to those of LV dP/dt.>” The major
difference is that afterload is inversely related to cardiac
output and stroke volume, and, for this purpose, systemic
vascular resistance is the best index of afterload. In ad-
dition, heart rate is also inversely related to stroke volume.
In general, the effects of [Ca**] on the pumping function
of the heart in these experiments were similar to those
on LV dP/dt. Low [Ca?*] decreased stroke volume awake
and during enflurane anesthesia, although the increased
heart rate could have played a role in the effect because
cardiac output was unchanged. However, despite the
tachycardia during low [Ca**] and halothane and isoflu-
rane anesthesia, stroke volume was unchanged and cardiac
output actually increased. A decrease in systemic vascular
resistance (afterload) was probably responsible for this dif-
ference in the effect of low calcium on contractile force
and the pumping function of the heart during halothane
and isoflurane anesthesia.

As mentioned above, high [Ca**] in the conscious an-
imals probably produced a mixed positive inotropic and
peripheral vascular effect. This resulted in no change in
either cardiac output or stroke volume. However, with
all three anesthetics, high [Ca®*] resulted in increased
stroke volume, although cardiac output was increased only
during halothane and isoflurane. The decrease in heart
rate seen with enflurane may have been at least partly
responsible for the lack of increase in cardiac output, but
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a similar decrease in heart rate was also seen with isoflu-
rane and cardiac output still increased.

The latter observation highlights the major difference
between the interaction of [Ca?*] and the three anes-
thetics. During enflurane anesthesia low [Ca?*] produced
more depression and high [Ca?*] resulted in less stimu-
lation of cardiac function than occurred with halothane
or isoflurane. Compared with the conscious state, all three
anesthetics produced more cardiac depression at both
normal and low [Ca®"]. However, the pumping indices
(stroke volume and cardiac output) were statistically the
same as in the awake animals during isoflurane anesthesia
and high [Ca®*]. Thus, as in previous investigations of the
effect of the three anesthetics on cardiac function in the
chronically instrumented dog, isoflurane produced the
least and enflurane the most depression.'"'* However,
the effect of changing [Ca®"] on cardiac function was dif-
ferent during all three anesthetics compared with the same
animals awake. Thus, experiments performed with ani-
mals (or humans) anesthetized with halothane, enflurane,
or isoflurane where changing [Ca®*] is investigated may
not be extrapolated to the unanesthetized state.
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