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Norepinephrine (NE) is used clinically to increase ox-
vgen delivery (D0,) by increasing cardiac output (CO).
The rate of administration of NE is usually based on
frequent measurements of blood pressure (BP) and in-
frequent measurements of CO with little regard for ox-
vgen delivery or consumption dynamiecs, Although the
ultimate goal of an inotropic drug is to increase 10, in
excess of metabolic requirements (V0,), the effect of
NE on the DQ,/VQ, ratio has not been previously stud-
ied. In the present investigation, healthy anesthetized
dogs were infused with various doses of intravenous
NE. These dosages were chosen to span the range used
clinically. NE administration caused a significant pri-
mary increase in VO, which was dose dependent (P <
0.001). A similar dose-dependent increase in DO, was
observed (P < 0.001). However, the increase in DO,
minimally exceeded the increase in VO, at lower doses
of NE and the relative increase in VO, exceeded the
change in DO, at a dose of 0.04 ug/kg/min. Minimal
advantage to oxygen utilization physiology at low doses
of NE and a potential deleterious effect at a dose of 0,04
rg/kg/min were observed, therefore, despite associated
increases in mean systemic blood pressure. The effec-
tiveness of NE administration could be most effectively
monitored by the mixed venous oxygen saturation
(8VQ,), rather than by intermittent assessment of BP,
CO, or DO,. Even though values for SVQ, and CO do
track closely for the dose of drug administered, SVQ, is
a more accurate summation of all componenis of oxy-
gen consumption and delivery and can be easily and con-
tinuously monitored. © 1894 Academic Press, Inc.

INTRODUCTION

Norepinephrine (NE) has direct inotropic and a-me-
diated pressor effects. Its role in reversing hypotension
and in treating cardiac failure has been well documented
(1, 2]. NE is used clinically to increase systemic oxygen
delivery (DQ,) by increasing cardiac output. Its rate of
administration is usually based upon frequent measure-
ments of blood pressure, in addition to infrequent mea-
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surements of cardiac output, with little regard for the
effects upon oxygen consumption (V(,). The ultimate
goal of inotropic drugs, though, is to increase DO, in
excess of VO,.

Only recently has the relationship between both DO,
and VQ, been examined [3-7). Cilley et al. documented a
linear relationship between DO, and VO, at low levels of
delivery (below a critical DO,;/V0, ratio point}). At
higher levels of delivery, VO, was found to be indepen-
dent of DO,. Under normal physiologic conditions in
mammals, oxygen delivery exceeds oxygen consumption
by a factor of 4 or 5 ta 1 [6]. At very low DO,/ VQ, ratios,
tissue oxygen needs may not be met. To be effective, an
inotrope should simultaneously increase DO, in excess
of VO,. The effect of NE on the DO,/ VO, ratio has not
been studied. Thus, this investigation examined, in a
canine model, the effects of NE on total body )0, and
VO, while independently measuring these values at sev-
eral doses to determine norepinephrine’s effects on the
DO,/ VO, ratio. The dosages used were chosen to span
the range used clinically. The mixed venous oxygen satu-
ration (SV0,)}, mean systemic blood pressure (MSBP),
and cardiac output (CO), parameters typically utilized
for dosing NE, were additionally examined to observe
their accuracy as a reflection of the DO,/ VO, ratio.

METHODS

Five male mongrel canines weighing from 1210 17.56 kg
were fasted for 12 hr and then anesthetized with 30 mg/
kg pentobarbital sodium. Additional pentobarbital was
administered during the experiment, as needed, to
maintain clinical sedation. The animals were then intu-
bated with a cuffed endotracheal tube. The dogs were
ventilated with an F,(O, of 0.21 in the supine position
with a closed-circuit spirometry system and monitored
with a Hewlett-Packard 47210A capnometer to main-
tain the end-tidal CQ, between 35 and 40 mm Hg. The
core body temperature was maintained between 37.5 and
38.5°C with a pump water heater and heating pad. The
animal was stabilized for 45 min after instrumentation
before the onset of each experiment.
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An Oximetrix catheter (Mountain View, CA) was
placed in the right internal carotid artery to draw blood
samples and to monitor systemic blood pressures. An
additional Oximetrix catheter was placed in the pulmo-
nary artery via the right external jugular vein. This was
used to measure core body temperature, pulmonary ar-
tery pressures, and pulmonary capillary wedge pressures
(PCWP) as well as to infuse the NE (proximal lumen)
and to obtain mixed-venous blood samples (distal lu-
men). An B-French catheter was also introduced into the
right external jugular vein for administration of lactated
Ringers (LR) solution to maintain the PCWP above 8
mm Hg before administering the NE. In addition, iced
saline was injected through this to measure the CO via
thermodilution assessment. A Sorenson Research
(Model 03950-00; Salt Lake, UT) cardiac output com-
puter was used to calculate the CO. Measurements were
made using 5-m] injections of iced saline until the read-
ings stabilized (three in a row with less than 10% devia-
tion from the first). The oxygen delivery was standard-
tzed per unit weight using the formula DO, = [CO=*(g
Hb/dl blood#1.39 ml O,*Hb saturation) + (0.003 ml
0,/dl blood/mm Hg* PO,}/kg.

Oxygen consumption was measured using a closed-
circuit spirometer system. A tidal volume was delivered
to the animal from ventilator-driven slave bellows and
passively expired back into the circuit using one-way
valves to direct flow. CO, was removed from the circuit
by a CaOH scrubber and replaced with Q, from a volu-
metric spirometer.

For each of the five dogs, a data set consisted of hemo-
globin saturation for arterial and venous blood, P,Q,,
P.0O,, CO, VO,, and vital signs including pulmonary and
systemic blood pressures. VO, was monitored for 10 min
during the data set collection. The final VO, value was
obtained by dividing the 10-min value by a factor of 10
and converting that value to standard temperature and
pressure. Oxygen consumption was standardized per
unit weight using the formula VO, = (ml O, consumed/
min* STPD correction factor}/kg.

The NE infusion was prepared fresh for each experi-
ment by mixing one ampule (4 mg) Levophed hitartate
in 500 ml LR. NE was infused into each dog at rates of
0.04, 0.08,0.12,0.16, 0.24, 0.32, and 0.40 ug/kg/min. Dos-
ages were chosen to span the range used clinically. At
each concentration of the drug as well as at a baseline
control before and after drug infusion, a data set was
collected. T'wenty-five minutes was allowed between the
initial infusion of NE at each concentration and the com-
mencement of data collection. During the time of the
data collection all animals were in a steady state. The
NE was administered using an IVAC 565 Neonate vari-
able pressure pump at the various concentrations dis-
cussed above. The drug was infused into the superior
vena cava via the proximal port of the pulmonary artery
catheter. Drug doses were increased and then decreased
incrementally, not in a randomized fashion. The short
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FIG.1. Theeffect of norepinephrine {NE) dosage on oxygen con-

sumption {VO,) (P < 0.001 by repeated measures analysis of variance;
*P < 0.05, *P < 0.01 when compared to baseline by paired ¢ test).

onset of action and half-life of norepinephrine allows
appropriate assessment of drug effect with incremental
dosing. Stable drug response was achieved after 10 min,
and, as mentioned, samples were taken at 25 min.

Arterial and venous blood gas samples were analyzed
using an Instrumentation Laboratory Model 282 Co-o0x-
imeter with a canine chip and a Radiometer ABL-30
blood gas analyzer, The oxyhemoglobin saturation and
oxygen content were calculated using 1.39 ml O,/g Hb
as the oxygen combining capacity of canine hemo-
globin [8].

To assess the effects of NE on the VO,, DO,, VO,/
DO,, CO, MSBP, and 8V(,, data were analyzed for sig-
nificant trends using the one-way repeated measures
analysis of variance. Paired t test analysis was utilized to
compare individual dose responses with the baseline re-
sponse. All values were expressed as the mean = 1 SD.

RESULTS

Oxygen consumpticon versus the dose of NE (ug/kg/
min) is shown in Fig. 1. The baseline oxygen consump-
tion of canines receiving no NE infusion was 6.1 + 0.7 mi
0,/kg/min. The oxygen consumption at a dose of (.40
pg/kg/min was increased at 7.3 + 0.4 ml O,/kg/min
when compared to the baseline (P value < 0.001 by re-
peated measures analysis of variance). Variability of
V0, is not a function of variation in dog size since all
infusions are normalized to units of mg/kg/min. How-
ever, baseline metabolism and response to dopamine
may vary considerably between animals, resulting in the
wide standard deviation of the mean that is demon-
strated. However, trends within individual dogs were
similar, resulting in highly significant changes in VO,,
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FIG. 2. The effect of norepinephrine (NE) dosage on oxygen de-
livery (D0,} (P < 0.001 by repeated measures analysis of variance; *P
< 0.05, **P < 0.01 when compared to baseline by paired ¢ test).

D[30,, and other physiologic parameters as measured by
analysis of variance. Stepwise decrease in NE dose re-
sulted in a gradual reduction in VO, with the average
VO, value = 6.0 + 0.2 ml O,/kg/min after discontinua-
tion of NE. This VQ, was not significantly different
from the original baseline value. This illustrated that the
VQ, increase evident in our experiment was due to a
dose-related effect and not an effect of prolonged and
continuous NE infusion. This design helped to eliminate
the possible bias present with a continuous sequential
infusion protocol.

Figure 2 illustrates the relationship of DO, versus dose
of NE (pg/kg/min). The baseline IO, prior to receiving
any NE was 30.9 + 4.9 ml O,/kg/min, which increased to
47.1 + 6.5 ml O,/kg/min at an NE dose of 0.4 pg/kg/min
(P < 0.001 by repeated measures analysis of variance).
With reduction of NE infusion dose as per protocol, all
DO, values demonstrated an incremental decrease to
baseline levels (28.6 + 5.3 ml O,/kg/min). This showed
that the DO, increases evident in our experiments were
not due to prolonged and continuous NE infusion, but,
rather, due to a dose-related effect.

Oxygen delivery divided by respective oxygen con-
sumption versus dose of NE infused is shown in Fig. 3.
The mean control DO,/VO, ratio was 5.0 = 0.5. The
DO,/ VO, ratio significantly increased to 6.4 & 0.6 during
NE infusion at (.04 pg/kg/min (P < (.05 by analysis of
variance). With incremental reduction in the dose of NE
infusion the DO,/ VO, ratio decreased to near baseline
(4.8 = 0.8).

Figure 4 reveals the relationship of SVO, with the
dose of NE (ug/kg/min). The mixed venous oxygen satu-
ration should fairly closely track the DO,/ VO, ratio (Fig.
3), which it does. The average control SVO0, was 76.2 +
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FIG. 3. The effect of norepinephrine (NE) dosage on the oxygen
delivery/oxygen consumption ratio {0,/ VO,} (P < 0.001 by repeated
measures analysis of variance; *P < (.05 when compared to baseline
by paired t test).

4.4% and the SBVO, significantly increased to 81.3 +
1.8% during NE infusion at 0.4 pg/kg/min (P < 0.01 by
repeated measures analysis of variance). The SVO, de-
creased to baseline levels (74.6 = 2.8%) after incremen-
tal reduction in NE infusion.

The relationship between the MSBP and the dose of
NE is illustrated in Fig. 5. The mean control was 114 +
22 mm Hg prior to the onset of NE administration. Infu-
sion with 0.08, 0.12, 6.16, 0.24, 0.32, and 0.40 ug/kg/min
NE showed statistically significant increases in MSBP
compared to no drug infusion (P < 0.001 by repeated
measures analysis of variance). At the end of each exper-
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FIG. 4. The effect of norepinephrine (NE) dosage on mixed ve-
nous saturation (SV0,). As expected, the changes in SV, fairly
closely parallel the changes in the DO,/ VO, ratio shown in Fig. 3 (P <
0.001 by repeated measures analysis of variance; *P < 0.05 when com-
pared to baseline by paired £ test},
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FIG. 5. The effect of norepinephrine {NE} dosage on mean sys-
temic blood pressure (MSBP) (P < 0.001 by repeated measures analy-
sis of variance; *I? < 0.05 when compared to baseline by paired ¢ test).

iment, an incremental decrease in MSBP for each ani-
mal was observed down to near baseline values (125 +
17), illustrating that the changes seen in the MSBP dur-
ing the experiment were dose-related.

Figure 6 demonstrates the mean cardiac output at
each NE dose level. The mean CO level for animals with
no NE administered was 2.11 + 0.42 liters/min. The CO
was significantly changed at 3.08 + 0.36 liters/min dur-
ing intravenous infusions of 0.40 pg/kg/min NE (P <
(.05 by analysis of variance). After incremental reduc-
tion of NE infusion, the CO fell to baseline levels (2.31 +
0.67), demonstrating that the changes in CO during the
experiment were not from continuous and prolonged
administration of NE, but rather a dose-related phenom-
enon.

DISCUSSION

The current investigation is important because, in the
clinical setting, the administration of NE (as well as
other inotropes) is generally guided by blood pressure or
cardiac output data without great regard for oxygen con-
sumption and delivery relationships. The goal of inotro-
pic drugs is to increase IO, by increasing cardiac output,
thereby maximizing the DO,/ VO, ratic. But if a drug
dose increases VO, in excess of DQ,, it is deleterious
despite any increase in blood pressure, CO, or DO,. As of
yet, little is known regarding the effects of inotropes on
total body VQ,, and the relationships between DQ; and
VO, in the intact animal have rarely been studied.

Investigators have previously demonstrated dose-re-
lated increases in total body VQ, during NE administra-
tion in canines [10, 11], pigs [12], and humans [13]. The
results of the present investigation are consistent with
these previous findings. Additionally, dopamine (DA) ad-
ministration has been shown to significantly increase
total body VO, in dogs [4] and humans [14].
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Total body DO, has been studied in humans infused
with various doses of NE with conflicting results. Some
researchers have shown NE not to affect CO and DO, [9,
15, 18], while others reported significant decreases in CO
[16, 17]. Tuckman and Finnerty [18] and Barcroft and
Starr [17] studied the action of NE on CO in man at NE
levels of 0.05 ug/kg/min and approximately 0.14 ug/kg/
min. They found either no significant changes or slight
decreases in CO. These results are consistent with the
present study since significant changes in DO, were not
evident at similar NE infusion dosages. In addition, at
the 0.04 pg/kg/min infusion dose in the present study,
the DO, was decreased, although not significantly so.
One other investigation documented a decrease in car-
diac index in humans during a 0,05 ug/kg/min NE infu-
sion [18]. Decreases in cardiac output at these dosage
levels may be explained by low NE dosage effects upon
a-receptor-mediated vasoconstriction which result in an
increase in peripheral vascular resistance without pro-
portional effects on myocardial inotropic or chronotro-
pic activity.

Ruttiman et al. [7] studied the effects of DA in hu-
mans at varicus different infusion rates on total body
DO, and VO,. These investigators illustrated that VO,
increased significantly only at the highest DA infusion
rates, but not at the lowest administration rate (2.5 pg/
kg/min). Additionally, DO, was shown to significantly
increase at all dosage levels when compared with the
control. These investigators noted at all rates of infusion
studied that the increase in [}Q, observed was greater
than the increase in VO,. To our knowledge, other stud-
ies examining the relationship of total body DO, and
VO, have yet to be performed with this or other ino-
tropes.

In the present investigation, NE was chosen as a pro-
totype catecholamine to study the relationship between
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FI1G. 6. The effect of norepinephrine {NE) dosage on cardiac out-
put (P < 0.001 hy repeated measures analysis of variance; *P < (.05
when compared to baseline by paired ¢ test).
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total body DO, and VO, and to evaluate the efficacy of
those hemodynamic variables typically utilized to assess
NE dosing as monitors of the DO,/ VO, relationship. NE
administration resulted in a significant dose-dependent
increase in VO, and blood pressure. The increase in sys-
temic vascular resistance appeared to counter any inotro-
pic effect realized at lower NE doses so that CO and DO,
were not significantly increased at those doses. There-
fore, minimal advantage to oxygen utilization physiol-
ogy was observed at lower doses of NE even though
blood pressure was increased at all doses. At the infusion
rate of 0.04 ug/kg/min, an increase in VO, relative to
DO, was documented, although statistical significance
was not achieved. Administration of NE at this dose may
prove to be deleterious rather than helpful. Even though
the effects of norepinephrine resulted in an improve-
ment in the DO,/ VO, ratio with increasing NE doses, a
gtate of hypermetabolism {(increased V0,) still existed.
The implications of the induced hypermetabolism and
these DQ,/ VO, relationships during NE administration
may be even more important in the patient with com-
promised cardiac function. Certainly, increasing VO, in
the patient with little cardiac reserve and minimal abil-
ity to increase CO or I}Q, would not be beneficial. Other
inotropes with legs effect on VO, might be more effective
in this situation at improving the DO,/ VO, ratio, even if
they were less potent inotropic agents. Research into
this area is currently being pursued in the laboratory.
Additional research is being directed at more clearly de-
fining cardiac specific DO, and VO, responses to ino-
tropes as well as (3, and VQ, changes in animals that
are physiologically stressed in order to further under-
stand the effects of these drugs on physiologic needs.

The mixed venous oxygen saturation is a physiologic
parameter which may be continuously monitored in criti-
cally ill patients. In this study on normal dogs, cardiac
output appeared to trend in a fashion similar to that of
the SVQ,. Once again, such may not be the case in the
patient with little cardiac reserve. However, the data
from this study would suggest that the SVO,, which re-
flects the ratio of DO, to that of V(Q,, would serve as an
excellent continuous monitor of the effect upon DO, in
relation to that of VO, during norepinephrine adminis-
tration.
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