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Effects of a Dobutamine-induced Increase in
Splanchnic Blood Flow on Hepatic Metabolic
Activity in Patients with Septic Shock

Helmut Reinelt, M.D.,* Peter Radermacher, M.D.,t Giinther Fischer,¥ Wolfgang Geisser, M.D.,§
Ulrich Wachter,|| Heidemarie Wiedeck, M.D.,# Michael Georgieff, M.D.,** Josef Vogt, Ph.D. 1t

Background: Septic shock leads to increased splanchnic
blood flow (Qspl) and oxygen consumption (VO,spl). The in-
creased Qspl, however, may not match the splanchnic oxygen
demand, resulting in hepatic dysfunction. This concept of on-
going tissue hypoxia that can be relieved by increasing
splanchnic oxygen delivery (DO,spl), however, was chal-
lenged because most of the elevated VO,spl was attributed to
increased hepatic glucose production (HGP) resulting from
increased substrate delivery. Therefore the authors tested the
hypothesis that a dobutamine-induced increase in Qspl and
DO,spl leads to increased VO,spl associated with accelerated
HGP in patients with septic shock.

Methods: Twelve patients with hyperdynamic septic shock
in whom blood pressure had been stabilized (mean arterial
pressure = 70 mmHg) with volume resuscitation and norepi-
nephrine received dobutamine to obtain a 20% increase in
cardiac index (CID). Qspl, DO,spl, and VO,spl were assessed
using the steady-state indocyanine green clearance technique
with correction for hepatic dye extraction, and HGP was deter-
mined from the plasma appearance rate of stable, non—radio-
active-labeled glucose using a primed-constant infusion ap-
proach.

Results: Although the increase in CI resulted in a similar
increase in Qspl (from 0.91 + 0.21 to 1.21 + 0.341-min ' -m?
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P < 0.001) producing a parallel increase of DO,spl (from 141
*33t0182 + 44 ml-min ' m* P < 0.001), there was no effect
on VO,spl (73 = 16 and 82 + 21 ml- min - m? respectively).
Hepatic glucose production decreased from 5.1 + 1.6 to SH 2k
0.9 mg-kg "min ' (P < 0.001).

Conclusions: In the patients with septic shock in whom
blood pressure had been stabilized with volume resuscitation
and norepinephrine, no delivery-dependency of VO spl could
be detected. Oxygen consumption was not related to the accel-
erated HGP either, and thus the concept that HGP dominates
VO,spl must be questioned in well-resuscitated patients with
septic shock. (Key words: Drug effects: dobutamine; norepi-
nephrine. Septic shock: hepatic glucose production; hepatic

metabolism; oxygen transport and uptake; splanchnic blood
flow.)

SEPSIS leads to increased splanchnic blood flow and
oxygen consumption.'* The increased splanchnic
blood flow, however, may not be sufficient to meet the
splanchnic oxygen demand,*® and. in fact, impaired
splanchnic lactate clearance and hepatic glucose output
were found in burned patients in whom bacteremia
developed despite enhanced splanchnic oxygen trans-
port." This concept of an ongoing tissue hypoxia in the
splanchnic region that can be relieved by increasing
splanchnic oxygen delivery, however, was challenged
recently in resuscitated patients with sepsis”: Most of
the elevated splanchnic oxygen uptake was attributed
to increased hepatic glucose formation’ resulting from
increased substrate delivery.'®*

Septic shock is associated with hypotension despite
adequate fluid resuscitation,'” and treatment with nor-
epinephrine may restore splanchnic blood flow The
individual response to norepinephrine, however, is un-
predictable,” and, moreover, norepinephrine may pro-
duce marked and selective constriction of the splanch-
nic capillary bed, potentially impairing the oxygenation
of the splanchnic organs.'"'?

Therefore we tested the hypothesis that a dobutam-
ine-induced increase in splanchnic blood flow leads to
increased regional oxygen uptake affiliated with accel-
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erated hepatic glucose production in patients with sep-
tic shock in whom blood pressure had been stabilized
with volume resuscitation and norepinephrine.

Methods

The study protocol was approved by the local ethics
committee, and informed consent was obtained from
next of kin of the patients.

Patients

Twelve patients with septic shock due to necrotizing
pancreatitis were included in the study. Septic shock
was defined according to the American College of Chest
Physicians/Society of Critical Care Medicine’s Consen-
sus Conference, and patients were eligible for the study
if they fulfilled the following criteria'’: core tempera-
ture > 38.5°C or <35.5°C, leukocyte count > 12,000/
wl or <4,000/pl or >10% immature forms, presence of
perfusion abnormalities such as oliguria (urine output
< 500 ml/die - 1.73 m?) or an increased lactate concen-
tration. All patients had hyperdynamic (cardiac index
= 4 I-min '-m?) septic shock, and despite adequate
volume resuscitation (pulmonary artery occluded pres-
sure, 19 = 1 mmHg) all required norepinephrine (0.21
+ 0.08 ug-kg '-min ") to maintain mean arterial pres-
sure at 70 mmHg or more. i

The patients were sedated with a continuous infusion
of fentanyl combined with midazolam and were para-
lyzed with vecuronium. Their lungs were mechanically
ventilated (inspired oxygen fraction [Fi,,] = 0.5 to en-
sure validity of calorimetric measurement of oxygen
uptake) in the pressure-controlled/inverse-ratio mode
(EVITA 2; Driger, Lubeck, Germany) combined with a
positive end-expiratory pressure of 10 cm H,O. Acute
renal failure with a creatinine concentration greater
than 170 pmol/l was present in all patients. Patients
requiring continuous hemodiafiltration were excluded
because of the potential loss of isotope tracer over the
filtration membrane. Liver dysfunction defined by biliru-
bin values greater than 60 pmol/l and/or aspartate
aminotransferase/alanine aminotransferase/y-glutamyl-
cyclotransferase values more than three times normal
levels were present in seven patients; disseminated in-
travascular coagulation defined as a platelet count less
than 100,000/ul or decreased more than 50% and partial
thromboplastin time more than 60 s without therapeu-
tic heparinization or thromboplastin time (Quick) less
than 50% of a reference value was present in eight
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patients. Because all patients had failure of two or more
organ systems, the expected mortality rate was 50 -
9506 =

Measurements of Hemodynamics and Oxygen

Kinetics

Routine clinical monitoring of the patients included
a thermodilution pulmonary artery catheter (93A 754 7
Fr; Baxter Healthcare, Irvine, CA) and an arterial can-
nula. Mean systemic arterial pressure, right atrial pres-
sure, mean pulmonary arterial pressure, and pulmonary
artery occluded pressure were measured using standard
disposable pressure transducers (Medex MX 80; Medex
Inc., Hillard, OH) together with a lead II/V5 electrocar-
diograph to determine the heart rate. The zero refer-
ence for the supine position was the midaxilla. Cardiac
output was determined by thermodilution (Explorer;
Baxter Healthcare), the data reported being the mean
cardiac index (CI) after four or five injections of 10
ml ice-cold saline randomly spread over the respiratory
cycle.'® Arterial and mixed-venous blood samples were
analyzed for partial pressure of oxygen (P,,) and carbon
dioxide (Pco,), pH (Stat 5; NOVA Biomedical, Waltham,
MA), and total hemoglobin and hemoglobin oxygen sat-
uration values (IL 482 CO-Oximeter; Instrumentation
Laboratories, Lexington, MA). Systemic oxygen delivery
(DO,sys) was calculated using the standard formula.

Global oxygen uptake (VO,tot) was continuously
measured directly from the respiratory gases and re-
corded minute by minute using a Deltatrac Metabolic
Monitor (Datex, Finland). Body temperature did not
vary by more than 0.3°C of the baseline value.

Splanchnic blood flow (Qspl) was assessed according
to the Fick principle using the steady-state dye infusion
technique described by Uusaro et al.'” The hepatic vein
was cannulated via the right internal jugular vein under
fluoroscopy using an angiography catheter (7-Fr Multi-
purpose A-1; Cordis, Roden, The Netherlands), and the
correct position of the catheter was verified using a
small amount of contrast dye. Indocyanine green (or
ICG; Cardiogreen; Beckton-Dickinson Microbiology Sys-
tems, Cockeysville, MD) was dissolved in sterile water
(2.25 mg/ml) and continuously infused (0.45 mg/min)
for 45 min at each data point. Blood was sampled for
the measurement of arterial and hepatic venous ICG
concentrations after 35, 40, and 45 min of infusion. The
blood samples were centrifuged, and ICG concentra-
tions were determined spectrophotometrically using a
wavelength of 805 nm. The blood concentrations were
derived from a calibration curve, and the coefficient
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of variation (SD/mean) of the ICG analysis was 8.7%
(n = 12). Qspl was then calculated as

Splanchnic blood flow [I/min]
Dye-infusion rate [l/min]
' Dye-ICG-concentration [mg/I]

~ (arterial — hepatic venous
ICG-concentration [mg/1] - (1-hematocrit)

The mean hepatic ICG extraction ratio ([arterial ICG
concentration — hepatic venous ICG concentration]/arte-
rial ICG concentration) was 30% *= 15% (mean =+ SD).
Splanchnic  oxygen transport (DO,sph  and  uptake
(VO,spl) were calculated as splanchnic blood flow times
arterial oxygen content and arterial minus the hepatic
venous oxygen content difference, respectively.

The hepatic glucose production rate (HGP) was deter-
mined as described previously.'® Briefly, stable, nonradio-
active isotope-labeled [6,6°H,]-glucose (Cambridge Iso-
tope Laboratories, Woburn, MA) was dissolved in physio-
logic saline (50 mg/ml) and continuously infused for 120
min (0.05 mg-kg ' min ") after a priming dose of 4 mg/
kg. The glucose rate of appearance (Ra) was derived from
the arterial plasma isotope enrichment (atom percentage
excess, or APE) according to the formula

Ra = F/APE,,

where APE,; is the isotope enrichment in the plasma and
F is the infusion rate of the labeled glucose." The atom
percentage excess used to compute the Ra were the corre-
sponding mean of three atom percentage excesses mea-
sured in triplicate blood samples obtained within 10 min
of each other. The isotope concentrations were deter-
mined by gas chromatography - mass spectrometry (GC
5890, MS 5971: Hewlett Packard, Palo Alto, CA) in the
selected-ion monitoring mode using electron impact ion-
ization after derivatization of glucose to 1,5-penta-acetate.
The HGP rate was subsequently calculated as the differ-

ence between Ra and the infusion rate of unlabeled glu-
coseHREl

Protocol

Fluid therapy, ventilator strategy, and intravenous
drugs including the norepinephrine dosage were kept
constant throughout the study. After 120 min had
elapsed during stable hemodynamic and respiratory
exchange conditions during isotope infusion,
set of dat

gas
a baseline
a was obtained. Then continuous intravenous
dobutamine was started, and the dosage was

incremen-
tally increased until a 20% incre

ase in CI was achieved.
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Table 1. Global and Splanchnic Hemodynamics and Oxygen
Saturations before (Baseline) and during Dobutamine
Infusion (Dobutamine) in the Patients Studied

Baseline Dobutamine

Heart rate (1/min) 96ER15 11(0) 2= )74
Mean arterial pressure

(mmHg) 75115 74 = 6
Mean pulmonary artery

pressure (mmHg) SiN==ES 30 =3
Right atrial pressure

(mmHg) 162 168503
Pulmonary artery occluded

pressure (mmHg) ) == 9 ili7e==4D)
Cardiac index

(I*min~"-m?) 43 + 0.3 Sl 04>
Splanchnic blood flow

index (I-min~"-m? ()R] 2= (0) 2] 127 2= (@t
Arterial O, saturation (%) 94 + 2 94 + 2
Mixed-venous O,

saturation (%) (i) 2= 2 hSI=2%
Hepatic venous O,

saturation (%) 45 + 8 ST

All values are mean + standard deviation; n = 12.

* Significant difference (P < 0.001) versus baseline.

The dobutamine infusion rate was adjusted to a maxi-
mum increase in heart rate of 20%. After another 2 h
had elapsed during stable conditions, a second set of
data was obtained. To minimize chang

€s in oxygen de-
livery

and oxygen uptake unrelated to the study proto-
col, none of the patients was turned or otherwise ma-
nipulated during the observation period. To limit inter-
ference with routine therapy and nursing, we did not
collect a third set of data after dobutamine.

Statistical A nalysis

All values recorded are means + standard deviation.
Differences between baseline values and those during
dobutamine infusion were tested using a Wilcoxon rank
sign test for paired samples, and probability values less
than 0.05 were regarded as significant.

Results

Table 1 summarizes the global and splanchnic hemo-
dynamic response to the dobutamine infusion. Dobu-
tamine significantly (P < 0.001) increased the CI in all
patients, mainly due to a significant (P < 0.001) in-
crease in heart rate. There was no change in systemic
or pulmonary vascular pressures. The increased CI was

- P :dpy wouy pspeojumoq
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900 p
*

—®—Global DO2 [ml/min*m2]
600 P ——O—Splanchnic DO2 [mI/min*m2]

- @ - Global VO2 [ml/min*m2]

= © = Splanchnic VO2 [mI/min*m2]
300 p

0

Baseline Dobutamine

Fig. 1. Global (solid lines) and splanchnic (dotted lines) oxygen
delivery (DO,, closed squares) and uptake (VO,, open circles)
before (baseline) and during dobutamine infusion. All values are
means + SD, n = 12; *Significant difference (P < 0.001).

associated with a similarly significant (P < 0.001) in-
crease in Qspl, with the contribution of regional to
global flow remaining unaltered (22% * 5% and 23% =+
6% before and during dobutamine infusion, respec-
tively). Because pulmonary gas exchange was not influ-
enced by the catecholamine administration, the in-
creased CI and Qspl resulted in a parallel significant
increase of DO,sys (from 656 + 58 ml-min '-m? to
780 = 70 ml*min '-m* P < 0.001) and DO,spl (from
141 * 33 ml-min~'-m® to 182 * 44 ml-min~'-m? P
SO TRt oY S Neithicr VO tot (1730 = 10
ml-min"'-m’ and 177 * 13 ml-min '-m? respec-
tively) nor VO,spl (73 = 16 ml-min ' - m” and 82 + 21
ml-min '+ m’ respectively), however, changed during
dobutamine infusion (fig. 1), and consequently hepatic
and mixed venous oxygen saturation significantly (P <
0.001; table 1) increased.

The HGP showed a similarly homogenous response
in all patients (fig. 2): Despite the unchanged VO,spl,
increasing Qspl and DO,spl resulted in a significant de-
crease of HGP from 5.1 = 1.6 mg-kg '-min ' to 3.6
*+ 0.9 mg-kg ' min~! (P < 0.001).

Discussion

The objective of this study was to determine whether
increasing Qspl leads to increased VO,spl affiliated with

Anesthesiology, V 86, No 4, Apr 1997

accelerated HGP in patients with septic shock in whom
blood pressure had been stabilized with volume resusci-
tation and norepinephrine. Qspl was increased by infus-
ing dobutamine, and HGP was assessed using a primed-
continuous infusion of stable, nonradioactively isotope-
labeled glucose during steady-state conditions.

We used the stable isotope approach to assess HGP
for several reasons. First, calculating regional substrate
flux parameters according to the Fick principle'*®” cru-
cially depends on accurate flow measurements. Further-
more, this approach is particularly sensitive to measure-
ment errors when the arteriohepatic venous concentra-
tion difference is small compared with the absolute
blood level (such as for glucose). In addition, while the
Fick principle can only yield glucose net balances rather
than uptake or release rates, the Ra of [6,6-°H,]-glucose
represents HGP because the 6-label of the glucose mole-
cule does not recycle.'”* Finally, the derivation of HGP
from the Ra of [6,6-°H,]-glucose avoids mathematical
coupling of shared variables when both VO,spl and

7
6]
5]
Hepatic 4
glucose
production

[mg/kgxmin] 5

=ad

(-]

Baseline Dobutamine

Fig. 2. Hepatic glucose production rate before (baseline) and
during dobutamine infusion. Values are means + SD, n = 12,
for baseline and dobutamine infusion. *Significant difference
P < 0.001).
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HGP are calculated as the product of flow times arte-
riohepatic venous content differences.”
In our patients, baseline Qspl was 0.91 + 0.21
- min~" - m?® accounting for 22% + 5% of CI. Infusing
dobutamine produced a marked increase in Cl and Qspl,
and the ratio between regional and total flow remained
unchanged. This Qspl and the fractional contribution
to CI are less than that reported by others in patients
after injury or with sepsis,”” " necrotizing pancreati-
tis,'"” or septic shock.” A more severe illness in our pa-
tients leading to redistribution of blood flow at the ex-
pense of the splanchnic bed may have accounted for
this discrepancy because in all but one of the previous
reports shock was not present, and septic shock was
probably less pronounced in the patients studied by
Ruokonen et al’: In our patients, higher filling pres-
sures (pulmonary artery occluded pressure, 19 + 1
mmHg vs. 10 = 3 mmHg) and norepinephrine adminis-
tration were necessary to achieve comparable mean
arterial pressure and cardiac output. The parallel in-
crease of Qspl and CI confirms the nonpreferential ef-
fect of dobutamine in the splanchnic bed compared
with other vascular regions, as previously described in
patients after cardiac surgery”'** and hepatectomy.**
The increased CI and Qspl resulted in a similar in-
crease in DO,sys and DO,spl, but neither VO,tot nor
VO,spl were affected. Thus VO,spl did not depend on
DO,spl. Clearly this finding is in contrast to a previous
study by Ruokonen et al’ that found that VO,spl de-
pended on DO,spl in most patients with septic shock.
We must note, however, that our patients were already
receiving continuous intravenous norepinephrine for
24-36 h before the administration of dobutamine.
whereas in Ruokonen and colleagues’ study the effect
of hemodynamic stabilization using dopamine or nor-
epinephrine was investigated. On the one hand. some
degree of covert tissue oxygen debt may have been
present in those authors’ patients before the hemody-
namic stabilization, which was unmasked by the cate-
cholamine infusion. On the other hand, in our patients
the ongoing treatment with norepinephrine may have
blunted a putative effect of dobutamine on VO,tot and
VO,spl because, due to its A-sympathomimetic proper-
ties, infusing norepinephrine per se increases VO, tot
and VO,spl.** Furthermore, the time within the evolu-
tion of septic shock may have assumed importance for
the different response in oxygen uptake: While Ruoko-
nen et al. studied patients immediately after the diagno-
sis of hyperdynamic septic shock, our patients were
studied at least 24 h after hemodynamic stabilization
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with volume replacement and norepinephrine. Within

this time interval, impaired [f-adrenergic responsiveness

may occur in patients with septic shock,” potentially

resulting in attenuated calorigenic responsiveness to (3

stimulation. Finally, stress states associated with in-

creased plasma levels of endogenous catecholamines,
glucagon, and cortisol lead to a depressed response of
oxygen uptake to dobutamine infusion.*®

Although DO,spl increased, VO,spl did not change

and HGP even decreased. Based on the stoichiometry
of gluconeogenesis, the synthesis of 1 mole of glucose
in the liver requires 6 moles of adenosine triphosphate
from the oxidation of fatty acids equivalent to 1.07
moles of oxygen for every mole of glucose.” Because
glycogenolysis probably contributed to HGP to a minor
extentonly,”*” the decrease in HGP would yield a reduc-
tion in liver oxygen uptake of approximately 15 ml/min.
In our patients, however, VO,spl was not significantly
influenced. We must consider that VO,spl reflects the
oxygen uptake of the whole splanchnic region, whereas
HGP as derived from the Ra of [6,6-°H,]-glucose is an
organ-specific mirror of hepatic metabolic activity
alone."*" Furthermore, we can only speculate on a pu-
tative thermogenic effect of dobutamine on the other
splanchnic organs or a shift to other oxygen-consuming
metabolic pathways within the liver due to hepatocellu-
lar heterogeneity.” No matter the reason of the un-
changed VO,spl, however, our results clearly show that
in our wellresuscitated patients with septic shock,
splanchnic oxygen requirements and thus VO,spl were
not determined by enhanced HGP. In addition, acceler-
ated HGP was not directly related to DO,spl or, in other
words, precursor supply.

It could be argued that the decrease in HGP may
reflect impaired hepatic metabolic performance. In fact,
we recently showed that a positive-end expiratory pres-
sure -induced decrease in CI resulted in a marked de-
crease in hepatic venous oxygen saturation as well as
HGP in patients with septic shock,” particularly in
those patients who subsequently died. It is noteworthy,
however, that in that study HGP decreased to levels
slightly greater than normal in the survivors and sub-
stantially less than that in those who died. On the con-
trary, in our present study, HGP was always greater
than normal during dobutamine infusion. Furthermore,
the positive-end expiratory pressure - induced decrease
in CI presumably lead to decreased Qspl, such as dem-
onstrated in critically ill patients by Bonnet et al,*
whereas dobutamine improved regional oxygen avail-
ability in our present investigation. In fact, restoring
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global and regional hemodynamics with volume expan-
sion and dopamine administration in patients with ab-
dominal sepsis whose lungs were mechanically venti-
lated not only decreased HGP but also improved the
hepatic first-pass effect of leucine,”" a mirror of both
gastrointestinal and hepatic perfusion and function.?”
Finally, a dobutamine-induced increase in arteriovenous
shunting and thus decreased nutritive flow resulting in
impaired hepatic metabolic activity is also rather un-
likely: First, hepatic venous oxygen saturation increased
parallel to the increased Qspl (table 1). Second, dobu-
tamine combined with norepinephrine increased
VO,spl when replacing epinephrine in patients with
septic shock.” And finally, dobutamine restored intesti-
nal mucosal blood flow and pH to normal levels in a
hyperdynamic porcine endotoxin shock model and in
patients with sepsis.*

In summary, we tested the hypothesis that a dobutam-
ine-induced increase in Qspl leads to increased VO,spl
affiliated with accelerated HGP in patients with septic
shock in whom blood pressure had been stabilized with
volume resuscitation and norepinephrine. Qspl was in-
creased in parallel to CI, suggesting that dobutamine
had no preferential effect on the splanchnic vascular
bed. Although DO,spl increased, VO,spl did not change
and HGP even decreased. Therefore we conclude that
in our wellresuscitated patients with septic shock,
splanchnic oxygen requirements and thus VO,spl were
not determined by enhanced HGP. Furthermore, in
these patients HGP was not directly related to DO,spl
or, in other words, precursor supply.

The authors thank Rosa Engelhardt and Sandra Weber for technical
assistance.
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