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Abstract Objective: To determine
the dose-response effects of norad-
renaline on the systemic and renal
circulations during septic shock. De-
sign and setting: Prospective con-
trolled experiment in a university an-
imal laboratory. Subjects: Eight an-
aesthetized dogs. Interventions:
Transonic flow probes were surgical-
ly placed on the aorta via a left lateral
thoracotomy and on the left renal ar-
tery. Blood pressure was measured
from the femoral artery. Acute bac-
teraemia shock was induced by in-
jecting Escherishia coli bacteria in-
travenously. Increasing doses of nor-
adrenaline (0.1, 0.2, 0.3, 0.4,
0.5 �g kg�1 min�1) were infused in-
travenously for 30 min at 30-min in-
tervals. The model was first validated
in four dogs. Measurements and re-
sults: Mean arterial pressure, central
venous pressure, cardiac output, and
renal blood flow were measured.
Systemic vascular resistance was de-
rived. Induction of bacteraemia de-
creased mean arterial pressure, central
venous pressure and systemic vascu-
lar resistance. Cardiac output slightly
increased. Noradrenaline produced

linear dose-dependent increases in
both mean arterial pressure and sys-
temic vascular resistance. The re-
sponse was attenuated during bacter-
aemia. Under non-bacteraemic con-
ditions the maximum dose of norad-
renaline reduced the renal blood flow
from 12€1 to 10€1 ml kg�1 min�1.
Bacteraemia further reduced renal
blood flow to 7€1 ml kg�1min�1,
which was partly restored by the
maximum dose of noradrenaline to
11€3 ml kg�1 min�1. Conclusions:
Noradrenaline can restore mean arte-
rial pressure in bacteraemic shock and
increases in mean arterial pressure are
dose-dependent. The noradrenaline
response is attenuated by bacteraemic
shock. In bacteraemic shock norad-
renaline also improves renal perfu-
sion, as perfusion pressure increases.
However, renal blood flow is not fully
restored, suggesting that an element
of impairment of renal blood flow
exists due to the bacteraemia or nor-
adrenaline.
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Introduction

Distributive shock is a common problem amongst inten-
sive care patients and sepsis is one of the main causes.
The associated hypotension, if sustained, causes under
perfusion and ischaemia of vital organs, which leads to
organ failure [1, 2, 3]. The renal circulation is at particular

risk [4]. Treatment includes aggressive volume resusci-
tation and vasopressor support [1, 3]. Current opinion
favours noradrenaline, particularly in severe cases [1, 3].
However, one of the main concerns with using norad-
renaline is that in high doses it can impair perfusion of
vital organs, such as the kidneys [2, 5].
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In anaesthetized dogs Bellomo et al. showed that a
single 0.3 �g kg�1 min�1 dose of noradrenaline improved
renal perfusion in sepsis, whereas in non-septic conditions
it impaired renal blood flow [6]. Similar findings have
also been reported in septic sheep using 0.4 �g kg�1 min�1

[7, 8]. Treggiari et al. [5] using two different doses of
noradrenaline in septic pigs found that a blood pressure
increase of 10 mmHg improved renal blood flow, whereas
further increases had no further benefit. However, it is not
clear whether there is a threshold at which noradrenaline
is no longer of benefit. To address this issue we investi-
gated the systemic and renal effects of increasing doses of
noradrenaline in bacteraemic dogs.

Materials and methods

All experiments were performed under license from the Govern-
ment of the Hong Kong SAR and endorsed by the Animal Exper-
imentation Ethics Committee of the Chinese University of Hong
Kong.

Anaesthesia and maintenance of homeostasis

Anaesthesia was maintained with inhaled halothane (0.5–1.5%) in
oxygen, the dose adjusted to prevent spontaneous movement. The
trachea was intubated and the lungs were mechanically ventilated.
Intravenous access was secured in the forelimb and normal saline
infused at 2 ml kg�1 h�1. The femoral artery and left internal jugular
vein were cannulated and used to measure artery blood pressure and
central venous pressure, respectively. Body temperature was
maintained by covering the dog with an insulated blanket. (A more
comprehensive account of the animal model methods is provided in
the Electronic Supplementary Material).

Placement of flow probes

Via a left thoractomy a 16- or 20-mm A-series transit time flow
probe (Transonic Systems, Ithaca, N.Y., USA) was placed around
the ascending aorta [9]. The chest was closed and chest drain in-
serted. Via a left longitudinal flank incision a 4-mm R-probe
(Transonic Systems) was placed on the renal artery.

Blood flow and pressure measurements

The flow probes were connected to a T106 flowmeter (Transonic
Systems); central venous pressure and transduced arterial pressure
wave were measured intermittently. Data were transferred to a

Fig. 1 Bar charts (mean €standard deviation) demonstrating the
reproducibility of baseline (black bars) and the noradrenaline re-
sponse (grey bars) measurements from the bacteraemic model (n=4

dogs) recorded over a 4-h study period. Pre-bacteraemic data (white
bars) also shown. ap<0.05 vs. pre-bacteraemic value; bp<0.05 vs.
1-h non-response value; cp<0.05 vs. 1-h value in series
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laptop computer where it was displayed in real-time and stored at
10-s intervals using the data acquisition program WinDaq (DataQ
Instruments, Ohio, USA).

Induction of bacteraemic shock

Bacteraemic shock was induced over 1–2 h by injecting intra-
venously a bolus of 2�109 cfu Escherichia coli bacteria (JM 109
strain).

Circulatory management

The mean arterial pressure during the bacteraemic shock was
maintained at around 60 mmHg and central venous pressure be-
tween 8 and 12 mmHg by infusing intravenously 100-ml aliquots of
normal saline. Noradrenaline was delivered by syringe pump. In-
fusion rates of 0.1, 0.2, 0.3, 0.4 and 0.5 �g kg�1 min�1 were used.

Part I: validity of the model

The reliability of the bacteraemic model was assessed in four dogs
weighing 18–27 kg. The dog were prepared, and pre-bacteraemic
haemodynamic data were recorded. Bacteraemic shock was then
induced, and after 1 h a first set of baseline and noradrenaline
response data recorded. Noradrenaline was infused for 5 min at
0.4 �g kg�1 min�1 and the peak effects recorded. Measurements
were repeated at hourly intervals for the next 4 h. The dog was then
killed.

Part II: noradrenaline dose response

In another eight dogs weighing 15–25 kg the haemodynamic re-
sponse to increasing doses of noradrenaline was measured in both
normal (non-bacteraemic) and bacteraemic conditions. The dog
was prepared, and normal conditions were first tested. Pre-infusion
values were measured. Noradrenaline was infused at
0.1 �g kg�1 min�1 for 30 min and then stopped for 30 min to allow
the mean arterial pressure to return back to the baseline. The in-
fusion rate was then increased and the protocol repeated until all
five noradrenaline doses had been tested. Steady-state effects dur-
ing the last 5 min of each infusion and recovery period were
recorded. The dog was then made bacteraemic and the five doses of
noradrenaline tested again. The experiment took 8–10 h to com-
plete, and the dog was then killed.

Measured parameters

Mean arterial pressure, central venous pressure, cardiac output,
heart rate and renal artery blood flow were recorded. Systemic
vascular resistance was derived as: (mean arterial pressure�central
venous pressure) �80/cardiac output (dynes s�1 cm�5). The cardiac

output and renal blood flow were indexed to the dog’s weight. The
percentage of circulating blood flow perfusing both kidneys was
estimated by dividing the cardiac output by 2 times the renal blood
flow. The total fluid input and urine output during each phase of the
study were recorded and divided by time to give an hourly rate.

Table 1 Baseline haemody-
namic values (n=8 dogs) for
normal and bacteraemic condi-
tions. Cardiac output and renal
blood flow indexed to the dog’s
weight

Normal (n=8) Bacteraemic (n=8) p

Mean arterial pressure (mmHg) 88€2 59€2 <0.0001
Systemic vascular resistance (dynes s�1 cm�5) 3412€271 2171€233 <0.0001
Cardiac output index (ml kg�1 min�1) 101€6 101€7 n.s.
Central venous pressure (mmHg) 9.3€1.7 9.0€1.7 n.s.
Heart rate (1 s�1) 74€6 84€5 <0.0001
Renal blood flow index (ml kg�1 min�1) 12.1€1.0 7.3€0.8 <0.0001
Blood flow to kidneys (%) 24€1% 15€2% <0.0001

Fig. 2 The effects (mean €standard deviation) of noradrenaline
dose on mean arterial pressure in anaesthetized dogs (n=8) during
normal or pre-bacteraemic (upper plot) and bacteraemic (lower
plot) conditions. Baseline line data after noradrenaline infusion
discontinued (black bars) and the noradrenaline response (grey
bars) shown. Reference (dotted lines) for normal response shown in
lower plot. *p<0.05 vs. baseline
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Data analysis and statistics

Microsoft Excel was used for data analysis. Data were averaged
over each 5 min collection period. The percentage changes from the
baseline for each haemodynamic variable following induction of
bacteraemia and each noradrenaline administration were calculated.
Statistical analysis was performed using StatView for Windows
(SAS Institute, Cary N.C., USA.). Student’s t test and analysis of
variance for repeated measures (ANOVA-RM), with Bonferroni’s
correction were used. Results were presented as mean €standard
deviation. Differences at the level of p<0.05 were considered sta-
tistically significant.

Results

Part I: validation of the model

The development of bacteraemic shock (n=4 dogs) re-
sulted in a significant 27€4% decrease in mean arterial
pressure (p=0.004, t test), which further decreased by
5€2% over the 4-h study period (Fig. 1; p=0.002, AN-
OVA-RM). The systemic vascular resistance decreased

by 34€4% (p=0.009) and further decreased by 7€3%
during the study (p=0.004). The central venous pressure
decreased by 1.0€0.9 mmHg (p=0.04), but there was no
further change during the study. The cardiac output index
to weight increased by 7€2% (p=0.004) and further in-
creased by 3€2% during the study (p<0.0001). The heart
rate decreased by 17€2% (p=0.03), but there were no
further changes during the study. The renal blood flow
decreased by 35€6% (p=0.0006) and further decreased by
11€6% during the study (p<0.014). Noradrenaline in-
creased the mean arterial pressure by 27€8% (p=0.004, t
test), central venous pressure by 0.5€0.3 mmHg (p=0.04),
cardiac index by 17€3% (p=0.004), and renal blood flow
by 24€1% (p=0.0006) from the bacteraemic baseline
(Fig. 1). These increases were consistent over the 4-h
study period and returned to baseline once the noradren-
aline was stopped (Fig. 1; p>0.05, ANOVA-RM).

Fig. 3 The haemodynamic effects (mean €standard deviation) of noradrenaline dose in anaesthetized bacteramic dogs (n=8). Pre-bac-
teraemic or normal (black bars) and bacteraemic (grey bars) conditions shown. *p<0.05 vs. baseline
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Part II: noradrenaline dose response

Induction of bacteraemic shock (n=8 dogs) resulted in
significant decreases in mean arterial pressure, systemic
vascular resistance, renal blood flow and increase in heart
rate (Table 1; p<0.0001, t test). Noradrenaline produced
linear dose-dependent increases in mean arterial pressure
under both normal and bacteraemic conditions (Fig. 2;
p<0.0001, ANOVA-RM). When the noradrenaline was
stopped, the mean arterial pressure returned to baseline,
which remained constant throughout the experiment
(Fig. 2). In addition to the decrease in mean arterial
pressure following the induction of bacteraemic shock,
there was also a significant reduction in the pressor re-
sponse to noradrenaline (Fig. 2; p=0.0003). Similarly,
linear dose-dependent increases were seen in systemic
vascular resistance for both normal and bacteraemic
conditions (Fig. 3; p<0.0001). There was also a reduction
in the pressor response during bacteraemic conditions
(p=0.003).

The central venous pressure was not significantly al-
tered by the noradrenaline infusion in both normal and
bacteraemic conditions (Fig. 3). In both normal and
bacteraemic conditions cardiac index increased at the
lower noradrenaline doses (Fig. 3; p=0.03), but this in-
crease was not sustained at the higher doses, and there
was no difference between the two groups (Fig. 3). Heart
rate was increased by noradrenaline during bacteraemia
(Fig. 3; p=0.05).

During normal conditions the renal blood flow de-
creased from 12€1 to 10€1 ml kg�1 min�1 at the highest
noradrenaline infusion rates (p=0.002). During bacter-
aemic conditions the baseline renal blood flow was sig-
nificantly decreased to 7€1 ml kg�1 min�1 (p<0.0001)
and was partly restored to 11€3 ml kg�1 min�1 by the
highest noradrenaline infusion rate (Fig. 4; p<0.0001).
Similarly, during normal conditions the blood supply to
the kidneys was 24€1%, and this percentage was reduced
by noradrenaline to 21€2% (p<0.0001). Bacteraemic
conditions reduced the baseline percentage blood flow to
15€2% (p<0.0001), and this percentage was partly re-
stored by noradrenaline to 20€5% (Fig. 4; p<0.0001).
There was a biphasic renal blood flow response to the
noradrenaline infusion. During normal conditions the
renal blood flow decreased as mean arterial pressure was
increased. In contrast, during bacteraemic conditions the
renal blood flow increased as mean arterial pressure was
increased (data provided in Electronic Supplementary
Material).

During the normal phase each dog received 225€
21 ml h�1 or 10.8€1.1 ml kg�1 h�1 of intravenous fluid and
their urine output was 64€9 ml h�1 or 3.1€0.3 ml kg�1 h�1.
During the bacteraemic phase fluid intake increased to
321€19 ml h�1 or 15.5€1.2 ml kg�1 h�1 (p<0.01), and urine
output decreased to18€3 ml/h or 0.8€0.1 ml kg�1 h�1

(p<0.01).

Discussion

Our main concern when using the bacteraemic dog model
was whether the baseline circulatory status would remain
constant. To answer this question we studied four bac-
teraemic dogs in which no major therapeutic interventions
were made. We found that after the initial decreases in
mean arterial pressure and renal blood flow following the
induction of bacteraemic shock the dog’s circulation and
noradrenaline response remained reasonably constant
over a 4-h study period (Fig. 1). The pressor effect of
noradrenaline was also very consistent (Fig. 1).

In our study noradrenaline produced linear dose-re-
lated increases in mean arterial pressure and systemic
vascular resistance. However, this pressor response was
attenuated during bacteraemia. This can be explained by a
down-regulation of the vascular catecholamine receptor
responsiveness, although the precise mechanism is un-
known. However, the degree of down-regulation seems
very variable and depends on the degree of septic shock.

Fig. 4 The effects (mean €standard deviation) of noradrenaline
dose on renal blood flow in anaesthetized dogs (n=8). Normal or
pre-bacteraemic (black bars) and bacteraemic (grey bars) condi-
tions shown. *p<0.05 vs. baseline
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Thus regimens in sepsis for treating hypotension with
noradrenaline should be based on blood pressure rather
than dose.

Fluid administration is an important aspect of treating
septic shock [1]. In the present study we gave repeated
increments of intravenous saline to maintain the central
venous pressure. Thus a normal volume status was
maintained throughout the bacteraemic phase. Hypo-
volaemia was avoided, and cardiac output was keep
constant (Table 1). However, one of the main criticisms
of recent animal research to study vasopressors in septic
shock has been that the circulatory condition did not
mimic the clinical situation. In particular, septic shock
patients tend to be fluid loaded and have hyperkinetic
circulation which is associated with an increased cardiac
output, which may be beneficial to organ perfusion.
Further studies are needed.

Renal function was assessed by measuring renal blood
flow. Some investigators have used more specific indi-
cators of renal function such as urine output, renal oxy-
gen consumption and glomerular filtration rate [10, 11,
12]. We measured the urine outputs for each phase of the
experiment and during bacteraemia it decreased from 3 to
less than 1 ml kg�1 h�1 despite adequate and increased
volumes of intravenous fluids being given, indicating that
significant renal shut down occurred during the bacter-
aemic phase. Under normal conditions the blood flow to
the kidneys remained constant at 12 ml kg�1 min�1 (or

24%). Bacteraemia resulted in renal blood flow de-
creasing to 7 ml kg�1 min�1 (or 15%). Noradrenaline
restored mean arterial pressure to 80 mmHg and renal
blood flow back to 10 ml kg�1 min�1 (or 21%), but below
the normal baseline (Fig. 4). Renal blood flow is au-
toregulated under normal circumstances, and increases in
mean arterial pressure therefore tend to reduce renal
blood flow. However, the autoregulatory threshold in
mammals for renal perfusion is 80–180 mmHg [12].
When the blood pressure falls below this critical
threshold, the kidneys stop autoregulating and blood flow
becomes pressure dependent. Thus hypotension results in
reduced kidney blood flow due to the low perfusion
pressure. Treatment with noradrenaline benefits the per-
fusion of the kidneys by improving systemic blood
pressure. However, our data suggest that there is still an
element of renal vascular shut down within the kidneys.
Whether higher doses of noradrenaline would have re-
stored the renal perfusion to normal levels is unclear.
Further studies are thus needed to investigate the effects
of higher than 0.5 �g kg�1 min�1 doses of noradrenaline
in bacteraemic shock.
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