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Septic shock, systemic inflam-
mation (trauma, major sur-
gery, cardiopulmonary bypass,
and the like), or pharmaco-

logic vasodilatation (phosphodiesterase
inhibitors, sedative drugs, epidural or spi-
nal block) often cause systemic hypo-
tension despite a normal or increased
cardiac output (1). Under these circum-
stances, hypotension may persist de-
spite vigorous volume expansion. Po-
tent systemic vasopressor agents—such
as noradrenaline (norepinephrine in
North America), so-called high-dose do-
pamine or adrenaline (epinephrine in
North America), phenylephrine, or low-
dose vasopressin or terlipressin— can
then be used to restore an acceptable
mean arterial blood pressure (2–5).

In the above clinical setting, acute kid-
ney injury (AKI) is common. When AKI is

present, the use of vasopressors is typi-
cally fraught with controversy because of
a belief that renal vasoconstriction is re-
sponsible for AKI and because of the be-
lief that such drugs will make renal va-
soconstriction worse and induce more
AKI. In this article, we will review the
evidence on the renal effects of such
drugs in critically ill patients with sys-
temic vasodilatation. However, we will
not discuss vasoactive drugs that induce
vasodilatation (nitroprusside, glyceryl
trinitrate) or drugs that, although vaso-
dilating, are predominantly inotropic in
nature (phosphodiesterase inhibitors or
dobutamine). We also will not discuss the
issue of so-called low-dose dopamine, as
this agent typically does not have sys-
temic vasopressor effects unless given at
higher doses.

The Rationale for Using
Vasopressors in AKI

The rationale for vasopressor therapy
in hypotensive states is based on the
physiologic knowledge that, in all re-
gional circulations—including the renal,
splanchnic, cerebral, and coronary beds—
blood flow is pressure-dependent outside
of levels of pressure that remain within the
autoregulation values for a given regional
circulation. This means that, if cardiac out-

put is preserved, as long as blood pressure
is maintained at a sufficient value, organ
blood flow also is preserved. However,
when blood pressure falls below a given
value (autoregulatory threshold), the abil-
ity of autoregulation to maintain vital or-
gan blood flow is lost. Then, as blood pres-
sure falls, organ blood flow also decreases
in an almost linear fashion. Decreased
blood flow may induce organ ischemia,
which in turn may contribute to organ fail-
ure. This decrease in blood flow may be
particularly marked in those patients with
critical renal, mesenteric, carotid, or coro-
nary lesions (atheroma, fibroplasia, and the
like). Furthermore, this fall in renal blood
flow is likely to occur at a higher blood
pressure value in these patients, as well as
in those with long-standing hypertension.
It also is important to note that different
vascular beds will lose autoregulation at
different blood pressure values. For exam-
ple, the mammalian kidney appears to do
so at a mean arterial pressure (MAP) of
about 80 mm Hg, while the brain and cor-
onary circulation require a MAP of some-
where between 30 and 50 mm Hg, instead
(Fig. 1). In addition, the pressure–flow re-
lationship for the kidney appears to follow a
relatively steeper slope than that of other
regional beds. Thus, for a given fall in blood
pressure, the proportional fall in blood flow
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The use of norepinephrine, and probably vasopressor therapy
in general, in intensive care patients with hypotensive vasodila-
tation despite fluid resuscitation and evidence of acute kidney
injury remains the subject of much debate and controversy.
Although there is concern about the use of these drugs, these
concerns are unfounded. At this time, the experimental and hu-
man data strongly suggest that, in these patients, vasopressor
therapy is safe and probably beneficial from a renal, and probably
general, point of view. On the basis of currently available evi-
dence, in hypotensive vasodilated patients with acute kidney
injury, restoration of blood pressure within autoregulatory values
should occur promptly with noradrenaline and be sustained until
such vasodilatation dissipates. The additional role of other vaso-
pressors in these situations remains unclear. The addition of
vasopressin may be helpful in individual patients, but widespread
use is not supported by evidence. �-Dose dopamine has no

advantages over noradrenaline and is not as reliably effective in
restoring blood pressure and urine output. Its widespread use
cannot be supported in patients with vasodilatation and acute
kidney injury. Other vasopressor drugs such as epinephrine and
phenylephrine may be similar in efficacy to noradrenaline. How-
ever, experience and available data with their use is vastly less
than with noradrenaline. Adrenaline, in addition, is associated
with hyperglycemia, hyperlactatemia, acidosis, and hypokalemia.
Terlipressin appears useful in patients with acute kidney injury
secondary to hepatorenal syndrome. Whether it is superior to
noradrenaline in this setting remains uncertain, and more studies
are needed before recommendations can be made. (Crit Care Med
2008; 36[Suppl.]:S179–S186)
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would be expected to be particularly sharp
for the kidney.

These physiologic observations suggest
that the restoration of blood pressure is a
logical and desirable therapeutic goal in the
pursuit of renal protection, particularly if a
patient remains hypotensive and oliguric
after adequate fluid resuscitation. Unfortu-
nately, the drugs necessary to restore a
higher MAP have properties that raise con-
cerns about their use.

Norepinephrine

Norepinephrine is very effective in
raising arterial blood pressure and, under
almost all circumstances, can be titrated
to achieve the desired MAP in a given
patient. However, because norepineph-
rine is believed to induce vasoconstric-
tion via �-adrenergic stimulation, there
is concern it also may decrease vital or-
gan blood flow, if regional vascular beds
constrict in excess. In such a scenario,
intraorgan vascular resistance would
increase proportionately more than
perfusion pressure and overall blood
flow would decrease, particularly for
the kidney.

In fact, norepinephrine infusion has
been reported to decrease splanchnic (6,
7) and renal blood flow (8–10) under
normal circulatory conditions, as well as
during essential hypertension and hypo-
volemic hypotension. These reports have
significantly inhibited the clinical use of
norepinephrine.

The above studies that suggest norepi-
nephrine may induce splanchnic or renal
ischemia, however, are open to several
criticisms. Importantly, they do not ad-
dress the effects of norepinephrine in va-

sodilated, hypotensive states and may not
even accurately reflect the longer-term
effect of norepinephrine infusion in nor-
mal subjects. On the other hand, if nor-
epinephrine infusion induces visceral or-
gan hypoperfusion in the vasodilated
patient, then it could induce multiple or-
gan dysfunction, loss of gut mucosal in-
tegrity (11), renal ischemia, and the de-
velopment of greater AKI. In light of such
considerations, concern continues to ex-
ist as to the advisability of sustained va-
sopressor infusions in the hypotensive
patient.

It is not at all clear, however, that the
hypothetical scenario of vasopressor-
induced renal hypoperfusion actually oc-
curs in sepsis or other vasodilated states.
Such clinical states are characterized by
profound alterations in vascular tone.
Down-regulation of vascular smooth
muscle �-adrenergic receptor responsive-
ness (12) and active vasodilatation occur
due to nitric oxide release (13). In addi-
tion, microvascular obstruction by aggre-
gation of platelets and white blood cells,
formed by adhesion to the activated vas-
cular endothelium, can disrupt local
blood flow distribution independent of
�-adrenergic tone (14). Finally, increased
cyclic adenosine monophosphate concen-
trations in the smooth muscle cells of
blood vessels, induced by the administra-
tion of phosphodiesterase inhibitors, also
will decrease vessel tone, as would the
loss of sympathetic outflow from epidural
blockade.

Under circumstances of marked vaso-
dilatation, it makes physiologic sense to
think that the restoration of normal or
near normal vascular tone and adequate

renal perfusion pressure should improve
renal blood flow and glomerular filtration
rate. It is controversial, however, whether
norepinephrine can achieve these goals
safely. Given that these measurements
typically require invasive monitoring, an-
imal experimentation is needed to pro-
vide initial information on what may hap-
pen in the mammalian circulation when
norepinephrine is infused in the setting
of vasodilatation.

Experimental Data

Norepinephrine can be used to induce
a reversible model of AKI (15, 16) when
infused into the renal artery at very large
doses. Such AKI is induced by marked
renal vasoconstriction. Once again, such
observations make the physician wary
of using norepinephrine in the clinical
setting of renal dysfunction, in case it
may induce or contribute to AKI. How-
ever, a more accurate analysis of the avail-
able data is warranted. Norepinephrine-
induced intense vasoconstriction only
has been seen to occur with the infusion
of the drug directly into the renal artery,
not via the systemic route at clinically
relevant doses (15, 16). In addition, the
dose of drug used in models of norepi-
nephrine-induced acute renal failure was
twice to three times that used in appro-
priate animal studies and well beyond the
mean dose usually administered in clini-
cal practice. The relevance of these inves-
tigations to clinical practice is, at best,
negligible.

Dr. Schaer and colleagues (17) also
have reported the renal effects of norepi-
nephrine infusion at different doses with
or without the addition of low-dose dopa-
mine. They measured renal blood flow
with the technique of regional thermodi-
lution (an unvalidated approach). They
found that, although renal vascular resis-
tance appeared to increase from baseline
(there was no placebo arm), total renal
blood flow progressively increased with
increasing doses of intravenous norepi-
nephrine up to 1.6 �g/kg/min. In their
study, any adverse effects of norepineph-
rine infusion on renal vascular resistance
(please note that total renal blood flow
actually increased) were seen in animals
with a baseline MAP of 151 mm Hg. No
sane clinician would prescribe norepi-
nephrine to a patient with a mean arterial
blood pressure of 150 mm Hg!

On the other hand, a study by Dr.
Anderson and colleagues (18) appears to
mimic clinical practice more closely.

Figure 1. Graph illustrating the pressure flow relationship for the kidney and heart under normal and
pathophysiologic conditions. The flow is expressed as percentage of normal and the mean arterial
pressure (MAP) in mm Hg.
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These investigators infused norepinephrine
intravenously at 0.2 to 0.4 �g/kg/min (a
clinically relevant dose) in conscious dogs
and, using an electromagnetic flow probe,
studied renal blood flow, renal vascular re-
sistance, and glomerular filtration rate.
They found that renal blood flow increased
and renal vascular resistance decreased in
response to short-term norepinephrine in-
fusion (Fig. 2). Such norepinephrine-
induced renal vasodilatation was unaffected
by pretreatment with indomethacin, pro-
pranolol, or angiotensin-converting en-
zyme inhibition. Therefore, renal vasodila-
tation was not prostaglandin-mediated and
was independent of �-receptor stimulation
or of angiotensin-derived changes in vascu-
lar tone. However, efferent autonomic sym-
pathetic nerve blockade with pentolinium
before the administration of norepineph-
rine completely abrogated norepinephrine-
induced renal vasodilatation. These investi-
gators logically concluded that, in keeping
with previous experimental data (19), most
of the renal vasodilating effect of intrave-
nous norepinephrine could be attributed to
an increase in systemic blood pressure,
which decreased renal sympathetic tone
through a baroreceptor response. The im-
portant point here is that norepinephrine,
when given at clinically relevant doses by
an intravenous route, is not a significant
renal vasoconstrictor. The effect of norepi-
nephrine infusion on regional blood flow in
the dog also has been recently explored by
Dr. Zhang and colleagues (20). These inves-
tigators demonstrated that, in the endotox-
emic dog, norepinephrine did not induce
any decrease in renal or hepatic blood flow.

The effects of norepinephrine infusion
on renal blood flow may not be unique to
this vasopressor, but representative of the

effects of a group of potent vasoconstric-
tor agents. For example, Dr. Bersten and
colleagues (21, 22) recently have studied
the renal effects of epinephrine, another
potent vasopressor agent, with a strong
mixed �- and �-adrenergic effect. These
investigators administered epinephrine
by continuous infusion at clinically rele-
vant doses in the normal and septic
sheep. After a short-lived (minutes) and
small decrease in renal blood flow at the
highest doses tested (0.4 – 0.8 �g/kg/
min), renal blood flow progressively in-
creased. It remained elevated for up to 6
hrs of norepinephrine infusion. A similar
increase in renal blood flow occurred in
septic animals. There are no controlled
experimental data or controlled human
data on the use of high-dose (�-dose)
dopamine or phenylephrine, but it is
likely that, in vasodilated states, they also
have a beneficial effect on renal perfu-
sion. The data on low-dose vasopressin
(23) and terlipressin in liver failure (24)
also support a potentially beneficial effect
of vasopressors in general on renal per-
fusion and function.

All of the above studies support the
notion that mixed �- and �-adrenergic
agents (norepinephrine affects both re-
ceptors), when given to restore blood
pressure during vasodilatation and hypo-
tension, can be expected to generally im-
prove renal blood flow. However, the
physiologic question persists concerning
the effect of norepinephrine per se on the
tone of the renal vasculature. Such anal-
ysis demands that pressor effects of this
agent should be removed from consider-
ation by statistical methods and that is-
sues of preload also should be eliminated
by experimental methods. To address this

issue, Dr. Bellomo and colleagues (25)
recently have conducted a complex and
highly invasive physiologic study in the
dog using the vascular occlusion tech-
nique to study the effect of norepineph-
rine (norepineprhine) on vascular tone.
While a discussion of the methodology is
not warranted here, a few points should
be emphasized. First, the vascular occlu-
sion technique for the inferior vena cava
was used. Such occlusion induces a fall in
preload that allows differences in preload
between different hemodynamic states to
be essentially eliminated from the assess-
ment of the effect of the drug itself on the
renal vasculature. Second, both the pres-
sure-to-cardiac index (dynamic resis-
tance) and the point of zero flow were
defined. The point of zero flow represents
precapillary sphincter tone. Third, these
investigators studied animals in the sep-
tic and normal state with repeated con-
trol observations and a crossover design.

Norepinephrine infusion, at clinically
relevant dosages, affected renal blood
flow differentially during basal and acute
endotoxemic conditions. When normal
circulatory controls existed in the other-
wise unstressed circulation, norepineph-
rine infusion failed to proportionally in-
crease dynamic renal blood flow despite
increasing arterial pressure. By contrast,
once the circulation had been perturbed
by the insult of acute endotoxemia (and
probably any other state inducing a major
degree of vasodilatation), identical dos-
ages of norepinephrine increased both
dynamic renal blood flow and perfusion
pressure. Importantly, the methodology
used allowed the investigators to isolate
the effect of the intravenous infusion of
norepinephrine on the determinants of
steady state renal blood flow independent
of perfusion pressure. Under normal con-
ditions, norepinephrine, infused intrave-
nously at a rate capable of increasing
MAP by approximately 15 mm Hg, in-
duced a decrease in renal vascular ohmic
resistance but an increase in vascular
critical closing pressure. This change was
such that, in the aggregate, these com-
bined renal vasoactive effects reduced re-
nal blood flow for a constant perfusion
pressure. However, during acute endo-
toxemic conditions, the initial state of the
renal vasculature became altered, reflect-
ing the profound effects that endotox-
emia has on vascular smooth muscle tone
and vascular responsiveness. Under these
conditions, the addition of norepineph-
rine infusion further decreased renal vas-
cular ohmic resistance. It also decreased

Figure 2. Histogram illustrating the effect of different doses (0–0.4 �g/kg/min) of norepinephrine on
mean arterial pressure (MAP), renal blood flow (RBF), renal vascular resistance (RVR), and glomerular
filtration rate (GFR) in the conscious dog. Flow is presented as a percentage, with 100% being flow in
control dogs receiving placebo. Both MAP and GFR are significantly increased by norepinephrine at
clinically relevant doses.
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the vascular critical closing pressure,
such that in the aggregate these com-
bined renal vascular effects served to in-
crease renal blood flow for a constant
perfusion pressure. Thus, norepinephrine
infusion in acute endotoxemia appears to
reverse systemic hypotension and im-
prove renal blood flow independent of
perfusion pressure. These findings, in as-
sociation with other literature cited, pro-
vide a physiologic basis for the adminis-
tration of norepinephrine during septic
shock and other vasodilated states. They
also strongly suggest that the paradigm
that norepinephrine can or will induce
renal ischemia or hypoperfusion in hypo-
tensive vasodilatation is flawed, not evi-
dence-based, contradicted by the avail-
able observations, and misleading.

Which Vasopressor?

Studies that directly measure renal
blood flow and calculate renal vascular
resistance in man are not available. Many
clinical reports, however, support the no-
tion that the continuous infusion of nor-
epinephrine may increase urine output
and improve creatinine clearance in hy-
perdynamic septic shock (26–31). Of par-
ticular interest is a study by Dr. Martin
and colleagues (31) because it is the only
randomized controlled study available.
These investigators randomized 32 pa-
tients with hyperdynamic and hypoten-
sive septic shock to either receive high-
dose dopamine (up to 50 �g/kg/min) or
norepinephrine (up to 1 �g/kg/min) to
achieve a predetermined arterial blood
pressure (�80 mm Hg). They studied the
overall hemodynamic response of these
patients as well as lactate and urinary
output after 1 and 6 hrs of therapy. They
found that high-dose dopamine failed to
restore the target blood pressure in one
third of patients while norepinephrine
succeeded in all patients. In addition, in
those patients whose hypotension could
not be corrected with dopamine, norepi-
nephrine restored a MAP of �80 mm Hg.
Urinary output was significantly and
markedly improved from baseline once
blood pressure was increased. These ef-
fects also are seen in experimental sepsis in
conscious sheep (Fig. 3). The controlled
study by Dr. Martin and colleagues clearly
suggests that norepinephrine is superior to
�-dose dopamine in restoring blood pres-
sure in septic vasodilated patients and that
such correction of blood pressure induces
an improvement in urine output. More re-
cently, Dr. Martin and colleagues (31) also

reported on the outcome of 97 adult pa-
tients with septic shock, of whom 57 were
treated with norepinephrine. Patients
treated with norepinephrine had a lower
mortality than those treated with other
pressor drugs and norepinephrine use was
identified as a predictor of survival on mul-
tivariate logistic regression analysis. These
findings support the argument that norepi-
nephrine is safe and effective in hypotensive
vasodilated states, and that its renal effects
under such circumstances are likely to be
beneficial. There are no controlled studies
to directly compare other vasopressor
drugs such as phenylephrine or epineph-
rine to norepinephrine. However, phenyl-
ephrine and epinephrine are not recom-
mended as first-line agents (32) because of
concern regarding unbalanced � vasocon-
striction with phenylephrine and lack of
sufficient human data and, in the case of
epinephrine, concern about its greater ten-
dency to induce hyperlactatemia, acidosis,
hyperglycemia, and tachycardia. On the
other hand, low-dose vasopressin (10 IU/hr)
has been proposed as an adjunct to norepi-
nephrine to decrease its dose in the treat-
ment of septic shock (33).

Low-Dose Vasopressin

Arginine vasopressin (AVP) is an anti-
diuretic and vasopressor hormone, which,
at high doses, induces marked mesenteric
vasoconstriction (32). Because of these
properties, AVP has been used for the treat-
ment of patients with diabetes insipidus
and variceal hemorrhage due to hepatic
failure (32).

More recently, some studies have
shown that a relative AVP deficiency
may exist in patients with septic shock

(35) and that such deficiency may con-
tribute to the diminished vessel tone
seen in this setting (35–37). These ob-
servations have established a biological
rationale for AVP as a possible effective
vasopressor in septic shock patients
(38, 39) when administered at low doses
(0.02– 0.04 IU/min). Its ability to im-
prove blood pressure at such low doses
has been demonstrated in several small
clinical studies (38 – 45). It has been as-
sumed that, at such low doses, AVP should
have limited adverse effects on regional
blood flows. In spite of the increasing re-
ports of its use in human sepsis, little is
known about the effects of low-dose AVP
infusion on vital organ flows in the normal
and septic mammalian circulation in the
conscious animal.

We recently reported the finding of a
controlled study in normal and septic
conscious sheep in which regional blood
flows were continuously monitored with
transit time flow probes (23). In this
study, we demonstrated that infusion of a
low-dose of AVP infusion (0.02 units/min
in sheep of approximately 40 kg) had no
significant effect on systemic hemody-
namics, but induced significant mesen-
teric vasoconstriction with decreased
mesenteric blood flow in normal sheep.
The same AVP infusion, when given to
septic sheep, decreased cardiac output
(CO) as well as mesenteric blood flow
through significant mesenteric vasocon-
striction. Furthermore, in normal sheep,
AVP infusion was associated with a non-
significant increase in urine output. This
increase was more marked during sepsis
and became statistically significant, in

Figure 3. Histogram showing the effect of norepinephrine infusion on urine output in septic sheep
compared with placebo (septic control). Norepinephrine infusion nearly doubled urine output.
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combination with a significant increase
in creatinine clearance.

In terms of central hemodynamic vari-
ables, we found no significant changes in
MAP with AVP infusion at a rate of 0.02
units/min in either normal or septic
sheep. In normal human subjects, it is
known that AVP has little effect on MAP,
whereas more recent studies showed that
AVP could increase MAP in clinical septic
shock (40–45). It has been suggested
that these different responses of MAP to
AVP infusion are secondary to the low
concentrations of AVP in septic shock.
However, many of the studies showing an
effect of AVP in MAP have combined AVP
with another vasopressor agent. These
observations suggest that AVP may po-
tentiate the effect of other vasopressors
but that, when used alone, it may have
only a limited pressor effect. To our
knowledge, there has not been any con-
trolled trial comparing isolated low-dose
AVP infusion to placebo in human septic
shock. In a recent study in humans, Dr.
Klinzing and colleagues (45) needed to
infuse an average of 0.47 IU/min of AVP
to maintain blood pressure in septic
shock. This is �20 times the dose we
administered to our sheep. In animals,
fixed low-dose AVP infusion at a dose
equal to ours has been studied recently in
a lethal model of sepsis in anesthetized
sheep (43). AVP was found to extend sur-
vival time and delay the onset of progres-
sive hypotension. In this study and in our
report, low-dose AVP clearly could be
shown to induce vasoconstriction.

In our study, low-dose AVP infusion
significantly decreased CO in septic ani-
mals and showed a trend toward decreas-
ing CO in normal sheep. In both normal
and septic sheep, these decreases in CO
were associated with bradycardia and a
reduction in total peripheral conduc-
tance. These observations are not physi-
ologically surprising. AVP is known to act
on the area postrema to enhance barore-
flex activity and, compared with other
vasopressor agents, causes a greater fall
in CO and heart rate for a given rise in
pressure. In a clinical study, AVP infusion
decreased CO by 14%. Our findings also
are consistent with previous studies us-
ing higher doses of AVP (46–49). Al-
though we cannot speculate whether this
decreased CO would be clinically detri-
mental or not, our results strongly sug-
gest that low-dose AVP infusion can de-
crease CO through decreased heart rate
and peripheral vasoconstriction. These
observations suggest that it may be un-

desirable to administer low-dose AVP in
hypodynamic septic shock.

Low-dose AVP infusion also signifi-
cantly decreased mesenteric blood flow in
both normal and septic sheep. These find-
ings are indirectly supported by studies in
other clinical situations, such as cardio-
pulmonary resuscitation and portal hy-
pertension (50, 51), in which AVP has
been used at higher doses. They demon-
strate that, even at low doses, AVP re-
duces global mesenteric blood flow. The
observation that even low-dose AVP re-
mains a powerful mesenteric vasocon-
strictor is supported by several recent
studies in humans and animals (52, 53).
The clinical implications of such global
mesenteric vasoconstriction and de-
creased gut blood flow are unknown.
However, they raise concerns about the
physiologic safety of low-dose AVP infu-
sion. Given the lack of major mesenteric
vasoconstriction with other vasopressor
agents (54, 55), they invite caution with
its prescription. Low-dose AVP was asso-
ciated with a consistent trend toward cor-
onary vasoconstriction and a decrease in
coronary flow in septic sheep, which
failed to achieve statistical significance. It
is probable that the tendency of AVP to
decrease coronary blood flow reflects
changes in myocardial oxygen demand
induced by decreased heart rate and CO.

Low-dose AVP did not significantly af-
fect renal blood flow but showed a slight
trend toward an increased flow in septic
animals. However, AVP increased urine
output and creatinine clearance in the
septic sheep and was associated with sim-
ilar trends in normal animals. Previous
studies have demonstrated that AVP infu-
sion increased urine output and creati-
nine clearance (40) but, to our knowl-
edge, this is the first study to measure
directly the effect of low-dose AVP infu-
sion on renal blood flow. Our findings
suggest that, at a low dose, AVP may
slightly increase renal blood flow and
may have only a limited effect on the V2

receptors responsible for antidiuresis
such that other effects on intrarenal he-
modynamics (56) may overcome its nor-
mal antidiuretic effect. Our observations
also confirm that, during the infusion of
vasoactive drugs, urine output and creat-
inine clearance do not reliably reflect
changes in renal blood flow. In conclu-
sion, it appears that low-dose AVP infu-
sion induces a significant increase in
mesenteric vascular resistance (decreased
conductance) with an associated decrease
in mesenteric blood flow. It also de-

creases heart rate and cardiac output,
while it significantly increases urine out-
put and creatinine clearance in septic an-
imals. It would appear unlikely that these
systemic and regional hemodynamic ef-
fects could add up to clinically important
benefits in septic man. The international,
multicenter Vasopressin in Septic Shock
Trial sought to address the issue of vaso-
pressin support in intensive care units by
comparing low-dose vasopressin and nor-
epinephrine to norepinephrine alone in
the vasopressor treatment of septic
shock. It found no significant overall dif-
ference in clinical outcomes. Thus, the
addition of low-dose vasopressin to nor-
epinephrine, while not detrimental, does
not appear to be of clinical benefit.

Epinephrine

There are no controlled studies of epi-
nephrine in septic man, even though epi-
nephrine (EPI) is the agent of choice for
anaphylactic shock. Only case series have
been reported in which this agent has
been used for the treatment of fluid-
refractory hypotension in severe sepsis/
septic shock (57, 58). The major reasons
for epinephrine not being more exten-
sively used in the vasopressor treatment
of septic shock are related to its meta-
bolic effects—which include hyperglyce-
mia, increased lactate levels, and acido-
sis—and its tendency to induce a greater
degree of tachycardia than other agents
(34). However, little information exists in
relation to its effects on regional blood
flows and on the kidney (22). Accord-
ingly, we used a model of hyperdynamic
septic shock to investigate the effects of
EPI infusion (0.4 �g/kg/min) over a pro-
longed period (6 hrs) on global and re-
gional hemodynamics, on several meta-
bolic variables, and on some indicators of
organ function. Our investigation of the
regional flow and functional and meta-
bolic effects of EPI in hyperdynamic sep-
sis revealed several clinically relevant
findings. First, we confirmed that EPI
infusion at 0.4 �g/kg/min has strong pos-
itive inotropic actions, which act to in-
crease contractility, stroke volume, and
CO. Second, we confirmed that EPI sig-
nificantly increases MAP. Third, in this
clinical setting, which reproduces the
central hemodynamic effects of EPI seen
in resuscitated human sepsis, we found
that EPI had important and variable ef-
fects on the four vital regional circula-
tions under study.
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We found that EPI significantly re-
duced renal blood flow and decreased re-
nal conductance (renal vasoconstriction),
increased overall urine output, and did
not affect creatinine clearance. These ob-
servations are very similar to those of Dr.
Day and colleagues (59) in patients with
severe hyperdynamic human sepsis.
These investigators found an increase in
renal vascular resistance, a decreased re-
nal blood flow/CO ratio, and no detect-
able effect on urine output and creatinine
clearance. Dr. Bersten and colleagues
(22) infused EPI at approximately 0.8 �g/
kg/min in septic sheep (intraperitoneal
sepsis) and found that EPI had no effect
on renal blood flow and induced a short-
lived decrease in creatinine clearance.
However, this model of sepsis was nor-
motensive and normodynamic. No other
such studies exist.

Mesenteric blood flow was increased
during hyperdynamic sepsis and re-
mained unchanged during EPI infusion.
However, mesenteric conductance fell
(mesenteric vasoconstriction). Coronary
blood flow was increased during hyper-
dynamic sepsis. EPI did not signifi-
cantly decrease global coronary flow
but, as was the case for the renal and
mesenteric circulations, it induced a
significant degree of local vasoconstric-
tion. No other studies of the effect of
EPI on coronary blood flow and conduc-
tance in sepsis have been performed.
We measured sagittal sinus flow, which
in the sheep has been validated as a
reliable surrogate for cerebral blood
flow. We found that severe sepsis did
not alter sagittal sinus flow and that the
administration of EPI also failed to in-
duce a significant change. Our study
found that infusion of EPI resulted in a
significant increase in serum glucose
concentration, a significant reduction
in serum potassium, and hyperlac-
tatemia. In conclusion, EPI infusion at
0.4 �g/kg/min in septic, hyperdynamic
animals resulted, as in humans, in a
significant increase in MAP, CO, heart
rate, and myocardial contractility. How-
ever, these seemingly positive systemic
effects induced vasoconstriction in most
regional circulations, decreased renal
blood flow, and led to severe metabolic
derangements. The clinical meaning of
the changes and their significance in re-
lation to AKI remain uncertain. A double-
blind randomized controlled trial com-
paring norepinephrine to epinephrine
has been recently completed in Australia

and its publication will address some of
these issues.

Terlipressin

Glycine vasopressin (terlipressin) is a
modification of the vasopressin molecule
that confers somewhat different properties
to this vasopressor, the most important
one being its long half-life and ability to
be given intermittently at dosages be-
tween 1 and 2 mg every 6 hrs. This vaso-
pressor agent has been used for the adjunc-
tive treatment of sepsis in experimental
studies (60) and several case reports (61).
However, the available evidence is insuffi-
cient to come to any conclusion about its
possible role in this setting. More interest-
ingly, its most frequent use is in the treat-
ment of hepatorenal syndrome. This use is,
of course, particularly relevant to AKI.

In patients with hepatorenal syn-
drome, systemic vasodilatation, which
has been attributed mainly to splanchnic
vasodilatation, is believed to play a criti-
cal role in the activation of endogenous
renal vasoconstrictor pathways. These
pathways, in turn, are believed to induce
functional AKI. According to this logic,
vasoconstrictors such as terlipressin may
improve renal function by reducing
splanchnic vasodilation and increasing
central circulating blood volume and re-
ducing endogenous renal vasoconstric-
tion (62). In fact, although more studies
have been performed with terlipressin
than with other agents, other vasocon-
strictors, such as norepinephrine, may be
equally effective (63). The effect of terli-
pressin on the circulation of patients with
cirrhotic ascites has been studied in de-
tail in six patients (64). In these patients,
terlipressin reduced the heart rate, in-
creased mean arterial pressure by approx-
imately 15 mm Hg, and reduced cardiac
output. However, it failed to affect renal
blood flow and hepatic venous pressure
gradient. These observations highlight
our very limited understanding of how
terlipressin may affect renal function in
cirrhotic patients. The Cochrane meta-
analysis group recently reviewed the clin-
ical efficacy of terlipressin for hepatore-
nal syndrome (65). As of 2006, there had
been only six randomized clinical trials of
which three were still ongoing. The three
available trials had only studied 51 pa-
tients and, in such trials, other signifi-
cant treatments also were given, such as
fresh frozen plasma, albumin, and cime-
tidine. Only one trial had appropriate
blinding and randomization. However,

within the confines of these significant
limitations, terlipressin therapy was asso-
ciated with a significant improvement in
creatinine clearance, a lowering of serum
creatinine, increase in urine output, and
a decrease in short-term mortality (65).
These observations suggest that terlipres-
sin has a potential for benefit but also
that more rigorous multicenter blinded
assessment of its renal and systemic ef-
fects is needed.

CONCLUSIONS

The use of norepinephrine (and prob-
ably vasopressor therapy in general) in
ICU patients with hypotensive vasodilata-
tion despite fluid resuscitation and evi-
dence of renal dysfunction remains the
subject of much debate and controversy.
Although there is concern about the use
of these drugs, these concerns are un-
founded. At this time, the experimental
and human data strongly suggest that, in
these patients, vasopressor therapy is cer-
tainly safe and probably beneficial from a
renal (and probably general) point of
view. On the basis of currently available
evidence in hypotensive vasodilated pa-
tients with AKI, restoration of blood pres-
sure within autoregulatory values should
occur promptly with norepinephrine and
be sustained until such vasodilatation
dissipates. The additional role of other
vasopressors in these situations remains
unclear. The addition of vasopressin may
be helpful in individual patients but wide-
spread use is not supported by evidence.
�-Dose dopamine has no advantages over
norepinephrine and is not as reliably ef-
fective in restoring blood pressure and
urine output. Its use cannot be supported
in patients with vasodilatation and AKI.
Other vasopressor drugs, such as epi-
nephrine and phenylephrine, may be sim-
ilar in efficacy to norepinephrine. How-
ever, experience and available data with
their use are vastly less than with norepi-
nephrine. Epinephrine, in addition, is as-
sociated with hyperglycemia, hyperlac-
tatemia, acidosis, and hypokalemia.
Terlipressin appears useful in patients
with AKI secondary to hepatorenal syn-
drome. Whether it is superior to norepi-
nephrine in this setting remains uncer-
tain and more studies are needed before
recommendations can be made.
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