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Editor’s key points

† Effects of different
vasopressor agents on
cerebral oxygenation
have been unclear.

† Ephedrine and
phenylephrine, used for
intraoperative
hypotension, were
investigated in a
cross-over design study.

† Phenylephrine, but not
ephedrine, decreased
cardiac output (CO) and
brain oxygenation.

† This study highlights the
importance of CO in
preserving brain
oxygenation during
management of
intraoperative
hypotension.

Background. How phenylephrine and ephedrine treatments affect global and regional
haemodynamics is of major clinical relevance. Cerebral tissue oxygen saturation
(SctO2 )-guided management may improve postoperative outcome. The physiological
variables responsible for SctO2

changes induced by phenylephrine and ephedrine bolus
treatment in anaesthetized patients need to be defined.

Methods. A randomized two-treatment cross-over trial was conducted: one bolus dose of
phenylephrine (100–200 mg) and one bolus dose of ephedrine (5–20 mg) were given to 29
ASA I–III patients anaesthetized with propofol and remifentanil. SctO2 , mean arterial
pressure (MAP), cardiac output (CO), and other physiological variables were recorded before
and after treatments. The associations of changes were analysed using linear-mixed models.

Results. The CO decreased significantly after phenylephrine treatment [△CO¼22.1 (1.4) litre
min21, P,0.001], but was preserved after ephedrine treatment [△CO¼0.5 (1.4) litre min21,
P.0.05]. The SctO2

was significantly decreased after phenylephrine treatment
[△SctO2¼23.2 (3.0)%, P,0.01] but preserved after ephedrine treatment [△SctO2¼0.04
(1.9)%, P.0.05]. CO was identified to have the most significant association with SctO2

(P,0.001). After taking CO into consideration, the other physiological variables, including
MAP, were not significantly associated with SctO2 (P.0.05).

Conclusions. Associated with changes in CO, SctO2 decreased after phenylephrine treatment,
but remained unchanged after ephedrine treatment. The significant correlation between CO
and SctO2 implies a cause–effect relationship between global and regional haemodynamics.

Keywords: cardiac output; cerebral tissue oxygen saturation; ephedrine; mean arterial
pressure; phenylephrine

Accepted for publication: 26 April 2011

Phenylephrine and ephedrine are routinely used in the
perioperative setting to treat anaesthesia-related hypoten-
sion in order to maintain mean arterial pressure (MAP) and
cerebral perfusion pressure.1 However, phenylephrine and
ephedrine have very different pharmacological effects:
phenylephrine is a pure a1-agonist, whereas ephedrine is a
mixed-acting agent with positive inotropic and chronotropic
effects.2 Indeed, the distinctive effects of phenylephrine
and ephedrine on global haemodynamics (such as cardiac
output, CO)3 and regional haemodynamics (such as
cerebral tissue oxygen saturation, SctO2

)4 have been
demonstrated.

Recently published studies show that near-infrared spec-
troscopy (NIRS)-guided brain protection protocols in cardiac

surgery might lead to reduced neurocognitive complications
and improved postoperative outcomes.5 Because the end-
point of haemodynamic optimization is to improve oxygen
delivery, monitoring cerebral oxygenation may help to eluci-
date the effects of various clinical interventions on global
and regional haemodynamics.6 Moreover, several studies
have demonstrated that changes in SctO2

correlate with
changes in cerebral blood flow (CBF) when cerebral metabolic
rate of oxygen (CMRO2) and arterial blood oxygen content
are kept constant.7 Understanding how the administration
of phenylephrine and ephedrine affects cerebral perfusion
and oxygenation is of major clinical relevance because
both agents are routinely used to treat anaesthesia-related
hypotension in surgical patients.

British Journal of Anaesthesia 107 (2): 209–17 (2011)
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Consequently, the aims of our study were (i) to investigate
the effect of phenylephrine and ephedrine bolus adminis-
tration on cerebral oxygenation in anaesthetized patients
and (ii) to identify the physiological variables [MAP, CO,
heart rate (HR), stroke volume (SV), end-tidal CO2 (E′CO2

),
oxygen saturation via pulse oximetry (SpO2

), and bispectral
index (BIS)] which are responsible for the changes in SctO2

induced by phenylephrine and ephedrine treatments.

Methods
Patients

After Institutional Research Board approval, a total of 33
patients undergoing elective surgery at University of Califor-
nia, Irvine Medical Center, were recruited for this study. Both
verbal and written informed consents were obtained.
Inclusion criteria were: age .18 yr, elective surgery, ASA
physical status I–III, presenting with at least a 20% decrease
in MAP or an MAP of ,60 mm Hg after induction of general
anaesthesia. Exclusion criteria were symptomatic cardiovas-
cular disease, poorly controlled hypertension (systolic arterial
pressure ≥160 mm Hg), cerebrovascular disease, and poorly
controlled diabetes mellitus (blood glucose ≥200 mg dl21).

Study protocol

After the patient’s arrival in the operating theatre, a radial
intra-arterial catheter, a BIS monitor, and two frequency-
domain NIRS8 probes (left and right forehead) were placed
in addition to the other routine monitors. After anaesthesia
induction with fentanyl (1.5–2 mg kg21) and propofol (2–3
mg kg21), all patients were intubated and maintained with
total i.v. anaesthesia (TIVA) using propofol 100–150 mg
kg21 min21 and remifentanil 0.3–0.5 mg kg21 min21. The
infusion rates of TIVA were based on the patient’s age, ASA
physical status, and BIS monitoring. The goal was to keep
BIS between 25 and 35. An oesophageal Doppler probe
was placed after tracheal intubation. Anaesthesia-related
hypotension (at least a 20% decrease in MAP or MAP,60
mm Hg) was treated with either phenylephrine or ephedrine.
This initial agent is referred to as the first treatment. The
agent used for the first treatment was randomized based
on a computer-generated randomization list (http://www
.random.org). The first treatment was given at least 10 min
after the start of TIVA in order to achieve relatively stable
blood propofol and remifentanil concentrations. If hypoten-
sion persisted for more than 10 min after the first treatment,
the alternative agent (the one not chosen for the first treat-
ment) was then administered. This second agent is referred
to as the second treatment. Each patient received one
dose of phenylephrine and one dose of ephedrine as either
the first or the second treatment. There were no additional
doses given during the study period. Owing to interindividual
differences in body weight, haemodynamic responses to
pressor treatment, and severity of hypotension, varying
doses of phenylephrine (100–200 mg) and ephedrine (5–20
mg) were used to increase MAP by at least 20% or above
60 mm Hg. The pressor treatments and physiological

measurements were performed before the start of surgery
in order to avoid the influence of surgical stimuli on systemic
and cerebral haemodynamics.

Measurements

The cerebral oximeter used in this study was the Oxiplex TS
(ISS, Inc., Champaign, IL, USA), a non-invasive, portable,
and quantitative frequency-domain NIRS device.8 It emits
and detects near-infrared light at two different wavelengths
(690 and 830 nm). The emitted light is amplitude-modulated
(i.e. turned on and off) at 110 MHz. The spacing between the
source and detector fibres on the optical probe (1.96, 2.46,
2.92, and 3.45 cm) is sufficient for light to access the
surface of the brain.9 The measured optical properties
characterize cerebral tissues, primarily the haemoglobin in
the capillary bed, and are not appreciably influenced by
skin or surface contributions.10 The measured absolute con-
centrations of cerebral tissue oxyhaemoglobin and deoxy-
haemoglobin are used to calculate SctO2

. The sampling
frequency was set at 1.25 Hz. SctO2 values from the right
and left frontal lobes were averaged to represent regional
cerebral oxygenation.

CO was monitored using an oesophageal Doppler
(CardioQ, Deltex Medical, UK). The oesophageal Doppler
measures blood flow velocity in the descending aorta and
estimates SV via multiplying the cross-sectional area of the
aorta by the blood flow distance (velocity multiplied by
flow time). The aortic diameter is obtained from a built-in
nomogram. The SV and CO values used for analysis were
based on every 10 successive measurements by oesophageal
Doppler. MAP was monitored at the external ear canal level
via an intra-arterial catheter system (Vigileo-FloTrac,
Edwards Lifesciences, Irvine, CA, USA). E′CO2

was determined
by the gas analyzer built in the anaesthesia machine
(Aisys, GE Healthcare, Madison, WI, USA). SpO2

was deter-
mined by pulse oximeter (LNOP Adt, Masimo Corp., Irvine,
CA, USA). The depth of anaesthesia was monitored via the
BIS monitor (Aspect Medical System, Norwood, MA, USA).

All measurements were recorded before each treatment
and repeated once MAP increased to the maximum level
after each treatment. Owing to the fact that the maximal
change in SctO2

lagged the maximal change in MAP (an
observation in both this study and a previous study),11

SctO2 measurements were recorded when corresponding
changes reached the maximum level. The mean value of
three successive recordings for each parameter was used
for analysis. All measurements were performed before surgi-
cal incision. All patients were kept supine and still. The infu-
sion rates of TIVA were kept constant. Volume-controlled
ventilation was used with a tidal volume of 8–10 ml kg21

and a ventilatory frequency of 8–12 bpm with a target E′CO2

between 4.7 and 5.3 kPa.

Statistical analysis

Data are expressed as mean (SD). According to a previously
published study, we calculated that 24 patients were
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required to detect a 10% decrease in SctO2
induced by

phenylephrine administration with a two-tailed a risk of 5%
and a b risk of 20%.4 Because this two-treatment cross-over
study involved repeated measurements, we investigated the
effect of drug treatment and physiological covariates (MAP,
CO, HR, SV, E′CO2

, SpO2
, and BIS) on SctO2

using linear-mixed
models. When testing the effect of drug treatment, we
adjusted the potential effects of carry-over (the influence
of the first treatment on the second treatment) by adding
carry-over into our linear-mixed model. For a similar
reason, when examining the effect of each physiological cov-
ariate, the effects of treatment and carry-over were also
adjusted in our linear-mixed model. The differences in phys-
iological values (SctO2 , MAP, CO, HR, SV, E′CO2

, SpO2
, and BIS)

between pre- and post-treatments were analysed using
paired Student’s t-test. The differences in selected physio-
logical values (SctO2 , MAP, and CO) between the first and
the second treatments were analysed using unpaired Stu-
dent’s t-test. Relationships between variables were tested
using Pearson’s correlation.

Results
Patient characteristics

Of the 33 patients recruited, we were able to administer both
phenylephrine and ephedrine and finish all measurements
before surgical incision in 29 patients [20 males, 9 females,
age 59 (13) yr, height 173 (9) cm, weight 77 (13) kg].
Among the 29 patients, 10 were ASA I, 12 ASA II, and 7
ASA III. Detailed patients characteristics and planned sur-
geries are described in Supplementary Table S1. In 13
patients, phenylephrine was given as the first treatment
and ephedrine as the second treatment. In 16 patients,
ephedrine was given as the first treatment and phenyl-
ephrine as the second treatment. The interval between the
first and the second treatments was 20 (14) min. In two
patients, we did not administer phenylephrine or ephedrine
because changes in MAP after anaesthesia induction did
not meet the predefined criteria. In another two patients,
SctO2 data were not analysable because of strong signal
interference.

Responses to phenylephrine bolus treatment

An example of changes in MAP, CO, and SctO2
after a

typical first phenylephrine treatment is illustrated in
Figure 1A–C, respectively. MAP increased from the pretreat-
ment level of ≈70 mm Hg to the highest level of ≈110
mm Hg within 1 min after phenylephrine administration.
At the same time, CO decreased from the pretreatment
level of ≈8 litre min21 to the lowest level of ≈2 litre
min21, and SctO2 decreased from the pretreatment level
of ≈65% to the lowest level of ≈58%. The measurements
of MAP, CO, and SctO2

before and after phenylephrine
treatment for every patient are presented in Figure 2A–C,
respectively.

Grouped responses after the first and the second phenyl-
ephrine treatments are summarized in Table 1. MAP was

consistently increased after the first [△MAP¼29.5 (9.3) mm
Hg, P,0.001] and the second [△MAP¼42.6 (15.7) mm Hg,
P,0.001] phenylephrine treatments. CO was significantly
decreased after the first (△CO¼21.7 (1.0) litre min21,
P,0.001) and the second (△CO¼22.3 (1.7) litre min21,
P,0.001) phenylephrine treatments. SctO2

was also signifi-
cantly decreased after the first (△SctO2¼24.9 (2.8) %,
P,0.001) and the second (△SctO2¼21.8 (2.4) %, P,0.01)
phenylephrine treatments. However, the difference in SctO2

decreases between the first and the second phenylephrine
treatments was significant (P,0.01; Fig. 3).

Changes in SctO2
correlated well with changes in CO after

the first (r¼0.74, P¼0.004) and the second (r¼0.67,
P¼0.005) phenylephrine treatments (Fig. 4B), but only
weakly correlated with changes in MAP after the first
(r¼0.40, P¼0.17) and the second (r¼0.48, P¼0.06)
phenylephrine treatments (Fig. 4A).

Responses to ephedrine bolus treatment

An example of changes in MAP, CO, and SctO2
after one of the

first ephedrine treatments is illustrated in Figure 1D–F,
respectively. MAP increased from the pretreatment level of
≈50 mm Hg to the highest level of ≈80 mm Hg within
2 min after ephedrine administration. However, CO remained
unchanged at ≈5 litre min21 and SctO2 remained unchanged
at ≈62%. The measurements of MAP, CO, and SctO2

before
and after ephedrine treatment for every patient are pre-
sented in Figure 2D–F, respectively.

Grouped responses after the first and second ephedrine
treatments are summarized in Table 1. MAP was consistently
increased after the first [△MAP¼24.1 (13.5) mm Hg,
P,0.001] and the second [△MAP¼28.3 (13.3) mm Hg,
P,0.001] ephedrine treatments. CO was slightly, but insignif-
icantly, increased after the first [△CO¼0.5 (1.7) litre min21,
P¼0.15] and the second [△CO¼0.4 (0.9) litre min21,
P¼0.28] ephedrine treatments. The changes in SctO2 were
also insignificant after the first [△SctO2¼20.4 (2.3)%,
P¼0.11] and the second [△SctO2

¼0.5 (1.1)%, P¼0.54] ephe-
drine treatments. The difference in SctO2 changes between
the first and second ephedrine treatments was not signifi-
cant (P¼0.19) (Fig. 3).

Changes in SctO2 correlated with changes in CO after the
first (r¼0.84, P,0.001) and the second (r¼0.68, P¼0.01)
ephedrine treatments (Fig. 4D), but very weakly correlated
with changes in MAP after the first (r¼0.24, P¼0.38) and
the second (r¼0.39, P¼0.18) ephedrine treatments (Fig. 4C).

Associations between SctO2
and physiological

covariates (pooled data)

We first fitted a linear-mixed model to examine the effects of
treatment and carryover on SctO2 . Our results showed that
the treatment effect on SctO2

was significant (P,0.001)
and that the carry-over effect on SctO2 was not significant
(P¼0.11). After adjusting the effects of treatment and carry-
over on SctO2

, linear-mixed models showed that there were
significant associations (in the order of significance from
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high to low, data available upon request) between SctO2
and

CO (P,0.001), between SctO2 and SV (P,0.001), between
SctO2

and HR (P,0.001), between SctO2
and MAP (P,0.001),

and between SctO2
and E′CO2

(P,0.01); however, there were
no significant associations between SctO2 and SpO2

(P¼0.60) and between SctO2
and BIS (P¼1.0). After taking

CO into consideration, SV (P¼0.85), HR (P¼0.95), MAP
(P¼0.48), and E′CO2

(P¼0.64) were no longer significantly
associated with SctO2

. Further analysis showed that the
associations between CO and SV (P,0.001), between CO
and HR (P,0.001), between CO and MAP (P,0.001), and
between CO and E′CO2

(P,0.001) were all significant.

Discussion
This study demonstrates that concordant with changes in CO,
cerebral oxygenation (SctO2

) significantly decreased after
phenylephrine bolus treatment and remained unchanged
after ephedrine bolus treatment, even though MAP was signifi-
cantly increased by both agents. Among all physiological vari-
ables being considered (MAP, CO, HR, SV, E′CO2

, SpO2
, and BIS),

CO was identified as the variable associated most significantly
with SctO2 . The other variables (MAP, HR, SV, and E′CO2

) which
associated significantly with SctO2

became insignificant after
taking CO into consideration.

Cerebral oxygenation is determined by oxygen delivery to
the brain and oxygen consumption by the brain (CMRO2).
Oxygen delivery to the brain depends on cerebral perfusion
(CBF) and arterial blood oxygen content. Studies have
shown that changes in SctO2

correlate with changes in CBF
if CMRO2 and arterial blood oxygen content are kept con-
stant.7 In the present study, we considered CMRO2 to be con-
stant because our patients were under general Anaesthesia
and the infusion rates of propofol and remifentanil were
kept constant. Moreover, in order to achieve stable blood pro-
pofol and remifentanil concentrations, we waited for at least
10 min between starting TIVA and giving the first pressor
treatment. We also considered arterial blood oxygen
content to be constant because there was no surgical haem-
orrhage and no sign of desaturation. Therefore, we submit
that the observed changes of SctO2 in this study were
mainly caused by changes in CBF.
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The importance of arterial pressure management in
patients undergoing anaesthesia has been substantiated by
the significant relationship between intraoperative hypoten-
sion and postoperative neurocognitive impairment.12

Despite the fact that arterial pressure monitoring is a stan-
dard practice, consensus in terms of when and how to
treat intraoperative hypotension is still lacking. Among all
options, phenylephrine and ephedrine belong to the set of
typical sympathomimetic agents routinely chosen to
increase arterial pressure.2 However, little is known about
the impacts of these agents on cerebral oxygenation and
the relationship between global and regional

haemodynamics. If treating hypotension is an attempt to
avoid organ ischaemia and hypoxia, we are actually achiev-
ing the opposite result (decreased cerebral oxygenation) by
administering phenylephrine, as demonstrated in this study
using a quantitative NIRS device and in previous studies
using a trend NIRS device.4 11 13 Another study also demon-
strated the negative impact of norepinephrine infusion on
cerebral oxygenation.14 Thus, the routine and indiscriminate
use of vasopressors might be less beneficial than previously
thought. Nonetheless, prospective and randomized studies
are needed to address whether the negative impact of
vasopressor treatment on SctO2 relates to adverse patient
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Table 1 Summarized physiological measurements before (pre) and after (post) treatments (Tx). Data are presented as means (SD). △¼post–pre; SctO2
, cerebral tissue oxygen saturation; MAP,

mean arterial pressure; CO, cardiac output; HR, heart rate (beats min21); SV, stroke volume; E′CO2
, end-tidal CO2; SpO2

, oxygen saturation per pulse oximetry; BIS, bispectral index. *P,0.001,
†P,0.01, and ‡P,0.05 (post vs pre, paired Student’s t-test)

Phenylephrine first Tx (n513) Phenylephrine second Tx (n516) Ephedrine first Tx (n516) Ephedrine second Tx (n513)

Pre Post D Pre Post D Pre Post D Pre Post D

SctO2
(%) 68.8 (8.8) 63.9 (10.4) 24.9 (2.8)* 66.4 (6.7) 64.5 (6.7) 21.8 (2.4)† 67.4 (6.3) 67.1 (6.0) 20.4 (2.3) 65.7 (8.5) 66.2 (8.9) 0.5 (1.1)

MAP (mm Hg) 60.8 (12.1) 90.3 (14.5) 29.5 (9.3)* 58.8 (9.3) 101.3 (14.7) 42.6 (15.7)* 48.1 (8.9) 72.3 (10.7) 24.1 (13.5)* 62.4 (5.3) 90.7 (13.7) 28.3 (13.3)*

CO (litre min21) 5.3 (1.1) 3.6 (0.7) 21.7 (1.0)* 6.8 (1.7) 4.5 (2.2) 22.3 (1.7)* 6.0 (1.8) 6.5 (1.8) 0.5 (1.7) 5.0 (0.9) 5.4 (1.0) 0.4 (0.9)

HR (beats min21) 71.2 (15.2) 53.9 (8.6) 217.3 (11.4)* 64.7 (12.1) 48.0 (6.6) 216.7 (12.1)* 65.3 (14.1) 67.6 (12.6) 2.3 (5.8)† 59.5 (9.6) 67.0 (11.3) 7.5 (7.8)

SV (ml) 77.2 (16.7) 68.7 (14.4) 28.5 (9.2)† 105.8 (31.0) 90.7 (39.5) 215.2 (22.3)‡ 92.2 (30.4) 97.4 (29.7) 5.3 (21.6) 85.5 (17.9) 83.1 (18.0) 22.4 (11.9)

E′CO2
(kPa) 5.1 (0.7) 4.9 (0.6) 20.2 (0.3)‡ 4.7 (0.4) 4.6 (0.5) 20.1 (0.3) 4.7 (0.4) 4.7 (0.4) 0.04 (0.3) 4.9 (0.7) 5.0 (0.6) 0.2 (0.3)

SpO2
(%) 99.5 (0.7) 99.9 (0.3) 0.4 (0.7) 99.1 (1.4) 99.5 (1.2) 0.4 (0.7) 99.3 (1.4) 99 (2.7) 20.3 (1.8) 99.1 (1.9) 99.4 (0.9) 0.3 (1.2)

BIS 25.5 (11.9) 27.8 (11.4) 2.3 (5.2) 34.9 (7.8) 30.5 (11.0) 24.3 (8.4) 25.7 (12.5) 26.5 (8.5) 0.7 (6.0) 29.8 (12.9) 29.0 (11.2) 20.9 (3.3)

140
ABC

M
ean arterial pressure

C
ardiac output

C
erebral tissue oxygen saturation

120

10080604020098765432108075706560

Percentage (%) Litre min–1 mm Hg

5550
P

he (1st)
P

he (2nd)
E

ph (1st)
E

ph (2nd)

**

Fig
3

G
rou

ped
M

A
P

(A),C
O

(B),an
d

SctO
2

(C)ch
an

ges
after

th
e

first
an

d
secon

d
ph

en
yleph

rin
e

(Ph
e)

an
d

th
e

first
an

d
secon

d
eph

e-
d

rin
e

(Eph
)

treatm
en

ts.
Th

e
blu

e
bars

represen
t

pretreatm
en

t
valu

es;
th

e
green

striped
bars

represen
t

post-treatm
en

t
valu

es.
*P

,
0.01

(first
treatm

en
t

vs
secon

d
treatm

en
t,u

n
pa

ired
Stu

d
en

t’s
t-test).

BJA
M

en
g

et
al.

214

 by guest on August 17, 2014 http://bja.oxfordjournals.org/ Downloaded from 

http://bja.oxfordjournals.org/


arteries are abundantly innervated by sympathetic nerve
fibres17 and that both a- and b-adrenoceptors are demon-
strated in the vascular walls in the brain.18 It is also sup-
ported by the finding that stellate ganglion block leads to a
decreased cerebral vascular tone.19 Nonetheless, the discus-
sion over whether or not SNA affects cerebral perfusion and
oxygenation has lasted for more than 100 yr, witnessed by
the recently well-organized point20–counterpoint21 debate.
It should be noted that direct action of either phenylephrine
or ephedrine on cerebral resistance vessels is practically nil
since we know that vasoactive amines do not cross the
blood–brain barrier.22

To the best of our knowledge, this study is the first one to
demonstrate a significant relationship between global hae-
modynamics (CO) and regional haemodynamics (SctO2 ) in
situations where CO changes are induced by sympathomi-
metic agents in anaesthetized patients. The distinctive
effects of phenylephrine and ephedrine on SctO2 are thus
explained by their distinctive impacts on CO. Our data
concur with previous reports that a reduced CO correlates
with decreased cerebral haemodynamics, despite main-
tained MAP in situations where CO changes are induced by
preload swing in healthy non-anaesthetized volunteers.23 24

The mechanism behind the modulation of cerebral haemo-
dynamics by CO is believed to be sympathetically mediated
vasoconstriction consequent to a reduced CO.20 This asser-
tion is supported by the finding that dynamic inputs from
CO and SV are important in the regulation of baroreflex
control of muscle SNA in healthy, normotensive humans.25

Alternatively, the influence of CO on cerebral haemody-
namics may depend on circulating blood volume distribution
rather than autonomic control.20 Consequently, our study
emphasizes the relationship between global and regional
haemodynamics and supports the importance of studies
focusing on this relationship as well as studies evaluating
the impact of regional haemodynamics on patients’
outcome.26 27 Our finding also supports the emerging prac-
tice of goal-directed haemodynamic optimization because
optimized global haemodynamics is related to a minimized
risk of regional ischaemia and hypoxia.28

Interestingly, our data showed that the difference in SctO2

changes was significant between the first and second
phenylephrine treatments (P,0.01) and not significant
between the first and second ephedrine treatments
(P¼0.19) based on unpaired Student’s t-test. These results
suggest that the effect of phenylephrine treatment on cer-
ebral haemodynamics is negated by the previous ephedrine
treatment. In contrast, the effect of ephedrine treatment is
less affected by phenylephrine. This finding may be caused
by the longer clinical half-life of ephedrine than phenyl-
ephrine (clinical observation). Our analysis of the carry-over
effect based on linear-mixed models showed that this is
not significant (P¼0.11) at the 0.05 level. This might be
due to the fact that testing carry-over effects usually requires
a larger sample size than that of our study.

The main methodological considerations are as follows.
The method of phenylephrine and ephedrine administration
in this study was bolus, not infusion. The effects of bolus
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and infusion administrations on systemic and cerebral hae-
modynamics may be different. For example, the gradual
increase in MAP caused by infusion might not be able to
elicit the same increase in SNA in the superior cervical
ganglion as that seen with bolus. A comparison study
between bolus and infusion would be informative. Secondly,
we used SctO2 based on NIRS measurements to assess cer-
ebral haemodynamics. Middle cerebral artery flow velocity
(MCAV) based on transcranial Doppler (TCD) measurement,
which is also non-invasive and portable, is another technol-
ogy being used for the same purpose. However, MCAV may
not provide a valid CBF estimation should vessel calibre or
flow profile change.29 Indeed, in studies where both technol-
ogies were adopted, it was found that MCAV increased,
whereas SctO2

decreased after phenylephrine bolus and infu-
sion administration in healthy non-anaesthetized volun-
teers.11 13 One of the possible explanations for this
discrepancy lies in the fact that TCD measures flow velocity
in large cerebral arteries, whereas NIRS measures oxygen
saturation mainly at the capillary bed.

In summary, associated with the changes in CO, cerebral
oxygenation decreases after phenylephrine but remains
unchanged after ephedrine bolus treatment in anaesthetized
patients, even though both agents consistently increase MAP.
The significant correlation between CO and SctO2 implies a
cause–effect relationship between global haemodynamics
(CO) and regional haemodynamics (SctO2

).

Supplementary material
Supplementary material is available at British Journal of
Anaesthesia online.
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ptimizing intravascular volume status in patients under-
oing major surgery is essential to reduce the risk of com-
lications and poor outcomes.1 Evidence suggests that us-

ng conventional physiologic signs such as heart rate and
lood pressure may not be able to detect subclinical hypo-
olemia, contributing to an increase in morbidity and com-
lications including postoperative gastrointestinal dys-
unction.2,3 Recent evidence showed that some forms of
nvasive intravascular hemodynamic monitoring, such as
entral venous oxygen saturation, may be very useful in
mproving outcomes in patients undergoing major opera-
ions4 or those with severe sepsis.5 But central venous and
ulmonary artery catheterization are invasive,6 and not all
tudies have consistently shown that they are beneficial.7

An esophageal Doppler monitor (ODM) is a cardiac
utput monitoring device that measures the descending
ortic blood flow using transesophageal Doppler ultra-
ound.8 Cardiac output and stroke volume are estimated
sing the descending thoracic aortic blood flow velocity

ntegral and a nomogram using age, height, and weight.
DM is used as a continuous cardiac output or stroke

olume monitor and as such, intravascular volume status or
reload of the left ventricle can be optimized by titrating IV
luid boluses (usually 250 mL of colloid fluid) to a flow
hart based in large part on the Frank-Starling principle.
ecause the ODM is much smaller than an ordinary trans-
sophageal echocardiographic probe, it is less invasive and
as a very good safety record. Specifically, there have been
o case reports of esophageal perforation and only reports of
inor complications such as mucosal trauma and endobron-

hial placement, which is readily identified and repositioned.
We hypothesized that using intraoperative ODM to

isclosure Information: Nothing to disclose.

eceived June 4, 2008; Revised August 1, 2008; Accepted August 4, 2008.
rom the Department of Anaesthesia (Phan), St Vincent’s Hospital Mel-
ourne, Melbourne; Department of Surgical Oncology (Ismail, Heriot), Peter
acCallum Cancer Centre, Melbourne; and Department of Intensive Care

Ho), Royal Perth Hospital and School of Population Health, University
estern Australia, Australia.
orrespondence address: Dr Tuong D Phan, Department of Anaesthesia,
t Vincent’s Hospital Melbourne, PO Box 2900, Fitzroy, Victoria 3065,
dustralia. email: tuong.phan@svhm.org.au

935
2008 by the American College of Surgeons

ublished by Elsevier Inc.
uide IV fluid therapy will optimize patient’s intravascular
olume status or preload and may improve perioperative
utcomes. A number of studies have been published sug-
esting that this device may be useful to improve perioper-
tive outcomes.9 These studies were, however, limited by
heir small sample size and their assessment of only a spe-
ific subgroup of surgical patients.10-12 As such, we meta-
nalyzed the existing randomized controlled studies to
uantify the potential benefits of ODM and to assess
hether its benefits are generalizable to different groups of

urgical patients.

ETHODS
earch criteria
ecause the technique and first clinical use of ODM were
escribed in 1971,13 we searched Medline (1970 to 2008,
eek 5) and EMBASE (1980 to 2008, week 19) databases
nd the Cochrane Controlled Trial Register for eligible ran-
omized controlled trials. During the database searches,
he following MeSH terms were used: fluid therapy, fluid
reatment, resuscitation, hydration, cardiac output with the
sophageal Doppler. We also assessed the bibliographies of
ll potentially eligible studies and relevant review articles to
void missing any randomized controlled trials.

nclusion criteria
n this metaanalysis, we included only randomized con-
rolled trials that had an intervention arm in which intra-
perative IV fluid therapy was guided by using ODM to
ptimize intravascular volume status (or stroke volume) in
he perioperative setting.

xclusion criteria
he review was restricted to randomized control trials and

lso excluded studies that did not use the ODM to guide IV
luid to optimize intravascular volume status or stroke
olume.

ata extraction
wo assessors evaluated each included article indepen-

ently and extracted data in a tabulated format. Where
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here was a difference between assessors, a consensus was
eached in a meeting.

utcomes of interest
ength of hospital stay
he primary outcome of this metaanalysis was length of
ospital stay (LOS), defined as the number of postopera-
ive days in an acute care hospital setting. Extended stay in
rehabilitation hospital after the initial stay in an acute care
ospital was excluded.

eturn to oral diet
his was defined as return to full oral diet or solids.

orbidity – total number of complications
he review of the result was difficult because of a lack of

tandardization in the definitions of complications and in how
hey were measured and reported. Some studies presented the
otal number of complications among all patients; others ex-
ressed the complication rate as the proportion of patients
ho experienced one or more complications. With these lim-

tations in mind, we reported the incidence of these compli-
ations as defined by each of the pooled studies.

able 1. Summary of Studies and Risk of Bias Classificatio

irst author, year
Risk of
bias* Type of operation n Inte

onway, 200221 B Major bowel 57 SV � 10
an, 20022 A Major gynecologic,

general, urology
100 SV � 10

akeling, 200519 A Colorectal 128 SV � 10

oblett, 20063 A Colorectal 103 ftc � 0.3

inclair, 199722 B PFF 40 ftc � 0.3
enn, 200220 A PFF 90 ftc � 0.3
ythen, 199517 C Cardiac 60 CVP � 3

cKendry, 200423 A Postoperative
cardiac

170 svi � 10%

hytra, 200718 C Trauma 162 SV � 10

VP, central venous pressure; diet, time to establishment of oral intake; ftc
roximal femoral fracture; pHi, gastric intestinal pH; SV, stroke volume chan
Cochrane Handbook of Systematic Reviews.14

Abbreviations and Acronyms

LOS � length of stay
ODM � esophageal Doppler monitor
OR � odds ratio
WMD � weighted mean difference
Main triggers for fluid administration in the protocol group.
olloid and crystalloid volumes
e reported the amount of intraoperative IV crystalloid

nd colloid fluid used.

ortality
ortality was defined as death occurring either intraoper-

tively or within 30 to 60 days after operation.

isk of bias assessment
fter identifying the eligible studies, the quality of each

tudy was assessed by its risk of possible bias by two inde-
endent reviewers. Risk of bias was graded as A, B, or C,
orresponding to low, moderate, or high risk of bias, respec-
ively, depending on the study’s blinding, allocation conceal-
ent, randomization, and intention-to-treat analysis.14

tatistical analysis
ontinuous outcomes variables such as LOS, time to re-

urn to full oral diet, and volume of IV fluid used were
resented as weighted mean difference (WMD) using a
ixed effect model. Where only medians were available, we
sed them to represent the mean; standard deviation (SD)
as estimated from interquartile range (IQR) if SD was not

vailable.14,15 Binary outcomes such as morbidity (or pro-
ortion of patients with postoperative complications) were
resented as odds ratios (OR), also using a fixed effect
odel. All data were analyzed by Review Manager.16 Het-

rogeneity was assessed by the chi-square statistic, and if
eterogeneity was present, data were further examined to
xplore the possible reasons for it. We used funnel plot to

ion† Colloid Outcomes

c � 0.35 HES LOS, diet, critical care days
� 0.35 200 mL 6% HES LOS, diet, complications

250 mL Haemacel or
Gelofusine

LOS, diet, endotoxin,
complications

� 10% 7 mL/kg intial bolus,
then 3 mL/kg colloid

LOS, diet, morbidity, critical
care days, cytokines

� 10% 3 mL/kg HES LOS, hemodynamics
� 10% 200 mL Gelofusine LOS, complications
in SV 200 mL 6% HES LOS, pHi, complications,

ICU days
id loss 200 mL colloid or
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ssess potential publication bias using the LOS as an
nd-point.

ESULTS
ligible studies
e identified 58 potentially eligible studies using the pre-

efined search criteria; 9 of these were judged eligible for
etaanalysis (Table 1, Fig. 1).2,3,17-23 Two randomized con-

rolled studies were excluded because one used the ODM
s a monitor in both the protocol and control groups with
opexamine as an intervention,24 and one used the ODM
s a cardiac output monitor in laparoscopic surgery with-
ut using the data derived from the ODM to guide fluid
herapy.25 Details of the pooled studies are described in
igure 1.
All nine studies were prospective randomized controlled

tudies and five studies were classified as having a very low
isk of bias (ie, class A). Within these five studies, only one
tudy by Noblett and colleagues3 achieved definite double
linding. In the other four studies, the anesthesiologist was
linded to the data derived from the ODM and the out-
omes assessment but not the intervention (ie, IV fluid
dministered). Two studies were classified as having mod-
rate risk of bias (class B) because sequence generation or
llocation concealment or both were unclear. Two studies
ere classified as having high risk of bias (class C). Mythen
nd Webb17 did not clearly describe adequate blinding,
llocation concealment, and intention-to-treat analysis.
hytra and coworkers18 had inadequate sequence alloca-

ion, did not attempt to conceal allocation, and did not
ttempt to blind either the investigators or outcomes
ssessors.

We contacted seven of the nine lead authors of the in-
luded studies to obtain unpublished data, which we re-
eived from two of them.3,19 A total of 915 patients were
andomized in 8 studies, and 439 of them were randomized
o receive ODM-guided intraoperative IV fluid therapy.
wo “control” groups were used to compare with groups
eceiving ODM in the study by Venn and colleagues.20

ne control group used central venous pressure (CVP) to
uide IV fluid therapy and one control did not use any
dditional monitor. For the purposes of metaanalysis, we
ompared the ODM group twice with both of these “con-
rol” groups and referred to them as Venn Con and Venn
VP in the forest plot.

etaanalysis
rimary outcomes
ll nine studies reported data on LOS, with six studies

eporting the median and three studies reporting the mean.

f the studies reporting LOS as medians, unpublished data a
ith means were obtained from two of the authors. Use of
DM was associated with a significant reduction in LOS

WMD �2.34 days, 95% CI �2.91 to �1.77; p � 0.00001)
hen compared with the control group (Fig. 2). Restricting

he analysis to the four studies that evaluated patients un-
ergoing colorectal surgery did not change the results of the
nalysis (WMD �2.17 days, 95% CI �3.16 to �1.17), but
educed the heterogeneity of the results (Fig. 3).

econdary outcomes
our studies on colorectal surgery reported data on time to
eturn of gastrointestinal function as indicated by resuming
ral or solids diet. Use of ODM was associated with a
ignificant reduction in the time to resume oral diet
WMD �1.65 days, 95% CI �1.83 to �1.46; p �
.00001; Fig. 4). Use of ODM was also associated with a
eduction in risk of having postoperative morbidity or
omplications (OR 0.37, 95% CI 0.27 to 0.50; p �
.00001; Fig. 5). The use of ODM was not associated with

igure 1. Flow chart showing the selection and exclusion of differ-
nt trials for the metaanalysis. LOS, hospital length of stay; ODM,
sophageal Doppler monitor; RCT, randomized controlled trial.
significant difference in mortality.
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As expected from the cardiac output or stroke volume
ptimization algorithm of the ODM device, intraoperative
se of ODM was associated with an increase in the amount
f IV colloid fluid administered (WMD 736 mL, 95% CI
80 to 792; p � 0.00001; Fig. 6). Most studies used 4%
ydroxyethylstarch, two studies used gelatin-based fluids,
ne study used both, and two studies did not specify the
ype of colloid fluid used. The amount of IV crystalloid
luid used was not different between the ODM and control
roups.

ensitivity analysis
e used a fixed effect model to address the issue of heter-

geneity. Having done so, we then incorporated heteroge-
eity in the model by performing a sensitivity analysis us-

ng a random effects model. This did not change the
utcomes significantly; the use of ODM remained signifi-
antly associated with an improvement in LOS (WMD
2.69, 95% CI �3.71 to �1.67; p � 0.00001) and mor-

idity (OR 0.38, 95% CI 0.26 to 0.54; p � 0.00001).
imilarly, when two studies with a high risk of bias (class C)
ere excluded,17,18 improvement in LOS (WMD �2.60,

Figure 2. Forest plot showing the effect of esophageal
Chi2, chi-squared; df, degrees of freedom; I2, I-squared

Figure 3. Forest plot showing the effect of esophagea
analysis to four studies that evaluated patients under

freedom; I2, I-squared value; WMD, weighted mean differen
5% CI �3.79 to �1.42; p � 0.00001) and morbidity
OR 0.42, 95% CI 0.29 to 0.62; p � 0.00001) remained
tatistically significant.

ublication bias
he funnel plot was unusual and showed that there was a lack
f small positive studies (absence of dots at the bottom left
orner, Fig. 7).The most likely explanation for this asymmetry
as the small number of studies instead of publication bias.26

ISCUSSION
ur results showed that using an esophageal Doppler mon-

tor (ODM) to guide intraoperative IV fluid therapy will
ncrease the administration of intraoperative IV colloid
luid and reduce length of hospital stay, time to resume full
ral diet, and postoperative morbidity or complications.

Evidence suggests that using conventional physiologic
igns such as heart rate and blood pressure to guide IV fluid
herapy may lead to subclinical hypovolemia, contributing
o an increase in morbidity and complications including
ostoperative gastrointestinal dysfunction.2,3 Our results

ler monitoring (ODM) on length of stay from all studies.
e; WMD, weighted mean difference; Z, Z-value.

pler monitoring (ODM) on length of stay restricting the
colorectal surgery. Chi2, chi-squared; df, degrees of
Dopp
l Dop
going
ce; Z, Z-value.
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re consistent with results from these earlier studies and
onfirm that the use of additional intraoperative hemody-
amic monitoring may improve hemodynamic optimiza-
ion of patients undergoing major surgery, resulting in
aster recovery of bowel function and a reduction in post-
perative complications and length of hospital stay. It has
een suggested that the splanchnic circulation is very sensitive
o subclinical hypovolemia, and gastrointestinal complica-
ions are the most common complications after major surgery,
ffecting more than 50% of patients.27,28 Our results support
he hypothesis that subclinical hypovolemia may contribute to
ignificant postoperative bowel dysfunction and this compli-
ation may, at least to some extent, be preventable by using
DM to optimize intraoperative fluid therapy.
There has been increasing emphasis on length of hospi-

al stay and the impact of protocol-driven management
lans or “fast tracking,” to shorten length of stay.28-31 Pro-
ocols usually specify analgesic regime, mobilization, intro-
uction of oral diet, and avoidance of routine nasogastric
rainage.30,32 These protocols have been shown to reduce
ostoperative length of hospital stay to between 3 and 5 days.
he importance of optimal fluid balance as a component of

he anesthesia in these protocols has been highlighted.33 Phar-

Figure 4. Forest plot showing the effect of esophagea
after colorectal surgery. Chi2, chi-squared; df, degree
difference; Z, Z-value.

Figure 5. Forest plot showing the effect of esophagea
complications. Chi2, chi-squared; df, degrees of freedo

Z-value.
acologic approaches to minimize postoperative ileus have
lso been considered with the use of alvimopam.32 Whether
he benefits of fluid balance management on postoperative
leus, as demonstrated in this metaanalysis, can have addi-
ional benefits in combination with alvimopam remains
ncertain, but this merits further investigation.

None of the pooled studies reported on cost-effectiveness of
DM. The use of ODM is, however, potentially cost-

ffective because it significantly reduces the length of hos-
ital stay and postoperative complications. In this regard,
uture studies on ODM should consider a vigorous cost-
ffective assessment. There was also no direct comparison
f the ODM with other monitoring devices including cen-
ral venous oxygen saturation and pulse contour cardiac
utput devices to guide fluid therapy.4,5,34 The accuracy of
atter technology has been studied recently35; and its use to
uide fluid therapy did not show a difference in out-
omes34; perhaps the use of intrathoracic blood volume as
he endpoint of fluid therapy may not be as accurate as
sing ODM to optimize fluid therapy.
This study has significant limitations. Overall, the stud-

es and the data reported in the pooled studies were of good
uality. But two studies were assessed as having a high risk

pler monitoring (ODM) on time to resume full oral diet
freedom; I2, I-squared value; WMD, weighted mean

pler monitoring (ODM) on postoperative morbidity and
, I-squared value; WMD, weighted mean difference; Z,
l Dop
s of
l Dop
m; I2
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f bias; excluding these two studies did not change our
esults. Second, the existing studies did not include a com-
rehensive range of surgical patients. So our results may
ot be generalizable to patients undergoing major plastic,
ascular, and gynecologic surgery or operations under re-
ional anesthesia. Third, we used the ODM group twice to
ompare with two control groups in one study.20 If we use
onferroni correction to adjust for multiple comparisons,

he p value will be slightly larger than those reported in the
orest plot. Finally, the pooled studies did not address some
ssues in perioperative IV fluid therapy and these may po-
entially confound our results. These issues include the to-
al amount of blood loss, timing of administration of IV
luid, and whether the fluid protocol in the control group
as “restrictive” or “liberal.” Recent studies suggested that

dministration of excessive amounts of IV fluid without
uidance from an ODM or alternative monitor can lead
o a fluid-overloaded state with adverse perioperative
utcomes.36-38

In summary, with the limited data available, our results
uggest that using an esophageal Doppler monitor can lead

Figure 6. Forest plot showing the effect of esophageal
administered. Chi2, chi-squared; df, degrees of freedo
Z-value.

igure 7. Funnel plot using length of stay as an end-point. ODM,

sophageal Doppler monitoring; WMD, weighted mean difference.
o an increase in use of perioperative colloid fluid and a
eduction in length of hospital stay, time to resume full oral
iet or bowel function, and in complications after major
urgery. Additional research on the cost-effectiveness of
DM, its utility in other groups of surgical patients, and

ts comparative beneficial effects against other intraopera-
ive or postoperative monitoring devices is needed.
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