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Abstract

Prophylactic optimization of stroke volume during surgery has been thought by some to reduce complications following surg e r y.
Mechanical ventilation has been shown to induce variations in systolic systemic arterial blood pressure.  Measuring such varia-
tions in systolic pressure (SPV) might serve as an attractive method for guiding fluid therapy intraoperatively.  It is unknown if
variations in systolic pressure following the rapid intravenous administration of a specific volume of fluid would lead to changes
in pressure measurements obtained from a pulmonary artery with sufficient sensitivity to predict or guide the need for expansion
of the intravascular volume to optimize stroke volume as an index of cardiac function.  The purpose of this study was to deter-
mine if such measurements of changes in systolic pressures would be useful in optimizing stroke volume.

Nineteen patients undergoing cardiac surgery were enrolled in a prospective cohort study.  Following induction of general
anesthesia, one or more 250 mLboluses of 6% hetastarch were administered.  Stroke volume was calculated from the cardiac out-
put obtained by thermodilution using a pulmonary artery catheter.  If the patient’s stroke volume increased by less than 10% as a
result of a given fluid challenge, the patient was classified as a non-responder.  However, if the stroke volume increased by more
than 10%, the patient was classified as a responder.  The variations in systolic pressure and echocardiographic indices were simul-
taneously measured before and after the administration of each 250 mLfluid bolus.

Pulmonary artery occlusion pressure (PAOP) values were significantly lower in patients who responded to fluid boluses
(p=0.0085) than in those who did not.  Similarly SPVand SPVd o w n values (defined as the decrease in systolic pressure with venti-
lation) were significantly greater in the responders (p<0.05).  No significant intergroup differences were observed in SPVu p
(increase in systolic pressure with ventilation) or echocardiographic-derived left ventricular end diastolic area.  APA O P value less
than 10 mm Hg predicted a response (sensitivity 68%, specificity 79%).  Although significant intergroup differences in the extent
of systolic pressure variations were observed, no appropriate threshold values could be determined that would accurately predict
the response to a fluid bolus.

There is a relationship between SPV and SPVd o w n values and intravascular volume status.  SPV and echocardiographic-
derived values did not predict the response to a fluid bolus as well as values obtained from the pulmonary artery catheter.
Key Words:  Intravenous fluid administration, hemodynamic monitoring, systolic pressure variation.

CABG — coronary artery bypass graft
CO — cardiac output
E D A — end diastolic area (as measured by transesophageal 

e c h o c a r d i o g r a p h y )
E S A — end systolic area (as measured by transesophageal 

e c h o c a r d i o g r a p h y )
HES — 6% hetastarch in isotonic saline
HR — heart rate, BPM—beats per minute
LV E D A — left ventricular end-diastolic area

(from echocardiogram)
M A P — mean arterial systemic pressure
nRES — non-responder; a less than 10% increase in stroke 

volume as a result of a 250 mLbolus of 6% hetastarch
PA P — pulmonary artery pressure
PAC — pulmonary artery catheter
PA O P — pulmonary artery occlusion pressure
RES — responder; a greater than 10% increase in stroke 

volume as a result of a 250 mLbolus of 6% hetastarch
S P V — systolic pressure variation
S P Vdown — the decrease in systolic systemic arterial pressure 

that results from the decreased left ventricular preload that
occurs during positive pressure ventilation

S P Vu p — the increase in systolic systemic arterial pressure 
that results from the transient increase in left ventricular 
preload that occurs during the early phase of positive 
pressure ventilation 

S P Vt o t a l — the total arterial systolic systemic pressure 
variation defined as the sum of SPVu p and SPVd o w n

S V — stroke volume
TEE — transesophageal echocardiography
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I n t ro d u c t i o n

MO R B I D I T Y I S C O M M O N following moderate- and
high-risk surgical procedures (1–6).  Prophylac-
tic optimization of stroke volume (SV) and other
indices of oxygen delivery in surgical patients
have been demonstrated in some randomized
clinical trials to reduce complications and post-
operative length of stay (7–13).  Three random-
ized clinical trials used the esophageal Doppler
to guide the administration of dynamic fluid
challenges (7–9).  The goal of these stroke vol-
ume (SV) guided dynamic fluid challenges was
to expand the intravascular volume and thereby
avoid hypovolemia.  Avoidance of hypovolemia
was thought to be an attractive method of pre-
venting systemic inflammation attributed to
splanchnic mucosal ischemia (1, 3, 5, 14, 15).
Routinely used triggers of fluid therapy, e.g.,
systemic hypotension and tachycardia, are insen-
sitive measures of hypovolemia (1, 16, 17).

Variables that can be used to guide fluid
therapy intraoperatively include those obtained
via a pulmonary artery catheter (PAC), such as
pulmonary artery diastolic and pulmonary
artery occlusive pressures (PAOP).  Esophageal
Doppler and transesophageal echocardiography
(TEE) can be used to measure SV and left ven-
tricular end diastolic area respectively.

SPVs are fluctuations in the systolic arterial
blood pressure related to mechanical ventila-
tion.  During positive-pressure ventilation, upon
inspiration, the increase in intrathoracic pres-
sure propels blood out of the lungs into the left
atrium and left ventricle and transiently aug-
ments left ventricular preload, SV, and systolic
arterial blood pressure.  The increased intratho-
racic pressure results in reduced venous return
to the right atrium, which causes decreased left
ventricular filling, preload, SV, and systolic ar-
terial blood pressure.  Using the systolic arterial
blood pressure at the end of expiration as a ref-
erence point, the initial increase of systolic arte-
rial blood pressure above baseline during inspi-
ration is called delta up (SPVu p), and the subse-
quent decrease below baseline during inspira-
tion is called delta down (SPVd o w n).  The total
systolic pressure variation (SPVt o t a l) is defined
as the sum of SPVu p and SPVd o w n.

S P V can be affected by a variety of factors,
including intravascular volume status, cardiac
function, chest wall compliance, lung compli-
ance, positive end-expiratory pressure (PEEP),
and tidal volume.  If these variables remain
constant, then changes in the intravascular vol-
ume status of the subject are thought to result in

changes in the SPV (18, 19).  Perel et al.
demonstrated that SPV and delta down are sen-
sitive indicators of hypovolemia in a dog model
(20).  Rooke et al. found similar results in eight
patients, with SPV and delta down increasing
with graded hemorrhage (21).  Similar results
were reported by Ornstein et al. in 15 patients
with good ventricular function underg o i n g
coronary artery bypass graft (CABG) surg e r y
who were subjected to hemorrhage (22).

In contrast to previous studies that focused
primarily on the response to graded hemorrhage,
none have explored whether the optimization of
stroke volume (SV) can be correlated with SPV
parameters in patients undergoing coronary
artery bypass graft surgery (CABG).  Our study
sought to determine if SPV-derived parameters
accurately predicted SV o p t i m i z a t i o n .

M e t h o d s

P a t i e n t s ’ Inclusion and Intraoperative 
M a n a g e m e n t

The clinical investigations described in this
manuscript were conducted in accordance with
the guidelines of the Declaration of Helsinki.
The study was approved by the institutional re-
view board.  Patients younger than 18 years old,
and patients with an ejection fraction less than
30% or intracardiac shunts were excluded.  A f t e r
obtaining written informed consent, 19 patients
u n d e rgoing primary CABG surgery were
prospectively enrolled.  After catheterization of a
radial artery, general anesthesia was induced
with fentanyl 10–20 µg/kg, etomidate 0.2 – 0 . 3
mg/kg, and pancuronium 0.1 mg/kg.  After tra-
cheal intubation, a pulmonary artery catheter
was introduced via the right internal jugular vein
and a transesophageal echocardiography probe
(Acuson, Mountain Vi e w, CA) was inserted.  A
transgastric short axis view of the left ventricle
was obtained and maintained for measurements
of end systolic (ESA) and end diastolic areas
(EDA).  Patients were ventilated with tidal vol-
umes of 10 mL/kg, and the respiratory rate was
adjusted to maintain Pa C O 2 between 35 and 40
t o r r.  The patient was then positioned for surg i c a l
preparation; however, skin incision did not com-
mence until the conclusion of the study protocol.

Heart rate (HR), mean systemic arterial
pressure (MAP), pulmonary artery pressure
( PAP), PA O P, intermittent cardiac output (CO)
obtained by thermodilution, ESA, and EDA
were recorded.  SVs were calculated on line by
dividing the CO by HR.  All arterial pressure
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pulse tracings were obtained during a 15-second
period of patient apnea followed by five cycles
of controlled ventilation.  Arterial pressure pulse
tracings were analyzed later to determine the ex-
tent of SPVs.

After obtaining the aforementioned initial he-
modynamic data, 250 mL of normothermic 6%
hetastarch in normal saline (HES) was adminis-
tered via an indwelling intravenous catheter within
approximately 5 minutes.  Measurements of he-
modynamic data were repeated 5 minutes after the
conclusion of the fluid bolus.  If the patient’s SV
increased by less than 10%, the patient was classi-
fied as a non-responder (nRES) to that bolus of
fluid, and the protocol was terminated.  If the pa-
tient’s SV increased by 10% or more, the patient
was classified as a responder (RES).  In these re-
sponding patients, a second 250 mL bolus of HES
was then administered, and the hemodynamic
measurements were repeated.  If the SV now in-
creased by 10% or less, the patient was then clas-
sified as a non-responder (nRES) and the protocol
was terminated.  If, however, the SV increased by
10% or more, the patient was classified as a re-
sponder (RES).  In this situation, the fluid bolus
was repeated for a third and final time during
which time the same hemodynamic measurements
were repeated.  Once again, the patient was classi-
fied either as a RES or a nRES.  The interval be-
tween the start of each fluid bolus was 10 minutes.

S P V C a l c u l a t i o n s

All SPV calculations were performed “off -
line” after completion of the study protocol.  A
systolic systemic arterial pressure was measured
during the last five seconds of patient apnea.
This measurement served as the baseline from
which SPVu p and SPVd o w n were calculated.  T h e
maximal increase in systolic systemic arterial
blood pressure during early inspiration above the
apneic systolic pressure was defined as SPVu p.
The difference between the systolic systemic ar-
terial blood pressure and the maximal decrease
in systolic pressure during positive pressure ven-
tilation was defined as SPVd o w n.  The sum of
S P Vu p and SPVd o w n was defined as SPVt o t a l.

Statistical A n a l y s i s

The goal of the present study was to deter-
mine whether SPVs accurately reflected changes
in SV.  Hence, each fluid bolus was considered a
separate case and assumed statistical indepen-
dence.  Differences in SPVu p, SPV d o w n, SPVt o-

t a l, EDA, and PA O P between RES and nRES

groups were analyzed by the Student’s t-tests.
D i fferences in hemodynamic parameters be-
tween sequential boluses were analyzed by
paired Student’s t-tests with correction for multi-
ple comparisons.  All analyses were two tailed,
and a p value ≤ 0.05 was considered significant. 

R e s u l t s

Demographic data for the 19 patients who
were studied are summarized in Table 1.  Patients
received a total of 36 boluses of HES.  Six pa-
tients received only 1 fluid bolus (total 250 mL),
9 patients received 2 boluses (total 500 mL), and
4 patients received 3 boluses (750 mL total).  He-
modynamic data during pre-bolus conditions and
subsequent fluid boluses are summarized in Ta b l e
2.  In response to the first fluid bolus, there was a
statistically significant increase in systolic and
diastolic pulmonary artery pressures, PA O P, CO,
and SV as well as a significant decrease in SPV
and SPVd o w n comparing these values before vs.
after the first fluid bolus.  There was a significant
increase in pulmonary artery diastolic pressures
and PA O P while SPV and SPVd o w n decreased in
response to the second fluid bolus, while no sig-
nificant differences were detected in any of these
responses to the third fluid bolus.

Only 4 out of the 19 patients met the protocol
to receive a third bolus of 250 mL of fluid (total
750 mL).  The SVs of these four patients at the 4
time points were: 55/63/68/63; 42/55/69/73;
33/40/47/48; and 35/53/60/63.  Only the first of
these patients demonstrated a decrease in the SV
in response to the third fluid bolus.

The 36 cases of fluid boluses were character-
ized as RES (n=17) (SV increased by 10% or
more) or nRES (n=19) (SV increased by less than
10%).  Variables relating to intravascular fluid
volume that were assessed in our study, divided
into RES versus nRES, are summarized in Ta b l e
3.  PA O P values were significantly lower in pa-
tients who responded to fluid boluses (p=0.0085)
compared with those who did not.  Similarly SPV
and SPVd o w n values were significantly greater in

TABLE 1
Demographic Data of 19 Patients

Age (years) 63 ± 9
Weight (kg) 83 ± 15
Height (cm) 172 ± 9
Number of vascular grafts median 3 (range 2– 5 )
History of hypertension 8 / 1 9
History of diabetes mellitus 1 0 / 1 9
History of chronic renal insuff i c i e n c y 1 / 1 9

Mean ± SD except where noted
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the RES group (p<0.05).  No significant diff e r-
ence between groups was observed with regard to
LV E D A or SPVu p values.  An initial pulmonary
capillary wedge pressure value of less than 10
mm Hg was the optimal predictor of responders
with a sensitivity of 68% and a specificity of
79%.  Although SPV and SPVd o w n values (as a
continuous variable) were predictive of likeli-
hood of response to fluid challenge, when com-
paring RES versus nRES, no appropriate thresh-
old values of either variable could be determined
to accurately predict the response to a fluid bolus.

D i s c u s s i o n

Recent studies suggest that occult hypo-
volemia and hypoperfusion in the perioperative
setting may be an avoidable cause of postoper-
ative morbidity (7 –13).  These studies all had
the same overall goal of avoiding occult hypop-
erfusion.  Some of the investigators employed a
protocol involving the administration only of
fluids (7– 9), whereas others employed both
fluids and inotropic agents (10– 1 3 ) .

There is no easy way to accurately and
quickly measure and monitor changes in in-
travascular volume.  One limitation of our study
is that we assumed the PAC to be a “gold stan-
dard” for guiding fluid therapy.  Clearly, PA O P
and PAD are imperfect measures of intravascu-
lar volume status.  Compensatory arterial and
venoconstriction can result in cardiac filling
pressures that appear normal despite significant
hypovolemia (16, 26).

Use of SPV or SPVd o w n values could theo-
retically be used to enhance stroke volume and
cardiac performance.  Our data demonstrate
that changes occurred in SPV and SPVd o w n v a l-
ues in relation to the intravascular volume sta-
tus prior to a fluid bolus.  In contrast, we found
no relationship between echocardiographic-
derived parameters (e.g., left ventricular end di-
astolic area) and intravascular volume status.
S P V parameters, however, were poorer predic-
tors of the need for additional fluid than were
measurements derived from the PAC.  A l t h o u g h
esophageal Doppler-guided fluid administration
has suggested improved outcome in several
clinical studies (7 –9), it is not known whether
such measurements would better correlate with
directly measured SV.

TABLE 2
Hemodynamic Data Summary

B a s e l i n e 250 mL 500 mL 750 mL
(n = 19) (n = 19) (n = 13) (n = 4)

HR BPM 63 ± 12 62 ± 12 62 ± 11 64 ± 7
M A P mm Hg 74 ± 10 79 ± 12 83 ± 12 85 ± 11
Systolic PA P mm Hg 28 ± 8** 32 ± 9 32 ± 7 32 ± 6
Diastolic PA P mm Hg 12 ± 6** 15 ± 6+ + 15 ± 5 20 ± 6
PA O P mm Hg 10 ± 5** 14 ± 7+ + 15 ± 4 20 ± 9
CO L/min 4.2 ± 1.8** 4.8 ± 1.9 5.1 ± 2.1 3.9 ± 0.7
S V m L 64 ± 18** 77 ± 22 81 ± 21 62 ± 10
LV E D A c m2 17.3 ± 6.9 18.6 ± 6.5 20.2 ± 7.1 21.0 ± 6.0
S P V mm Hg 7.2 ± 4.3** 5.2 ± 2.9+ 4.9 ± 2.6 3.3 ± 1.3
S P Vu p mm Hg 2.6 ± 1.4 2.6 ± 0.9 2.9 ± 1.0 2.2 ± 1.0
S P Vd o w n mm Hg 4.6 ± 4.1** 2.6 ± 3.0+ 2.1 ± 2.5 1.1 ± 1.1

Table columns represent cumulative volume of fluid boluses.
For abbreviations — see glossary
* p<0.05 after first fluid bolus
* * p<0.01 after first fluid bolus
+ p<0.05 after second fluid bolus 
+ + p<0.01 after second fluid bolus

TABLE 3
P resumptive Indicators of Patient Optimization

R E S n R E S p value
(n = 17) (n = 19)

P C W P mm Hg 9 ± 4 13 ± 4 0 . 0 0 8 5
LV E D A c m2 16.7 ± 5.8 19.0 ± 6.8 N S
S P V mm Hg 8.2 ± 3.9 5.3 ± 2.6 0 . 0 1 7 9
S P Vu p mm Hg 2.8 ± 1.5 2.6 ± 1.0 N S
S P Vd o w n mm Hg 5.4 ± 3.9 2.7 ± 2.8 0 . 0 2 4 6

Since each fluid bolus was considered a separate case and
assumed statistical independence, all boluses are presented
as aggregate data.
p values of differences between RES and nRES groups;
NS = not significant.
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Another limitation of our study is that we
measured SPV parameters off line.  To be clini-
cally useful, however, a manufacturer of moni-
toring equipment would need to create an algo-
rithm that provides for real time assessments of
S P V and SPVd o w n.  This yet to be determined
algorithm would ideally detect pulmonary air-
way pressures and tidal volumes so as to most
accurately assess SPV p a r a m e t e r s .

Patients excluded from participating in the
s t u d y, e.g., those younger than 18 years old, and
patients with a left ventricular ejection fraction
less than 30% or intracardiac shunts, represent an-
other limitation to our study.  Yet most patients
u n d e rgoing cardiac surgery are older than 18
years, do not have intracardiac shunts, and have a
left ventricular ejection fraction greater than 30%.
Hence, exclusion of these patients does not signif-
icantly limit our ability to generalize our results to
most adult patients undergoing cardiac surg e r y.

S u m m a ry

In summary, we demonstrated a significant
d i fference in some SPV parameters in patients in
whom SV could be increased by the relatively
rapid administration of additional fluid.  A l-
though significant differences were observed, no
threshold values of these SPV parameters could
reliably predict, in patients undergoing elective
cardiac surg e r y, the amount of the additional vol-
ume to be administered.  PAC-derived values
best predicted the response to a fluid bolus.

R e f e re n c e s

1. Bennett-Guerrero E. Systemic inflammation. In: Kaplan, JA,
Reich DL, Konstadt SN, editors. Cardiac anesthesia.
Philadelphia: W.B. Saunders; 1998. pp. 297– 3 1 8 .

2. Bennett-Guerrero E, Welsby I, Dunn TJ, et al. The use of a post-
operative morbidity survey to evaluate patients with pro-
longed hospitalization after routine, moderate-risk, elective
s u rg e r y. Anesth Analg 1999; 89:514– 5 1 9 .

3. Bennett-Guerrero E, Panah MH, Bodian CA, et al. A u t o m a t e d
detection of gastric luminal partial pressure of carbon diox-
ide during cardiovascular surgery using the Tonocap. A n e s-
thesiology 2000; 92:38– 4 5 .

4. Bennett-Guerrero E, Ayuso L, Hamilton-Davies C, et al. Rela-
tionship of preoperative antiendotoxin core antibodies and
adverse outcomes following cardiac surg e r y. JAMA 1 9 9 7 ;
2 7 7 : 6 4 6 – 6 5 0 .

5. Mythen MG, Webb AR. The role of gut mucosal hypoperfusion
in the pathogenesis of post- operative organ dysfunction [see
comments]. Intensive Care Med 1994; 20:203– 2 0 9 .

6. Rady MY, Ryan T, Starr NJ. Perioperative determinants of mor-
bidity and mortality in elderly patients undergoing cardiac
s u rg e r y. Crit Care Med 1998; 26:225– 2 3 5 .

7. Gan TJ, Horacek A, Maroof M, et al. Intraoperative volume
expansion guided by esophageal Doppler improved postop-
erative outcome and shortened hospital stay. Anesth A n a l g
1999; 88:S1– 4 2 4 .

8. Mythen MG, Webb AR. Perioperative plasma volume expansion
reduces the incidence of gut mucosal hypoperfusion during
cardiac surg e r y. Arch Surg 1995; 130:423– 4 2 9 .

9. Sinclair S, James S, Singer M. Intraoperative intravascular vol-
ume optimisation and length of hospital stay after repair of
proximal femoral fracture: Randomised controlled trial. BMJ
1997; 315:909– 9 1 2 .

10. Shoemaker WC, Appel PL, Kram HB, et al. Prospective trial of
supranormal values of survivors as therapeutic goals in high-
risk surgical patients. Chest 1988; 94:11 7 6 –11 8 6 .

11. Boyd O, Grounds RM, Bennett ED. A randomized clinical trial
of the effect of deliberate perioperative increase of oxygen
delivery on mortality in high-risk surgical patients [see com-
ments]. JAMA1993; 270:2699– 2 7 0 7 .

12. Wilson J, Woods I, Fawcett J, et al. Reducing the risk of major
elective surgery: Randomised controlled trial of preoperative
optimisation of oxygen delivery [see comments]. BMJ 1999;
3 1 8 : 1 0 9 9 –11 0 3 .

13. Polonen P, Ruokonen E, Hippelainen M, et al. A p r o s p e c t i v e ,
randomized study of goal-oriented hemodynamic therapy in
cardiac surgical patients. Anesth Analg 2000;
9 0 : 1 0 5 2 – 1 0 5 9 .

14. Fiddian-Green RG, Baker S. Predictive value of the stomach
wall pH for complications after cardiac operations: Compari-
son with other monitoring. Crit Care Med 1987;
1 5 : 1 5 3 – 1 5 6 .

15. Baue AE. The role of the gut in the development of multiple
o rgan dysfunction in cardiothoracic patients [see comments].
Ann Thorac Surg 1993; 55:822– 8 2 9 .

16. Hamilton-Davies C, Mythen MG, Salmon JB, et al. Comparison
of commonly used clinical indicators of hypovolaemia with
gastrointestinal tonometry. Intensive Care Med 1997;
2 3 : 2 7 6 – 2 8 1 .

17. Advanced Trauma Life Support Student Manual. Chicago (IL):
American College of Surgeons; 1993. p. 81.

18. Chapin JC, Downs JB, Douglas ME, et al. Lung expansion, air-
way pressure transmission, and positive end-expiratory pres-
sure. Arch Surg 1979; 11 4 : 11 9 3 –11 9 7 .

19. Szold A, Pizov R, Segal E, Perel A. The effect of tidal volume
and intravascular volume state on systolic pressure variation
in ventilated dogs. Intensive Care Med 1989; 15:368– 3 7 1 .

20. Perel A, Pizov R, Cotev S. Systolic blood pressure variation is a
sensitive indicator of hypovolemia in ventilated dogs sub-
jected to graded hemorrhage. Anesthesiology 1987;
6 7 : 4 9 8 – 5 0 2 .

21. Rooke GA, Schwid HA, Shapira Y. The effect of graded hemor-
rhage and intravascular volume replacement on systolic pres-
sure variation in humans during mechanical and spontaneous
ventilation [see comments]. Anesth Analg 1995;
8 0 : 9 2 5 – 9 3 2 .

22. Ornstein E, Eidelman LA, Drenger B, et al. Systolic pressure
variation predicts the response to acute blood loss [see com-
ments]. J Clin Anesth 1998; 10:137– 1 4 0 .

23. Tuman KJ, Carroll GC, Ivankovich AD. Pitfalls in interpretation
of pulmonary artery catheter data. J Cardiothorac A n e s t h
1989; 3:625– 6 4 1 .

24. Nadeau S, Noble WH. Misinterpretation of pressure measure-
ments from the pulmonary artery catheter. Can Anaesth Soc
J 1986; 33:352– 3 6 3 .

25. Raper R, Sibbald WJ. Misled by the wedge? The Swan-Ganz
catheter  and lef t  ventr icular  pre load.  Chest  1986;
8 9 : 4 2 7 – 4 3 4 .

26. Price H, Deutsch S, Marshall B, et al. Hemodynamic and meta-
bolic effects of hemorrhage in man, with particular reference
to the splanchnic circulation. Circ Res 1966; 18:469– 4 7 4 .


