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Abstract

Prophylactic optimization of stroke volume during surgery has been thought by some to reduce complications following surgery.
Mechanical ventilation has been shown to induce variations in systolic systemic arterial blood pressure. Measuring such varia-
tionsin systolic pressure (SPV) might serve as an attractive method for guiding fluid therapy intraoperatively. It isunknown if
variationsin 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 wasto deter-
mineif such measurements of changesin systolic pressures would be useful in optimizing stroke volume.

Nineteen patients undergoing cardiac surgery were enrolled in a prospective cohort study. Following induction of genera
anesthesia, one or more 250 mL boluses 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 lessthan 10% asa
result of agiven fluid challenge, the patient was classified as anon-responder. However, if the stroke volume increased by more
than 10%, the patient was classified as aresponder. The variationsin systolic pressure and echocardiographic indices were smul-
taneoudy 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 SPV g, 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 SPV,
(increase in systolic pressure with ventilation) or echocardiographic-derived |eft ventricular end diastolic area. APAOP vaueless
than 10 mm Hg predicted aresponse (sensitivity 68%, specificity 79%). Although significant intergroup differencesin the extent
of systolic pressure variations were observed, no appropriate threshold values could be determined that would accurately predict
the response to afluid bolus.

Thereis arelationship between SPV and SPV g, Values and intravascular volume status. SPV and echocardiographic-
derived vaues did not predict the response to afluid bolus aswell as values obtained from the pulmonary artery catheter.
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Glossary

CABG — coronary artery bypass graft

CO — cardiac output

EDA — end diastolic area (as measured by transesophageal
echocardiography)

ESA — end systalic area (as measured by transesophaged
echocardiography)

HES — 6% hetastarch in isotonic saline

HR — heart rate, BPM—bests per minute

LVEDA — left ventricular end-diastolic area
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(from echocardiogram)

MAP — mean arteria systemic pressure

NRES — non-responder; alessthan 10% increase in stroke
volume as aresult of a250 mLbolus of 6% hetastarch

PAP— pulmonary artery pressure

PAC — pulmonary artery catheter

PAOP — pulmonary artery occlusion pressure

RES — responder; agreater than 10% increase in stroke
volume as aresult of a250 mLbolus of 6% hetastarch

SPV — systolic pressure variation

SPV gown— the decrease in systolic systemic arteria pressure
that results from the decreased | eft ventricular preload that
occurs during positive pressure ventilation

SPV,,, — theincreasein systolic systemic arterid pressure
tﬂa results from the transient increase in left ventricular
preload that occurs during the early phase of positive
pressure ventilation

SPV g — thetotdl arterial systolic systemic pressure
variation defined as the sum of SPV, and SPV g,

SV — stroke volume

TEE — transesophagedal echocardiography
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Introduction

MOoRBIDITY IS cOMMON 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, eg.,
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 obtai ned
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 |eft
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 (SPV ), and the subse-
quent decrease below baseline during inspira-
tion is called delta down (SPV gown)- The total
systolic pressure variation (SPV ) is defined
as the sum of SPV, and SPV youn.

SPV 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
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changes in the SPV (18, 19). Perel et al.
demonstrated that SPV and delta down are sen-
sitive indicators of hypovolemiain 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 undergoing
coronary artery bypass graft (CABG) surgery
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 optimization.

M ethods

Patients’ Inclusion and Intraoperative
M anagement

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 gjection fraction less than
30% or intracardiac shunts were excluded. After
obtaining written informed consent, 19 patients
undergoing primary CABG surgery were
prospectively enrolled. After catheterization of a
radial artery, general anesthesia was induced
with fentanyl 10-20 ng/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 View, 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 P,-o, between 35 and 40
torr. The patient was then positioned for surgical
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), PAOP, 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



98 THE MOUNTSINAI JOURNALOF MEDICINE

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 viaan 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. |f 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 fina time during
which time the same hemodynamic measurements
were repeated. Once again, the patient was classi-
fied either as a RES or anRES. The interval be-
tween the start of each fluid bolus was 10 minutes.

SPV Calculations

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 SPV,, and SPV g, Were calculated. The
maximal increase in systolic systemic arterial
blood pressure during early inspiration above the
apneic systolic pressure was defined as SPV .
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 SPV youn- The sum of
SPV, and SPV goun Was defined as SPV g4 .

Statistical Analysis

The goal of the present study was to deter-
mine whether SPV's accurately reflected changes
in SV. Hence, each fluid bolus was considered a
separate case and assumed statistical indepen-
dence. Differencesin SPV ,, SPV goun, SPVio.
ta, EDA, and PAOP between RES and nRES
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groups were analyzed by the Student’s t-tests.
Differences 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 ap value £ 0.05 was considered significant.

Results

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-
tientsreceived 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 Table
2. Inresponse to the first fluid bolus, there was a
statistically significant increase in systolic and
diastolic pulmonary artery pressures, PAOP, CO,
and SV as well as a significant decrease in SPV
and SPV gown COMparing these values before vs.
after the first fluid bolus. There was a significant
increase in pulmonary artery diastolic pressures
and PAOP while SPV and SPV g, 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 athird bolus of 250 mL of fluid (total
750 mL). The SVsof 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 Table
3. PAOP values were significantly lower in pa-
tients who responded to fluid boluses (p=0.0085)
compared with those who did not. Similarly SPV
and SPV youn 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 8/19
History of diabetes mellitus 10/19
History of chronic renal insufficiency 1/19

Mean + SD except where noted



Vol. 69 Nos. 1& 2 SYSTOLIC PRESSURE RESPONSIVENESS TO FLUID—BENNETT-GUERRERO 99
TABLE 2
Hemodynamic Data Summary
Baseline 250 mL 500 mL 750 mL
(n=19) (n=19) (n=13) (n=4)
HR BPM 63+ 12 62+ 12 62+ 11 64+7
MAP mm Hg 74+ 10 79+ 12 83+ 12 85+ 11
Systolic PAP mm Hg 28 + g** 32+9 32+7 32+6
Diastolic PAP mm Hg 12 + 6** 15+ 6+ 15+5 20+ 6
PAOP mm Hg 10 + 5** 14 + 7++ 15+ 4 20+ 9
CO L/min 4.2+ 1.8** 48+19 51+21 3.9+07
SV mL 64 + 18** 77+ 22 81+21 62+ 10
LVEDA cm? 17.3+ 6.9 18.6 + 6.5 20.2+7.1 21.0+6.0
SPV mm Hg 7.2+ 4.3 52+ 2.9+ 49+26 33+13
SPV,,, mm Hg 2.6+1.4 2.6+0.9 29+1.0 22+1.0
SPV gown MM Hg 4.6+ 4.1%* 2.6 + 3.0+ 21+25 11+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
the RES group (p<0.05). No significant differ- TABLE 3
ence between groups was observed with regard to Presumptive Indicators of Patient Optimization
LVI_:_IIIZ)A or :dPVUp values. éln |n|tf|a:l pultrﬁona{)(g RES NRES o value
capillary wedge pressure value of less than (n=17) (n = 19)
mm Hg was the optimal predictor of responders
with a sensitivity of 68% and a specificity of PCWP mm Hg 9+ 4 13+ 4 0.0085
79%. Although SPV and SPV 4o, Values (asa  LVEDA cm? 16.7+58 19.0+6.38 NS
continuous variable) were predictive of likeli- ~ SPV mmHg 82+39  53+26 00179
hood of response to fluid challenge, when com- o ™M HO z8+15 2010 oy
esp ge, SPVyownMMHg  54+39  27+28  0.0246

paring RES versus nRES, no appropriate thresh-
old values of either variable could be determined
to accurately predict the response to afluid bolus.

Discussion

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— 13).

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, PAOP
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).

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.

Use of SPV or SPV 4, Values could theo-
retically be used to enhance stroke volume and
cardiac performance. Our data demonstrate
that changes occurred in SPV and SPV 4, Val-
ues in relation to the intravascular volume sta-
tus prior to afluid bolus. In contrast, we found
no relationship between echocardiographic-
derived parameters (e.g., left ventricular end di-
astolic area) and intravascular volume status.
SPV parameters, however, were poorer predic-
tors of the need for additional fluid than were
measurements derived from the PAC. Although
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.
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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
SPV and SPV 4own- This yet to be determined
algorithm would ideally detect pulmonary air-
way pressures and tidal volumes so as to most
accurately assess SPV parameters.

Patients excluded from participating in the
study, e.g., those younger than 18 years old, and
patients with a left ventricular gection fraction
less than 30% or intracardiac shunts, represent an-
other limitation to our study. Y et most patients
undergoing cardiac surgery are older than 18
years, do not have intracardiac shunts, and have a
left ventricular gjection 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 surgery.

Summary

In summary, we demonstrated a significant
difference in some SPV parametersin patientsin
whom SV could be increased by the relatively
rapid administration of additional fluid. Al-
though significant differences were observed, no
threshold values of these SPV parameters could
reliably predict, in patients undergoing elective
cardiac surgery, the amount of the additional vol-
ume to be administered. PAC-derived values
best predicted the response to a fluid bolus.
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