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Abstract

Background: The aim of this study was to evaluate the response of 
the LiDCO-rapid™ during intraoperative phlebotomy in anesthetized 
children prior to surgery for congenital heart disease.

Methods: After the induction of general anesthesia and endotracheal 
intubation, baseline vital signs were recorded, along with pulse pres-
sure variability (PPV) and stroke volume variability (SVV) from the 
LiDCO-rapid™ and cerebral oxygenation (rSO2) using near-infrared 
spectroscopy (NIRS). Phlebotomy was performed over 5 - 10 min 
with the volume of blood removed calculated to achieve a hematocrit 
of 24-28% on cardiopulmonary bypass. The primary outcome was a 
decline in rSO2 ≥ 5 between the baseline value and the end of phle-
botomy. At that time, the correlation of the starting and ending values 
of SVV and PPV with the NIRS was determined.

Results: The study cohort included 30 patients (mean age of 21 ± 11 
years). Statistically significant changes during the study period were 
observed in rSO2, but not in the LiDCO-rapid™ parameters. In analy-
sis of continuous NIRS data, the change in NIRS did not correlate 
with either baseline (r = 0.10, P = 0.644) or final (r = 0.02, P = 0.914) 
SVV. Likewise, the change in NIRS did not correlate with baseline (r 
= 0.01, P = 0.953) or final (r = 0.00, P = 0.982) PPV.

Conclusion: Baseline values as well as changes in the PVV and SVV 
from the LiDCO-rapid™ did not predict or correlate with changes in 
cerebral oxygenation measured by NIRS during intraoperative phle-
botomy. Our preliminary data suggest that these parameters (PVV 
and SVV) are not useful in monitoring patient stability or the need 
for volume replacement during intraoperative phlebotomy prior to 
cardiac surgery.
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Introduction

Recent investigations have demonstrated the potential risks 
associated with the administration of allogeneic blood prod-
ucts. Given these considerations, various techniques have been 
implemented perioperatively to limit the need for allogeneic 
blood products [1, 2]. One such technique, acute normovolem-
ic hemodilution (ANH), involves the intraoperative removal 
of whole blood from the patient prior to surgical incision, so 
that it can be re-infused postoperatively. The removed blood 
is generally replaced by a 3:1 ratio of crystalloid or 1:1 ratio 
of colloid to maintain euvolemia. Rather than utilizing an ar-
bitrary ratio for volume replacement during the phlebotomy 
phase of ANH, our practice during surgery for congenital heart 
disease (CHD) with the use of cardiopulmonary bypass (CPB) 
is to administer the minimum necessary volume to maintain 
hemodynamic stability, as the secondary hemodilution which 
will occur due to the crystalloid prime of CPB may result in an 
unacceptably low hematocrit [3-5]. During the process of in-
traoperative phlebotomy, various parameters can be followed 
to assess the patient’s stability, the need for volume adminis-
tration to replace the phlebotomized blood, or the need to stop 
blood withdrawal. Hemodynamic stability may be assessed 
using changes in heart rate (HR), the mean arterial pressure 
(MAP), and the electrocardiogram (ECG), whereas end-organ 
perfusion is assessed using cerebral oxygenation (rSO2) meas-
ured by near-infrared spectroscopy (NIRS) [3, 4].

During non-cardiac surgery, dynamic parameters of fluid 
responsiveness, such as pulse pressure variation (PPV) and 
stroke volume variation (SVV), have been shown to reflect 
hemodynamic changes induced by intermittent positive pres-
sure ventilation [6, 7]. These indices have proven to be supe-
rior to static measures of preload in predicting stroke volume 
increases in response to fluid challenges. Furthermore, the use 
of these dynamic parameters in a goal-directed fashion has 
been shown to improve outcomes in high risk adult surgical 
patients [8, 9]. The LiDCO-rapid™ (LiDCO, Cambridge, UK) 
is an uncalibrated pulse contour analysis algorithm system. It 
provides beat to beat reporting of PPV as well as estimates of 
stroke volume and SVV. To date, this technology has not been 
applied as a means of assessing hemodynamic stability dur-
ing intraoperative phlebotomy as part of an ANH protocol in 
cardiac surgery. In the current study, we compared changes in 
PPV and SVV to changes in NIRS during the removal of blood 
prior to CPB and surgery for CHD. We hypothesized that PPV 
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and SVV values exceeding 13% would demonstrate agreement 
with declines of at least 5% or 10% in rSO2 on the NIRS.

Methods

The study was approved by the institutional review board at 
Nationwide Children’s Hospital. Over a 12-month period, data 
were collected prospectively on patients who were scheduled 
for surgery for CHD in whom intraoperative phlebotomy was 
planned as part of an ANH protocol for blood conservation. 
After the induction of general anesthesia, endotracheal intu-
bation and mechanical ventilation with standard monitoring 
according to the standards of the American Society of An-
esthesiologists, a peripheral arterial cannula was placed and 
the LiDCO-rapid monitor was attached. The NIRS monitor 
(INVOS™ 5100C Cerebral Oximeter, Covidien/Medtronic, 
Minneapolis, MN, USA) was placed on the patient’s forehead 
using an age and weight-appropriate probe. Anesthesia was 
maintained with isoflurane or sevoflurane in 100% oxygen. 
During a period of hemodynamic stability, baseline vital signs 
and ventilator settings were recorded, along with PPV and 
SVV from the LiDCO™-rapid, and rSO2 from the NIRS. Phle-
botomy was then performed over 5 - 10 min. The volume of 
blood removed was calculated based on the patient’s weight, 
starting hematocrit, and a target hematocrit after the initiation 
of CPB of 24-28%. Data were recorded again at the conclu-
sion of phlebotomy. Based on pre-phlebotomy calculation as 
well as hemodynamic response, not all patients had a total of 
10 mL/kg of blood removed. During phlebotomy, vital signs 
and NIRS readings were monitored continuously by the an-
esthesia team. Changes of vital signs by more than 20% from 
baseline or a decrease in NIRS by more than 10 were treated 
by the administration of volume replacement with crystalloid, 
the administration of a vasoactive agent (phenylephrine), or 
temporary cessation of phlebotomy. These interventions were 
at the discretion of the anesthesiologist. No interventions were 
initiated on the basis of changes in SVV or PPV from the LiD-
CO-rapid™.

The primary outcome was a decline in rSO2 ≥ 5 between 
the baseline value at the start of phlebotomy and the end of 
phlebotomy. This threshold was selected as the minimal clini-
cally significant difference in the rSO2 value based on our 
usual clinical practice [3]. A greater decline in rSO2 (≥ 10) was 
considered as a secondary outcome. Cases were further cat-
egorized according to whether PPV and SVV values were ≥ 
13% at the baseline or the final measurement. The threshold of 
13% was chosen based on previous literature suggesting relia-
ble prediction of fluid responsiveness beyond this threshold of 
variation [10]. Agreement between each PPV and SVV thresh-
old and the two thresholds for rSO2 change was determined 
using Cohen’s kappa statistic. In further analysis, continuous 
data on changes in rSO2 and LiDCO™-rapid measurements 
over the course of the study were characterized using paired 
t-tests, and the change in rSO2 was correlated with baseline 
and final LiDCO™-rapid measurements using Pearson’s cor-
relation coefficient. Due to the exploratory nature of this study, 
no adjustments for multiple comparisons were performed, and 

no a priori sample size calculation was undertaken. Enroll-
ment was targeted for 30 patients according to the feasibility 
of completing data collection in the planned study period. Data 
analysis was performed in Stata/IC 13.1 (StataCorp, LP, Col-
lege Station, TX, USA), and P < 0.05 was considered statisti-
cally significant.

Results

The study cohort included a total of 30 patients (15/15 male/
female, age 21 ± 11 years). Of these 30 patients, 27 had NIRS 
data recorded at baseline and the end of phlebotomy. The char-
acteristics of the study sample are summarized in Table 1 and 
the data obtained at each time point are summarized in Table 2. 
Statistically significant changes during the study period were 
observed in rSO2, but not in the LiDCO™-rapid parameters of 
SVV and PPV. The average decline in rSO2 on the NIRS was 
5±7%, with 17 of 27 patients experiencing a ≥ 5 decline and 
five of 27 patients experiencing a ≥ 10 decline. Among the 23 
patients with baseline LiDCO™-rapid data, six had an SVV ≥ 
13% and 14 had a PPV ≥ 13%. Using baseline LiDCO-rapid 
measurements, SVV ≥ 13% correctly classified two of 14 cases 
with an NIRS decline ≥ 5 and five of nine cases with an NIRS 
decline < 5 (30% agreement; κ = -0.26; P = 0.946). Baseline 
PPV ≥ 13% correctly classified nine of 14 cases with an NIRS 
decline ≥ 5, and four of nine cases with an NIRS decline < 5 
(57% agreement; κ = 0.09; P = 0.338). At the higher threshold 
of rSO2 decline, baseline SVV ≥ 13% correctly classified one 
of five cases with an NIRS decline ≥ 10 and 13 of 18 cases with 
an NIRS decline < 10% (61% agreement; κ = -0.07; P = 0.637), 
whereas baseline PPV ≥ 13% correctly classified three of five 
cases with an NIRS decline ≥ 10 and seven of 18 patients with 
an NIRS decline < 10 (43% agreement; κ = -0.01; P = 0.518).

Among the 25 patients with LiDCO™-rapid data at the 
final time point, eight had an SVV ≥ 13% and 18 had a PPV 
≥ 13%. Using the final LiDCO™-rapid measurements, SVV 

Table 1.  Study Cohort Characteristics (N = 30)

Variable Mean (SD) or N (%)
Age (years) 22 (11)
Male gender 15 (50%)
Height (cm) 169 (11)
Weight (kg) 71 (22)
Body mass index (kg/m2) 24 (5)
Surgical procedure
  Pulmonary valve replacement 6 (20%)
  Aortic valve replacementa 4 (13%)
  Tricuspid valve replacement 3 (10%)
  Other 17 (57%)
Tidal volume (mL/kg) 7.6 (2.1)
Total blood withdrawn (mL/kg) 8.6 (2.9)

aPerformed with aortoplasty (n = 2); with right ventricle to pulmonary 
artery conduit repair (n = 1).
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≥ 13% correctly classified three of 16 cases with an NIRS de-
cline ≥ 5, and four of nine cases with an NIRS decline < 5 
(28% agreement; κ = -0.31; P = 0.971). Final PPV ≥ 13% cor-
rectly classified 11 of 16 cases with an NIRS decline ≥ 5, and 
two of nine cases with an NIRS decline < 5 (52% agreement; 
κ = -0.09; P = 0.685). Final SVV ≥ 13% correctly classified 
two of five cases with an NIRS decline ≥ 10, and 14 of 20 
cases with an NIRS decline < 10 (64% agreement; κ = 0.08; 
P = 0.334). Final PPV ≥ 13% correctly classified five of five 
cases with an NIRS decline ≥ 10, and seven of 20 cases with 
an NIRS decline < 10 (48% agreement; κ = 0.18; P = 0.060). 
In analysis of continuous NIRS data, the change in NIRS was 
not correlated with either baseline (r = 0.10, P = 0.644) or final 
(r = 0.02, P = 0.914) SVV. Likewise, change in NIRS was not 
correlated with baseline (r = 0.01; P = 0.953) or final (r = 0.00; 
P = 0.982) PPV.

Discussion

ANH is one method of limiting allogenic blood transfusion 
during major surgical procedures including surgery for CHD 
using CPB [11, 12]. The NIRS monitor, which has been vali-
dated against cerebral tissue oxygenation and jugular venous 
bulb saturation, is able to non-invasively monitor cerebral 
venous oxygen saturation and provide an estimation of brain 
tissue oxygenation [13]. Our institution has previously shown 
that intraoperative phlebotomy during ANH and the need for 
volume replacement may be more appropriately guided by 
NIRS rather than traditional hemodynamic variables of HR 
and BP [3]. Changes in vital signs may occur early without 
changes in rSO2 as measured by NIRS, suggesting that cardiac 
output and tissue oxygenation are maintained despite changes 
in vital signs.

Dynamic parameters of fluid responsiveness such as PPV 
and SVV reflect changes in cardiac output induced by intermit-
tent positive pressure ventilation [14]. As intravascular volume 
decreases, the normal variation in preload and hence cardiac 
output that occurs related to positive pressure ventilation is ac-
centuated. These changes are noted as an increase in the PPV 
and SVV. These variables have been shown to be superior to 
static hemodynamic variables in predicting fluid responsive-
ness [6-9]. The current study evaluated the correlation of 
PPV and SVV values, measured by the LiDCO™-rapid, with 
changes in rSO2 from the NIRS, to evaluate the utility of the 
LiDCO™-rapid device in evaluating hemodynamic stability, 

guiding preoperative phlebotomy, and the need for volume re-
placement. Our preliminary data indicate that PPV and SVV 
values did not significantly change after phlebotomy, despite 
the decline in rSO2 noted on the NIRS. Furthermore, changes 
in the dynamic parameters did not correlate with declines in 
rSO2. Given that the blood withdrawal during preoperative 
phlebotomy would be expected to induce an acute state of in-
travascular volume depletion, we hypothesized that increases 
in PPV and SVV would occur. Furthermore, as these dynamic 
parameters are relatively rapid, we predicted that these chang-
es would occur prior to changes in end-organ oxygenation in-
cluding rSO2 on the NIRS. However, no such correlation or 
change was observed.

The reasons for the lack of predictive utility for PPV and 
SVV in this setting are not entirely clear. We speculate that the 
effects of general anesthesia including the volatile anesthetic 
agents, sevoflurane and isoflurane, may blunt the sympathetic 
hemodynamic response to ANH. The acute nature of the phle-
botomy, blunting of the associated sympathetic response, and 
the baseline hemodynamic changes induced by general anes-
thesia may not allow the PPV and SVV to adequately reflect 
a fluid responsive state. Our patient cohort had a mean age of 
20 years and therefore based on the increased elasticity of the 
vasculature, the changes in PPV and SVV may be different 
from that seen in the older adult population in whom other 
studies have been performed. Furthermore, the LiDCO™-
rapid and other pulse contour analyzing monitors, may not be 
suited to respond to rapid and acute changes in intravascular 
volume.

Limitations of the current study include that it was con-
ducted at a single center, and was observational in nature with-
out specific interventions required based on changes in SVV, 
PVV or rSO2. No protocols were used to standardize the phle-
botomy and ANH process. The specific anesthetic technique 
was at the discretion of the attending anesthesiologist although 
it included a standard anesthetic technique for such procedures 
including fentanyl and a volatile anesthetic agent (sevoflurane 
or isoflurane). The specific ANH volumes varied from 5 to 10 
mL/kg in all of the patients, but were based on each patient’s 
individual starting hematocrit as well as their hemodynamic 
stability during phlebotomy. The LiDCO™-rapid is an uncali-
brated monitor whose calculations are proprietary. While PPV 
can be readily calculated from any arterial waveform, SVV 
calculation for this study was specific to the LiDCO™-rapid 
device and therefore cannot be readily extrapolated to other 
monitors of SVV.

Table 2.  LiDCO™-Rapid and Cerebral Oxygenation During the Study Protocol

Variable Baseline, mean (SD) End of phlebotomy, mean (SD)
Change from baseline to end of phlebotomy

Difference in means (95% CI) P-value
NIRS rSO2

a 74 (7) 69 (8) -5 (-2, -8) < 0.001
LiDCOb

  SVV% 11 (6) 12 (6) 2 (-1, 5) 0.143
  PPV% 17 (12) 17 (7) 1 (-4, 6) 0.624

aData missing in three cases at baseline. bData missing in four cases at baseline and two cases at end of phlebotomy. NIRS: near-infrared spectros-
copy; rSO2: cerebral oxygenation; PPV: pulse pressure variability; SVV: stroke volume variability.
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In conclusion, our preliminary data suggest that PPV and 
SVV are not useful in guiding intraoperative phlebotomy as 
part of our ANH protocol prior to the initiation of CPB. The 
dynamic parameters of SVV and PVV were not able to pre-
dict clinically significant declines in rSO2 measured by NIRS. 
While dynamic parameters have been shown to be useful to 
guide fluid therapy in major abdominal surgery in the older 
adult population, NIRS monitoring appears to be superior dur-
ing ANH.
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