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ABSTRACT
Objective: The purpose of this study was to test the hypothesis that extracellular fluid accumulation predicts fluid responsiveness after hydroxyethyl starch (HES) solution bolus infusion during major abdominal surgery. Methods:
Twenty patients who underwent elective pancreaticoduodenectomy under general anesthesia were studied. Patients received 4 mL/kg boluses of Ringer’s acetate or 6% HES 70/0.5 solution over 15 min in random order when urine output
decreased below 1.0 mL/kg/h. Stroke volume variation (SVV) and stroke volume index (SVI) were measured using the
FloTracTM/VigileoTM system at pre-bolus, 15, 30, and 60 min after initiating bolus infusion. The percent change in
pre-bolus extracellular fluid volume relative to that at the skin incision for arm (ΔVECF) was measured by bioelectrical
impedance. Prediction of fluid responsiveness (an increase in SVI of ≥5%) by pre-bolus SVV or pre-bolus ΔVECF was
tested by calculating the area under the receiver operating characteristic curve (AUC). Results: Fluid bolus infusions in
this study consisted of 61 Ringer’s acetate infusions and 62 HES infusions. The best AUCs for identifying fluid responsiveness were seen with pre-bolus ΔVECF for HES at 30 min and 60 min (AUC = 0.74, P = 0.022; AUC = 0.74, P =
0.0054, respectively). Optimal threshold values of pre-bolus ΔVECF for predicting fluid responsiveness were 6.5% for 30
min (sensitivity: 78%, specificity: 58%) and 7.7% for 60 min (sensitivity: 56%, specificity: 76%). Conclusion: Extracellular fluid volume predicts fluid responsiveness after HES solution bolus infusion during major abdominal surgery.
Substantial fluid responsiveness is observed upon increased accumulation of extracellular fluids.
Keywords: Plasma Expanders; Blood Volume; Fluid Therapy; Abdominal Surgery

1. Introduction
Volume replacement with hydroxyethyl starch (HES)
solution according to goal-directed fluid therapy has been
recommended in major abdominal surgery [1-3]. However, fluid therapy aimed at maximizing cardiac output
by fluid challenge can lead to frequent HES bolus infusions, which should be avoided due to potential adverse
effects on renal and coagulation functions [4,5]. Moreover, HES solution may leak into the interstitial space
with time due to capillary leakage arising from surgical
injury [6], thereby leading to interstitial edema and delaying postoperative recovery [7].
While stroke volume variation (SVV) predicts fluid
responsiveness for surgical patients [8], little is known
about the effect of extracellular fluid volume on fluid resOpen Access

ponsiveness. Continuous infusion of crystalloid solution during surgery monotonously increases interstitial
fluid accumulation with time [9], leading to a fall in colloid osmotic pressure in the interstitium [10]. Given that
HES induces volume expansion via a colloid osmotic effect, it is possible that, with increased extracellular fluid
accumulation, HES extracts more fluid from the interstitial space to the intravascular space due to a larger gradient of colloid osmotic pressure across the capillary wall,
thereby increasing fluid responsiveness. This information
may help explore the most effective timing of HES infusion and thus prevent overdose of HES solution during
major abdominal surgery.
Given the inherent difficulties of controlling extracellular fluid volume for patients undergoing surgery, we
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performed a longitudinal analysis of fluid responsiveness
as assessed by stroke volume index (SVI) during longduration major abdominal surgery. We [11] and other
groups [12,13] have demonstrated that localized perioperative fluid accumulation in the extracellular fluid
space can be quantitatively analyzed by segmental bioelectrical impedance analysis. The aim of this study was
to test the hypothesis that extracellular fluid accumulation, as measured by bioelectrical impedance, can predict
fluid responsiveness after HES solution bolus infusion
during major abdominal surgery.

2. Materials and Methods
2.1. Patients
This study was approved by the Ethics Review Board of
Hyogo College of Medicine and written informed consent was obtained from each patient after explaining the
study. As data on the effect of extracellular fluid volume
on fluid responsiveness were not available in the literature, this study was planned as a pilot study. We enrolled
21 consecutive American Society of Anesthesiologists
(ASA) physical status 1 - 3 patients (age range, 20 - 80
years) who were scheduled for elective pancreaticoduodenectomy for cancer from February 2010 to July 2011.
Exclusion criteria included cardiac arrhythmia, severe
pulmonary disease, severe renal dysfunction, chronic use
of diuretics, and an expected duration of surgery <6 h.

2.2. Procedure
All patients fasted from midnight on the night before surgery. On arrival to the operating room, Ringer’s acetate
solution (RA) was intravenously infused into a peripheral
vein on the left hand at a rate of 2 mL/kg/h using an intravenous catheter. Anesthesia was induced by fentanyl,
propofol and rocuronium. After tracheal intubation, anesthesia was maintained with sevoflurane and oxygen in
air, together with a continuous infusion of remifentanil.
Mechanical ventilation was performed with PEEP 5 cm
H2O and tidal volume 8 mL/kg. Diuretics were not used
during surgery.
Hypotension (i.e., systolic arterial blood pressure <80
mmHg) was treated by intravenous administration of
ephedrine in 4 mg increments if heart rate (HR) was <90
beats/minute and phenylephrine in 0.1 mg increments if
HR was >90 beats/minute. Packed red blood cells were
transfused when blood hemoglobin concentration was <8
- 9 g/dL. When massive bleeding (e.g., 30 mL/kg) occurred, fresh frozen plasma was provided.

2.3. Fluid Therapy
At the time of skin incision, the rate of RA infusion was
Open Access

increased to 4 mL/kg/h (i.e., basal fluid infusion). Urine
output was monitored every hour from the time of skin
incision. If urine output over a 1-hour period decreased
below 1.0 mL/kg, 4 mL/kg fluid boluses of RA solution
or 6% HES solution (HES 70/0.5, average molecular
weight 70,000, molar substitution 0.5, Salinhes®, Fresenius-Kabi Japan, Tokyo, Japan) were provided over 15
min instead of basal fluid infusion (Figure 1). After finishing bolus infusion, RA infusion was restarted at basal
infusion rates (i.e., 4 mL/kg/h). For each bolus infusion,
the choice of RA or HES solution was randomized by a
computerized random number generator. No vasopressors were administered during bolus infusion.

2.4. Hemodynamic Monitoring
A catheter was inserted into the right radial artery and
connected to the FloTracTM/VigileoTM system (ver. 3.02,
Edwards Lifesciences, Irvine, CA, USA) to obtain SVV
and SVI. Hemodynamic variables including mean arterial
blood pressure (MAP), HR, SVV, and SVI were recorded.

2.5. Bioelectrical Impedance Analysis
Multifrequency segmental bioelectrical impedance analysis was conducted for the right arm every hour after skin
incision. Body resistance and reactance were measured
using a multifrequency bioimpedance analyzer (4200
Hydra, Xitron Technologies, San Diego, CA, USA). The
resistance at zero frequency (corresponding to resistance
for extracellular fluid, Re) was determined by performing

Figure 1. Study protocol. Patients received 4 mL/kg boluses
of Ringer’s acetate (RA) or hydroxyethyl starch (HES) solution over 15 min in random order when urine output decreased below 1.0 mL/kg/h. Time 0 denotes the time of skin
incision. ΔVECF: percent change of extracellular fluid volume relative to that at skin incision; SVV: stroke volume variation; SVI: stroke volume index; ΔSVV: change of SVV
after start of bolus infusion relative to pre-bolus; ΔSVI:
change of SVI after start of bolus infusion relative to prebolus.
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non-linear curve-fitting and subsequent extrapolation of
impedance values at 50 frequencies from 5 kHz to 1
MHz. Current-injecting electrodes were placed at the
dorsal surface of the third metacarpal bone of the right
hand and the center of the anterior face of the right humeral head.
The detector electrodes were placed at the anterior part
of the right wrist and 5 cm distal to the center of the anterior face of the right humeral head. While high-frequency current passes through cell membranes and thus
reflects total body fluid volume, low-frequency current
passes only through extracellular fluid space due to cell
membrane capacitance [14]. Based on the assumption
that the electrical properties of body tissues are similar to
those of a concentrated suspension of spherical particles
(cells) in the outer conducting medium (extracellular
fluid), the extracellular fluid volume for the arm (VECF,
mL/kg) is related to the resistivity of the arm at zero frequency (ρ, ohm·cm) [11,14]:
VECF 

V   ECF 


W  

23

(1)
3

where V is the volume of the arm (cm ), W is body
weight (kg), and ρECF is the resistivity of extracellular
fluid (= 50 ohm·cm). Given that the value of ρ is proportional to Re in the same patient, percent changes of VECF
relative to baseline (i.e., at the skin incision) (ΔVECF) is
calculated as ([Re value relative to baseline]−2/3−1) multiplied by 100.

2.6. Data Analysis
Pre-bolus (i.e., immediately before infusion) values for
MAP, HR, and volume of urine produced during a 1-hour
period from the start of infusion (mL/kg) were obtained.
Pre-bolus ΔVECF and changes in SVV (i.e., ΔSVV in %)
and SVI (i.e., ΔSVI in %) at 15 min, 30 min, and 60 min
after the start of infusion relative to pre-bolus were calculated.

Newman-Keuls post hoc test was used to compare ΔSVI
between 15 min, 30 min, and 60 min after the start of infusion for RA and HES boluses.
Fluid responsiveness was defined as an increase in
SVI of ≥5%. Pre-bolus values of SVV and ΔVECF were
compared between non-responding boluses and responding boluses for RA and HES. The prediction of fluid responsiveness by pre-bolus SVV or pre-bolus ΔVECF was
tested by calculating the area under the receiver operating characteristic curves (AUCs) with 95% confidence
intervals (CIs). Threshold values for pre-bolus SVV and
pre-bolus ΔVECF were determined to maximize both sensitivity and specificity. GraphPad Prism 5 (GraphPad
Software Inc., San Diego, CA, USA) and SigmaPlot 12
(Systat Software Inc., Chicago, IL, USA) were used for
statistical analysis. P < 0.05 was considered statistically
significant.

3. Results
3.1. Patient Characteristics
One patient was excluded from the analysis because the
surgical procedure was changed to a palliative surgery
that lasted <6 h. Patient characteristics and intraoperative
parameters are shown in Table 1. Fresh frozen plasma
was provided to two patients (7.3 mL/kg and 14.8
mL/kg).

3.2. Comparison of RA and HES Bolus Infusion
Parameters
We performed a total of 123 fluid bolus infusions (RA: n
Table 1. Patient characteristics and intraoperative parameters.
Variable

N = 20

Gender (male/female)

13/7

Age (yr)

67 (11)

Weight (kg)

2.7. Statistical Analysis
Data are expressed as mean (SD) or median (interquartile
range) depending on the distribution. Time to bolus infusion (defined as hours from the time of skin incision to
the time when the fluid bolus was started); pre-bolus
values including MAP, HR, SVV, SVI, and ΔVECF; urine
volume during a 1-hour period from the start of infusion;
ΔSVV; and ΔSVI were compared between RA and HES
boluses using the Student’s t-test or Mann-Whitney
rank-sum test. Data for pre-bolus ΔVECF for all fluid boluses were analyzed using linear regression, with prebolus SVV set as an independent variable. One-way repeated measures analysis of variance with the StudentOpen Access
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56 (10)
2

Body mass index (kg/m )

21.7 (3.1)

Duration of surgery (h)

10.4 (2.3)

ASA status (1/2/3)

0/12/8

RA solution (mL/kg)

58.0 (12.4)

HES solution (mL/kg)

15.6 (9.3 - 18.7)

PRBC (mL/kg)

5.9 (0 - 10.4)

Urine output (mL/kg)

9.8 (3.7)

Blood loss (mL/kg)

15.4 (12.0 - 26.6)

Data are presented as mean (SD) or median (interquartile range) depending
on distribution. RA: Ringer’s acetate; HES: hydroxyethyl starch; PRBC:
packed red blood cells.
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= 61, 3.1 [1.1] times per patient; HES: n = 62, 3.1 [1.0]
times per patient). There were no significant differences
between RA and HES boluses with respect to time to
bolus infusion, urine volume during a 1-hour period, and
pre-bolus values of MAP, HR, SVV, SVI, and ΔVECF
(Table 2). ΔSVV between RA and HES boluses was
significantly different at 15 min (0.08% vs. −0.21%, P =
0.0075) and 30 min (0.19% vs. −0.21%, P = 0.048).
ΔSVI between RA and HES boluses was also significantly different at 15 min (−0.33% vs. 0.59%, P = 0.010).
There was no correlation between pre-bolus SVV and
pre-bolus ΔVECF (r2 = 0.017, P = 0.15).
The HES bolus showed a larger ΔSVI value at 60 min
compared to values at 15 min (P = 0.034) and 30 min (P
= 0.047), while there was no difference in ΔSVI for the
RA bolus (P = 0.78).

3.3. Comparison of Pre-Bolus SVV and ΔVECF
between Non-Responding and Responding
Fluid Boluses
There were no differences in pre-bolus SVV between

non-responding and responding fluid boluses for RA and
HES at 15, 30, and 60 min after initiating bolus infusion
(Figure 2). While the RA bolus did not show significant
differences in pre-bolus ΔVECF between non-responding
and responding fluid boluses, pre-bolus ΔVECF for the
responding HES bolus was larger compared to that of the
non-responding HES bolus at 30 min (P = 0.0072) and 60
min (P = 0.0019) after initiating bolus infusion (Figure
3).

3.4. Prediction of Fluid Responsiveness
Receiver operating characteristic curves for predicting
fluid responsiveness for RA and HES boluses by prebolus SVV and pre-bolus ΔVECF are shown in Figures 4
and 5, respectively.
The best AUCs for identifying fluid responsiveness
were seen with pre-bolus ΔVECF for HES at 30 min and
60 min (AUC = 0.74 [0.08], P = 0.022; AUC = 0.74
[0.07], P = 0.0054, respectively). Optimal threshold values of pre-bolus ΔVECF for predicting fluid responsiveness were 6.5% for 30 min with a sensitivity of 78%

Table 2. Comparison of hemodynamic parameters between bolus infusions of Ringer’s acetate (RA) and hydroxyethyl starch
(HES) solutions.
RA bolus (N = 61)

HES bolus (N = 62)

Mean Difference*

P-value

4.9 (2.9)

5.0 (2.9)

−1.0 to 1.0

0.97

0.87 (0.64)

0.86 (0.51)

−0.19 to 0.22

0.91

2.2 (1.9)

2.4 (2.4)

−0.89 to 0.66

0.78

0.79 (1.59)

0.79 (1.58)

−0.56 to 0.56

0.99

0.8 (1.4)

0.7 (1.1)

−0.4 to 0.5

0.79

MAP (mmHg)

72 (15)

71 (14)

−3 to 7

0.48

HR (beats/minute)

77 (16)

81 (16)

−9 to 2

0.20

SVV (%)

13.2 (5.3)

13.0 (5.1)

−1.6 to 2.0

0.82

SVI (mL/m )

37.4 (7.2)

37.0 (6.9)

−2.1 to 2.9

0.77

ΔVECF (%)

6.5 (4.8)

6.2 (4.4)

−1.3 to 1.9

0.72

ΔSVV at 15 min (%)

0.08 (0.55)

−0.21 (0.62)

0.08 to 0.49

0.0075

at 30 min (%)

0.19 (1.10)

−0.21 (1.11)

0.00 to 0.79

0.048

at 60 min (%)

0.01 (2.08)

−0.39 (2.02)

Variable
Time to bolus infusion (h)
Urine volume (mL/kg)

†

Blood loss (mL/kg)
†

PRBC (mL/kg)

#

Vasopressor use (times)
Pre-bolus values

2

ΔSVI at 15 min (%)

−0.33 (1.92)

−0.32 to 1.12

0.28

$

−1.60 to −0.23

0.010

$

0.59 (1.96)

at 30 min (%)

−0.41 (3.59)

0.86 (4.05)

−2.63 to 0.08

0.067

at 60 min (%)

−0.06 (7.08)

1.95 (7.55)

−4.60 to 0.57

0.13

Data are presented as mean (SD) or median (interquartile range). MAP: mean arterial blood pressure; HR: heart rate; SVV: stroke volume variation; SVI: stroke
volume index; ΔVECF: percent change of extracellular fluid volume relative to that at skin incision; ΔSVV: change of SVV after start of bolus infusion relative to
pre-bolus; ΔSVI: change of SVI after start of bolus infusion relative to pre-bolus. *95% confidence interval; †during a 1-hour period from the start of bolus
infusion; #intravenous administration of ephedrine or phenylephrine during a 15 - 60 min period after the start of bolus infusion; $difference compared to 60 min
(P < 0.05). No vasopressor was used during the 0 - 15 min period after the start of bolus infusion according to the protocol. Time to bolus infusion denotes
hours from the time of skin incision to the time when the fluid bolus was initiated.
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Figure 2. Comparison of pre-bolus stroke volume variation
(SVV) between non-responding (NR) and responding (R)
fluid boluses for Ringer’s acetate (RA, n = 61) or hydroxyethyl starch (HES, n = 62) at 15, 30, and 60 min after
initiating bolus infusion. Data are presented as mean (SD).

Figure 3. Comparison of pre-bolus percent changes of extracellular fluid volume relative to that at skin incision
(ΔVECF) between non-responding (NR) and responding (R)
fluid boluses for Ringer’s acetate (RA, n = 61) or hydroxyethyl starch (HES, n = 62) at 15, 30, and 60 min after initiating bolus infusion. Data are presented as mean (SD).

(95% CI, 40% to 97%) and a specificity of 58% (95% CI,
44% to 72%), and 7.7% for 60 min with a sensitivity of
Open Access
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Figure 4. Receiver operating characteristic curve showing
the ability of pre-bolus stroke volume variation to predict
fluid responsiveness for Ringer’s acetate (RA, n = 61) or hydroxyethyl starch (HES, n = 62). AUC: area under the receiver operating characteristic curve.

Figure 5. Receiver operating characteristic curve showing
the ability of pre-bolus percent changes of extracellular
fluid volume relative to that at skin incision to predict fluid
responsiveness for Ringer’s acetate (RA, n = 61) or hydroxyethyl starch (HES, n = 62). AUC: area under the receiver
operating characteristic curve.
OJAnes
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56% (95% CI, 30% to 80%) and a specificity of 76%
(95% CI, 61% to 87%).

4. Discussion
The major finding of the present study was that the responding fluid bolus for HES showed a larger pre-bolus
ΔVECF compared to the non-responding fluid bolus. The
optimal threshold value of pre-bolus ΔVECF for predicting
fluid responsiveness after HES bolus infusion was 6% 8%.
A comparison of cardiac preload change (i.e., ΔSVV)
and fluid responsiveness (i.e., ΔSVI) between RA and
HES boluses was not the primary aim of this study. The
RA bolus served as a control for the HES bolus given
that values of ΔSVV and ΔSVI are affected by not only
the type of fluid solution but also various factors such as
surgical stress and blood loss. Fluid bolus loading was
conducted based on urine output. While urine output is
not a validated criterion for fluid bolus during surgery,
urine output is a routinely used clinical parameter for
deciding on fluid bolus loading [15]. Moreover, a SVVguided fluid bolus (e.g., SVV > 13%) may be inappropriate for this study because it would result in a narrow
range of pre-bolus SVV.
Contrary to our expectations, pre-bolus SVV did not
predict fluid responsiveness after HES bolus infusion.
The threshold of SVV for fluid responsiveness defined as
an increase in cardiac output (e.g., 12%) was reported to
range from 9.5% to 12.5% [16]. Despite that the mean
value of pre-bolus SVV for HES bolus infusions in the
present study (13%) falls within this range, HES bolus
infusion on average caused only a minimal SVV decrease (0.2%) and SVI increase (0.6%) at the end of fluid
infusion. This SVV decrease was much smaller compared to the 3% SVV decrease after a 250 mL bolus infusion of HES 130/0.4 solution during major abdominal
surgery in another study [17]. Based on this, we defined
fluid responsiveness as an increase in SVI of ≥5%, which
is smaller than values usually used (e.g., 10%) [18]. Indeed, ongoing blood loss (2.4 mL/kg on average) may be
responsible for the small increase in cardiac preload after
HES bolus infusion and substantial fluid unresponsiveness in our study. However, capillary leakage due to surgical injury may also be involved in that it can lead to
poor plasma volume expansion [19]. This possibility is
supported by the finding that HES was infused at 5.7 h
on average after skin incision and the peak of microvascular permeability at the surgical site begins at 3 or 4
hours after surgical injury [20].
No correlation was found between pre-bolus SVV and
pre-bolus ΔVECF ranging from 0.1% to 16% (r2 = 0.017),
suggesting that fluid accumulates in the extracellular
fluid space independently of intravascular volume status.
Open Access

For HES, we found a larger pre-bolus ΔVECF in responding boluses compared to non-responding boluses at 30
min and 60 min after initiating bolus infusion (Figure 3).
Given that bioelectrical resistance at zero frequency reflects extracellular fluid volume changes mainly in the
interstitium [11-13,21], this finding suggests that HES
enhances intravascular volume expansion by extracting
accumulated fluid from the interstitium to the intravascular space due to a colloid osmotic effect. This increases
in intravascular volume by HES may have increased cardiac preload, thereby increasing stroke volume in the
steep portion of the Frank-Starling curve. This scenario is
consistent with a previous study in healthy volunteers
showing that gelatin infusion increased blood volume,
while it decreased extracellular fluid volume as assessed
by the conductivity technique [22]. This scenario is also
supported by the significantly large ΔSVI at 60 min
compared to those at 15 min and 30 min after initiating
HES bolus infusion (Table 2), suggesting that this fluid
shift takes up to an hour to complete.
The validity of uncalibrated cardiac output measurement using Vigileo-FloTrac system has not yet been fully
established. However, two recent studies showed that the
third-generation Vigileo-FloTrac device, which was also
used in this study, demonstrated improved precision of
cardiac output measurement compared to the previous
version, and could accurately track changes in cardiac
output in anesthetized patients [23,24]. Longitudinal
analysis of fluid bolus infusion is another problem in our
study because the effects of each infusion on SVV and
SVI changes were not completely independent. Moreover,
SVI values are affected by the balance of surgical stress
and depth of anesthesia, which may differ depending on
the surgical procedure. However, given that these problems are common to RA and HES boluses, a significantly
large pre-bolus ΔVECF for responding boluses compared
to non-responding boluses for HES suggests that fluid
responsiveness after HES bolus infusion depends on extracellular fluid volume. Finally, we used bioelectrical
impedance to assess extracellular fluid volume. Given
that bioelectrical impedance electrically measures extracellular fluid volume, absolute value of extracellular
fluid volume predicted by this method is not identical
with anatomical value of extracellular fluid volume [11].
However, as relative change of bioelectrical impedance
in the same patient could detect time-course of extracellular fluid accumulation in surgical patients [11-13], this
problem is unlikely to affect our conclusion.
Goals for fluid optimization, such as cardiac output
and stroke volume, mainly relate to intravascular volume
but provide no information on extracellular fluid volume.
Our study showed that increased cardiac preload (i.e.,
decrease in SVV) at the end of HES bolus infusion may
OJAnes
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be reduced due to capillary leakage arising from surgical
injury. Yet, upon enhanced accumulation of extracellular
fluid, HES bolus infusion can recover cardiac preload
and fluid responsiveness 30 - 60 min after bolus infusion
by extracting more fluid from the interstitial space. The
threshold of pre-bolus ΔVECF for exerting this effect was
6% - 8%, corresponding to 12 - 16 mL/kg of extracellular
fluid accumulation in the entire body. The dependence of
fluid responsiveness after HES bolus infusion on extracellular fluid volume should be taken into account
when determining the optimal timing and right volume of
HES infusion for intra- and postoperative use in patients
undergoing major abdominal surgery. Our findings suggest that HES use is preferable during the later stages of
surgery when interstitial fluid accumulates, thereby preventing HES overdose.
In conclusion, our finding suggests that extracellular
fluid volume can predict fluid responsiveness after HES
bolus infusion during major abdominal surgery, which
becomes larger with interstitial fluid accumulation.
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