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Chapter 8

A mini-fluid challenge of 150 ml predicts 

fluid responsiveness using Modelflow® pulse 

contour analysis after cardiac surgery
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Abstract
Introduction: A mini-fluid challenge may be able to predict fluid 
responsiveness, while minimising the risk of fluid overloading. 
However, the amount of fluid as well as the best manner to evaluate 
the effect are unclear. Therefore we measured the change in cardiac 
output obtained by two pulse contour analyses techniques during 
repeated mini-fluid challenges.
Methods: Twenty-one mechanically ventilated postoperative cardiac 
surgery patients were given 10 subsequent fluid boluses of 50 ml with 
a total of 500 ml per patient. Cardiac output was measured by pulse 
contour analysis using Modelflow® (COm) and PulseCO® (COli) 
before and after one minute following each bolus. We evaluated the 
smallest volume predictive of fluid responsiveness. A positive fluid 
response was defined as an increase in CO of > 10% after 500 ml fluid 
infusion.
Results: Fifteen patients (71%) were COm responders and thirteen 
patients (62%) COli responders. An increase in COm after 150 ml of 
fluid > 5.0% yielded a positive and negative predictive value of 100% 
with an area under the curve (AUC) of 1.00 (p < 0.001). In contrast, an 
increase in COli > 6.3% after 200 ml was able to predict a fluid response 
in COli after 500 mL with a negative predictive value of 73%, a positive 
predictive value of 100% with an AUC of 0.88 (p < 0.001).
Conclusion: The use of Modelflow® pulse contour analysis following a 
mini-fluid challenge of 150 ml can predict fluid responsiveness while 
minimising unnecessary fluid loading. It seems to perform better 
than PulseCO® in this respect.
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Introduction
Fluid therapy is essential in the treatment of shock and hypoperfu-
sion. However, a restrictive fluid policy has been shown to result in 
less complications compared to a more liberal fluid strategy.1-3 After 
cardiac surgery, fluid overloading may contribute to pulmonary oe-
dema and is associated with an increase in mortality and morbidity.4 
Predicting fluid responsiveness may minimise harmful fluid over-
loading during fluid treatment of haemodynamically compromised 
patients, for instance after cardiac surgery.5-8 Rather than static hae-
modynamic variables, dynamic parameters induced by mechanical 
ventilation or reversible preload augmentation by passive leg raising 
can predict fluid responsiveness upon a fluid challenge of 500 ml.6-12 
Alternatively, a mini-fluid challenge may predict fluid responsiveness 
and also limit fluid loading in unresponsive patients.13 Transthoracic 
echocardiography allows for the assessment of the aortic velocity 
time index (VTI) variations, and can be used to assess and predict fluid 
responses after infusion of only 50-100 ml.14,15 However, VTI measure-
ments can be technically demanding and cannot provide continuous 
registration. A recent study has shown that 100 ml of colloid infusion 
may be sufficient in a mainly septic patient population, using the 
change in stroke volume variation and pulse pressure variation to 
predict fluid responsiveness.16 Hence, the minimum amount of fluid 
and most suitable and practical method to assess fluid responsiveness 
by mini-challenges are unknown. The modified Modelflow® (COm) 
and PulseCO® (COli) are less invasive and use arterial pressure pulse 
contour analysis to derive cardiac output. COm and COli have been 
shown to compare reasonably well to thermodilution cardiac output 
(CO) measurements, with COm showing the lowest bias and limits of 
agreement.12,17,18 Previous research has shown that both pulse contour 
analyses are able to predict fluid responsiveness during passive leg 
raising,12 although other investigators claimed less value of COli 
compared to Doppler flow.19

The hypothesis of the current study was that measurement of COm can 
lower the amount of fluid that is needed to predict fluid responsive-
ness by mini-fluid challenges compared to COli. We therefore studied 
the two pulse contour CO methods to predict fluid responsiveness 
and analysed the smallest volume needed in mechanically ventilated 
patients after elective cardiac surgery.
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Methods
Patients and materials
This study was conducted according to the principles of the Hel-
sinki declaration. Ethical approval for this study was provided by the 
Medical Ethics Committee of the Leiden University Medical Centre, 
Leiden, The Netherlands, ISRCTN37554354. In this pilot study, twenty-
one consecutive patients undergoing elective coronary artery bypass 
grafting and/or valve replacement were included into the study after 
written informed consent was obtained prior to surgery. Exclusion 
criteria were: previous myocardial infarction, congestive heart 
failure (NYHA class IV), aortic aneurysm, extensive peripheral arte-
rial occlusive disease, postoperative valvular insufficiency, artificial 
pacing and use of a cardiac assist device. According to institutional 
standards, anaesthesia was continued with propofol and sufentanil 
intravenously upon arrival in the Intensive Care Unit (ICU) after 
surgery. Mechanical ventilation was applied to achieve normocapnia 
(arterial pCO2 between 40 and 45 mm Hg) with tidal volumes of 8-10 
ml/kg and a positive end-expiratory pressure (PEEP) of 5 cmH2O. Dur-
ing the study protocol ventilator settings and vasoactive medication 
were not changed. Before ICU admission, each patient had received 
a 20G radial artery catheter to measure arterial pressure (Prad) and a 
pulmonary artery catheter (IntelliCath, Edwards Lifesciences; Irvine 
CA, USA) inserted into the pulmonary artery via the right jugular 
vein to measure central venous pressure (CVP) and thermodilution 
CO. Patients maintained a supine position and pressure transducers 
were zeroed to atmospheric pressure referencing to the level of the 
tricuspid valve. Prad and CVP data were continuously recorded with 
a resolution of 0.125 mm Hg at a sample frequency of 200 Hertz and 
stored on a personal computer for analysis and documentation. From 
Prad we calculated COm using the modified Modelflow® (FMS, Am-
sterdam, the Netherlands) and COli using the PulseCO® (LiDCO Ltd, 
London, UK). Both methods are extensively described elsewhere.18 
COm was measured and calculated over 30 seconds, while COli was 
calculated over 20 seconds. The PulseCO® device was calibrated with 
the averaged value of three thermodilution measurements (COtd) 
prior to start of the protocol,17 while the Modelflow® was not cali-
brated.18 No additional thermodilution measurements were done, as 
it was not the objective to compare COm and COli to thermodilution 
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CO measurements, as this was done previously.12,14,18 Simultaneously, 
heart rate (HR), mean arterial pressure (MAP), and CVP were deter-
mined.

Study Protocol
All measurements were carried out within two hours after arrival in 
the ICU with patients in supine position. At baseline, measurements 
of HR, CVP, MAP, COm, and COli were performed. In each patient, a 
total of 10 consecutive 50 ml fluid boluses with hydroxyethyl starch 
solution (Voluven®, Fresenius Kabi, Bad Homburg, Germany) were 
administered intravenously. After baseline measurements, a bolus 
was infused in 30 seconds and measurements were repeated 1 minute 
after infusion. Thirty seconds later (and two minutes after the start 
of the first fluid step), the second bolus was given. The sequence was 
repeated for 10 boluses, so that in 20 minutes a total of 500 ml of fluid 
was administered.

Statistical analysis
For statistical analysis SPSS for Windows version 12.0 (SPSS Institute, 
Chicago, IL, USA) and MedCalc (V9, Mariakerke, Belgium) were used. 
A positive fluid response was defined by a 10% increase in COm or 
in COli after 500 ml of fluid loading, which is generally considered 
clinically significant.6,8 The 10% cut-off corresponds with a precision 
of COm from 0 to 5.9%, and a precision of COli from 10.2 to 13.4% in 
comparison with an assumed precision of thermodilution CO mea-
surements of 5-10%.18 Since the Kolmogorov-Smirnov test did not 
show non-normality, the Fisher’s exact was used to compare groups 
for categorical variables. For continuous variables, the independent 
unpaired t-test was used and the Pearson correlation coefficient was 
applied. To correct for multiple comparisons, the Holm correction 
was used to identify statistical significance.20 The area under the 
receiving operator curve (AUC) was calculated to assess predictive 
value. Positive and negative predictive values were calculated accord-
ing to standard formulas. We looked for the minimum amount of 
fluid necessary when either measurement method was used, to yield 
an increase in CO > 5% (roughly conform the precision of thermodilu-
tion) with a positive predictive value (PPV), negative predictive value 
(NPV) or both of 100% for fluid responsiveness to 500 mL. Data is 
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shown as mean ± standard deviation (SD) or number with percent-
age in parenthesis where appropriate. A p < 0.05 was considered 
statistically significant. Exact p-values are given unless p < 0.001. A 
power calculation was not performed since 50% of fluid responders 
are common in most studies on fluid responsiveness of similar size as 
our current study.6,8

Variable

Modelflow® PulseCO®

Non-responder
n = 6

Responder
n = 15

p-
value

Non-responder
n = 8

Responder
n = 13

p-
value

Female 3 (50%) 2 (13%) 0.12 3 (38%) 2 (15%) 0.33

Age (years) 70 ± 10 62 ± 10 0.10 67 ± 10 62 ± 11 0.31

Weight (kg) 77 ± 16 88 ± 15 0.17 78 ± 14 89 ± 16 0.12

BSA (m2) 1.9 ± 0.2 2.0 ± 0.2 0.10 1.9 ± 0.2 2.1 ± 0.2 0.07

Reason of admission

Valve replacement 3 (50%) 3 (20%) 0.17 3 (38%) 3 (23%) 0.48

CABG 3 (50%) 11 (73%) 0.31 5 (63%) 9 (69%) 0.75

Both 0 (0%) 1 (7%) 0.52 0 (0%) 1 (7%) 0.42

Vasopressor 5 (83%) 11 (73%) 1.00 6 (75%) 10 (77%) 1.00

Respiratory settings

RR (breaths/min) 13 ± 1 12 ± 1 0.08 13 ± 1 12 ± 1 0.10

PEEP (cmH2O) 5 ± 0 5 ± 0 1.00 5 ± 0 5 ± 0 1.00

Haemodynamics

CVP (cmH2O) before FL 11 ± 3 9 ± 2 0.13 11 ± 2 9 ± 2 0.20

CVP (cmH2O) after FL 14 ± 3 11 ± 2 0.06 13 ± 3 12 ± 2 0.14

HR (beats/min) before FL 81 ± 8 84 ± 19 0.80 84 ± 12 82 ± 19 0.74

HR (beats/min) after FL 82 ± 8 84 ± 16 0.87 84 ± 11 83 ± 16 0.79

MAP (mmHg) before FL 87 ± 19 81 ± 20 0.52 85 ± 17 81 ± 21 0.60

MAP (mmHg) after FL 91 ± 21 92 ± 20 0.94 91 ± 19 92 ± 21 0.89

COm (L/min) before FL 5.4 ± 1.1 5.4 ± 1.8 0.96 5.8 ± 1.5 5.2 ± 1.6 0.41

COm (L/min) after FL 5.5 ± 1.3 6.9 ± 2.1 0.17 6.3 ± 2.2 6.6 ± 1.9 0.78

COli (L/min) before FL 4.9 ± 0.5 5.1 ± 1.5 0.79 5.3 ± 1.2 4.8 ± 1.4 0.41

COli (L/min) after FL 5.0 ± 0.5 6.0 ± 1.5 0.16 5.6 ± 1.3 5.8 ± 1.4 0.75

Table 8.1 Patient characteristics at baseline and hae-
modynamic variables before and after fluid loading in 
responders and non-responders defined by Modelflow® 
and PulseCO®

Abbreviations: BSA = body surface area; CABG = coro-
nary artery bypass grafting; COm = cardiac output by 
Modelflow®; COli = cardiac output by PulseCO®; CVP = 
central venous pressure; FL = fluid loading; HR = heart 
rate; MAP = mean arterial pressure; PEEP = positive 
end-expiratory pressure; RR = respiratory rate.
Data are given as the mean ± SD or number with the 
percentage in parentheses.
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Results
Overall study population
Twenty-one patients were included with their baseline charac-
teristics shown in Table 8.1. No significant bleeding (> 50 ml/h) 
occurred during the study period. Patient characteristics did 
not differ between fluid responders and non-responders. CVP, 
HR, and MAP did not differ between groups although CVP 
tended to be higher in non-responders compared to responders 
defined by the Modelflow® before (p = 0.13) and after (p = 0.06) 
fluid loading (Table 8.1). None of the haemodynamic parameters 
were able to predict a positive fluid response with any amount 
of mini-fluid challenge. Two patients had an increase in COm > 
10% (COm responders), but were not COli responders. In these 
two patients, the COm increased 24%, while COli increased 8 
and 9% compared to baseline, respectively.

COm responders
Fifteen patients (71%) responded to the mini-fluid challenge. 
In Figure 8.1a, COm is shown for 10 consecutive mini-fluid 
challenges in responders and non-responders. After Holm’s 
correction, the COm increased more in responders compared 
to non-responders from 100 ml on (p < 0.001). Table 8.2 shows 
that an increase in the amount used for a mini-fluid challenge 
improves the diagnostic performance of COm to predict fluid 
responsiveness. An increase in COm after 150 mL of fluid > 5.0% 
yielded a PPV and NPV of 100% (AUC = 1.00, p < 0.001) and cor-
related to the increase in COm over 500 ml fluid infusion (r = 
0.75, p < 0.001).

COli responders
At baseline, COli did not differ between responders and non-respond-
ers (Table 8.1). Thirteen patients (62%) responded to the mini-fluid 
challenge. In Figure 8.1b, COli is shown for 10 consecutive mini-fluid 
challenges in responders and non-responders. After correction ac-
cording to Holm, only after 400 ml of fluid infused, the change in COli 
was higher in responders than non-responders (p = 0.005). Table 8.3 
shows that an increase in the amount used for a mini-fluid challenge 
improves the diagnostic performance of COli to predict fluid respon-

          












































          

















































Figure 8.1 Increase in cardiac output upon 10 consecu-
tive 50 ml fluid boluses measured by (a) uncalibrated 
Modelflow® and (b) PulseCO® divided in fluid respond-
ers (●) and non-responders (○) defined by a cardiac 
output increase of > 10% after 500 ml of fluid. Cardiac 
output was higher in responders from 100 ml on when 
measured by Modelflow®, while PulseCO detected a 
difference from 400 ml after Holm’s correction.
Data are given as the mean ± SE.
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siveness. An increase in COli after 200 ml was able 
to predict fluid responsiveness with a NPV of 73%, a 
PPV of 100% and an AUC of 0.88 (p < 0.001) at a cut-
off value of > 6.3%. The increase in COli over 200 ml 
fluid correlated to the increase over 500 ml of fluid 
(r = 0.85, p < 0.001).

Discussion
Our study suggests that a mini-fluid challenge of 
150 ml hydroxyethyl starch may be sufficient in 
predicting fluid responsiveness using Modelflow® 
pulse contour analysis. A 150 ml fluid bolus may 
reduce the amount of the fluid challenge and thus 
minimises the risk of fluid overload.
The increase in CO induced by a fluid challenge is 
dependent on the patient’s volume status, heart 

function and fluid type, among others.5,7 Fluid loading will shift 
the working point on the heart function curve to the right into the 
more flat part of the curve. In our study, 62% to 71% of the patients 
responded to fluid administration, defined by an increase in COm or 
COli of > 10%. In non-responders, the CVP tended to be higher pos-
sibly implying right ventricular dysfunction contributing to fluid 
non-responsiveness.7

Previous research has shown that both pulse contour analyses are 
able to predict fluid responsiveness and correlate to CO measured 
by thermodilution, regarded as the gold standard.12,17,18 Both COm 
and COli correlated to an increase over 500 ml after 150 ml and 200 
ml fluids were infused respectively. After applying Holm’s correction 
in the current study, the responders could be differentiated from the 
non-responders at a lower fluid infusion volume when using COm 
compared to COli. After 150 ml fluid infusion, an increase in COm 
of more than 5% predicted fluid responsiveness with a PPV and NPV 
of 100%, while a 6.3% or greater increase in COli after 200 ml fluid 
infusion predicted fluid responsiveness with a NPV of 73% and PPV 
of 100%. Thus an increase in COm after a mini-fluid challenge of only 
150 ml of > 5% is sufficient to predict a CO increase of 10% over 500 ml. 
High PPV and NPV were found when even lower amounts of fluid are 
used. With a 100 ml mini-fluid challenge, a threshold of > 2.1% in COm 

Fluid infused
(ml)

AUROC 95% CI p-value Cut-off value PPV NPV

50 0.89 0.68-0.98 < 0.001 > 1.8 93 83

100 0.97 0.78-1.00 < 0.001 > 2.1 94 100

150 1.00 0.84-1.00 < 0.001 > 5.0 100 100

200 0.96 0.77-1.00 < 0.001 > 6.7 100 86

250 1.00 0.84-1.00 < 0.001 > 8.6 100 100

300 1.00 0.84-1.00 < 0.001 > 7.0 100 100

350 1.00 0.84-1.00 < 0.001 > 7.9 100 100

400 0.93 0.74-1.00 < 0.001 > 8.2 100 86

450 1.00 0.84-1.00 < 0.001 > 10.0 100 100

Table 8.2 The predictive characteristics of the increase 
in cardiac output measured by Modelflow® (COm) fol-
lowing mini-fluid challenges using a response of COm > 
10% over 500 ml of fluid infusion as gold standard

Abbreviations: AUROC = area under the receiver oper-
ating characteristic curve; CI = confidence interval; NPV 
= negative predictive value; PPV = positive predictive 
value. All p-values remain significant after Holm’s cor-
rection.
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offers a NPV of 100%. However, a threshold < 5% is 
thought to be of limited use due to the precision of 
the measuring method. The better performance of 
COm compared to COli in predicting fluid respon-
siveness is in concordance with previous research, 
which showed that COm has a superior diagnostic 
performance and higher correlation with thermo-
dilution CO measurements than COli. This suggests 
that the precision of COm would allow to detect a 5% 
increase whereas the precision of the COli may not 
be enough to accurately detect a 6.3% increase.12,18 
Pulse contour analysis of CO by Modelflow® only 
requires a radial artery catheter and even calibration 
with thermodilution cardiac output measurements 
does not seem to be required, since fluid responses 
are defined by changes rather than by absolute 
values of CO.16-18 These methods are less operator 
dependent than transthoracic echocardiographic assessment of the 
aortic VTI variation used to evaluate mini-challenges previously.14,15

Several limitations apply to this study. First, in this pilot study, a 
relative small group of postoperative cardiac surgery patients was 
included. A larger number of patients and various subpopulations are 
needed to allow extrapolation of these results to a general ICU popu-
lation. Second, hydroxyethyl starch was used. Recent studies have 
shown that hydroxyethyl starch may carry the risk of inducing renal 
damage in septic patients.21 This study favours a bolus of only 150 ml 
hydroxyethyl starch, and renal implications are not to be expected us-
ing such a small amount of fluid. Finally, we did not verify our pulse 
contour measurements with thermodilution since this has previously 
been studied extensively.12,17,18

Conclusion
An increase in cardiac output of more than 5% measured by pulse 
contour analysis using Modelflow® after a 150 ml fluid bolus correctly 
predicted all responders and non-responders. This may help to reduce 
unnecessary fluid loading. The system may perform better than the 
PulseCO® without the need of calibration by thermodilution.

Fluid infused
(ml)

AUROC 95% CI p-value Cut-off value PPV NPV

50 0.78 0.55-0.93 0.015 > 1.9 83 67

100 0.85 0.63-0.97 < 0.001 > 2.3 86 86

150 0.81 0.58-0.95 0.004 > 3.8 92 78

200 0.88 0.66-0.98 < 0.001 > 6.3 100 73

250 0.85 0.68-0.99 < 0.001 > 7.0 92 88

300 0.86 0.64-0.97 < 0.001 > 10.0 91 70

350 0.90 0.70-0.99 < 0.001 > 8.8 100 73

400 0.96 0.77-1.00 < 0.001 > 8.8 100 89

450 0.97 0.79-1.00 < 0.001 > 7.6 100 89

Table 8.3 The predictive characteristics of the increase 
in cardiac output measured by PulseCO® (COli) follow-
ing mini-fluid challenges using a response of COli > 10% 
over 500 ml of fluid infusion as gold standard

Abbreviations: AUROC = area under the receiver oper-
ating characteristic curve; CI = confidence interval; NPV 
= negative predictive value; PPV = positive predictive 
value. All p-values remain significant after Holm’s cor-
rection.
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