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1  | INTRODUC TION

The term mini-fluid challenge (MFC) was coined by Muller et al about 
a decade ago1 as a new way to predict fluid responsiveness. At the 
time, common fluid infusion practice consisted of ‘let's give some 
fluid and see what happens’ as highlighted by the accompanying edi-
torial.2 That ‘some fluid’ was a fluid challenge of around 500 ml as 
identified by the FENICE study.3 Motivated by the finding that fluid 
is not harmless and may induce fluid overload, Muller et al suggested 
the MFC: the haemodynamic effect of a rapid infusion of a small 

amount of fluid could guide whether or not a larger amout of fluid 
should be given. The authors tested whether the change in aortic 
velocity time integral (VTI; an echocardiographic measure corre-
lated with stroke volume [SV]) induced by the MFC (100 ml within 1 
min) could predict the effect of a ‘normal’ fluid challenge of 500 ml, 
specifically, the combined effect of the MFC and another 400 ml. 
The method was highly predictive (area under the receiver operating 
characteristic [ROC] curve, AUROC, of 0.92).1 Others have since in-
vestigated and validated the MFC, and a recent systematic review in-
cluding seven MFC studies (368 fluid challenges in 324 patients)1,4–9 
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Abstract
Background: The mini-fluid challenge (MFC) is a clinical concept of predicting fluid 
responsiveness by rapidly infusing a small amount of intravenous fluids, typically 
100 ml, and systematically assessing its haemodynamic effect. The MFC method is 
meant to predict if a patient will respond to a subsequent, larger fluid challenge, typi-
cally another 400 ml, with a significant increase in stroke volume.
Methods: We critically evaluated the general methodology of MFC studies, with sta-
tistical considerations, secondary analysis of an existing study and simulations.
Results: Secondary analysis of an existing study showed that the MFC could predict 
the total fluid response (MFC + 400 ml) with an area under the receiver operator 
characteristic curve (AUROC) of 0.92, but that the prediction was worse than random 
for the response to the remaining 400 ml (AUROC = 0.33). In a null simulation with 
no response to both the MFC and the subsequent fluid challenge, the commonly used 
analysis could predict fluid responsiveness with an AUROC of 0.73.
Conclusion: Many existing MFC studies are likely overestimating the classification 
accuracy of the MFC. This should be considered before adopting the MFC into clini-
cal practice. A better study design includes a second, independent measurement of 
stroke volume after the MFC. This measurement serves as reference for the response 
to the subsequent fluid challenge.
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identified a pooled AUROC of 0.91 for the MFC method.10 Since the 
systematic review, more MFC studies have been published, all point-
ing to the same compelling conclusion: that the method is accurate 
in predicting fluid responsiveness.11–15

In 2018, we published a correspondence debating the way MFC 
studies were designed.16 The correspondence raised clinical and sta-
tistical issues with the most adopted methodology. Yet, the notion 
that optimal MFC methodology may not be completely settled has 
hardly influenced methodology in subsequent publications. In this 
paper, we will:

•	 explain in simple terms the problems with the most frequently 
used MFC method

•	 demonstrate, by secondary analysis of an existing study and by 
simulations, the potential magnitude of the problem

•	 discuss strengths and limitations of less frequently used designs
•	 give recommendations on the way forward for researching this 

otherwise compelling method.

1.1 | A representative MFC study design

To simplify the key message, we will consider and discuss a repre-
sentative MFC study design as depicted in Figure 1: 100 ml fluid is 
infused within 1 min (the MFC), the haemodynamic response (rela-
tive SV change) of that MFC is evaluated, and subsequently another 
400 ml fluid (totalling 500 ml) is infused over 15 min. The final re-
sponse (outcome) is evaluated as a relative SV change from base-
line (i.e. before any fluid administration) to after the full amount of 
500  ml. While we use SV in the examples, the arguments can be 
generalised to any method for estimating SV or cardiac output.

2  | METHOD

Figure 1 identifies that calculations of the haemodynamic response 
to the MFC (∆SV100) and the response to the full fluid challenge 
(∆SV500) both include the haemodynamic variable measured at base-
line, that is before the MFC. Specifically, ∆SV100 and ∆SV500 are cal-
culated as

and

This shared baseline causes the problem.1 It introduces two ef-
fects that, in addition to a true classification accuracy, can explain 
the high classification accuracy found in several MFC studies:

1.	 The predictor and the outcome share measurement error, cre-
ating a spurious correlation.

2.	 The predictor (∆SV100) is also a part of the outcome we try to 
predict (∆SV500).

2.1 | Shared error

Any measurement is associated with uncertainty (error). This can 
be subdivided into a systematic error (often referred to as bias) and 
a random error (often referred to as variance and defining preci-
sion).17,18 It is useful to think of a ‘true’ SV and a random error around 
this value. The ‘true’ SV is what the clinician wants to measure, and 
what they hope to increase with a fluid infusion. The random error 
comprises both the imprecision of the monitoring equipment and 
minor temporal (minute-wise) physiologic changes in haemodynam-
ics that are effectively noise in the context of evaluating a fluid re-
sponse. It is the random error on the baseline measurement that 
causes the problem. In the following equations, each measured SV is 
divided into a ‘true’ SV and a random measurement error.

and

These two equations essentially depict the problem: the random 
error (ƐSV, baseline) is part of the denominator in the calculation of both 
the predictor (∆SV100) and the outcome (∆SV500), making them spu-
riously correlated, and therefore more likely to agree.19

2.2 | The predictor (∆SV100) is also a part of the 
outcome we try to predict (∆SV500)

The MFC should be used as a predictive method, that is to decide 
whether to administer the remaining 400 ml fluid or not. Thus, 

ΔSV100 =
SV100 − SVbaseline

SVbaseline

ΔSV500 =
SV500 − SVbaseline

SVbaseline

.

ΔSV100 =

(

SV100+�SV,100

)

−
(

SVbaseline+�SV, baseline

)

SVbaseline+�SV, baseline

=
SV100+�SV,100

SVbaseline+�SV, baseline

−1,

ΔSV500 =
SV500 + �SV,500

SVbaseline + �SV, baseline

− 1.

Editorial Comment

This review presents a detailed assessment of methodo-
logical aspects of studies assessing clinical effects of a form 
of intravascular fluid administration challenge. Findings are 
presented which demonstrate how many clinical reports in 
this area of inquiry can contain bias related to the choice 
of assessment variables, which must be considered when 
interpreting results. The authors suggest possible means 
to improve reliability for results related to methodological 
choices.
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when evaluating the accuracy of the MFC as a predictor of fluid 
responsiveness, only the effect of the last 400  ml should de-
fine the outcome. The naive solution would be to use the MFC 
(∆SV100) to predict ∆SV400 (see Figure  1). Unfortunately, this 
does not solve the shared error problem. The random variation 
of the SV100 measurement will introduce a similar problem, since 
that variable is now a constituent of both the predictor (∆SV100) 
and outcome (∆SV400) variables (see Figure 1). In this case, the 
random variation in SV100 will make the predictor and outcome 
variables less likely to agree, by creating a spurious, negative, 
correlation, leading to an underestimation of the true classifica-
tion accuracy.

Both the problems described above arise from mathematical cou-
pling of the predictor and outcome.20,21

2.3 | Secondary analysis of an existing study

To illustrate what happens with classification, if we try to pre-
dict ∆SV400 instead of ∆SV500, we extracted ∆SV100 and ∆SV500 
from plot 3A in the pioneering study by Muller et al and calculated 
the corresponding ∆SV400.1  Data were captured using DataThief 
III (version 1.7, datathief.org). Although the study reported rela-
tive VTI changes (ΔVTI), we will continue to use the SV term for 
consistency.

∆SV400 is defined as

If ∆SV100 and ∆SV500 are known, we can calculate ∆SV400:

Therefore,

We then analysed ∆SV100’s (MFC) ability to predict ∆SV400 > 15%.

2.4 | Simulations

Simulations can reveal how shared error can introduce a significant 
bias to the result of MFC studies. The magnitude of the problem in 
existing studies is impossible to calculate exactly, since some rel-
evant variables have to be estimated, but a simulation can provide 
a ballpark estimate.

Using R (4.0.4) and R packages, pROC and Tidyverse,22–24 we sim-
ulated SV measurements at all three measurement points in Figure 1 
(baseline, after 100  ml and after 500  ml fluid) for 2000  subjects. 
Annotated code generating the simulations is available from the 
digital Supplementary Material S1, and an interactive tool that al-
lows changing simulation parameters is available from https://johan​
nesne.shiny​apps.io/mini-fluid​-chall​enge-simul​ation/.

2.4.1 | Simulation 1

First, we simulated how the MFC methodology performs in virtual 
patients whose SV are entirely unresponsive to fluid, but with ran-
dom variation in SV measurements. Since there is nothing to pre-
dict, any apparent predictive ability is a statistical artefact. Each 
patient was assigned a constant ‘true’ SV for all three windows 
(mean  =  75  ml, SD  =  10  ml), with an additional random variation 
(mean = 0, SD = 3 ml) that was independent between time windows 
(see Figure 2). A random error with a SD of 3 ml gives an 8% preci-
sion at 75 ml SV. This was chosen to match the between examination 
variability in VTI measurements performed by the same observer 
(although the magnitude of this variation will only effect the results 
of simulation 2).25 From these three simulated measurements of a 
‘constant’ SV (but with random measurement error added), we cal-
culated ∆SV100, ∆SV400 and ∆SV500. We also simulated a second in-
dependent SV100  measurement (SV100b) to serve as the reference 
for an independent outcome measure (∆SV400b = (SV500 − SV100b)/
SV100b). In this initial simulation, we regarded any increase in SV as 
a positive fluid response. Using ROC analysis, we showed how well 
∆SV100 predicted an increase in SV with either ∆SV500, ∆SV400 or 
∆SV400b > 0% as the outcome measure. Since SV varies randomly, 
half of patients should be responders by this definition, and because 
the variation is independent between the time windows, it should 

ΔSV400 =
SV500 − SV100

SV100

.

ΔSV500 + 1 =
(

ΔSV100 + 1
)

⋅

(

ΔSV400 + 1
)

.

ΔSV400 =
ΔSV500 + 1

ΔSV100 + 1
− 1.

F I G U R E  1   Representation of the 
design used in most mini-fluid challenge 
(MFC) studies. In this design, stroke 
volume (SV) is measured three times: (1) 
At baseline, (2) after the MFC and (3) after 
the full fluid challenge

https://johannesne.shinyapps.io/mini-fluid-challenge-simulation/
https://johannesne.shinyapps.io/mini-fluid-challenge-simulation/
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be impossible to predict which patients will have an increase in SV 
after 500 ml.

2.4.2 | Simulation 2

In a second, more realistic, simulation we simulated a ‘true’ re-
sponse, still with additional random variation. Each subject was as-
signed an individual fluid response, which is the ‘true’ relative change 
from SVbaseline to SV500 (the ‘true’ ∆SV500). The simulated fluid re-
sponse was drawn from a normal distribution (mean change = 15%, 
SD = 10%). To keep the simulation simple, the ‘true’ ∆SV100 was de-
fined as 30% of this ‘true’ ∆SV500:

‘True’ SVbaseline was drawn from a normal distribution 
(mean = 75 ml, SD = 10 ml).

Independent random variation was subsequently added to 
each of these three ‘true’ measurements (mean  =  0, SD  =  3  ml) 
(see Figure  2). Again, we also simulated a second independent 
SV100 measurement (SV100b) to serve as the reference measurement 
for an independent outcome measure (∆SV400b). An increase in SV 
of >15% was considered a significant positive fluid response in this 
clinical simulation.

3  | RESULTS

3.1 | Secondary analysis of an existing study

In Figure  3, plots are shown for ∆SV100’s ability to predict 
∆SV500  >  15% (left panels) and ∆SV100’s ability to predict 
∆SV400 > 15% (right panels). It is evident from Figure 3 that the clas-
sification goes from excellent (AUROC: 0.92) to worse than random 
(AUROC: 0.33) if SV100 is used as the reference value for the subse-
quent fluid response (∆SV400).

‘True’ SV500= ‘true’ SVbaseline ⋅ (1+ individual fluid response).

‘True’ SV100 = ‘true’ SVbaseline ⋅ (1 + 0.3 individual fluid response).

F I G U R E  2   Illustration of how stroke 
volume (SV) measurements were 
simulated. Each panel shows three of 
2000 simulated subjects. The dotted lines 
indicate the added random error at each 
time point

70

80

90

SVbaseline SV100 SV100b SV500

Window

S
V

 [
m

l]
Simulation 1

70

75

80

85

90

SVbaseline SV100 SV100b SV500

Window

S
V

 [
m

l]

Simulation 2

"True" SV

Measured SV

Random error

F I G U R E  3   Reconstruction of data 
from figure 3A from Muller et al. (2011).1 
Upper panels: Scatter plots of the relation 
between ∆SV500 and ∆SV100 (left) and 
the relation between ∆SV400 (derived) 
and ∆SV100 (right). The full line represents 
the level at which ∆SV500 is 15% and 
the dashed line represents the level at 
which ∆SV400 is 15%. Lower panels: 
Corresponding ROC classification curves 
of ∆SV100 predicting ∆SV500 > 15% and 
∆SV400 > 15% respectively
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3.2 | Simulations

3.2.1 | Simulation 1

In a simulated population with no ‘true’ response to fluid, the com-
monly used MFC methodology (prediction of ∆SV500  >  0% using 
∆SV100) predicted a fluid response with an AUROC of 0.73 (see 
Figure 4). Conversely, the prediction of ∆SV400 > 0% (AUROC = 0.26) 
showed an equally large underestimation of the expected AUROC 
of 0.5. The independent outcome ∆SV400b > 0% was predicted by 
∆SV100 with an AUROC of ~0.5, appropriately matching that varia-
tion in SV was random in this simulation.

3.2.2 | Simulation 2

In this simulation of a ‘true’ fluid response, ∆SV100 predicted ∆SV500 > 15% 
with an AUROC of 0.78, and ∆SV400 > 15% with an AUROC of 0.47 (see 
Figure 5). With a new, independent measurement after 100 ml (SV100b), 
∆SV100 predicted ∆SV400b > 15% with an AUROC of 0.65.

4  | DISCUSSION

This study demonstrates that the MFC study design most widely 
used in the literature (Figure 1) is problematic. Results from studies 

with such problematic designs may overestimate the true classifica-
tion accuracy of an MFC. This should be considered before adopt-
ing the MFC into clinical practice. Still, there are aspects of the 
above simulations that are worth discussing, and other study de-
signs that should be considered in the search for the optimal MFC 
methodology.

4.1 | Simulations vs secondary analysis of an 
existing study

The simulations above were designed to illustrate only the shared 
error problem that arises, when the same random error is included 
in both predictor and outcome variables. Simulation 2 assumes a 
proportional relationship between the ‘true’ MFC response and 
the ‘true’ full response (‘true’ ∆SV100 is 30% of ‘true’ ∆SV500). 
Translated into physiology, the model implies a straight Frank–
Starling curve, that never plateaus. A real patient, on the other 
hand, can have a ‘true’ response to the MFC, but no ‘true’ response 
to the subsequent fluid administration, because the plateau of the 
Frank–Starling curve was already reached with the MFC. Indeed, 
in the study by Muller et al., most of the fluid response took place 
with the MFC, indicating that many patients were no longer fluid 
responsive after the MFC. But since the MFC response is also 
a part of the outcome (∆SV500), classification accuracy is high. 
This physiological circumstance (unmodelled in our simulation) 

FIGURE 4 Results of simulation 1. Upper panels are scatter plots of the simulated data (n=2000) along with distributions of the responder and 
non-responder subpopulations. Lower panels are the corresponding ROC classification curves of ∆SV100 predicting fluid responsiveness (∆SV500, 
∆SV400 and ∆SV400b > 0%). The changes in stroke volume (ΔSV) are only random variation, so any correlation is a statistical artefact
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theoretically gives rise to a further overestimation of the classifi-
cation accuracy in studies using the problematic MFC design, com-
pared to the demonstrated overestimation in our simulation. The 
difference between predicting ∆SV500 > 15% and ∆SV400 > 15% 
is larger in the study by Muller et al than that in our simulations 
(see Figures 3–5). This can be explained by the combination of the 
shared error problem and the relatively large MFC response in the 
study by Muller et al. It is important to note that while ∆SV400 
is a more clinically meaningful outcome to predict, we discourage 
using ∆SV400 as the outcome given the mathematical coupling still 
present due to the shared constituent value (SV100). Neither of the 
two ROC curves in Figure 3 reveal the ‘truth’.

4.2 | Designs with different monitoring modalities 
for predictor and outcome variables

In one study, authors used different monitoring modalities for pre-
dictor and outcome variables: changes in pulse pressure variation 

(ΔPPV) predicting fluid responsiveness (defined as change in cardiac 
output).8 This approach has the advantage that baseline measure-
ments of PPV and thermodilution-derived cardiac output (COTD) 
have separate measurement errors:

This reduces the concern about spurious correlation/mathe-
matical coupling. However, while measurement errors are no longer 
shared, fluctuating physiology over time may still couple different 
haemodynamic modalities measured simultaneously. Also, this de-
sign still includes the response to the MFC in the outcome. Unlike 
other fluid responsiveness approaches such as the passive leg rais-
ing (PLR) manoeuvre, the MFC induces an irreversible physiologic 
change (because 100 ml fluid is not subsequently removed from the 
bloodstream).

Predictor: ΔPPV = PPV100 − PPVbaseline,

Outcome: ΔCOTD = COTD,500 − COTD, baseline.

F I G U R E  5   Results of simulation 2. Upper panels are scatter plots of the simulated data (n=2000) along with distributions of the 
responder and non-responder subpopulations. Lower panels are the corresponding ROC classification curves of ∆SV100 predicting fluid 
responsiveness (∆SV500, ∆SV400 and ∆SV400b > 15%). The simulation identifies the same problem highlighted in Figure 3, although at a lower 
magnitude, indicating that the assumptions for the statistical modelling may be too conservative in comparison with the behaviour of real-
world data
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4.3 | A new reference measurement after the MFC

To date, the study with the most appropriate design is that by Guinot et al.5 
Importantly, these authors incorporated an additional SV measurement 
5 min after the MFC, to serve as reference for defining the outcome (see 
conceptual design in Figure 6). In that study, all four SV measurements 
were obtained by thoracic impedance cardiography (NICCOMO, Imedex, 
France). A spurious (negative) correlation could, in theory, remain, provided 
that the error (measurement and physiological) at T2 is correlated with the 
error at T3. However, it seems plausible that a 5-min window is sufficient 
to consider errors independent between T2 and T3. This is supported by 
the data, since any spurious correlation should theoretically reduce clas-
sification accuracy, which was probably not encountered in the study by 
Guinot et al,5 reporting an AUROC of 0.93. Other monitoring modalities 
than NICCOMO may have data-stabilising moving-average algorithms im-
plemented making a 5-min window insufficient. An extreme case of this 
is the continuous cardiac output (CCO) measurement from thermodilution 
pulmonary artery catheters that is only (truly) updated every 4–12 min due 
to a moving-average algorithm.26,27

The time window between T2 and T3 is not without concern 
though. On average, the effect of the MFC is likely to subside during 
this period, making the patients more fluid responsive at T3 than at T2. 
Essentially, this design is using an MFC to predict the response to fluid 
given 5 min later. In clinical practice, the remaining fluid will likely be 
given immediately if the MFC response is above a certain threshold. 
While it may be reasonable to give the fluid right away, if the patient 
will respond in 5 min, this discrepancy between the study design and 
clinical practice should be kept in mind. This may be a necessary trade-
off to avoid the statistical problems described in this paper.

4.4 | Additional considerations

Infusion rates and timing of the SV measurements can impact the 
results. Most MFC studies infuse the MFC in 1–2 min and the re-
maining fluid in 10–30  min, making the infusion rate considerably 
higher during the MFC.10 Prather et al show, from fluid expansions of 
dogs, that cardiac output returns to baseline faster than circulatory 
volume, and note that rapid infusion results in markedly higher peak 
cardiac output compared to slower infusion.28 In a human study, 
250 ml crystalloid was infused over 5 min and cardiac output had 
largely returned to baseline 10 min after end infusion.29 The effect 

on circulating volume is longer: it takes about 30 min before infused 
crystalloid is distributed between plasma and interstitial fluid, and 
the elimination half-life is around 20–40 min in conscious humans 
and several times longer during general anaesthesia.30,31 Because 
of the different infusion rates and durations, the MFC is not sim-
ply a ‘mini’ version of the full fluid challenge. It is possible that most 
healthy hearts will respond to a rapid fluid infusion, while some de-
gree of hypovolaemia may be necessary for a lasting response to a 
slow infusion. Thus, infusion rates and timing of the SV measure-
ments should be carefully considered in the design of an MFC study.

In most fluid responsiveness studies (incl. MFC studies), 
the outcome (e.g. ΔSV500) is dichotomised into ‘responder’ (e.g. 
ΔSV500  ≥  15%) or ‘non-responder’. While this approach simplifies 
analysis and interpretation, the threshold is more-or-less arbitrary. 
Dichotomisation of continuous variables is generally not recom-
mended.32,33 For normally distributed data, it results in a loss of 
power equivalent to at least a 36% reduction in sample size, and 
considerably more if the split is not balanced.34 MFC studies, and 
fluid responsiveness studies in general, would benefit from keeping 
variables on a continuous scale.

Lastly, it may be possible to do a statistically valid analysis on 
data from a study with only three SV measurements (as in Figure 1). 
Unfortunately, we have not yet seen an example of this, nor found a 
satisfactory solution ourselves.

5  | CONCLUSION AND 
RECOMMENDATIONS

The vast majority of published MFC studies used designs that are 
problematic. These probably overestimate the accuracy of using 
MFC to guide fluid therapy.

We strongly recommend that a study design separating the pre-
dictor from the outcome is applied in the future studies. This is ex-
emplified by the study by Guinot et al as depicted in Figure 6. Here, 
two separate measurements were obtained after the MFC—one to 
evaluate the MFC response and one to serve as a new reference for 
the remaining fluid infusion.

We recommend that specific attention is paid to ensure that out-
come and predictor variables are indeed separated by a sufficient 
time window between the T2 and T3 measurements (see Figure 6). 
An appropriate time window will depend on the used monitoring 
modality and its underlying algorithms and time resolution.

Researchers should strongly consider keeping both the predictor 
and outcome on a continuous scale, and be cautious of spurious cor-
relations when analysing changes.
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