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Abstract

Fluid responsiveness prediction is difficult during cardiac surgery. The micro-fluid challenge (micro-FC; rapid central infu-
sion of 50 ml) and the extrasystolic method utilising post-extrasystolic preload increases may predict fluid responsiveness.
Two study windows during coronary artery bypass graft surgery were defined, 1: After anaesthesia induction until surgical
incision, 2: Left internal mammarian artery surgical preparation period. Each window consisted of 10—15 min observation
for extrasystoles before a micro-FC was performed, after which a traditional fluid challenge (FC) was performed (5 ml/kg).
Extrasystolic and micro-FC induced changes in hemodynamic variables were derived as predictors of fluid responsiveness
defined as stroke volume increasing > 10% following FC. 61 patients were studied. Post-ectopic changes in pulse pressure
(PP) predicted fluid responsiveness with receiver operating characteristic area (AUC) of 0.69 [CI 0.40;0.97] in the first
study window and 0.64 [0.44;0.86] in the second window. Other post-ectopic predictors such as pre-ejection period (PEP)
and systolic blood pressure (SBP) had similar or lower AUCs. Heart rate was 52.9 (SD +8.4) min~! and 53.6 (+8.8) min™~!
in the two study windows. Micro-FC induced changes in PEP had AUC of 0.74 [0.57;0.90] in the first window and 0.60
[0.40;0.76] in the second window. Correcting micro-FC induced changes in PEP for the micro-FC induced changes in heart
rate had AUCs of 0.84 [0.70;0.97] in the first window and 0.63 [0.47;0.79] in the second window. The investigated methods
revealed insufficient validity during cardiac surgery. RR interval corrected changes during a micro-FC should be investigated
further. Trial registration Clinicaltrials.gov: NCT03002129.
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1 Introduction

Fluid responsiveness prediction during general anaesthesia
has historically moved from using static preload variables,
such as central venous pressure (CVP), to preferably using
so-called dynamic variables. The latter utilise the fact that
preload varies during positive pressure ventilation and, as
a consequence, that the “patient’s heart is surfing” the cur-
vilinear Frank-Starling curve [1]. The magnitude of cor-
responding heart work variations (reflected in e.g. pulse
pressure variation, PPV [2]) discloses the Frank-Starling
curve slope and in diverse patient groups, dynamic vari-
ables have repeatedly demonstrated their ability to predict
fluid responsiveness in this specific controlled-ventilated
population [3, 4].

Unfortunately, dynamic variables have several physi-
ological limitations precluding its use in all patients [5].
The most often encountered problem is that patients are
not ventilated with tidal volumes large enough to evoke
the heart-lung interactions needed for the dynamic vari-
ables to be reliable [6, 7]. Also, the dynamic variables are
unreliable during cardiac surgery due to the open-chest
condition [8].

The fundamental physiologic idea behind dynamic var-
iables—a varying preload—appears to be the key when
searching for reliable fluid responsiveness techniques, a
notion supported by the results obtained with the passive
leg raising (PLR) method [9]. However, PLR is not feasi-
ble in the operating room due to obvious reasons [10]. So,
the challenge to overcome is to identify another preload
changing mechanism. We have recently suggested a novel
method that is based on the occurrence of extra systoles
(ES). An ES is comprised by, first, the premature/ectopic
beat with decreased preload, then, the post-ectopic beat
with moderately increased preload due to the prolonged
filling time (compensatory pause) [11]. Consequently, the
post ectopic beat is associated with a right shift of Frank-
Starling curve and may elucidate the hemodynamic effect
of giving fluids. The method’s physiologic basis has been
confirmed experimentally [12], in post-cardiac surgery
patients [13], and in intensive care patients [14], but has
not been tested perioperatively during cardiac surgery.

In addition to the ES method, a rapid (10 s), central
infusion of 50 ml crystalloid, which we in the following
term a micro-fluid challenge (micro-FC), has also recently
been suggested as a possible transient preload change
with promising results for predicting fluid responsiveness
when measuring the micro-FC response in left ventricular
outflow tract (LVOT) blood flow velocity—time integrals
(VTIs) measured with echocardiography [15].

The present study aimed at investigating the ES method
during cardiac surgery, and we hypothesised that the
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post-ectopic beat characteristics, when compared with
preceding sinus beats, could predict fluid responsiveness
following a 5 ml/kg fluid challenge. As a secondary aim
of the study, we investigated whether a micro-FC given
as the first part of the fluid challenge could predict fluid
responsiveness by measuring responses in arterial blood
pressure (ABP) characteristics and VTIs.

2 Methods

This prospective study was approved by the local Institu-
tional Review Board (METc UMCG number 2016.449; ABR
number NL58966.042.16) and the protocol was submitted to
ClinicalTrials.gov (NCT03002129). All patients gave writ-
ten informed consent prior to surgery. The study is reported
according to STARD guidelines [16]. This paper contains
supplemental digital content.

2.1 Patients

Patients aged > 18 years scheduled for elective coronary
artery bypass graft (CABG) surgery with no accompanying
surgical procedures were consecutively screened for eligi-
bility. Patients with preoperative left ventricular ejection
fraction (LVEF) less than 35%, kidney function requiring
haemodialysis, chronic atrial fibrillation or frequent/coupled
extra systoles (e.g. trigemini) were excluded.

2.2 Study protocol

Patients were anaesthetised according to our institution’s
local protocols (target controlled infusions of propofol and
sufentanil [17]) and equipped with standard monitoring
(ECG, continuous ABP via radial catheter, CVP via jugu-
lar venous catheter, pulse oximetry). Furthermore, patients
were equipped with FloTrac® sensors connected to EV1000
monitors (both Edwards Lifesciences, Irvine, USA) for
continuous stroke volume (SV) and cardiac output (CO)
measurements.

The study intervention consisted of two lactated Ringer
(Baxter, Utrecht, the Netherlands) fluid challenges (5 ml/kg
ideal body weight; ideal body weight estimated as height (in
cm) — 100 for males and height — 105 for females) during
the first perioperative phase of CABG surgery. Each fluid
challenge was preceded by a 10—15 min observation win-
dow allowing spontaneous extrasystoles to occur prior to
the fluid challenge. The approximate time line is illustrated
in Fig. 1. The first window was initiated after induction of
anaesthesia and insertion of the central venous catheter and
ended no later than surgical incision. The second window
was initiated at the onset of surgical preparation of the left
internal mammarian artery (LIMA) and ended no later than
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Fig.1 Time line for the study. Times are in estimated minutes:hours with respect to the time where patients were anticipated to enter the operat-

ing theatre

the pericardial opening. In few cases, the pericardium was
opened for inspection prior to LIMA preparation. In those
cases, the LIMA preparation period still defined the 2nd
study window. Both windows were coordinated with the
surgeon to minimize surgical delay, so observation peri-
ods varied in length. The first 50 ml of the 5 ml/kg fluid
challenge was infused rapidly on the largest central venous
catheter lumen in approx. 10 s (micro-FC). The remaining
fluid challenge infusion was initiated approx. 20 s later via a
peripheral line in approx. five minutes using a pressure bag.
Changes in infusion rates of vasoactive or inotropic drugs
and changes in bed position were avoided and — if deemed
necessary for patient treatment - precluded the recordings.

2.3 Data acquisition

ECG, ABP, CVP, and pulse oximetry waveforms were digi-
tized at 125 Hz and captured using Rugloop II® software
(Demed Engineering, Temse, Belgium). SV was updated
every 20 s by the FloTrac/EV1000 system and exported in
Excel format from the monitor for offline analyses. Both
systems were given exact time stamps (with simultaneous
button presses) for the relevant actions during the study win-
dows to align timing. A transoesophageal echocardiography
(TOE) probe was inserted after induction of anaesthesia and
connected to a Vivid-E9® or Vivid-S6®, (General Electrics,
Chicago, USA). Trans-gastric long axis view or deep trans-
gastric five chamber view were used to measure VTIs using
pulsed-wave Doppler (PWD). VTIs from three respiratory
cycles were measured with TOE before the micro-FC, dur-
ing/after micro-FC, and after the full 5 ml/kg infusion [15].

Preoperative demographics, medication and comorbidity
were extracted from electronic health records. Pre-operative
LVEF evaluated without a specific quantification but with a

semi-quantitative “normal/good function” description was
considered to have a normal ejection fraction of 60%.

2.4 Data analyses

Waveforms were exported from Rugloop to Matlab data for-
mat (Mathworks inc. Natick, USA) and filtered and upsampled
from 125 Hz to 1000 Hz using zero padding as previously con-
ceptually described [18]. Automatic R-spike detection in fil-
tered and upsampled ECGs were carried out with KubiosHRV
(University of Eastern Finland, Kuopio, Finland, version 2.2)
that also allowed manual corrections of the automatic detec-
tion (e.g. in case of electrical noise from electrocautery). The
visually confirmed R spike detections were used for subse-
quent signal processing and feature extraction done in Matlab.
Extrasystoles in the observation periods were identified and
evaluated for eligibility defined by coupling interval of 80%
or less than the average RR interval of the 10 preceding heart
beats, which had to be sinus beats defined by none of these 10
preceding heart beats having an RR interval 10% higher or
lower than any of the nine other heart beats. In addition, the
post-ectopic RR interval (compensatory pause) had to be at
least 5% higher compared to the preceding sinus beat RR inter-
val. Post-ectopic changes in systolic blood pressure (SBP),
pulse pressure (PP), pre-ejection period (PEP), and maximal
systolic upstroke slope (dP/dt) were calculated as previously
described [13].

For the micro-FC, a baseline period was defined as the 30 s
preceding micro-FC initiation, and the micro-FC effect was
determined from the 30 s following initiation of the fast infu-
sion. SBP, PEP, PP, and dP/dt were determined for each heart-
beat. The median of these variables from the baseline period
and the 75-percentile from the 30 s during/after micro-FC
were calculated to capture a possible increase in the variables
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as visual inspection revealed a varying timing of the peak of
these variables, and variables were calculated in this scheme
exemplified by SBP:

ASBP = 100% = (SBP75h percentile, during/after micro-FC
— SBP / SBP

median, before micro—FC) median, before micro-FC

During automated offline detections in ABP and ECG,
the programmer/assessor (STV) was blinded to the outcome.

VTI was averaged over three respiratory cycles, and the
VTI response (AVTI) to the micro-FC was calculated as
the change from before micro-FC to the 15 s during and
immediately after the micro-FC as previously described
[15]. The assessor of VTI recordings (MM) was blinded
to the outcome (fluid response defined by EV1000 data).

PPV and PEP variation (PEPV) were derived from the
30 s before onset of the micro-FC as previously described
[18].

During data analysis, a transient micro-FC induced
increase in RR intervals (i.e. drop in heart rate) was (unex-
pectedly) identified in most patients and therefore quanti-
fied as the difference between the median RR interval 10 s
before infusion and the 90th percentile of the RR interval
30 s during/after micro-FC. The RR interval change was
analysed for its fluid responsiveness prediction ability and
it was also used as a correcting factor to the ABP derived
micro-FC predictors (relative changes in SBP, PEP, PP, and
dP/dt) assuming that an RR interval change also reflected a
transient change in cardiac contractile state counteracting a
preload induced change in the ABP predictors. As such, we
calculated RR interval corrected variables according to the
following scheme, exemplified by SBP:

ASBPrreorrecicd = ASBP + ARR, where

ARR = 100% s (RR90th percentile, during/after micro-FC
- RR /RR

median before micro—FC) median before micro-FC

2.5 Classification and statistics

Fluid responsiveness was defined as a SV change of 10%
or more from before to after the 5 ml/kg fluid challenge.
Averages of three consecutive FloTrac/EV1000® SV esti-
mates (each derived from 20 s) before and after 5 ml/kg
infusion were the basis of the SV change calculation: Fluid
response = 100%*(SVier = SViefore)’S Vietore- After complete
hemodynamic offline analyses, predictors and outcomes
were merged (by STV) to calculate predictive ability. Based
on previous data [13], we calculated sample size for the pri-
mary study outcome (the extra systoles method), assum-
ing equal numbers of fluid responders and non-responders.
Using a significance level of 0.05 and power of 0.9, we
needed 30 patients with extra systoles and assuming that
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about half of patients had one or more extra systoles during
at least one of the two planned study windows, we aimed
at including 60 patients. Summary statistics are presented
as mean (standard deviation) unless otherwise indicated.
Paired t test was used to compare baseline hemodynamics
with hemodynamics after volume expansion.

All statistics were performed with ‘R’ including statistics
for ROC curve areas that were made with DeL.ong method
implemented (R studio version 3.2.3, using package ‘pROC’
released 2015-05-04). Sensitivity, specificity and optimal
threshold were reported using Youden Index and only for
ROC area point estimates above 0.5. Data are reported
as mean (standard deviation) if not otherwise indicated.
p <0.05 is considered statistically significant.

3 Results

Patient inclusion is shown in Fig. 2.

Demographics and clinical characteristics for the entire
cohort (n=61) are shown in Table 1. The 5 ml/kg FCs cor-
responded to 376 (47) ml.

PPV and PEPV were quantifiable for 35 and 33 subjects,
respectively, in the first window and for 52 and 48 subjects
in the second window (exclusions were due to ABP noise
artefacts considered to significantly influence maximal and
minimal value estimates over respiratory cycles, where PEP
is more sensitive to artefacts). The study windows for ES
inspection were on average 13.2 min. There were fewer win-
dows available (n=37 vs n=59) and a tendency to shorter
duration (mean of 12.1 vs. 13.8 min) in the first window
compared with the second window.

In the first study window, 21 of 37 (57%) analysed
patients were fluid responders and in the second window, 25
of 54 (46%) analysed patients were fluid responders. Hemo-
dynamic characteristics before and after the 5 ml/kg FC is
shown in Table 2. On the group level, HR fell, MAP was
unchanged and SV increased with the FC. Norepinephrine
was infusing (without rate changes) in seven out of 37 ana-
lysed patients in the first window and 18 out of 59 analysed
patients in the second window.

Classification of fluid responsiveness (scatter plots with
corresponding ROC curves) is presented in Figs. 3 and 4 and
S1-2 for the ES method and the micro-FC method for both
study windows. For the ES method, ROC curve areas (AUC)
for predicting fluid responsiveness ranged from 0.56 to 0.69
in the first window, where 15 patients (41% of analysed
ECGs) had eligible ESs, and from 0.50 to 0.65 in the sec-
ond window, where 27 patients (46% of analysed ECGs) had
eligible ESs. For the micro-FC method, AUCs from ABP
derived characteristics ranged from 0.59 to 0.74 in the first
window (n=37) and from 0.56 to 0.62 in the second window
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»
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l

4
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window Window excluded (total: 24) window
- 11: Intervention not done to prevent surgical delay
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micro-FC ES analysis micro-FC ES analysis

Fig.2 Consort diagram of patient inclusion

(n=>54). For logistic and echocardiographic quality reasons,
micro-FC induced AVTI was possible to estimate in 14
cases in the first study window and in 32 cases in the second
window. AVTI predicted fluid responsiveness with AUCs of
0.38 and 0.45 at the first and second micro-FC, respectively,
see Fig. S3. Classification with PPV and PEPV are presented
in supplemental Figs. S4 and S5. PPV and PEPV had AUCs
of 0.64 and 0.68 in the first window and 0.56 and 0.40 in
the second window. Among the patients where PPV was
quantifiable, tidal volume indexed to predicted body weight
(according to the Acute Respiratory Distress Network for-
mula) was 7.1 (£ 0.7) in the first window and 6.8 (+0.8) in
the second window. HR-to-Respiratory-Rate (HR/RR) ratio
was 4.0 (£0.9) in the first window and 3.8 (£0.9) in the
second window, see Table 2. Indexing PPV and PEPV to
tidal volume [19] did not improve classification.

RR intervals increased immediately by 6.3 (4.6) %
with the micro-FC in the first window and by 6.8 (+£4.9) %
in the second window, see supplemental Figs. S6 and S7.
The micro-FC induced increase in RR intervals (i.e. drop in
heart rate) had AUCs of 0.76 and 0.61 for predicting fluid

responsiveness in the first and second windows, respectively,
see Fig. S8. RR interval corrected ABP variables (during
micro-FC) had AUCs from 0.76 to 0.84 in the first window
and 0.62 to 0.66 in the second window, see Figs. S9 and
S10 and Table 3. VTI classification was not improved when
corrected for RR interval changes.

Detailed classification characteristics including sensitivi-
ties and specificities are presented for each study window
in Table 3.

4 Discussion

The ES method predicted fluid responsiveness with poor to
mediocre accuracy (AUC point estimates ranging from 0.5
to 0.69) and can therefore not be recommended for indi-
vidual use during cardiac surgery. This stands in contrast to
previously published clinical data obtained postoperatively
in a similar population [13] and in intensive care patients
[14]. From a physiological viewpoint, the baseline heart
rates could explain the reduced predictive power: Heart rates
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Table 1 Patient demographics, medication and comorbidity

n=61
Age (years) 65.6 (10)
Range
[46-87]
Female gender 8 (13%)
Weight (kg) 90 (18)
Height (cm) 176 (8.3)
BMI (kg/m2) 28.9 (5.0)
EuroScore 1 49 4.1)
EuroScore 11 2.3(2.3)
ASA score 313:3]
Creatinine 86 (18)
Surgery type (CABG/OPCAB) 3/58
Ejection fraction (%) 52(7)
Medication
Beta-blockers 48 (79%)
Ca channel blockers 13 21%)
ACE inhibitors 39 (64%)
Diuretics 13 21%)
Statins 59 (97%)
Comorbidity
Diabetes 17 (28%)
COPD 9 (15%)
Hypercholesterolemia 33 (54%)
Hypertension 38 (62%)

Continuous data are presented as mean (standard deviation) or
median [inter quartile range] as indicated and proportions a presented
as number (percentage proportion of entire cohort)

were much lower in this study compared with the previ-
ous study and it is possible that the compensatory pause
was not causing a reliable preload increase in all subjects
in this study. This may be related to beta-blocker use. Con-
sidering physiology, there may also be other explanations
for the divergence in terms of classification accuracy, as
we in this study used a fluid challenge of slightly less vol-
ume (376 ml compared with 500 ml). We might not create
as strong a “response signal” (SV change), whose defini-
tion of a positive-response was set at 10% or higher for the
same reason, another difference comparing with previous
research on the method [13, 14]. From a practical viewpoint,
we investigated patients that were constantly “advancing” in
their anaesthetic and/or surgical procedure and therefore in
a somewhat dynamic environment in both study windows,
although the patients were anaesthesiologically and hemo-
dynamically stable. This could reduce the predictive value
of ESs that occurred early in the study windows, i.e. rela-
tively long time before FC onset. Also, the fact that we did
not detect 30 patients but only 27 with ES in the last study
window means that we did not reach the assumed statistical
power. Three additional data points could have narrowed
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confidence intervals for the ROC curve areas to become sig-
nificantly different from 0.5 for study window 2 (which the
power calculation was for), but this is unlikely to alter our
overall study conclusions that the ES method is not demon-
strating clinically adequate fluid responsiveness prediction.
Finally, from a technical viewpoint, we used another SV
monitoring modality in this study (fourth generation FloTrac
compared with thermodulition continuous cardiac output or
non-invasive cardiac output in previous studies [13, 14]).
The trending ability of fourth generation FloTrac is report-
edly around 76-88% [20, 21] (concordance rates), which is
fair but not excellent concordance rates and could contribute
to the weak classification results obtained for the ES method
in this study.

Still, the reason for a poor ES method classification is
most likely that the ES method simply does not have ade-
quate predictive abilities in this perioperative setting of car-
diac surgery, and this appears the case whether or not the
thorax is open.

The micro-FC demonstrated better but still not optimal
accuracy in predicting fluid responsiveness. It may be that
the infusion amount of only 50 ml is not sufficient to alter
preload transiently. In that regard, more compelling classi-
fication characteristics have been reported for the mini-fluid
challenge (100 ml) [22]. Still, compelling results with infu-
sion of only 50 ml has also been reported in relation with
VTI change measures. AVTI had poor predictive ability in
this study, which is surprising considering the otherwise
promising results of a previous study [15]. The AUC point
estimates in our study were even < 0.5 suggesting that low
AVTI levels should indicate a positive fluid response. The
major difference between our and the previous study is the
monitoring modality for the outcome. We used the FloTrac/
EV1000 system, whereas the authors of the previous study
used transthoracic echocardiography (TTE). This monitoring
modality was the same for outcome (VTI and CO) and pre-
dictor (AVTI), which should be kept separated for optimal
methodology [23]. Also, we used TOE to measure LVOT
VTI, whereas the previous study used TTE [15].

The PPV and PEPV methods, which have shown excellent
predictive abilities in ICU patients, performed poorly, also
during closed thorax conditions. The poor classifications
also during closed thorax may be due to ventilator settings
(relatively low tidal volumes and HR/RR ratios). It is unu-
sual to find PPV and PEPV with similar and low power of
prediction of fluid responsiveness, if we compare the present
study’s results with the first studies demonstrating the con-
cept of PEPV [24, 25], and also when comparing with a sub-
sequent study, where low tidal volumes were applied [26]. It
therefore seems likely that a relatively low HR/RR ratio (also
present during closed-thorax conditions in the present study)
could contribute to the weak ability of PPV and PEPV to
predict fluid responsiveness in the present study. The fact
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Table 2 Hemodynamic and ventilator variables before and after full fluid infusion in the two study windows
Window 1 All included (n=37)

Before After
MAP (mmHg) 71.8 (16) 74.2 (16)
HR (min~1) 529 (8.4) 50.8 (8.2)*
SV (ml) 72.0 (18) 80.6 (18)*
CO (I/min) 3.8(1.1) 4.1 (1.2)*
HR/RR ratio 4.0 (0.9)
Vipgw (ml/kg) 7.1(0.7)

Responders (n=21) Non-responders (n=16)

Before After Before After
MAP (mmHg) 69.6 (17.3) 72.8 (15.6) 78.8 (17.0) 78.1 (17.5)
HR (min~1) 51.8 (9.3) 49.4 (8.7)* 52.3(7.1) 52.2(8.2)
SV (ml) 63.7 (16.1) 77.0 (19.4)* 83.2 (16.2)# 84.3 (19.1)
CO (I/min) 3.3(1.0) 3.8 (1.1)* 4.3 (1.0)# 44(1.2)
Window 2 All included (n=54)

Before After
MAP (mmHg) 76.4 (12) 77.1 (13)
HR (min~ ) 53.6 (8.8) 52.8 (8.4)
SV (ml) 80.9 (19) 90.0 (22)
CO (I/min) 4.3(1.2) 4.8 (1.3)
HR/RR ratio 3.8 (0.9)
Vitpgw (ml/kg) 6.8 (0.8)

Responders (n=25) Non-responders (n=29)

Before After Before After
MAP (mmHg) 77.2 (13.6) 78.6 (13.7) 74.9 (11.0) 75.2 (12.0)
HR (min~}) 54.1(7.2) 52.9 (7.3)* 53.3 (10.7) 52.9 (10.0)
SV (ml) 76.1 (15.3) 91.3 (19.3)* 85.9 (22.9) 88.9 (25.0)*
CO (I/min) 4.1(1.0) 4.8 (1.2)* 4.6 (1.4) 4.7 (1.5)*

Data is presented for the entire cohort and subdivided into fluid responders and fluid non-responders

MAP Mean arterial pressure, HR Heart rate, SV Stroke volume, CO cardiac output was 7.1 (+0.7) in the first window and 6.8 (+0.8) in the sec-

ond window

*p <0.05 when compared with ‘before’. # p<0.05 when compared with ‘responders’

that HR was lower in this study compared with previous
research could be in favor of making systolic interval times
(e.g. PEPV) in a better posture than PPV. However, we nei-
ther found a better predictive power for PEPV compared
with PPV, nor did we identify significantly better prediction
among other PEP related variables compared with PP related
variables. Overall, the AUC point estimates of the methods
studied confirm that fluid responsiveness is hard to predict
during open thorax surgery.

The micro-FC induced increase in RR interval was not
anticipated by the authors but this characteristic had an AUC
of 0.76 for predicting fluid responsiveness before incision.
Patients that were “heart rate responsive” to a fast central
infusion of 50 ml room temperatured Ringer’s lactate (i.e. a

significant, but transient drop in heart rate, see Figs. S6 and
S7) were likely to be fluid responders. Furthermore, consid-
ering that this drop in heart rate (chronotropic state change)
may also reflect changes in inotropic state, we corrected the
micro-FC predictors for the RR interval increase to get the
“sum” of the preload (micro-FC) and inotropic changes (RR
change). We believe that this is a physiologically plausible
approach, because the changes in RR intervals were prob-
ably a physiologic response to the fast infusion. Nonethe-
less, since this RR interval correction is a coincidental study
result, these findings can only be regarded as hypothesis
generating, and even if the findings could be replicated and
clinically useful fluid responsiveness prediction can be dem-
onstrated, these interesting but preliminary results appear

@ Springer
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Fig.3 Classification with the ES method during the first study window
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Fig.4 Classification with the micro-FC method during the first study window

only to apply to closed thorax conditions in this study. As a
final comment about this transient change in RR intervals
following/during micro-FC, this may pose a question to ther-
modilution cardiac output (CO) calibration with infusion of
colder but less amounts of fluids, because the heart beats
with altered RR intervals appear to be the same heart beats
responsible for the thermodilution curve (see Figs. S6 and
S7). While outside the scope of the present study, this may

@ Springer

be a physiologic mechanism to investigate further for bolus
injection calibration of CO.

In conclusion, the present study revealed insufficient
validity of novel alternative methods for predicting fluid
responsiveness during cardiac surgery, particularly during
open-thorax conditions, that remains an unsettled matter
in terms of fluid responsiveness prediction. However, RR
interval corrected changes during a micro-FC should be
investigated further, since such variables provided good
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Table 3 Classification results for the ES method, the micro-FC method, PPV, PEPV and RR corrected micro-FC method
1st window (before incision) 2nd window (LIMA preparation)
ROC [CI] Sens (%) Spec (%) Threshold ROC [CI] Sens (%) Spec (%) Threshold
ES method
SBP 0.59 [0.28;0.90] 44 100 3.5% 0.50 [0.26;0.74] - - -
PEP 0.56 [0.24;0.87] 78 50 10 ms 0.62 [0.40;0.84] 41 100 19 ms
PP 0.69 [0.40;0.97] 44 100 15.5% 0.65 [0.44;0.86] 35 100 20.5%
dP/dt 0.65 [0.35;0.95] 56 100 25% 0.65 [0.44;0.86] 47 90 25.5%
Micro-FC method
SBP 0.59 [0.40;0.78] 62 63 0.3% 0.56 [0.40;0.72] 56 66 0.2%
PEP 0.74 [0.57;0.90] 86 56 2 ms 0.60 [0.40;0.76] 40 79 4.5 ms
PP 0.69 [0.51;0.87] 48 88 3.5% 0.59 [0.44;0.75] 68 52 1.1%
dP/dt 0.65 [0.47;0.84] 62 81 1.7% 0.62 [0.46;0.77] 72 59 0.4%
VTI 0.38 [0.01;0.74] - - - 0.45[0.21;0.72] - - -
PPV and PEPV
PPV 0.64 [0.46;0.83] 70 60 5.1% 0.56 [0.40;0.72] 39 79 6.1%
PEPV 0.68 [0.49;0.87] 78 53 5.5 ms 0.40 [0.24;0.57] - - -
RR change micro-FC
RR change 0.76 [0.60:0.93] 76 68 5.4% 0.61 [0.45;0.77] 75 55 5%
Micro-FC, RR corr
SBP, RR corrected 0.76 [0.60:0.91] 76 68 5.7% 0.62 [0.46;0.77] 33 93 10.7%
PEP, RR corrected 0.84 [0.70;0.97] 81 81 7.5% 0.63 [0.47;0.79] 71 66 7.5%
PP, RR corrected 0.80 [0.64;0.95] 71 88 8.8% 0.63 [0.47;0.78] 92 34 4.7%
dP/dt, RR corrected 0.77 [0.60;0.93] 81 75 6.5% 0.66 [0.51;0.81] 97 38 12.5%
VTI, RR corrected 0.30 [0.00;0.72] - - - 0.43 [0.21;0.65] - - -

prediction of fluid responsiveness in this study in closed-
thorax conditions.
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