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Pressure Variation to Predict Fluid Responsiveness During Weaning
From Mechanical Ventilation After Cardiac Surgery: A Prospective,

Observational Study

Kalp Cerrahisi Sonrast Mekanik Ventilasyondan "Weaning" Strasinda Stvi Cevabini Ongbrmek igin Pasif Bacak
Kaldirma, Aum Hacmi Varyasyonu ve Nabiz Basinci Varyasyonunun Giivenilirligi: Prospektif, Gozlemsel Bir Calisma
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Objective: During assisted ventilation and spontaneous breath-
ing, functional haemodynamic parameters, including stroke vol-
ume variation (SVV) and pulse pressure variation (PPV), are of
limited value to predict fluid responsiveness, and the passive leg
raising (PLR) manoeuvre has been advocated as a surrogate meth-
od. We aimed to study the predictive value of SVV, PPV and PLR
for fluid responsiveness during weaning from mechanical ventila-
tion after cardiac surgery.

Methods: Haemodynamic variables and fluid responsiveness
were assessed in 34 patients. Upon arrival at the intensive care
unit, measurements were performed during continuous manda-
tory ventilation (CMV) and spontaneous breathing with pressure
support (PSV) and after extubation (SPONT). The prediction of
a positive fluid responsiveness (defined as stroke volume increase
>15% after fluid administration) was tested by calculating the spe-
cific receiver operating characteristic (ROC) curves.

Results: A significant increase in stroke volumes was observed
during CMV, PSV and SPONT after fluid administration. There
were 19 fluid responders (55.9%) during CMYV, with 22 (64.7%)
and 13 (40.6%) during PSV and SPONT, respectively. The pre-
dictive value for a positive fluid responsiveness (area under the
ROC curve) for SVV was 0.88, 0.70 and 0.56; was 0.83, 0.69 and
0.48 for PPV; was 0.72, 0.74 and 0.70 for PLR during CMV, PSV
and SPONT, respectively.

Conclusion: During mechanical ventilation, adequate prediction
of fluid responsiveness using SVV and PPV was observed. Howev-
er, during spontaneous breathing, the reliability of SVV and PPV
was poor. In this period, PLR as a surrogate was able to predict
fluid responsiveness better than SVV or PPV but was less reliable
than previously reported.

Keywords: Stroke volume variation, pulse pressure variation, pas-
sive leg raising, functional haemodynamic parameter, pulse con-
tour analysis

Amag: Yardimli ventilasyon ve spontan solunum sirasinda, Atm
Hacmi Varyasyonu (SVV) ve Nabiz Basinct Varyasyonunun
(PPV) dahil olmak iizere fonksiyonel hemodinamik parametre-
ler, stvt duyarliligini tahmin etmek icin sinirli degerdedir ve pasif
bacak kaldirma (PLR) manevras: alternatif bir yontem olarak sa-
vunulmustur. Kalp cerrahisi sonrast mekanik ventilasyondan we-
aning strasindaki stvi yanitt icin SVV, PPV ve PLR'nin prediktif
degerini arastirmay1 amagladik.

Yéntemler: Hemodinamik degiskenler ve sivi yanitt 34 hastada
degerlendirildi. Yogun bakim iinitesine varista, siirekli zorunlu
ventilasyon (CMV) ve basing destegi (PSV) ile spontan solunum
esnasinda ve ekstiibasyon sonrasi (SPONT) ol¢timler yapildi.
Pozitif stvi cevabi (stvi uygulamasindan sonra atum hacmi artist
>%15 olarak tanimlanir), belirli alici islem karakteristik egrileri-

nin (ROC) hesaplanmastyla test edildi.

Bulgular: Sivi uygulamasindan sonra CMV, PSV ve SPONT es-
nasinda, atim hacimlerinde belirgin bir artis gézlendi. CMV esna-
sinda, 19 stv1 yanitt (%55,9) ve PSV ve SPONT esnasinda sirasty-
la 22 (%64,7) ve 13 (%40,6) sivi yanitt vardi. Pozitif sivi cevabi
(ROC egrisinin altindaki alan) icin 6ngérii degeri, SVV icin 0,88,
0,70 ve 0,56; PPV icin 0,83, 0,69 ve 0,48; PLR icin CMV, PSV
ve SPONT esnasinda sirasiyla 0,72, 0,74 ve 0,70 idi.

Sonug: Mekanik ventilasyon esnasinda, SVV ve PPV kullanila-
rak, stvi cevabi icin yeterli seviyede ngériiye ulagilmistir. Bununla
birlikte, spontan solunum esnasinda, SVV ve PPV'nin giivenilir-
ligi zayifti. Bu dénemde, alternatif bir uygulama olarak PLR, stvi
cevabint 6ngormede SVV veya PPV'den daha basariliyds, ancak
daha once bildirilenlere gére daha az giivenilirdi.

Anabhtar sézciikler: Atum hacmi varyasyonu, nabiz basinct varyas-
yonu, pasif bacak kaldirma, fonksiyonel hemodinamik parametre,
nabiz kontur analizi
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Introduction

There is an ongoing debate with significant controversies re-
garding peri-operative fluid management. The overall goal is to
maintain normovolemia and to avoid hyper and hypovolemia
along with their deleterious effects on patient outcome (1). It
has been shown that random fluid administration improves
haemodynamics in 50% of all critically ill patients and that
current strategies to assess fluid status are based on weak evi-
dence (2). In patients who require critical care, there is an ur-
gent need to determine individual fluid status with reliable and
easy-to-use monitoring tools. For optimal care, fluids should
be administered only to patients who have a clear benefit, i.c.
to a fluid responsive patient. Fluid administration should be
goal directed, and the fluid status should be frequently re-as-
sessed using robust and reproducible measurements (3, 4).

A major development in this regard has been the introduc-
tion of functional haemodynamic parameters (5). Derived
from heart-lung interactions during mechanical ventilation,
dynamic parameters such as stroke volume variation (SVV)
and pulse pressure variation (PPV) have been shown to more
reliably predict response to a fluid challenge than traditional
static parameters, including central venous pressure (CVP)
or pulmonary artery occlusion pressure (6, 7). However, dy-
namic parameters are unreliable during spontaneous breath-
ing activity. To overcome the limited accuracy of these hae-
modynamic parameters in this specific clinical scenario, a
passive leg raising (PLR) manoeuvre has been suggested to
be a reliable predictor of fluid responsiveness during sponta-
neous breathing (8).

Fluid therapy during weaning from mechanical ventilation
is challenging as the transition from controlled ventilation to
spontaneous breathing induces strong haemodynamic changes
that can lead to weaning-induced cardiac failure. Cardiac pa-
tients are particularly at risk of such complications (9). Little
is known about the performance of functional haemodynamic
parameters as well as other haemodynamic monitoring modal-
ities to predict the fluid status and responsiveness in this critical
phase. Therefore, the aim of the present study was to evaluate
how reliably SVV and PPV predict fluid responsiveness and
whether PLR can be used as a surrogate for fluid loading during
weaning from mechanical ventilation after cardiac surgery.

Methods

Patients

Adult patients undergoing elective cardiac surgery (off-pump
coronary artery bypass grafting) were studied in the post-op-
erative intensive care period. Emergent cardiac surgery, age
<18 years, impaired left-ventricular ejection fraction (<45%),
arrhythmias, intra-ventricular shunt, severe peripheral arte-
rial occlusive disease and the need for intra-aortic balloon
counter pulsation served as the exclusion criteria. The study
was commenced after obtaining the local ethics committee
approval; all the patients provided written informed consent
prior to participation.
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Monitoring

Standard monitoring (IntelliVue MP70, Philips Medical
Systems, Philips Healthcare, 5680 DA Best, Netherlands) in-
cluded five-lead electrocardiogram, pulse oximetry and CVP
via a central venous line placed into the right internal jugular
vein in all patients. Invasive arterial blood pressure was mea-
sured via a 5-French thermistor-tipped catheter (Pulsiocath,
Pulsion Medical Systems, Munich, Germany) placed into the
femoral artery. The arterial catheter was connected to a PiC-
CO, monitor (Pulsion Medical System, Munich, Germany)
to continuously assess the cardiac output (CO), stroke vol-
ume (SV), SVV and PPV. The PiCCO, monitor was calibrat-
ed by transpulmonary thermodilution according to the man-
ufacturer’s recommendations. Details of the PICCO system
have been described elsewhere (10).

Patient management and study protocol

Three haemodynamic measurement cycles were performed
during routine postoperative intensive care. The first mea-
surement was performed under continuous mandatory ven-
tilation (CMV), the second during pressure support ventila-
tion (PSV; allowing spontaneous breathing activities) and the
last after endotracheal extubation (SPONT) of the sponta-
neously breathing patients without any respiratory support.

Patients were managed according to institutional standards.
Initially, they remained sedated using propofol (1-2 mg
kg h™') and remifentanil (2-5 pg kg™ h™'); rocuronium
(0.2-0.5 mg kg™ h™') were administered for neuromuscular
blockade. The patients were mechanically ventilated using a
volume-controlled mode (tidal volume=8-10 mL kg!, re-
spiratory frequency=12 min™) to achieve normoventilation
(aimed at arterial PCO, 4-4.5 kPa). Subsequently, weaning
from the ventilator was started by PSV (pressure support
5-15 cm H,0O, positive end-expiratory pressure=5 cmH,0)
allowing spontaneous breathing efforts of the patients.

Each haemodynamic measurement cycle (comprising 5 hae-
modynamic measurement time points — before/during/after
the PLR manoeuvre and before/after the fluid challenge)
was initiated when the physician in charge made the deci-
sion to administer intravenous (i.v.) fluids. This was based on
the presence of at least one clinical sign of acute circulatory
failure or associated signs of hypoperfusion. Before fluid ad-
ministration, transpulmonary thermodilution measurements
were performed in a semi-recumbent, supine position (before
PLR) by triplicate injection of 15 mL ice-cold normal saline.
A difference of >15% in CO and global end-diastolic volume
(GEDV) measurements prompted another two injections to
achieve measurements below this threshold. Then, three mea-
surements were averaged, and haemodynamic data, including
heart rate (HR), mean arterial pressure (MAP), CVE CO,
SV, SVV PPV and GEDV were recorded. Thereafter, a PLR
manoeuvre was performed by raising the lower limbs to a
45° angle while the patient’s trunk was lowered, as previously
reported by Monnet et al. (11). Changes in haemodynamics
were measured, and the maximum values within the first 3
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min were recorded (during PLR). After completing the PLR,
patients were placed back into the semi-recumbent, supine
position and another haemodynamic measurement was per-
formed after achieving haemodynamic stability (after PLR).
A fluid challenge (i.e. 500 mL of gelatine solution; Physiogel®
balanced, B. Braun AG, Melsungen, Germany) was prepared
and administered over a 20 min time period. Before and after
fluid administration, another complete haemodynamic mea-
surement was performed.

Statistical analysis

Statistical analysis was performed using Microsoft Excel (ver-
sion 12.3.2 for MAC 2008, Microsoft Corporation, Red-
mond, WA), Sigmaplot (version 12.0, Systat, San Jose CA)
and SPSS’ 10.0 (SPSS Inc., Chicago, IL, USA). A sample
size of >30 patients (0=0.05 and power=0.8) was calculated
to detect changes in SV induced by fluid loading that were
>15%. Student’s t-test was used to compare haemodynamic
data before and after fluid administration. To evaluate repeat-
ed measurements, analysis of variance with a Bonferroni cor-
rection was used. The prediction of fluid responsiveness was
tested by calculating the area under receiver operating char-
acteristic (ROC) curve for PLR and the following variables:
SVV, PPV, CVP and GEDV. Positive fluid responsiveness
was defined as an increase of SV >15% after the fluid chal-
lenge (500 mL of gelatine infusion over 20 min) Threshold
values were identified as matching values with highest sensi-
tivity and values with highest specificity. ROC curves were
compared as reported by Hanley et al. (12) A p value of <0.05
was considered to be statistically significant. Data are present-
ed as mean tstandard deviation.

Results

In total, 34 patients were included in this study (Table 1),
and 510 sets of data (15 complete haemodynamic measure-
ments per patient, 5 each per CMV, PSV and SPONT) were

available for statistical analysis.

PLR resulted in significant changes of all haemodynamic pa-
rameters (Table 2). PLR induced a mean increase of 7.3%
in SV during CMV, 6.0% during assisted PSV and 6.0%
during spontaneous breathing after SPONT (Table 2). After
PLR, an increase of >15% in SV was observed in 13 (38.4%),
12 (35.3%) and 6 (18.2%) patients during CMV, PSV and
SPONT, respectively.

The fluid challenge (i.e. IV administration of 500 mL of
gelatine solution over 20 min) resulted in significant hae-
modynamic changes during all three measurement peri-
ods (Table 3). SV increased by 18.3+14.4% during CMV,
by 17.4+17.9% during PSV and by 13.9+17.7% during
SPONT. According to SV changes, 19 (55.9%), 22 (64.7%)
and 13 (40.6%) patients were categorised as fluid responders
(SV increase >15%) during CMV, PSV and SPONT, respec-
tively. There was a significant increase in CVP and GEDV
and decrease in SVV and PPV after fluid loading. In addi-
tion, MAP only increased during CMV but not during PSV

and SPONT. Results for responders and non-responders after
fluid administration showed a significant difference predom-
inantly during CMV, CVP, GEDV and CO, and the related
parameters tended to be higher and SVV and PPV lower for
non-responders compared to responders (Table 3).

Hemodynamic variables were also significantly different in
PLR between patients who (later) showed a positive fluid re-
sponsiveness and those who did not show primarily during
CMV (Table 2). Interestingly, there was also a significant in-
crease in the MAP after PLR, and this response exceeded the
increase in the MAP after the fluid challenge (Tables 2 and
3). One possible explanation could be the speed of preload
increase, which was greater in PLR compared to that in the

fluid challenge.

Results of the ROC curve analysis for the prediction of flu-
id responsiveness are summarised in Figure 1 and Table 4.
During CMV, SVV (AUC=0.89) and PPV (AUC=0.84) al-
lowed a good identification of fluid responders, but not when
spontaneous breathing activities were present (i.e. during
PSV and SPONT). AUC for PLR was comparable for all
three measurement cycles (AUC=0.72, 0.74 and 0.70, re-
spectively), whereas CVP and GEDV could not identify fluid

responders.

During CMYV, the optimal threshold values predicting fluid
responsiveness given by the ROC curves were 11.5% for SVV
(sensitivity: 94%; specificity: 80%), 10% for PPV (sensitivi-
ty: 94%; specificity: 80%) and ASV of 10% for PLR (sensi-
tivity: 84%; specificity: 79%). There were only significant dif-
ferences between the AUC of SVV, PPV and PLR compared
to CVP and GEDV during CMV as well as the AUC of SVV,
PPV and PLR compared to GEDV during PSV (Table 5).

Discussion

During weaning from mechanical ventilation after cardiac
surgery, functional haemodynamic parameters, such as PPV
and SVV, only showed adequate prediction of fluid respon-
siveness during the period of CMV. After transition to as-
sisted PSV and during spontaneous breathing after SPONT,

ITable 1. Characteristics of study participants
Female/male ratio n/n 6/28
Age years 65.8+8.9
BMI kg m 27.9+4.5
Euroscore 3.4+1.9
LVEF % 64.8+6.1
Hypertension n (%) 28 (82)
Diabetes n (%) 4(11.8)
COLD n (%) 12 (35.3)
BMI: body mass index; COLD: chronic obstructive lung disease; LVEF:
left ventricular ejection fraction
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I Table 2. Haemodynamic parameters before, during and after the PLR manoeuvre
CMV PSV SPONT

Before During After Before During After Before During After
HR beats min’ 8419 85+7 8618 8749 8619 86+8 85+8 85+8 85+8
HR, beats min’! 876 86+3 867 8719 858 87+8 886 8815 88+6
HR . beats min’ 828" 82¢105  81+10°  83:10 8410  83:8 83+8° 83+8 83+8
MAP mmHg 77.3:10.1  86.9£10.3* 73.8£89.0* 78.4x10.8 81.1£11.8* 59.9+99.0% 78.0:8.3  80.9+8.2* 76.0+8.0*
MAP B mmHg 77.1£12.3  89.4+10.7%  74.049.8* 76.3x11.6 79.9+11.7* 57.5+8.1* 77.3+9.9 81.2+11.1* 76.4+11.3*
MAP .., mmHg 774+8.9  83.7£9.1*  73.5£9.9% 82482 834119 61.9+10.3* 78.1x7.3  80.7x5.8 75.6£5.0*
CVP mmHg 9.0£3.1 11.2+4.1*  9.0£3.3*  11.13x4.0 13.9+4.4* 11.3:4.0* 82+41  11.6242* 7.9:4.0*
CVP *r mmHg 8.1£2.9 9.9+3.2* 8.1£3.3*  11.4+44 14.0:4.9* 113+42* 6434  9.53.6% 59:3.3*
CVP Ner-Rer mmHg 10.043.05  12.844.5"  10.0¢3.0* 10.5#3.2 13.84+3.7* 11.0¢3.4*  9.8+4.2%  13.0+4.0% 9.4+3.7*
CO L min?! 5.1x1.1 5.3+1.3* 4.8+1.3* 5.4+1.4 5.5¢1.5 5.4+1.5 6.2£1.9 6.2+1.8¢  59+1.8*
CO L min™! 4.5+0.7 4.9+0.8* 43+0.9*  5.3xl.1 5.4+1.2 5.1x1.1 5.6£1.5 5.8+1.5*  53:1.3*
CO e, Lmin’ 59:1.25  60£1.1%  58:14%  59:1.8  59:1.9 59421  64#215 644195  63£2.1°
CIL min" m? 2.6:0.5 2.7+0.6* 2.5£0.6*  2.8+0.6 2.9+0.7 3.1:0.7 3.2:0.8 32407 3.00.8
CI e L min"! m? 2.3+0.2 2.6£0.4* 2.3+0.4* 2.7+0.5 2.8+0.5 2.9+0.7 3.0£0.6 3.1+0.7* 2.8+0.5
Cl e L min™ m* 2.9+0.6% 3.0:0.6*  2.8:0.6%  29:08  3.0:0.9  3.3:0.8 3.3:0.9  3.3:0.8*  3.2:09
SV mL 60.0£17.4  63.3:18.4* 58.0£19.0* 63.9+21.2 64.5£21.3* 69.7+19.7 71.8+23.2 74.1x23.8* 70.2+23.1*
SV e mL 50.4+8.3  53.6+8.9* 48.9+10.9* 59.5:+13.4 61.3+14.6* 66.4£19.0% 62.0£15.0 66.6£16.8* 60.4+15.6*
SVNWResp mL 71.5418.95 75.6+22.3* 69.5+21.2*S 71.6+29.0° 70.4+29.95 70.9+20.3% 78.4+26.3°5 79.2+26.7% 76.9+25.3%
SVV % 18.47.0 11.7£5.2%  19.7+7.4* 13.8#54 11.7#3.8* 14.6¢6.0~ 14.0¢5.5 11.6x4.6* 15.8+5.6*
SV i %0 22.4+6.0 13.724.7%  23.3+6.6* 15.1#5.9 12.5£3.6* 15.9:6.6* 14.6£5.1 11.2+4.6* 15.7+5.1*
SVV Non-Resp % 13.5+4.8" 9.2+4.8*  15245.6" 11.3+3.4% 10.3+3.9* 12.3+93.6* 13.7+¢5.9% 11.8#4.7% 15.9+6.0*
PPV % 17.126.8 11.7#5.9%  18.1x6.4* 13.8#6.7 10.3+4.6* 13.9+7.1* 12.8+42 11.5+4.6* 15.6£5.4*
PPV Resp % 20.6£6.5 14426.1*  20.8+6.5* 152474 11.245.0% 15.5#8.1* 12.843.9 11.0£4.0* 15.9+4.5*
PPV ey % 126:4.05  80£3.0°  14.8:4.6 104:3.8 84828 112:37 129+44 11950 154:6.0*
CI: cardiac index; CMV: continuous mandatory ventilation; CO: cardiac output; CVP: central venous pressure; HR: heart rate; Non-Resp: fluid non-responder
(negative fluid responsiveness); MAP: mean arterial pressure; PPV: pulse pressure variation; PSV: pressure support ventilation; Resp: fluid responder (positive
fluid responsiveness); SV: stroke volume; SVV: stroke volume variation; SPONT: spontaneous breathing after endotracheal extubation; PLR: passive leg raising
n=34 patients; *p<0.05 comparing before and after, $p<0.05 comparing Resp and Non-Resp

the ability of these parameters to predict fluid responsiveness
was poor. The PLR manoeuvre could predict a positive re-
sponse to fluid administration throughout the weaning peri-
od and even during spontaneous breathing activity. However,
PLR was less accurate in our patients during all the phases of
weaning compared to previous reports that showed pooled

sensitivity and specificity 285% and AUC=0.95 (13, 14).

Dynamic parameters of fluid responsiveness, including PPV
and SVV, have been shown to be superior to traditional static
parameters in predicting rise in stroke volume following a
fluid challenge (6, 7). These parameters are displayed by most
of the currently available haemodynamic monitoring devices,
and their use is recommended by several treatment guide-

lines of authorities (15). A prerequisite for their accurate
performance is a passive patient, i.e. the patient is ventilated
in a fully controlled mode with a tidal volume >8 mL kg™
However, these parameters proved to be unreliable in most
real-life clinical situations, i.e. in the presence of spontaneous
breathing activity, arrhythmias, small tidal volumes and a low
respiratory rate (16, 17). In our study, the performance of
PPV and SVV is in agreement with these findings. Recent
observational data also suggest that in the majority of critical-
ly ill patients, the use of dynamic parameters is precluded for

these reasons (18).

The PLR manoeuvre has been suggested in such situations as
an alternate modality to assess fluid responsiveness (19). By
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I Table 3. Haemodynamic parameters before and after fluid administration
CMV PSv SPONT

Before After Before After Before After
HR beats min’ 85+8 867 879 86+9 8548 8417
HR  , beats min’ 88+5 82+3 86+9 8619 89+7 8616
HR,, .., beats min 8119  81+10 84110 85410 8248 8318
MAP mmHg 77.4£10.5 85.0+10.7* 78.4+10.8 78.0£7.6 78.0+8.3 77.9+7 4
MAP B mmHg 77.2+12.1 85.5+11.1* 76.3£11.6 77.6+7.3 77.3£9.9 80.3+9.5
MAP . mmHg 776488 82.2:9.4* 82.5:82%  78.8:85 781473 763152
CVP mmHg 9.0+3.1  10.9+3.7* 11.1+4.1 13.623.9* 8.2+4.1 11.6+4.2*
CVP,, mmHg 8.1£2.9  9.6+3.3* 11.5¢4.3 14.0+4.1* 6.4+3.4 9.5+3.6*
CVP, ., mmHg 10.0£3.05 12.5:3.5% 105833 12.8:34" 9.8:4.25  13.0:4.0°
GEDV mL 658+152 718+181* 719+199 762+224* 759+178 787177
GEDVR“csp mL 618+168 702+214* 867+199 753+247* 713+162 765+£121*
GEDV,, ., mL 7081145 738:132% 813+169°  780+185% 7811875 802+209°
CO L min?! 5.1x1.1  6.0£1.2* 5.5¢1.4 5.8+1.5* 6.2£1.8 6.3+1.7*
CO, L min’ 45+0.7  6.4+1.4* 5.2+1.1 5.7+1.4* 5.7£1.5 5.9+1.3*
CO e L min’! 5.8£1.25  5.7:1.1% 5.8+1.9 6.0£1.9* 6.4£2.1° 6.6£1.9*
CIL min"! m? 2.6£0.5  3.1£0.5* 2.8+0.7 3.3+0.8* 3.2+0.8 3.3+0.7*
CI Rep L min™ m? 24+03  3.0:0.4* 2.7+0.5 3.1+0.9* 3.0£0.6 3.2+0.5*
Cl ey L min™ m 29+0.6°  3.3:0.6* 3.0£0.8 3.30.7* 3.3£0.9 3.4+0.8*
SV mL 60.0+17.4 63.8£21.1* 63.8+21.1 68.4+21.5* 7194233  77.2+22.7*
N% Resp mL 50.4+8.3 57.9+9.6* 59.6x14.4 66.1£16.5* 62.0£15.1  68.8£16.4*
SV oy ML 71.5£18.95 783£25.5* 717£29.15  722429.1% 78542645 81.5:25.2%
SVV % 18.4+7.0 11.7£5.2* 14.0+5.4 11.2+4.7* 14.2+5.5 11.6+4.6*
SVV B % 224160 13.7+4.7* 15.245.9 11.6£5.0* 14.945.1 11.2+4.6*
SVV iy % 13.5¢4.8  9.2¢4.8" 1134345 10544 139859  11.8:4.7*
PPV % 17.126.8 10.6+4.6* 13.446.6 10.3+4.3* 12.7+4.1 11.5¢4.3
PPV@ % 20.6+6.5 12.145.1* 15.0£7.4 10.7+4.4* 12.74¢3.9 11.4+3.9
PPV o, % 12.6£4.05 87+3.3* 104:3.85  9.424.2* 129+44  11.6:46
CI: cardiac index; CMV: continuous mandatory ventilation; CO: cardiac output; CVP: central venous pressure; GEDV: global end-diastolic volume; HR: heart rate;
Non-Resp: fluid non-responder (negative fluid responsiveness); MAP: mean arterial pressure; PPV: pulse pressure variation; PSV: pressure support ventilation; Resp:
fluid responder (positive fluid responsiveness); SV: stroke volume; SVV: stroke volume variation; SPONT: spontaneous breathing after endotracheal extubation
n=34 patients; *p<0.05 comparing preceding measurement, $p<0.05 comparing Resp and Non-Resp

moving the patient from a semi-recumbent to a supine posi-
tion with legs raised to 45°, approximately 300 mL of venous
blood can be mobilised. This endogenous fluid challenge as a
surrogate method for intravascular fluid infusion sufficiently
increases the mean systemic pressure to result in an increase
of venous return and subsequent SV increase (8). The clinical
performance of this procedure has recently been summarised
by two meta-analyses which showed excellent accuracy (pooled
sensitivity and specificity 285% and AUC=0.95) in predicting

fluid responsiveness across a range of clinical conditions, if the

response to PLR was monitored by the continuous measure-
ment of SV (13, 14). Most importantly, the accurate perfor-
mance of PLR persisted during spontaneous breathing. How-
ever, in the present study, the accuracy of PLR in predicting
fluid responsiveness was considerably below that reported in
previous studies. The following factors have been implicated
to influence the accuracy of PLR: the conduct of the PLR ma-
noeuvre itself (20), insufficient mobilisation of blood during
PLR (i.e. increased abdominal pressure (21), compression
stockings (22), increased sympathetic activity (23) and the
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ITable 4. Prediction of fluid responsiveness

CMV PSV SPONT

AUC 95% CI P R P AUC 95%CI P R P AUC 95% CI P R P
SVV  0.89 0.76/1.00 0.01 0.42 0.02 0.70 0.52/0.88 0.05 0.33 0.10 0.56 0.35/0.76 0.61 0.11 0.57
PPV 0.84 0.70/0.97 0.03 0.39 0.04 0.69 0.52/0.87 0.06 0.29 0.21 0.48 0.28/0.69 0.86 0.18 0.47
PLR 0.72 0.55/0.89 0.02 0.44 0.01 0.74 0.57/0.91 0.02 0.49 0.01 0.70  0.50/0.90 0.05 0.70 0.01
CVP 045 0.25/0.64 0.58 0.27 0.12 0.55 0.34/0.76 0.63 0.11 0.56 0.47 0.27/0.66 0.76 0.19 0.29
GEDV 0.44 0.24/0.64 0.59 0.13 0.48 0.46 0.25/0.69 0.69 0.09 0.93 0.49 0.26/0.67 0.70 0.14 0.59
AUC: area under the curve; CI: confidence interval; CMV: continuous mandatory ventilation; CVP: central venous pressure; GEDV: global end-diastolic
volume; PLR: passive leg raising manocuvre; PPV: pulse pressure variation; PSV: pressure support ventilation; R: Pearson correlation coefficient (correlation
with changes of SV due to fluid loading); SPONT: spontaneous breathing after extubation; SVV: stroke volume variation

ITable 5. Comparison of ROC curves (p values)

CMV PSv SPONT
Svv PPV PLR CVP GEDV SVV PPV PLR CVP GEDV Svv PPV PLR CVP GEDV
SVv - 0.29 0.06 <0.01 <0.01 - 0.47 0.38 0.13 0.04 - 0.28 0.15 0.26 0.31
PPV 0.29 - 0.15 <0.01 <0.01 0.47 = 035 0.15 0.05 0.28 - 0.05 0.47 0.48
PLR  0.06 0.15 - 0.02  0.02 0.38 0.35 = 0.08 0.02 0.15 0.05 - 0.05 0.06
CVP <0.01 <0.01 0.02 - 0.47 0.13 0.15 0.08 - 0.26 026 047 0.05 - 0.44
GEDV <0.01 <0.01 0.02 047 = 0.04 0.05 0.02 0.26 - 0.31 0.48 0.06 0.44 -

CMV: continuous mandatory ventilation; CVP: central venous pressure; GEDV: global end-diastolic volume; PLR: passive leg raising manoeuvre; PPV: pulse

pressure variation; PSV: pressure support ventilation; SPONT: spontaneous breathing after extubation; SVV: stroke volume variation; ROC: receiver operating

characteristics
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Figure 1. Prediction of fluid responsiveness and ROC curves

AUC: area under the curve; CI: confidence interval; CMV: continuous mandatory ventilation; SPONT: spontaneous breathing after endotracheal extubation; PLR:
passive leg raising manoeuvre; PPV: pulse pressure variation; PSV: pressure support ventilation; SV: stroke volume; SVV: stroke volume variation; ROC: receiver

operating characteristic, numeric data see Table 4.

accuracy of the monitoring device used to display changes in
SV in response to PLR (11). In the present study, PLR was
performed starting from a semi-recumbent position following
cardiac surgery, as recommended by Monnet et al. (11). The
amount of mobilised blood may have been limited by the pres-
ence of compressive dressings covering the vein graft harvest-
ing sites at the lower extremities. Further, with transition to
spontaneous breathing and decrease in the level of sedation,

increased sympathetic activity may have counteracted the hae-
modynamic effect of PLR. The irritating effect of indwelling
pleural and/or mediastinal drains during the procedure and
postural change itself may have further provoked changes in

HR and vascular tone mediated by the sympathetic drive.

The PiCCO system used in the present study has been shown
to accurately display changes in SV following PLR and fluid
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challenges (24, 25). However, only a small number of pub-
lished studies actually investigated the performance of PLR as
a surrogate method to predict fluid responsiveness in cardiac
surgical patients (26, 27). These investigations mostly used
bioreactance as a technology to measure SV changes rath-
er than the devices based on pulse wave analysis, including
PiCCO, rendering comparison with our results difficult (28,
29). In a rigorous investigation of PLR to detect fluid respon-
siveness in patients after cardiac surgery, Benomar et al. (27)
determined the least minimum significant change (LMSC),
i.e. the level above which SV changes can be expected not
to occur because of random errors, specifically with regard
to the NICOM bioreactance device. Defining the thresholds
of SV change for fluid responsiveness on the basis of LMSC,
the authors determined sensitivity of 68% and specificity of
95% in predicting fluid responsiveness for PLR (AUC=0.84),
which is below the pooled performance data suggested by re-
cent meta-analyses. This may indicate that PLR performance
is generally limited in cardiac surgery settings compared to
other clinical circumstances, e.g. sepsis, in which most studies
investigating PLR performance have been conducted. In fact,
previous studies performed after cardiac surgery have not as-
sessed PLR in extubated, non-sedated patients.

The present study has several limitations, which need to be
addressed. This investigation was performed in a small and
highly selected group of cardiac surgery patients, which pre-
cludes the generalizability of our results. Any assumptions
regarding the limiting effects on PLR performance have to
remain speculative, as no measurements of vascular tone,
abdominal pressure or venous compression were performed.
Data collection was performed on site in the intensive care
unit and in real time, as opposed to previous studies using
continuous data recording with consecutive averaging of SV
data for offline analysis. Whether the latter practise has an
effect on the accuracy of measured SV response to fluid ad-
ministration has not been established.

The present study has focused on a common clinical scenar-
io that has not been systematically addressed by previous re-
search: haemodynamic stabilization during ongoing weaning
from ventilator support. PLR may be a useful tool to assess
fluid responsiveness in this situation avoiding the need for 4
priori IV fluid infusion, although it is less accurate after cardi-
ac surgery than previously reported. Alternative estimates of
fluid responsiveness have been suggested, such as the end-ex-
piratory occlusion test during mechanical ventilation (25) or
a mini fluid challenge, applicable in non-ventilated patients
(30). However, the value of these methods in the postopera-
tive care of cardiac surgical patients has yet to be established.

Conclusion

In patients after cardiac surgery, fluid responsiveness can be
predicted using SVV and PPV as long as they are mechan-
ically ventilated. Conversely, during spontaneous breathing
activity, the reliability of SVV and PPV is poor. As an alter-

native, the PLR manoeuvre is suggested to be a reliable test
even during spontaneous breathing. Our data in post-oper-
ative cardiac surgical patients however show that PLR is less
reliable than previously reported.
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