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Fluid administration is widely used to treat hypotension in patients undergoing veno-venous 
extracorporeal membrane oxygenation (VV-ECMO). However, excessive fluid administration may 
lead to fluid overload can aggravate acute respiratory distress syndrome (ARDS) and increase 
patient mortality, predicting fluid responsiveness is of great significance for VV-ECMO patients. 
This prospective single-center study was conducted in a medical intensive care unit (ICU) and 
finally included 51 VV-ECMO patients with ARDS in the prone position (PP). Stroke volume index 
variation (ΔSVI), pulse pressure variation (PPV), stroke volume variation (SVV), baseline carotid 
corrected flow time (FTcBaseline), and respirophasic variation in carotid artery blood flow peak 
velocity (ΔVpeakCA) were taken before and after the Trendelenburg position or volume expansion. 
Fluid responsiveness was defined as a 15% or more increase in stroke volume index as assessed by 
transthoracic echocardiography after the volume expansion (VE). In our study, 33 patients (64.7%) 
were identified as fluid responders. Stroke volume index variation induced by the Trendelenburg 
position (ΔSVITrend), FTcBaseline, and ΔVpeakCA demonstrated superior predictive performance of fluid 
responsiveness. ΔSVITrend had an AUC of 0.89 (95% CI, 0.80–0.98) with an optimal threshold of 14.5% 
(95% CI, 12.5–21.5%), with the sensitivity and specificity were 82% (95% CI, 66–91%) and 83% (95% CI, 
61–94%). FTcBaseline had an AUC of 0.87 (95% CI, 0.76–0.98) with an optimal threshold of 332ms (95% 
CI, 318-335ms), the sensitivity and specificity were 85% (95% CI, 69–93%) and 83% (95% CI, 61–94%), 
respectively. ΔVpeakCA showed an AUC of 0.83 (95% CI, 72–95), with a 10% optimal threshold (95% 
CI, 9–13%), sensitivity was 82% (95% CI, 66–91%) and specificity 78% (95% CI, 55–91%). ΔSVITrend, 
FTcBaseline and ΔVpeakCA could effectively predict fluid responsiveness in VV-ECMO patients with ARDS 
in the PP. Compared to ΔSVITrend and ΔVpeakCA, FTcBaseline is easier and more direct to acquire, and it 
does not require Trendelenburg position or VE, making it a more accessible and efficient option for 
assessing fluid responsiveness.
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Veno-Venous Extracorporeal Membrane Oxygenation (VV-ECMO) serves as a potent tool for severe acute 
respiratory distress syndrome (ARDS) patients with poor response to conventional mechanical ventilation1–5. 
VV-ECMO serves as an artificial lung, facilitating extracorporeal gas exchange to sustain sufficient oxygenation 
and carbon dioxide elimination, with the objective of mitigating ventilator-induced lung injury and providing a 
window for primary disease treatment. Clinicians often utilize fluid administration during VV-ECMO support 
to bolster cardiac output (CO), thereby addressing hypotension and enhancing oxygen delivery6,7. Nevertheless, 

1Zhejiang Chinese Medical University, Hangzhou 310053, Zhejiang, China. 2Quzhou Hospital of Traditional 
Chinese Medicine, Quzhou 324000, Zhejiang, China. 3Department of Critical Care Medicine, The Quzhou Affiliated 
Hospital of Wenzhou Medical University, Quzhou People’s Hospital, Quzhou 324000, Zhejiang, China. email:  
2456958062@qq.com; fang124113@163.com

OPEN

Scientific Reports |        (2024) 14:31808 1| https://doi.org/10.1038/s41598-024-83038-7

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-83038-7&domain=pdf&date_stamp=2024-12-20


due to alterations in alveolar capillary membrane permeability, excessive fluid administration can predispose 
patients to complications such as pulmonary edema, thereby exacerbating the underlying condition8,9. Hence, 
the ability to predict fluid responsiveness is crucial for VV-ECMO patients with ARDS, as it informs fluid 
management strategies and mitigates the risk of exacerbating the condition10.

Commonly utilized methods for assessing volume responsiveness in critically ill patients include static 
indicators such as central venous pressure (CVP) and inferior vena cava (IVC), as well as dynamic indicators 
like stroke volume variation (SVV) or pulse pressure variation (PPV)11–14. CVP has historically been used to 
guide fluid therapy, but recent studies have shown that CVP cannot predict fluid responsiveness15. Additionally, 
in VV-ECMO patients, the placement of the venous drainage cannula limits the applicability of IVC assessment. 
Moreover, SVV and PPV, commonly used to assess volume responsiveness, necessitate mechanical ventilation 
with a tidal volume greater than 8  ml/kg predicted body weight (PBW)16,17. V-V ECMO patients typically 
undergo lung-protective ventilation with small tidal volumes, making them less suitable for assessing volume 
responsiveness in this patient population18.

Passive leg raising test has been proven to be feasible in predicting fluid responsiveness in VV-ECMO 
patients19. It through elevating the legs to simulate fluid expansion, primarily relying on the increased venous 
return when the patient is in the supine position. However, patients receiving VV-ECMO support for ARDS are 
often placed in the prone position (PP) to improve ventilation. In the PP, leg elevation is restricted by the body’s 
position. Therefore, passive leg raising is not applicable for assessing fluid responsiveness in patients in PP. In 
conclusion, the specificity and complexity of VV-ECMO patients in PP limits the applicability of traditional 
methods for assessing fluid responsiveness.

The Trendelenburg position is considered a “self ” preload challenge20, similar in principle to passive leg 
raising, and can be applied to patients in the PP. Studies have demonstrated that the Trendelenburg position is 
suitable for patients in the PP and under ECMO21,22.

Carotid ultrasound measurements, such as baseline carotid corrected flow time (FTcBaseline), and respirophasic 
variation in carotid artery blood flow peak velocity (ΔVpeakCA), have recently been recognized as reliable 
indicators to predictive fluid responsiveness23–25. The measurements of these parameters offer advantages such 
as rapidity, non-invasiveness, and simplicity. However, it is worth noting that there are currently few studies in 
patients on VV-ECMO with ARDS in PP. The efficacy of these parameters in assessing fluid responsiveness in 
these patients remains not enough clear at present.

Methods
Study aim
The primary aim of this study was to evaluate the value of stroke volume index variation induced by the 
Trendelenburg position (ΔSVITrend), FTcBaseline, and ΔVpeakCA to predict fluid responsiveness in patients on VV-
ECMO with ARDS in the PP. Secondary objectives were to evaluate the diagnostic performance of PPV and SVV 
to predict fluid responsiveness in these patients.

Study design
This prospective, single-center study was conducted in the intensive care unit (ICU) between May 2022 and 
February 2024. It was approved by the Institutional Review Board of Quzhou People’s Hospital (Quzhou, China: 
Number B 2022-083) and performed in accordance with the Declaration of Helsinki. All research was performed 
in accordance with relevant guidelines/regulations. Informed consent was obtained from all participants and/
or their legal guardians.

Patients
VV-ECMO patients admitted to intensive care unit (ICU) were recruited in this study. The Inclusion criteria 
including: (1) adults (≥ 18 years) diagnosed with ARDS; (2) received prone ventilation therapy during VV-
ECMO; (3) monitoring with the pulse indicator continuous cardiac output (PiCCO)® device (Pulsion Medical 
Systems, Feldkirchen, Germany); (4) patients who presented with at least one clinical sign of inadequate 
tissue perfusion for less than 24 h in the absence of a contraindication for fluids: Hypotension (systolic blood 
pressure < 90 mmHg or mean arterial pressure (MAP) < 65 mmHg), organ hypoperfusion (evidenced by mottled 
skin or delayed capillary refill), oliguria (urine output < 0.5 mL/kg/h), elevated lactate levels (> 2 mmol/L).

Exclusion criteria were patients with contraindications for volume expansion (VE) (severe cardiac dysfunction, 
pulmonary edema etc.), severe arrhythmias, age less than 18 years old, carotid artery stenosis > 50%, a poor 
ultrasonographic window for carotid doppler measurements, any contraindications to Trendelenburg position 
(head injury or intracranial hypertension, intraabdominal hypertension).

Study protocol
Throughout the study, patients were sedated with a combination of remifentanil and midazolam, with the aim of 
achieving a Ramsay score of 626, they were ventilated in volume-controlled mode with a tidal volume (VT) 4 to 
6 ml/kg−1 PBW. This protocol included four sequential steps (Figs. 1 and 2):

	(1)	� Baseline-1: patient in a PP, with a 15° upward bed angulation;
	(2)	� Trendelenburg position: 15° downward bed angulation27.
	(3)	� Baseline-2: recover to the same position as baseline-1;
	(4)	� VE test: administration of 500 ml crystalloids over 15 min without postural change.
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After each step is completed and stabilized for 1  min, record the hemodynamic parameters. For enhanced 
accuracy of the acquired data, measurements were taken three times for each patient, and the average was 
calculated to determine the final parameters.

Measurements
PiCCO
The PiCCO® catheter was inserted into the patient’s femoral artery. Using the GE B850 monitor equipped with 
a PiCCO® module (GE Healthcare, Chicago, USA), the following hemodynamic parameters were monitored: 
PPV, SVV.

Transthoracic echocardiography
The transthoracic echocardiography (TTE) (Vivid i, GE Healthcare, Chicago, IL, USA) is performed by a doctor 
with specialized ultrasound training for PP. Patient was placed in the left PP, left shoulder elevation with a 
pillow forms a space to put the transducer28. 1.5–4.5 MHZ phased array probe was the used for stroke volume 
examination. The diameter of the left ventricular outflow tract at the systolic aortic apex was measured by 
parasternal long axis echocardiography. The area of left ventricular outflow tract was calculated as π × (the square 
of the left ventricular outflow tract radius)29. Aortic blood flow velocity time integral (VTI) was calculated from 
the area under the pulse-wave Doppler signal envelope obtained from the apical five-chamber cutting surface 
at the level of the aortic ring and was determined by the average value of five consecutive pulses in a complete 
respiratory cycle. SVI was calculated as (left ventricular outflow tract area x aortic flow VTI)/body surface area 
(BSA), and BSA was calculated as BSA(m2) = 0.0061×body length (cm) + 0.0128×body weight (kg)-0.152930.

Carotid ultrasonography
ΔVpeakCA and FTc were measured by a doctor with specialized ultrasound training for PP. A variable-frequency 
linear array transducer with a range of 6-13 MHz was longitudinally positioned on the right side of the neck, with 
the transducer marker oriented towards the patient’s head. In the short-axis plane below the thyroid cartilage, 

Fig. 1.  The study flowchart.
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the right carotid artery was located, and real-time B-mode images of the long axis of the right carotid artery were 
obtained. The ultrasound beam angle with the direction of blood flow was maintained below 60°. Pulse wave 
(PW) mode was selected, and after displaying the pulse Doppler spectrum, the optimal sampling volume and 
angle were adjusted to obtain a satisfactory spectral freeze-frame image. Measurements of carotid blood flow, 
including FTc (flow time corrected) and VpeakCA were taken. ΔVpeak-CA was calculated using the formula: 
ΔVpeakCA = (Max peak - Min peak) / [(Max peak + Min peak) / 2] × 100%. The cycle time (flow time, FT) 
from the onset of systole to the dual rotation trace was measured, and the FTc in the common carotid artery was 
calculated according to Wodey equation31: FTc = FT + [1.29 × (HR − 60)], where FT represents the cycle time 
from the onset of systole to the dual rotation trace, and heart rate (HR) is obtained by measuring the heartbeat 
interval at the onset of Doppler blood flow.

Data collection
Upon patient inclusion, demographic information, APACHE II scores, and etiology of ARDS were collected. 
Supportive treatments included VV-ECMO, mechanical ventilation (MV). We documented all data related to 
these parameters. Follow-up was conducted for all study patients until discharge or death, recording clinical 
outcomes such as the duration of MV, ECMO duration, ICU length of stay, and in-hospital mortality rate.

Statistical analysis
SVI measured before and after VE was used to distinguish responders from non-responders with ΔSVI of > 15% 
and < 15%, respectively32,33. The data were statistically analyzed using SPSS (version 26; IBM Corp., Armonk, 
NY, USA) and R software (version 4.4.1; R Foundation for Statistical Computing, Vienna, Austria), and figures 
were created using GraphPad Prism (version 10; GraphPad Software, San Diego, CA, USA). Continuous 
variables were expressed as mean ± SD or median (interquartile range). Compared between groups using the 
Wilcoxon or Friedman rank sum tests. For pairwise multiple comparisons, we used the Nemenyi post-hoc test. 
Categorical variables were expressed as numbers (and percentages) and compared using the Fisher’s exact test. 
Linear regression analysis was used to demonstrate relationships between percent change of stroke volume index 
variation induced by the Trendelenburg position (ΔSVITrend), and volume expansion. The receiver operating 
characteristic (ROC) curve analysis was performed to assess the ability of the five hemodynamic parameters 
(FTcBaseline, PPV, SVV, ΔVpeakCA and ΔSVITrend), to predict fluid responsiveness. Sensitivity, specificity, positive 
likelihood ratio (PLR) and negative likelihood ratio (NLR), and associated 95% confidence intervals (CI) were 
calculated based on the cutoff value as determined by the Youden Index (specificity + sensitivity − 1). To evaluate 

Fig. 2.  The study protocols. (a) An outline of each step; (b) a clinical scenery of VV-ECMO patient in the 
prone position; (c) the 15° upward bed angulation for measurements at baselines and volume expansion test; 
(d) The 15° downward bed angulation for measurements in the Trendelenburg position.
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the variation of best threshold, we conducted a gray-zone analysis, as described by Joël Coste34. A value of 
P < 0.05 (two-tailed test) was considered statistically significant.

Results
Patient characteristics
From May 2022 to February 2024, we enrolled 71 VV-ECMO patients with ARDS in the PP to our study, 20 were 
excluded because of age<18years (n = 3), carotid artery stenosis > 50% (n = 6), intraabdominal hypertension 
(n = 4), head injury (n = 2), or poor ultrasonographic window (n = 5). Ultimately, 51 patients were included in 
this study (Fig. 1). Patient characteristics were comparable between responders (n = 33) and non-responders 
(n = 18) (Table 1).

Effect of Trendelenburg position and volume expansion
Fluid responsiveness was observed in 33 of the 51 measurements (64.7%). The hemodynamic variables are shown 
in are shown (Table 2). The SVI and FTc increase between responders and non-responders after Trendelenburg 
position or VE, whereas an increasing trend was more apparent in responders. In responders, Trendelenburg 
position or VE significantly decreased the PPV, SVV or ΔVpeakCA. However, there was no evident change in SVI, 
ΔVpeakCA, PPV or SVV in non-responders.

Prediction of fluid responsiveness
Data on fluid responsiveness predictions are shown (Figs. 3, 4, 5 and 6; Table 3). Median ΔSVITrend amounted 
to 20% (95% CI, 11–25%) and was significantly greater in responders than in non-responders (23% vs. 10.5%, 
P < 0.001) (Fig. 3). ΔSVITrend was significantly correlated with change in stroke volume index variation induced 
by the VE (ΔSVIVE) related to volume expansion (R2 = 0.39, P < 0.001). In comparison, the R2 of FTcBaseline, 
ΔVpeakCA, PPV and SVV were (R2 = 0.31, P < 0.05), (R2 = 0.19, P < 0.05), (R2 = 0.07, P < 0.05) and (R2 = 0.09, 
P < 0.05), respectively (Fig. 4). The area under ROC curve (AUC) of ΔSVITrend to predict fluid responsiveness 
was 0.89 (95% CI 0.80–0.98), with a sensitivity of 82% (95% CI 66–91%), and specificity of 83% (95% CI 61–
94%), at a best threshold of 14.5%. The corresponding gray zone was 12.5–21.5%, covering 29% of patients 
(Figs. 5 and 6; Table 3).

Variables
Responders
(n = 33) Non-responders (n = 18)

P
value

Demographic information

Age, year 55.52 ± 4.42 56.22 ± 6.19 0.638

BMI, kg/m2 23.33 ± 1.38 22.93 ± 3.27 0.086

Gender, n (%) 0.945

 Male 18(54.55) 10(55.56)

 Female 15(45.45) 8(44.44)

Etiology of intensive care unit admission

Pulmonary infection, n (%) 13(39.39) 5(27.78) 0.407

Abdominal infection, n (%) 9(27.27) 5(27.78) 0.969

Soft tissue infection, n (%) 6(18.18) 6(33.33) 0.223

Blood infection, n (%) 13(39.39) 7(38.89) 0.407

Urinary system infection, n (%) 7(21.21) 8(44.44) 0.082

Comorbidities

 Hypertension, n (%) 18(54.55) 9(50.00) 0.756

 Diabetes, n (%) 14(42.42) 10(55.56) 0.369

 Coronary heart disease, n (%) 4(12.12) 3(16.67) 0.652

 Chronic renal failure, n (%) 6(18.18) 2(11.11) 0.057

 COPD, n (%) 9(27.27) 4(22.22) 0.692

APACHE II score 22(19–26) 21(19–24) 0.354

PEEP, cmH2O 11(9.5–14) 12(10–13) 0.765

Clinical outcomes

Length of ECMO, day 6(4–9) 4(3–5) 0.188

Weaning from ECMO, n (%) 12(36.36) 8(44.44) 0.572

Length of MV, day 9(7–14) 9(7–11) 0.727

Length of ICU stay, day 12(9–17) 11(9–13) 0.001

Hospital mortality, n (%) 9(27.27) 6(33.33) 0.650

Table 1.  Patient characteristics. BMI: body mass index; COPD: chronic obstructive pulmonary disease; 
APACHE-II score: Acute Physiology and Chronic Health Evaluation II score; PEEP: positive end expiratory 
pressure; ECMO: extracorporeal membrane oxygenation; MV: mechanical ventilation; ICU: intensive care unit.
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FTcBaseline had an AUC of 0.87 (95% CI, 0.76–0.98) with an optimal threshold of 332ms, the sensitivity and 
specificity were 85% (95% CI, 69–93%) and 83% (95% CI, 61–94%), respectively. The corresponding gray zone 
was 318–335ms, covering 29% of patients. ΔVpeakCA showed an AUC of 0.83 (95% CI, 72–95), with a 10% optimal 
threshold, sensitivity was 82% (95% CI, 66–91%) and specificity 78% (95% CI, 55–91%), the corresponding gray 
zone was 9–13%, covering 43% of patients.

PPV and SVV displayed lower predictive performance. The AUC were 0.75 (95% CI 0.61–0.89) and 0.76 
(95% CI 0.61–0.90). The gray zone of optimal thresholds was 7.5% (95% CI 6.5–9.5%) and 11.5% (95%CI 10.5–
14.5%), and included more patients in grey zone (39% and 41%), than ΔSVITrend and FTcBaseline.

Discussion
Our study evaluates the diagnostic value of several parameters to predict fluid responsiveness in Patients on 
VV-ECMO with ARDS in the PP under protective ventilation (VT 4–6 ml/kg−1 PBW). The main findings are 
that: (1) ΔSVITrend is a highly reliable parameter to predict fluid responsiveness, the AUC is 0.89 (95% CI 0.80–
0.98), with sensitivity of 82% (95% CI 66–91%) and specificity of 83% (95% CI 61–94%); (2) FTcBaseline also 
is a highly reliable parameter to predict fluid responsiveness, which had an AUC is 0.87 (95% CI 0.76–0.98), 
with a higher sensitivity of 85% (95% CI 69–93%) than ΔSVITrend, and specificity of 83% (95% CI 61–94%) (3) 
While ΔVpeakCA also had acceptable predictive performance for fluid responsiveness, its AUC [0.83 (95% CI 
0.72–0.95)], sensitivity [82% (95% CI 66–91%)], and specificity [78% (95% CI 55–91%)] are all inferior to those 
of ΔSVITrend and FTcBaseline (4) PPV and SVV is moderate sensitivity to predict fluid responsiveness, but with low 
specificity, and their AUC are also relatively low. This study enables clinicians to predict fluid responsiveness in 
such patients non-invasively, facilitating the development of appropriate fluid management strategies.

VV-ECMO is a valuable therapeutic option for severe ARDS with suboptimal response to protective lung 
ventilation1,35. During this support, clinicians typically administer appropriate fluid infusion to stabilize ECMO 
flow and correct hypotension, thereby increasing oxygen delivery36. However, Positive fluid balance is associated 
with a higher risk of death in ECMO patients9, excessive fluid administration can cause pulmonary edema 
and heart failure, exacerbating the condition of ARDS patients and ultimately leading to increased mortality37.
Therefore, fluid management in VV-ECMO patients is closely intertwined with their condition. Accurate 
prediction of fluid responsiveness is crucial to improve prognosis for these patients.

Fluid responsiveness refers to the physiological response of patients to fluid loading12. The evaluation of 
fluid responsiveness has always been a hot and challenging area of research. Clinical indicators are diverse, 
ranging from static parameters such as CVP and IVC to dynamic parameters such as SVV and PPV. Evaluation 

Parameters Baseline-1 TP Baseline-2 VE P-value

SVI, ml m−2 36.71 ± 4.88 43.53 ± 5.00# 37.80 ± 3.83 45.14 ± 4.65# < 0.001

R 36.12 ± 4.23 44.39 ± 4.42# 37.21 ± 3.73 45.97 ± 5.19# < 0.001

NR 37.78 ± 5.87 41.94 ± 5.72 38.89 ± 3.88 43.61 ± 4.41 < 0.001

FTc, ms 325.00 ± 15.09 350.16 ± 10.03# 326.27 ± 14.34 350.27 ± 9.72# < 0.001

R 317.97 ± 11.94 349.09 ± 9.49# 319.64 ± 11.65# 348.52 ± 9.92# < 0.001

NR 337.89 ± 11.38 352.11 ± 10.96 338.44 ± 10.35 353.50 ± 8.70 < 0.001

ΔVpeakCA, % 13.29 ± 4.93 11.15 ± 4.10# 13.00 ± 4.41 10.76 ± 4.47# < 0.001

R 15.26 ± 3.26 12.07 ± 3.60# 15.65 ± 4.13 12.63 ± 3.47# < 0.001

NR 8.96 ± 2.98 8.05 ± 3.37 9.08 ± 3.22 7.90 ± 3.99 0.002

PPV, % 8.39 ± 2.51 6.14 ± 2.21# 8.08 ± 2.79 6.06 ± 2.62# < 0.001

R 9.18 ± 2.19 6.30 ± 2.16# 9.00 ± 2.21 6.27 ± 2.70# < 0.001

NR 6.94 ± 2.46 5.83 ± 2.57 6.39 ± 1.69 5.67 ± 2.52 0.035

SVV, % 12.69 ± 3.28 8.71 ± 2.29# 13.37 ± 2.82 9.41 ± 2.88# < 0.001

R 13.76 ± 2.92 8.72 ± 2.17# 14.36 ± 2.84 9.39 ± 2.99# < 0.001

NR 10.72 ± 3.06 8.67 ± 2.19 11.56 ± 2.00 9.44 ± 2.75 < 0.001

HR, beat/min 74.88 ± 11.42 76.47 ± 10.73 80.27 ± 11.83 79.35 ± 12.57 0.061

R 75.85 ± 11.43 77.39 ± 9.64 79.45 ± 12.20 79.42 ± 12.67 0.458

NR 73.11 ± 11.50 74.78 ± 12.61 81.78 ± 11.32 79.22 ± 12.77 0.050

MAP, mmHg 77.96 ± 6.22 82.18 ± 4.60 81.92 ± 3.57 87.94 ± 5.59 < 0.001

R 77.48 ± 6.66 82.94 ± 4.59 81.52 ± 3.45 88.67 ± 5.83 < 0.001

NR 78.83 ± 5.39 80.78 ± 4.41 82.67 ± 3.77 86.61 ± 5.00 < 0.001

Table 2.  Hemodynamic parameters measured in responders and non-responders. The data are reported 
as mean ± SD. SVI: stroke volume index; R: responders; NR: non-responders; FTc: carotid artery corrected 
flow time; ΔVpeakCA: respirophasic variation in carotid artery blood flow peak velocity; PPV: pulse pressure 
variation; SVV: stroke volume variation; HR: heart rate; MAP: mean arterial pressure; TP: Trendelenburg 
position; VE: volume expansion. *p < 0.05, comparison between responders (n = 33) and non-responders 
(n = 18) #p < 0.05, comparison between Trendelenburg position and baseline-1 or volume expansion and 
baseline-2.
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Fig. 3.  Individual values from five parameters to detect fluid responsiveness in fluid responders and non-
responders. Black dotted line displays optimal thresholds for each diagnostic test computed by ROC curve 
analysis. (a) ΔSVITrend, Stroke volume index variation induced by the Trendelenburg position; (b) FTcBaseline, 
baseline carotid artery corrected flow time; (c) ΔVpeakCA, respirophasic variation in carotid artery blood flow 
peak velocity; (d) PPV, pulse pressure variation; (e) SVV, stroke volume variation.
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Fig. 4.  The relationship between ΔSVIVE and the five parameters.The grey line is the regression line. The 
gray dotted line area is the 95% confidence interval of the regression line. (a) ΔSVITrend, Stroke volume index 
variation induced by the Trendelenburg position; (b) FTcBaseline, baseline carotid artery corrected flow time; (c) 
ΔVpeakCA, respirophasic variation in carotid artery blood flow peak velocity; (d) PPV, pulse pressure variation; 
(e) SVV, stroke volume variation.
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Fig. 5.  Receiver operating characteristics curves from five diagnostics tests to detect fluid responsiveness. 
(a) ΔSVITrend, Stroke volume index variation induced by the Trendelenburg position; (b) FTcBaseline, baseline 
carotid artery corrected flow time; (c) ΔVpeakCA, respirophasic variation in carotid artery blood flow peak 
velocity; (d) PPV, pulse pressure variation; (e) SVV, stroke volume variation.
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indicators have undergone a transition from static to dynamic and from invasive to non-invasive. The purpose 
of our study of volume responsiveness was to improve organ tissue ischemia and hypoxia while avoiding volume 
overload, increasing mortality and hospitalization time.

CVP serving as a pressure indicator, can reflect preload depending on cardiac compliance. However, various 
factors such as heart failure, volume expansion, the use of vasopressors, or mechanical ventilation can alter 

Fig. 6.  Grey zone analysis. (a) ΔSVITrend, Stroke volume index variation induced by the Trendelenburg 
position; (b) FTcBaseline, baseline carotid artery corrected flow time; (c) ΔVpeakCA, respirophasic variation in 
carotid artery blood flow peak velocity; (d) PPV, pulse pressure variation; (e) SVV, stroke volume variation.
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cardiac compliance, leading to inaccuracies in preload assessment via CVP38. The study by Marik PE et al.15 also 
indicates that central venous pressure should not be used to guide fluid therapy in clinical practice.

PPV and SVV are dynamic parameters widely used to predict fluid responsiveness39,40. Nowadays, optimization 
strategies for fluid management are often based on these parameters, which can be easily obtained through 
invasive arterial pressure monitoring. However, some studies suggest that factors such as low VT (< 8 ml/kg−1 
PBW) may influence the performance of PPV and SVV, especially in patients undergoing thoracoabdominal 
closure or positioned in the PP41,42. During the treatment of ARDS patients, mechanical ventilation can induce 
ventilator-induced lung injury (VILI) through various mechanisms, including volutrauma, barotrauma, and 
atelectrauma43. Therefore, guidelines from the Extracorporeal Life Support Organization (ELSO) recommend 
limiting tidal volume to less than 6  ml/kg to reduce the occurrence of VILI6, and supplementing with 
prone positioning ventilation during ECMO to treat moderate to severe ARDS44. Multiple studies45–48 have 
demonstrated that prone positioning during ECMO is feasible, safe, and can enhance ECMO weaning and 
improve outcomes. In our study, patients in the PP, combined with reduced chest wall compliance49 and low 
VT (4–6 ml/kg−1 PBW), resulted in lower sensitivity, specificity, and AUC values for PPV and SVV compared to 
other parameters. These findings align with previous research results21,24,50,51. PPV and SVV may not applicable 
for predicting fluid responsiveness in such patients.

In contrast, the application of FTcBaseline and ΔVpeakCA derived from carotid ultrasound has multiple 
advantages. Firstly, this technique is entirely non-invasive, allowing for easy assessment of a patient’s 
hemodynamic status through carotid artery ultrasound. Secondly, these parameters are applicable to patients 
with low VT (≤ 6 ml/kg−1 PBW) and cardiac arrhythmias41, unlike other dynamic markers such as PPV and 
SVV, which require higher tidal volumes and regular heart rhythms. Additionally, the measurement of FTcBaseline 
is not affected by changes in intrathoracic pressure during respiration52.

Trendelenburg position or passive leg raising are used either as a diagnostic tool to assess fluid 
responsiveness20,53. The physiological mechanisms of both methods are similar, involving changes in body 
position or elevation of the lower limbs to promote blood flow toward the heart, resulting in “autotransfusion,” 
increasing venous return to the heart, enhancing CO, and ultimately increasing organ perfusion. However, 
the passive leg raising test requires patients to remain in the supine position, whereas our study subjects were 
VV-ECMO patients in the prone position, making it fundamentally unsuitable. Additionally, there were some 
concerns about the safety of passive leg raising among ECMO patients. Previous studies19 have indicated that 
patients undergoing passive leg raising did not experience any adverse effects on the ECMO system, it is still 
important to consider that leg elevation may pose risks of catheter displacement or deformation, as well as 
vascular injury. Therefore, the Trendelenburg position may be more suitable for assessing fluid responsiveness in 
our study population. In our study, all patients underwent Trendelenburg position in the PP without any adverse 
impact on the ECMO system.

The Trendelenburg position and PP can significantly affect chest wall compliance, as well as respiratory 
system mechanics54, which may impact the assessment of fluid responsiveness using ultrasound. However, Yonis 
H et al.21 reported that the Trendelenburg maneuver is reliable to predict fluid responsiveness in patients with 
ARDS under protective ventilation in the prone position. Based on the results of our study, we have also drawn 
similar conclusions. The Trendelenburg position induced a 64.7% change in SVI, induced by VE, indicating a 
similar physiological effect to passive leg raising. The high correlation between ΔSVITrend and ΔSVIVE, along 
with the high sensitivity, specificity, AUC, and narrow gray zone of ΔSVITrend, suggests that the Trendelenburg 
position can be used to assess fluid responsiveness in patients undergoing VV-ECMO in the PP.

Conclusions
Our study provides robust evidence supporting ΔSVITrend, FTcBaseline and ΔVpeakCA are able to predict fluid 
responsiveness in patients on VV-ECMO with ARDS in the PP, while neither PPV and SVV reached acceptable 
predictive performance to predict fluid responsiveness. FTcBaseline can be directly obtained using neck ultrasound, 
eliminating the need Trendelenburg position or VE. This characteristic enhances its practicality in clinical 
settings, making it a more accessible and efficient option for assessing fluid responsiveness.

Limitations
Our study had several limitations. Firstly, since all patients were treated for ARDS, they required low tidal 
volume ventilation (4–6  ml/kg) as part of lung-protective strategies; thus, our findings may not extend to 
patients receiving higher tidal volumes (6–8 ml/kg or > 8 ml/kg). Secondly, we did not conduct comparisons 
with findings from non-prone positions, which may limit the generalizability of our results to other positional 
settings. Additionally, this study did not include other tests for fluid responsiveness, such as the Mini Fluid 

Parameters
AUC
(CI95%) Optimal threshold Grey zone Patients in grey zone (%) Sensitivity (%) (CI95%) Specificity (%) (CI95%) Youden index PLR NLR

FTcBaseline 0.87(0.76–0.98) 332ms 318-335ms 15 (29%) 85(69–93) 83(61–94) 0.681 5.09 0.18

ΔVpeakCA 0.83(0.72–0.95) 10% 9–13% 22 (43%) 82(66–91) 78(55–91) 0.590 3.68 0.23

PPV 0.75(0.61–0.89) 7.5% 6.5–9.5% 20 (39%) 79(62–89) 56(34–75) 0.343 1.77 0.38

SVV 0.76(0.61–0.90) 11.5% 10.5–14.5% 21 (41%) 76(59–87) 67(44–84) 0.424 2.28 0.36

ΔSVITrend 0.89(0.80–0.98) 14.5% 12.5–21.5% 15 (29%) 82(66–91) 83(61–94) 0.652 4.91 0.22

Table 3.  Predictive performance of five parameters to predict fluid responsiveness.
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Challenge or the End-Expiratory Occlusion test. In future research, we aim to further explore these aspects to 
enhance fluid responsiveness assessment.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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