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Efficacy of using tidal volume challenge 
to improve the reliability of pulse pressure 
variation reduced in low tidal volume ventilated 
critically ill patients with decreased respiratory 
system compliance
Yujun Xu, Jun Guo*, Qin Wu and Junjun Chen 

Abstract 

Background:  The prediction accuracy of pulse pressure variation (PPV) for fluid responsiveness was proposed to be 
unreliable in low tidal volume (Vt) ventilation. It was suggested that changes in PPV obtained by transiently increasing 
Vt to 8 ml/kg accurately predicted fluid responsiveness even in subjects receiving low Vt. We assessed whether the 
changes in PPV induced by a Vt challenge predicted fluid responsiveness in our critically ill subjects ventilated with 
low Vt 6 ml/kg.

Methods:  This study is a prospective single-center study. PPV and other parameters were measured at a Vt of 6 mL/
kg, 8 mL/kg, and after volume expansion. The prediction accuracy of PPV and other parameters for fluid responsive-
ness before and after tidal volume challenge was also analyzed using receiver operating characteristic (ROC) curves.

Results:  Thirty-one of the 76 subjects enrolled in the study were responders (41%). Respiratory system compliance 
of all subjects decreased significantly (26 ± 4.3). The PPV values were significantly higher in the responder group than 
the non-responder group before (8.8 ± 2.7 vs 6.8 ± 3.1) or after (13.0 ± 1.7 vs 8.5 ± 3.0) Vt challenge. In the receiver 
operating characteristic curve (ROC) analysis, PPV6 showed unsatisfactory predictive capability with an area under 
the curve (AUC) of 0.69 (95%CI, 0.57–0.79, p = 0.002) at a Vt of 6 mL/kg. PPV8 andΔPPV6–8 showed good predictive 
capability with an AUC of 0.90 (95% CI, 0.81–0.96, p < 0.001) and 0.90 (95% CI, 0.80–0.95, P < 0.001) respectively. The 
corresponding cutoff values were 11% for PPV8 and 2% for ΔPPV6–8.

Conclusions:  PPV shows a poor operative performance as a predictor of fluid responsiveness in critically ill subjects 
ventilated with a tidal volume of 6 mL/ kg. Vt challenge could improve the predictive accuracy of PPV to a good but 
not excellent extent when respiratory system compliance decreased significantly.

Keywords:  Pulse pressure variation (PPV), Critically ill, Fluid responsiveness, Tidal volume challenge, 
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Quick look
Current knowledge
Pulse pressure variation (PPV) has been used to pre-
dict preload fluid responsiveness in mechanically ven-
tilated subjects. PPV interpretation is doubtful during 
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low tidal volume ventilation (tidal volume ≦ 6  ml/kg), 
which is increasingly used in ICU subjects. Some stud-
ies suggested temporary tidal volume (Vt) challenge 
could improve the prediction accuracy of PPV. How-
ever, reports regarding the effect of the Vt challenge were 
conflicting.

What this paper contributes to our knowledge.
PPV shows a poor operative performance as a predic-

tor of fluid responsiveness in critical care subjects venti-
lated with a tidal volume of 6 mL/ kg. Vt challenge could 
improve the predictive accuracy of PPV to a good but not 
excellent extent in the context of lung protective venti-
lation when respiratory  system  compliance decreased 
significantly.

Background
Fluid  therapy  is  the  primary  resuscitation  maneuver of 
acute circulatory failure management in critically ill sub-
jects [1]. Both under and over-fluid resuscitation with 
fluid may cause a poor clinical outcome [2]. Testing for 
fluid responsiveness may help one decide to administer 
fluid or to stop fluid administration.  It is very common 
that “fluid responsiveness” does not occur in critically ill 
subjects, who are more vulnerable  to volume expansion 
[3]. Without testing for an individual’s  fluid responsive-
ness, volume expansion can lead to increased cardiac 
filling pressure and fluid overload but not a significant 
hemodynamic improvement [4]. Clinically, many moni-
toring indices are implemented to help physicians assess 
fluid responsiveness [5]. Among these indicators, pulse 
pressure variation (PPV) has been applied to predict 
preload fluid responsiveness in mechanically ventilated 
subjects [6]. Compare to other traditional indicators, the 
PPV is a dynamic parameter that can be quickly recorded 
from a bedside monitor and reliably predicts preload 
responsiveness [7].

Nevertheless, PPV interpretation is doubtful during 
low tidal volume ventilation (tidal volume ≦ 6  ml/kg), 
which is increasingly used in ICU subjects, especially 
those with sepsis and acute respiratory distress syndrome 
[8, 9]. Some studies attempted to overcome this limita-
tion, one of which suggested that the temporary tidal 
volume (Vt) challenge could improve the prediction 
accuracy of PPV [10]. However, reports regarding the 
effect of the Vt challenge were conflicting, which was not 
surprising had regard to the difference in population het-
erogeneity and other settings between studies [11–13].

To evaluate the validity of the Vt challenge, we per-
formed a study on septic shock patients with or without 
ARDS who were receiving low tidal mechanical ventila-
tion. We also compared the ability of PPV to predict fluid 
responsiveness (before and after Vt challenge) with addi-
tional parameters.

Materials and methods
Subjects with septic shock who received low tidal 
mechanical ventilation between October 2017 to May 
2020 in the Department of Critical Care Medicine at 
West China Hospital were screened in the study. The 
study protocol was reviewed and approved by the  Eth-
ics  Committee  of  West China  Hospital  of  Sichuan Uni-
versity (No. 2018–88), and written informed consent was 
obtained from the subjects’ guardians or next of kin.

We included subjects 18  years old or older fulfilling 
the criteria for a diagnosis of septic shock with or with-
out ARDS, who were receiving low tidal volume ven-
tilation using volume control ventilation and having 
continuous cardiac output monitoring for whom the 
treating physician planned to give a fluid bolus. Septic 
shock was defined according to the Sepsis-3 consensus 
of the Society of Critical Care Medicine and the Euro-
pean Society of Intensive Care Medicine [14]: vasopres-
sor requirement and serum lactate > 2  mmol/L in the 
absence of hypovolemia in a patient with suspected or 
proven infection. For diagnosis of ARDS, the patient 
must have new or worsening symptoms within 1 week of 
a known clinical insult; bilateral opacities observable on 
anteroposterior chest radiographs that were not due to 
effusions, nodules or lobar or lung collapse; and hypox-
emia, defined by a PaO2/FiO2 < 300 mm Hg and a mini-
mum positive end-expiratory pressure ≥ 5  cm H2O, that 
was not fully explained by cardiac failure or fluid over-
load [15]. Subjects with cardiac arrhythmias, valvular 
heart disease, right ventricular dysfunction, intracardiac 
shunt, air leakage through chest drains, abdominal com-
partment syndrome, pregnancy, or urgently requiring 
a fluid bolus were excluded. We excluded patients with 
right ventricular dysfunction or intracardiac shunt as it 
has been suggested that they could result in false-positive 
or false-negative values of PPV [16]. Patients urgently 
requiring a fluid bolus were excluded because they could 
not comply with the fluid management of our study pro-
cedure strictly.

Philips Intellivue MP60 monitors (Philips Medical 
Systems, Amsterdam, The Netherlands) were used for 
monitoring vital variables. Central venous catheters 
and thermistor-tipped arterial catheters in the femoral 
artery were inserted in subjects to connect a transpul-
monary thermodilution device: PiCCO (Pulsion Medi-
cal Systems SE, Feldkirchen, Germany). Transpulmonary 
thermodilution variables such as global end-diastolic 
volume index (GEDI), cardiac index derived by pulse 
power analysis (CCI), PPV and cardiac index assessed by 
transpulmonary thermodilution (CITPTD) were obtained 
from it. PiCCO device was adjusted by an engineer from 
manufacture according to the manufacturer’s protocol to 
ensure precision and accuracy of measurement every two 
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weeks. All the ventilators available in our trial are Puri-
tan Bennet 840. Assessment of no spontaneous breathing 
during ventilation was determined by respiratory flow 
signal analysis on the ventilator.

Before the measurement of PPV, all patients were 
titrated to maintain patients in a low/no-pain [Criti-
cal Care Pain Observation Tool (CPOT) score < 3] and 
moderately sedated [Richmond Agitation-Sedation 
Scale (RASS) score − 3] state [17, 18]. RASS is a 10-point 
scale, with four levels of anxiety or agitation (+ 1 to + 4 
[combative]), one level to denote a calm and alert state 
(0), and 5 levels of sedation (− 1 to − 5) culminating 
in unarousable (− 5). A continuous infusion of propo-
fol (0.3–2.0 mg/kg·h) was used to achieve a RASS score 
of -3 throughout the measurement. If this goal was not 
achieved, a continuous infusion of dexmedetomidine 
(0.2–1.2  μg/kg·h) and/or midazolam (0.04–0.15  mg/
kg·h) was added. All patients were given remifentanil 
(2.0–5.0  μg/kg·h) for analgesia during measurement to 
maintain a CPOT score of < 3. The depth of sedation was 
modified and the spontaneous respiration was inhibited 
by adjusting the amount of drug infusion without using 
any muscle relaxant. The measurement started 1 h after 
the RASS and CPOT objective was reached and the ces-
sation of spontaneous respiration was confirmed. All 
the patients achieved the goal of analgesia and sedation 
within the dosage range of drugs. Intravenous sedation 
was stopped when the patient reached a RASS score of 
–4 to –5. Intravenous analgesia was also stopped. Anal-
gesics with sedatives were restarted at half the previous 

dose and adjusted accordingly to achieve the goals of 
sedation and analgesia.

The heart rate (HR), systolic blood pressure (SBP), 
diastolic blood pressure (DBP), mean arterial pressure 
(MAP), CCI, PPV, central venous pressure (CVP), plateau 
pressure (Pplat), positive end-expiratory pressure (PEEP), 
driving pressure (Pplat – PEEP), and static compliance 
of the respiratory system (Cst) were recorded at baseline 
and specific intervals (Fig.  1). All respiratory  parame-
ters were continuously monitored by the ventilator (Puri-
tan Bennett 840  ventilator). Measurement of Cst was 
computed by dividing tidal volume by Pplat (measured 
during an end-inspiratory pause (2 s)) minus total PEEP.

Firstly, all subjects were ventilated in volume-con-
trolled mode with a Vt 6  ml/kg predicted body weight 
(PBW) at baseline (baseline 1). Secondly, the "tidal vol-
ume challenge" was conducted by transiently increasing 
Vt to 8 mL/kg PBW for 2 min. Following this procedure, 
PPV8 (PPV at 8 ml/kg PBW) and other parameters were 
recorded during the 15  s before the end of the 2  min 
period. Then Vt was reduced back to 6 mL/kg PBW again 
for 2 min and relevant parameters were recorded (base-
line 2). After that, 250  ml of crystalloid  fluid  bolus was 
given over 15  min, and measurements were repeated 
during the 1  min before the end of the 15  min period. 
Subjects were considered to be responders if there was 
an increase in the CITPTD of more than 15% after giving a 
fluid bolus at Vt 6 mL/kg PBW. Doses of vasoactive medi-
cations and PEEP were held constant. The change in PPV 
after transiently increasing tidal volume (ΔPPV6-8)was 
calculated.

Fig. 1  Study protocol. Arrows indicate time points at which measurements were made
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Statistical analysis
Measurement data conforming to a normal distribution 
were reported as mean ± SD; data that did not conform 
to a normal distribution are reported as the medians 
(25–75% interquartile range). Enumeration data were 
reported as frequency (percentage). The two groups of 
measurement data were compared with independent 
samples Student’s t-test (normal distribution). The Wil-
coxon rank-sum test was used for data that did not con-
form to a normal distribution, and the chi-squared test or 
Fisher’s exact test was utilized to compare two groups of 
enumeration data. Paired sample t-test or a signed rank-
sum test was used to compare paired data. An alpha value 
of p < 0.05 was considered to be significantly different. 
Receiver operating characteristic (ROC) curves of PPV 
and other parameters were plotted under different tidal 
volume values. The Youden method was used to identify 
the threshold values of PPV and other parameters and to 
identify optimal sensitivity and specificity for diagnosing 
the volume responsiveness of subjects [19]. The differ-
ences in the area under each ROC curve were compared 
using the Delong test [20]. The sample size estimation for 
a ROC analysis was based on research by Hanley et  al. 
[21]. According to Xiaobo, the ratio of non-responders 
cases to responder cases was supposed to be about 0.7–
1.4 [22]. Under the assumption of (1) type I error = 0.05 
(2) type II error = 0.2 (3) acceptable discrimination was 

0.7, the sample size should be at least 65 participants. The 
estimated sample size was corrected to 76 participants in 
consideration of at least a 15% drop-out rate. MedCalc 
version 20 (MedCalc Software Ltd, Ostend, Belgium) and 
SPSS version 24.0 software (USA) were used for all statis-
tical analyses.

Results
Study population
In the enrollment period, 96 consecutive subjects were 
screened and 90 were considered eligible (cardiac output 
was not monitored in 4 subjects, acute circulatory failure 
in 2 subjects was reversed quickly). However, eight of the 
90 subjects were excluded because of cardiac arrhythmias 
(n = 3), right ventricular dysfunction (n = 3), or abdomi-
nal compartment syndrome (n = 2). Four of the remain-
ing guardians declined  to  sign  informed  consent. Data 
from 2 patients were excluded because of unstable base-
line PPV. In the end, 76 subjects were analyzed (Fig. 2).

Fifty percent of the 76 subjects were men. The mean 
age of them was 55 ± 16 years. The mean Acute Physiol-
ogy and Chronic Health Evaluation II score was 26 ± 9. 
All subjects had a diagnosis of acute  circulatory  failure 
and sepsis. Among them, 50 subjects had pulmonary 
infections, 13 subjects had intra-abdominal infections, 
8 subjects had bacteremia, 5 had other sources of infec-
tion. The mean onset day of sepsis before inclusion in 

Fig. 2  The flow of subjects in the study
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the current study was 5.7 ± 2.6  days. History of hyper-
tension was present in 23% of subjects, diabetes mel-
litus in 9.2%, and dyslipidemia in 15.8%. Thirty-one 
of the 76 subjects (41%) were identified as responders 
because CO increased by greater than or equal to 15% 
after fluid challenge. Comparisons between responders 
and nonresponders are also shown in Table 1. For all of 
the above variables, there was no significant difference 

between responders and nonresponders. Before the 
fluid challenge, baseline hemodynamic and respiratory 
characteristics were compared between responders and 
nonresponders. Norepinephrine doses, heart rate, MAP, 
respiratory rate, tidal volume, PEEP, driving pressure, 
Pplat, Cst, PaO2/FiO2, and arterial lactate were not signifi-
cantly different at baseline between fluid-responsive sub-
jects and nonresponders (Table 2).

Table 1  Patients’ general characteristics at inclusion

Continuous data are presented as mean ± SD or median (range), as appropriate. Categorical data are presented as frequencies (percentage)

APACHE II score Acute Physiology and Chronic Health Evaluation II score, BMI Body mass index

Characteristics Overall population (n = 76) Fluid non-responders (n = 45) Fluid Responders (n = 31) p

Age (years) 55 ± 16 56 ± 16 53 ± 16 0.30

Male (%) 38(50%) 23 (51%) 15 (48%) 0.81

APACHE II score 26 ± 9 27 ± 10 24 ± 8 0.06

Onset time of sepsis (days) 5.7 ± 2.6 6.1 ± 2.4 5.1 ± 2.7 0.76

BMI 25 ± 4.4 25 ± 4.7 25 ± 3.9 0.60

Hypertension 18(23%) 11 (24%) 7 (23%) 0.85

Diabetes mellitus 7(9.2%) 4 (8.9%) 3 (9.6%) 0.91

Dyslipidaemia 12(15.8%) 7 (15.6%) 5 (16.1%) 0.94

Cause of infection

Pulmonary 50(66%) 29 (64%) 21 (68%) 0.77

Abdominal 13(17%) 8 (18%) 5 (16%) 0.85

Blood stream 8(10.5%) 5 (11.1%) 3 (9.7%) 0.84

Others 5(6.6%) 3 (6.7%) 2 (6.4%) 0.97

Table 2  Baseline Hemodynamic and Respiratory Characteristics of Fluid Responders and Nonresponders

Data are presented as mean ± SD or median (1st quartile to 3rd quartile)

P values were calculated between the fluid non-responders and fluid responders

MAP Mean arterial pressure, PPV Pulse pressure variation, CVP Central venous pressure, CITPTD Cardiac index assessed by transpulmonary thermodilution, GEDVI Global 
end-diastolic volume index, PBW Predicted body weight, PEEP Positive end-expiratory pressure, Pplat Plateau pressure of the respiratory system, Cst Static compliance 
of the respiratory system, PaO2 Partial pressure of arterial oxygen, FiO2 Inspired oxygen fraction

Parameters Overall population 
(n = 76)

Fluid non-responders 
(n = 45)

Fluid responders (n = 31) p

Norepinephrine dose (μg.kg−1.min−1) 0.55 ± 0.39 0.61 ± 0.41 0.45 ± 0.35 0.08

Heart rate (min−1) 112 ± 16 110 ± 18 116 ± 14 0.06

MAP (mm Hg) 76 ± 16 75 ± 16 78 ± 16 0.39

PPV (%)a 7.6 ± 3.1 6.7 ± 3.1 8.8 ± 2.7 0.004

CVP (mm Hg) 9.3 ± 2.3 9.8 ± 2.0 8.6 ± 2.5 0.025

CITPTD (L.min−1.m−2) 2.98 ± 0.53 2.88 ± 0.58 3.14 ± 0.40 0.003

GEDVI (ml.m−2) 783 ± 106 810 ± 88 743 ± 118 0.007

Respiratory rate (min−1) 27 ± 4 27 ± 4 27 ± 4 .807

Tidal volume (ml.kg−1 PBW) 6.0 6.0 6.0 .401

PEEP (cm H2O) 9.5 ± 2.8 9.9 ± 3.0 8.8 ± 2.4 .082

Pplat (cm H2O) 23 ± 3.3 23.1 ± 3.3 22.7 ± 3.4 .587

Driving pressure (cm H2O) 15 ± 2.0 15 ± 1.9 15 ± 2.0 .770

Cst (mL.cm H2O−1) 25.7 ± 3.8 26.1 ± 3.7 25.1 ± 3.9 .811

PaO2/FiO2 (mm Hg) 199 ± 71 193 ± 70 208 ± 73 .349

Arterial lactate (mmol.L−1) 3.8 ± 2.0 4.0 ± 2.1 3.4 ± 1.8 .193
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It was found that the CVP (8.6 ± 2.5 vs 9.8 ± 2.0, 
p = 0.025) and GEDVI (743 ± 118 vs 810 ± 88, p = 0.007) 
in the responders were lower than those in the nonre-
sponders, while the PPV (8.8 ± 2.7 vs 6.7 ± 3.1, p = 0.004) 
and CITPTD(3.20 ± 0.26 vs 2.83 ± 0.65, p = 0.003)in the 
responder group were higher than those found in the 
nonresponder group.

Influence of tidal volume challenge and fluid challenge 
in the responder and non-responder group.

The changes in hemodynamic parameters related to 
tidal volume challenge and fluid challenge are presented 
in Table  3. HR and MAP were not significantly differ-
ent between the responder and nonresponder groups, 
regardless of whether before or after tidal volume chal-
lenge and fluid resuscitation. CCI and CITPTD seemed 
higher in the responder group than in the nonresponder 
group at all stages of our experiment. Driving pressure 
increased significantly in both groups (15 ± 1.9 to 20 ± 2.2 
in non-responders, 15 ± 2.0 to 20 ± 2.5 in responders) at 
the end of the Vt challenge while Cst remained the same. 
Before the fluid challenge, CVP, PPV, and GEDVI were 
recorded when a tidal volume of 6 ml/kg ventilation was 
performed (baseline 1). It was found that PPV (6.8 ± 3.1 
vs 8.8 ± 2.7), CCI (2.88 ± 0.58 vs 3.14 ± 0.40), and CITPTD 

(2.89 ± 0.58 vs 3.16 ± 0.36) in the nonresponder group 
was lower than in the responder group, and the CVP 
(9.8 ± 2.0 vs 8.6 ± 2.5) and GEDVI (810 ± 88 vs 743 ± 119) 
in the nonresponder group were higher than those found 
in the responder group.

When 8  mL/kg Vt ventilation was performed, it was 
observed that CVP (11.1 ± 2.3 vs 9.9 ± 2.4) remained 
higher while PPV (8.5 ± 3.0 vs 13.0 ± 1.7) was still lower 
in the nonresponder group than in the responder group. 
PPV increased in both groups. However, the change 
extent of PPV in the responder group was more signifi-
cant (4.2 ± 1.6 vs 1.7 ± 1.1). The changing size of CVP 
showed no difference between the responder group and 
the nonresponder group. At baseline 2, all hemodynamic 
parameters in both groups were similar to those meas-
ured at baseline 1 (baseline 1 vs baseline 2). After the 
fluid challenge, CVP increased in both groups while PPV 
decreased in responder groups. Meanwhile, no signifi-
cant difference could be noted in GEDVI in both groups.

ROC curve analysis
In the ROC curve analysis, MAP and heart rate showed 
no predictability for fluid responsiveness. The predic-
tive power of PPV6 was limited with an AUC of 0.69 

Table 3  Evolution of hemodynamic Variables in fluid responders and nonresponders at baseline or after fluid challenge

Vt tidal volume, MAP Mean arterial pressure, CCI Continuous cardiac index which was provided by pulse contour analysis, CITPTD Cardiac index assessed by 
transpulmonary thermodilution, Cst static compliance of the respiratory system, GEDVI Global end-diastolic volume index

Values are expressed as mean ± sd
a p < 0.05, fluid responders vs fluid nonresponders
b p < 0.05, Vt 8 mL/kg vs baseline 1 (Vt = 6 ml/kg)
c p < 0.05, baseline 2 vs after fluid bolus
d p < 0.05, baseline 1 (Vt, 6 mL/kg) vs after fluid bolus (Vt, 6 mL/kg PBW)

Dashes indicate variables that were not measured in monitoring CITPTD and GEDVI

non responder (n = 45) responder (n = 31)

Baseline 1 After Vt 
Challenge

Baseline 2 After Fluid 
Challenge

Baseline 1 After Vt 
Challenge

Baseline 2 After Fluid 
Challenge

Vt, 6 mL/kg Vt, 8 mL/kg Vt, 6 mL/kg Vt, 6 mL/kg Vt, 6 mL/kg Vt, 8 mL/kg Vt, 6 mL/kg Vt, 6 mL/kg

Heart Rate 110 ± 18 109 ± 18 109 ± 18 107 ± 17 116 ± 14 116 ± 14 116 ± 14 112 ± 14

MAP (mm Hg) 75 ± 16 76 ± 14 77 ± 14 76 ± 15 78 ± 16 74 ± 18 74 ± 18 82 ± 15

CCI (L/min/m2) 2.88 ± 0.58 2.80 ± 0.77 2.81 ± 0.60 2.95 ± 0.62 3.14 ± 0.40a 3.20 ± 0.56a 3.18 ± 0.32a 3.71 ± 0.44ac

CVP (mm Hg) 9.8 ± 2.0 11.1 ± 2.3 10.0 ± 2.1 13.3 ± 3.4c 8.6 ± 2.5a 9.9 ± 2.4a 8.5 ± 2.6a 10.4 ± 2.5ac

PPV (%) 6.8 ± 3.1 8.5 ± 3.0b 6.7 ± 3.5 5.4 ± 4.6 8.8 ± 2.7a 13.0 ± 1.7ab 8.7 ± 3.2a 6.2 ± 3.8c

CVP6-8 1.5 ± 1.3 1.4 ± 1.1

PPV6-8 1.7 ± 1.1 4.2 ± 1.6a

Driving pressure 
(cm H2O)

15 ± 1.9 20 ± 2.2b – – 15 ± 2.0 20 ± 2.5b – –

Cst (mL.cm 
H2O−1)

26.1 ± 3.7 26.3 ± 3.3 – – 25.1 ± 3.9 25.2 ± 3.6 – –

CITPTD (L.min−1.
m−2)

2.89 ± 0.58 – – 2.93 ± 0.57 3.16 ± 0.36a – – 3.74 ± 0.37ad

GEDVI (mL.m−2) 810 ± 88 – – 806 ± 136 743 ± 119a – – 752 ± 120
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(95% CI 0.57–0.79,p = 0.002). While PPV8 signifi-
cantly improved predictive ability with an AUC of 0.90 
(95% CI 0.81–0.96, p < 0.001). The predictive power of 
ΔPPV6–8 was similar to PPV8 with an AUC of 0.90 (95% 
CI 0.80–0.95, p < 0.001). CCI, CVP6, CVP8 and ΔCVP6–

8 showed  weak  predictability for fluid responsiveness 
with AUCs of 0.67 (95% CI 0.55–0.72, p = 0.007), 0.67 
(95% CI 0.55–0.75, p = 0.007), 0.68 (95% CI 0.56–
0.78, p = 0.008) and 0.52 (95% CI 0.40–0.53, p = 0.81) 
respectively. The optimal threshold values of PPV8 and 
∆PPV6–8 were 11% (sensitivity 80%, specificity 84%) 
and 2% (sensitivity 84%, specificity 84%) respectively 
(Table 4 and Fig. 3).

Discussion
This study demonstrated that PPV was not reliable in pre-
dicting fluid responsiveness in our subjects under protec-
tive ventilation. However, the predictive ability could be 
enhanced by increasing the tidal volume from 6 ml/kg to 
8 ml/kg temporarily. The tidal volume challenge did not 
improve the predictive power of CVP. Absolute change 
in PPV values obtained by the Vt  challenge (ΔPPV6–8) 
can predict fluid responsiveness with similar predictive 
capability compared to PPV8. The optimal threshold of 
∆PPV6–8 was > 2%.

These findings could be expected as cardiopulmo-
nary interactions, which is the underlying mechanism 
behind PPV, are highly correlated with the extent of 

Table 4  Diasgnostic ability of different parameters to predict fluid responsiveness

Receiver-operating characteristic curves comparing the ability of various variables to discriminate between fluid responders and nonresponders

AUC​ Area under the receiver operating characteristic curve, CI Confidence interval, MAP Mean arterial pressure, CCI Continuous cardiac index, Vt tidal volume, PPV6 
PPV at Vt 6 mL/kg PBW, PPV8 PPV at Vt 8 mL/kg PBW, CVP6 CVP at 6 mL/kg PBW, CVP8 CVP at 8 mL/kg PBW, ΔPPV6–8 Change in PPV after increasing Vt from 6 to 8 mL/kg 
PBW, ΔCVP6–8 Change in CVP after increasing Vt from 6 to 8 mL/kg PBW, PBW Predicted body weight, PPV Pulse pressure variation

AUC(95%CI) p cut off value Youden index Sensitivity (%) Specifificity 
(%)

MAP 0.55(0.43–0.66) 0.466 72 .198 71 49

Heart rate 0.61(0.48–0.71) 0.102 99 .203 87 33

CCI 0.67(0.55–0.72) 0.007 2.96 0.342 74 60

PPV6 0.69(0.57–0.79) 0.002 7 .354 71 64

PPV8 0.90(0.81–0.96)  < 0.001 11 .651 80 84

ΔPPV6–8 0.90(0.80–0.95)  < 0.001 2 .683 84 84

CVP6 0.67(0.55–0.77) 0.007 10 .216 84 38

CVP8 0.68(0.56–0.78) 0.008 9 .284 48 80

ΔCVP6–8 0.52(0.40–0.63) 0.81 1 .079 61 47

Fig. 3  Receiver operating characteristics curves from nine diagnostics tests to detect fluid responsiveness. CCI, continuous cardiac index during 
ventilation with 6 ml/kg predicted body weight tidal volume; HR, heart rate; MAP, mean arterial pressure; CVP_vt6, central venous pressure during 
ventilation with 6 ml/kg predicted body weight tidal volume; CVP_vt8, central venous pressure during ventilation with 8 ml/kg predicted body 
weight tidal volume; CVP_Δ, changes in central venous pressure between ventilation with 6 and 8 ml/kg predicted body weight tidal volume; 
PPV_vt6, pulse pressure variation during ventilation with 6 ml/kg predicted body weight tidal volume; PPV_vt8, pulse pressure variation during 
ventilation with 8 ml/kg predicted body weight tidal volume; PPV_Δ, change in pulse pressure variation between ventilation with 6 and 8 ml/kg 
predicted body weight tidal volume
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airway pressure transmission to intrapleural pres-
sure [8]. This transmission is inversely related to the 
elastance of the lung and chest wall [23], while there is 
a linear correlation between it and the ratio of the chest 
wall to respiratory system elastance [11]. It was sug-
gested that detection of PPV would have a high false-
negative rate in patients with ARDS under protective 
ventilation accounting for low Vt and low respiratory 
system compliance in them.

It had been demonstrated that the use of relatively low Vt 
in patients of ARDS could reduce mortality. However, sub-
sequent data analysis supported the benefit of using lower 
VT in patients without a diagnosis of ARDS. One exam-
ple was the protective effect of low Vt on the development 
of ARDS and/or pneumonia [24]. It was also suggested 
efforts be made to achieve low tidal volume ventilation in 
all patients with lung injury or undergoing mechanical ven-
tilation for some reason [25]. So we also included subjects 
receiving low tidal ventilation without ARDS. Accuracy 
measurements of PPV required the shortage of spontane-
ous respiratory effort as it would interfere with the con-
trolled, cyclic variation in intrathoracic pressure [16]. So we 
inhibit spontaneous respiratory effort during the measure-
ment of PPV, not in the whole period of treatment.

Positive pressure ventilation could result in cyclical 
changes in intrathoracic pressure, which induce variations 
in stroke volume. That is how PPV generates. PPV would 
be inaccuracy if the cyclic changes in intrathoracic and 
transpulmonary pressures are not large enough to affect 
preload, which might be too small when subjects were ven-
tilated with low tidal volumes [26]. The heart–lung interac-
tions, as well as the intrathoracic pressure, could be amplified 
by increasing tidal volume from 6 to 8 mL/kg. Fluid respon-
siveness could be recognized in these settings. Therefore, the 
“tidal volume challenge” helped identify fluid responders as 
PPV increased significantly only in responders [27].

Our study showed that performing a tidal volume chal-
lenge mildly enhanced the reliability of the PPV test. 
Similar to our results, another study developed by Myatra 
confirmed that change in PPV after a "Vt challenge" reli-
ably predicted fluid responsiveness [27]. However, the 
AUC of PPV8 and ΔPPV6–8 that we found (0.90 and 0.90 
respectively) seemed a little lower than those reported in 
that study (0.91 and 0.99, respectively). One of the pos-
sible reasons for these results was that subjects enrolled 
in our study had lower static compliance of the respira-
tory system than those enrolled in that study ( 26 ± 4 vs 
29 ± 8). As it had been suggested, pulse pressure vari-
ation became less accurate for predicting fluid respon-
siveness when the compliance of the respiratory system 
was ≤ 30 ml/cm H2O [28].

Our study also suggested that baseline central venous 
pressure did not accurately predict fluid responsiveness. 

This finding was consistent with the results of many 
other studies [7, 29]. However, surveys regularly report 
that CVP was still used for predicting fluid responsive-
ness by many clinicians [30, 31].  Although CVP could 
not reflect volume responsiveness, it does not mean that 
CVP should not be measured in subjects with or at risk 
of acute circulatory failure as the CVP is a good marker 
of preload (not preload responsiveness) and a key deter-
minant of cardiac function and the pressure gradient for 
organ perfusion [32].

Another interesting finding in our study was that CCI 
in the responder group was higher than in the non-
responder group (3.14 ± 0.40 vs 2.88 ± 0.58), which 
appeared to contribute to fluid responsiveness predic-
tion mildly (AUC 0.67). The possible mechanism behind 
this observation was that a subject’s response to fluids 
depends on both preload and cardiac contractility. Fluid 
responsiveness could only be predicted accurately in cases 
with normal ventricular contractility [33]. We supposed 
the decreased CCI in the non-responder group might 
derive from a reduced force of ventricular contraction, the 
circumstance under which fluid responsiveness could not 
be predicted accurately with an increase of preload.

The  present  study  had  the  following  limitations. First, 
we did not measure fluctuation of intrapleural pressure. 
It was pointed out that PPV adjusted by respiratory vari-
ations in pleural pressure could improve the prediction 
of fluid responsiveness [11]. However, measuring intra-
pleural pressure has faced challenges in implementation 
in real-world settings accounting for the complexity of 
this technology. Second, the study population consisted 
of only a small number of highly selected subjects with 
severe sepsis. Our results require validation in a larger 
and more heterogeneous population. Third, we did not 
record the volume of fluid received before inclusion not 
only because the volume of feed and fluid administered 
was not documented accurately but also because our 
study only tried to detect whether the "tidal volume chal-
lenge" could help predict fluid responsiveness and iden-
tify true responders at any volume status.

Conclusion
The change in PPV following the Vt challenge test has 
good but not exceptional reliability in predicting fluid 
responsiveness in subjects with low respiratory system 
compliance employing small tidal volume ventilation.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12871-​022-​01676-8.

Additional file 1. 

https://doi.org/10.1186/s12871-022-01676-8
https://doi.org/10.1186/s12871-022-01676-8


Page 9 of 9Xu et al. BMC Anesthesiology          (2022) 22:137 	

Acknowledgements
Not applicable.

Other information
This study was conducted in the Department of Critical Care Medicine at West 
China Hospital in China.

Authors’ contributions
Yujun Xu Contribution: data collection, study design, and manuscript prepara-
tion. Jun. Guo Contribution: manuscript preparation and manuscript review. 
Qin Wu. Contribution: literature search and data analysis. Junjun Chen Contri-
bution: literature search. All authors reviewed the manuscript. The author(s) 
read and approved the final manuscript.

Funding
This work was funded by China National Key Research and Development Program 
(No. 2020AAA0105005), Wu Jieping Medical Foundation (No. 320.6750.17570) and 
Sichuan Planned Project of Science and Technology (No. 2020YJ0241).

Availability of data and materials
The datasets used during the current study are available as a supplementary file.

Declarations

Ethics approval and consent to participate
The study protocol was reviewed and approved by the Ethics Commit-
tee of West China Hospital of Sichuan University, and written informed 
consent was obtained from the subjects’ guardians or next of kin. All methods 
were performed in accordance with the relevant guidelines and regulations.

Consent for publication
Not applicable.

Competing interests
All the authors declared to have no competing interests.

Received: 27 January 2022   Accepted: 6 April 2022

References
	1.	 Roger C, Zieleskiewicz L, Demattei C, Lakhal K, Piton G, Louart B, Constantin JM, 

Chabanne R, Faure JS, Mahjoub Y, et al. Time course of fluid responsiveness in 
sepsis: the fluid challenge revisiting (FCREV) study. Crit Care. 2019;23(1):179.

	2.	 Levy MM, Evans LE, Rhodes A. The surviving sepsis campaign bundle: 
2018 update. Intensive Care Med. 2018;44(6):925–8.

	3.	 Michard F, Teboul JL. Predicting fluid responsiveness in ICU patients: a 
critical analysis of the evidence. Chest. 2002;121(6):2000–8.

	4.	 Monnet X, Pinsky MR. Predicting the determinants of volume responsive-
ness. Intensive Care Med. 2015;41(2):354–6.

	5.	 Bendjelid K, Romand JA. Fluid responsiveness in mechanically ventilated 
patients: a review of indices used in intensive care. Intensive Care Med. 
2003;29(3):352–60.

	6.	 Teboul JL, Monnet X. Pulse pressure variation and ARDS. Minerva Anest-
esiol. 2013;79(4):398–407.

	7.	 Bentzer P, Griesdale DE, Boyd J, MacLean K, Sirounis D, Ayas NT. Will this 
hemodynamically unstable patient respond to a bolus of intravenous 
fluids? JAMA. 2016;316(12):1298–309.

	8.	 De Backer D, Heenen S, Piagnerelli M, Koch M, Vincent JL. Pulse pressure 
variations to predict fluid responsiveness: influence of tidal volume. 
Intensive Care Med. 2005;31(4):517–23.

	9.	 Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, Kumar 
A, Sevransky JE, Sprung CL, Nunnally ME, et al. Surviving sepsis campaign: 
international guidelines for management of sepsis and septic shock: 
2016. Intensive Care Med. 2017;43(3):304–77.

	10.	 Myatra SN, Monnet X, Teboul JL. Use of “tidal volume challenge” to 
improve the reliability of pulse pressure variation. Crit Care. 2017;21(1):60.

	11.	 Liu Y, Wei LQ, Li GQ, Yu X, Li GF, Li YM. Pulse pressure variation adjusted 
by respiratory changes in pleural pressure, rather than by tidal volume, 

reliably predicts fluid responsiveness in patients with acute respiratory 
distress syndrome. Crit Care Med. 2016;44(2):342–51.

	12.	 Yonis H, Bitker L, Aublanc M, Perinel Ragey S, Riad Z, Lissonde F, Louf-
Durier A, Debord S, Gobert F, Tapponnier R, et al. Change in cardiac 
output during Trendelenburg maneuver is a reliable predictor of fluid 
responsiveness in patients with acute respiratory distress syndrome in 
the prone position under protective ventilation. Crit Care. 2017;21(1):295.

	13.	 Min JJ, Gil NS, Lee JH, Ryu DK, Kim CS, Lee SM. Predictor of fluid respon-
siveness in the “grey zone”: augmented pulse pressure variation through 
a temporary increase in tidal volume. Br J Anaesth. 2017;119(1):50–6.

	14.	 Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, 
Bauer M, Bellomo R, Bernard GR, Chiche JD, Coopersmith CM, et al. The 
third international consensus definitions for sepsis and septic shock 
(Sepsis-3). JAMA. 2016;315(8):801–10.

	15.	 Force ADT, Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, 
Caldwell E, Fan E, Camporota L, Slutsky AS. Acute respiratory distress 
syndrome: the Berlin definition. JAMA. 2012;307(23):2526–33.

	16.	 Teboul JL, Monnet X, Chemla D, Michard F. Arterial pulse pressure 
variation with mechanical ventilation. Am J Respir Crit Care Med. 
2019;199(1):22–31.

	17.	 Gelinas C, Fillion L, Puntillo KA, Viens C, Fortier M. Validation of the critical-care 
pain observation tool in adult patients. Am J Crit Care. 2006;15(4):420–7.

	18.	 Ely EW, Truman B, Shintani A, Thomason JW, Wheeler AP, Gordon S, Francis 
J, Speroff T, Gautam S, Margolin R, et al. Monitoring sedation status over 
time in ICU patients: reliability and validity of the Richmond Agitation-
Sedation Scale (RASS). JAMA. 2003;289(22):2983–91.

	19.	 Fluss R, Faraggi D, Reiser B. Estimation of the Youden Index and its associ-
ated cutoff point. Biom J. 2005;47(4):458–72.

	20.	 DeLong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under 
two or more correlated receiver operating characteristic curves: a non-
parametric approach. Biometrics. 1988;44(3):837–45.

	21.	 Hanley JA, McNeil BJ. The meaning and use of the area under a receiver 
operating characteristic (ROC) curve. Radiology. 1982;143(1):29–36.

	22.	 Yang X, Du B. Does pulse pressure variation predict fluid responsiveness in criti-
cally ill patients? A systematic review and meta-analysis. Crit Care. 2014;18(6):650.

	23.	 Teboul JL, Pinsky MR, Mercat A, Anguel N, Bernardin G, Achard JM, Bou-
lain T, Richard C. Estimating cardiac filling pressure in mechanically venti-
lated patients with hyperinflation. Crit Care Med. 2000;28(11):3631–6.

	24.	 Ferguson ND. Low tidal volumes for all? JAMA. 2012;308(16):1689–90.
	25.	 Rackley CR, MacIntyre NR. Low tidal volumes for everyone? Chest. 

2019;156(4):783–91.
	26.	 Pinsky MR. Using ventilation-induced aortic pressure and flow variation to 

diagnose preload responsiveness. Intensive Care Med. 2004;30(6):1008–10.
	27.	 Myatra SN, Prabu NR, Divatia JV, Monnet X, Kulkarni AP, Teboul JL. The 

changes in pulse pressure variation or stroke volume variation after a 
“Tidal Volume Challenge” reliably predict fluid responsiveness during low 
tidal volume ventilation. Crit Care Med. 2017;45(3):415–21.

	28.	 Monnet X, Bleibtreu A, Ferre A, Dres M, Gharbi R, Richard C, Teboul JL. 
Passive leg-raising and end-expiratory occlusion tests perform better 
than pulse pressure variation in patients with low respiratory system 
compliance. Crit Care Med. 2012;40(1):152–7.

	29.	 Marik PE, Cavallazzi R. Does the central venous pressure predict fluid 
responsiveness? an updated meta-analysis and a plea for some common 
sense. Crit Care Med. 2013;41(7):1774–81.

	30.	 Cecconi M, Hofer C, Teboul JL, Pettila V, Wilkman E, Molnar Z, Della Rocca G, 
Aldecoa C, Artigas A, Jog S, et al. Fluid challenges in intensive care: the FENICE 
study: a global inception cohort study. Intensive Care Med. 2015;41(9):1529–37.

	31.	 Cannesson M, Pestel G, Ricks C, Hoeft A, Perel A. Hemodynamic monitoring 
and management in patients undergoing high risk surgery: a survey among 
North American and European anesthesiologists. Crit Care. 2011;15(4):R197.

	32.	 Monnet X, Marik PE, Teboul JL. Prediction of fluid responsiveness: an 
update. Ann Intensive Care. 2016;6(1):111.

	33.	 Hasanin A. Fluid responsiveness in acute circulatory failure. J Intensive 
Care. 2015;3:50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Efficacy of using tidal volume challenge to improve the reliability of pulse pressure variation reduced in low tidal volume ventilated critically ill patients with decreased respiratory system compliance
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Quick look
	Current knowledge

	Background
	Materials and methods
	Statistical analysis

	Results
	Study population
	ROC curve analysis

	Discussion
	Conclusion
	Acknowledgements
	References


