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ABSTRACT

Background: Tidal volume challenge pulse pressure variation (TVC-PPV) is considered one of the recent reliable dynamic indices of fluid
responsiveness (FR); also, passive leg raising (PLR)-induced changes in cardiac output (CO) detected by echocardiography are considered a
reliable reversible self-fluid challenge test; many patients share eligibility for both tests.

Objectives: The study aimed to compare the sensitivity and specificity of both tests for the prediction of FR in mechanically ventilated patients
with hemodynamic instability.

Methods: We studied 46 patients. Hemodynamic parameters including PPV and CO (detected by velocity time integral (VTI) using
echocardiography) recorded at tidal volume (VT) of 6 mL/kg/ideal body weight (IBW) in semi-recumbent position then recorded again after
one-minute increase in TV from 6 to 8 mL/kg/IBW then recorded with PLR at TV of 6 mL/kg/IBW and finally with actual volume expansion in
semi-recumbent position by 4 ml/kg bolus of crystalloid solution to define actual responders with increase of cardiac output of 15% or more.
Results: Sixteen patients were responders, and thirty patients were nonresponders; responders had significant increase in PPV with TVC 6 to
8 ml/kg/IBW with best cutoff value of 3.5 with a sensitivity of 93.8% and a specificity of 93.9%. PLR test-induced changes in CO had a sensitivity
of 93.9% and a specificity of 86.7% with statistically best cutoff value of 6.5% increase in CO, but sensitivity was 75% at cutoff value of 10%
increase in CO. Other parameters like PPV, PPV changes with PLR test, and PPV changes with fluid expansion were less sensitive indicators.

Conclusion: FRin patients with hemodynamicinstability and mechanically ventilated with low tidal volume strategy can be efficiently predicted
when PPV increases more than 3.5 with tidal volume challenge and when PLR induces 6.5% increase in CO monitored through VTl method by
Doppler echocardiography, and both tests are equally reliable.
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Volume expansion is a cornerstone treatment of acute circulatory  Giza, Egypt
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it can be a cause of therapeutic dilemma because fluid overload can  Cairo, Egypt

lead to acute kidney injury, prolongation of mechanical ventilation,
acute respiratory distress syndrome (ARDS), and higher mortality
rates.™* Predicting fluid responsiveness with a reliable, easy, and
rapid way is essential to know when to start and when to stop
fluid therapy especially as patients may react differently to VE.®
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Static hemodynamic parameters like inferior vena cava diameter
and central venous pressure are unreliable and cannot predict FR
precisely; contrarily, dynamic parameters that depend on cyclic
changes in cardiac preload caused by mechanical ventilation,
leading to variation of stroke volume (SV) or pulse pressure (PPV),
have proven to be reliable when predicting FRin hemodynamically
unstable patients.®’

PPVisacommon dynamic parameter that can predict FRreliably
and can be recorded through most of recent bedside monitors easily
using arterial lines; also, it does not need CO monitoring or any other
maneuvers to be done.®? One of its important drawbacks, being
inaccurate when using low tidal volume strategy, is considered a
common ventilation strategy among critically ill patients.” Some
papers have recently shown that using the changes in PPV with
tidal volume challenge (TVC-PPV) can overcome these limitations
and improve PPV accuracy with low tidal volume strategy. Tidal
volume challenge was done by elevating tidal volume from
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specificity 6 ml/kg IBW to 8 ml/kg IBW for only 60 seconds and
noticing the change in PPV (APPV6-8)."

PLR test is considered a reversible “preload challenge” of
around 300 ml of blood that can be repeated frequently when
required without infusing any fluids.? It is reliable during low tidal
volume ventilation with estimated sensitivity of 85% and of 91%

© Jaypee Brothers Medical Publishers. 2021 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted use, distribution, and non-commercial reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons
Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


https://orcid.org/0000-0001-7495-3494
https://orcid.org/0000-0003-3679-3586
https://orcid.org/0000-0001-8840-498X
https://orcid.org/0000-0003-3333-0754
https://orcid.org/0000-0002-7200-0806
https://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
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according to many studies' other reason behind. The popularity
of PLRis being reliable in patients with arrhythmias or spontaneous
breathing."

Direct measurement of CO is essential when performing PLR
to assess its effects. The mean cutoff value that achieved best
sensitivity and specificity was an increase in CO of 10% or more
during PLR." Multiple minimally invasive or noninvasive techniques
have been used to evaluate PLR-induced changes in CO.>">"7
However, many patients share eligibility for these two common tests
that can reliably predict FR in hemodynamically unstable patients
on low tidal volume ventilation strategy, and no study has made a
direct comparison between them.

METHODS
Study Design

Prospective study.

Study Setting

The study was held at Cairo University hospitals, critical care
department, between November 2018 and November 2019.

Study Population

After purposeful sampling technique was used and local ethics
committee approval, 55 patients were included with obtaining
written informed consent.

Inclusion Criteria

Adult patients with hemodynamic instability who are intubated
and mechanically ventilated with volume assist-control ventilation
(ACV) and using low tidal volume strategy (6 ml/kg/IBW). All patients
were fully sedated and not on vasopressors or receiving stable
doses of vasopressors.'®

Exclusion Criteria

Contraindications for PPV (spontaneous breathing, cardiac
arrhythmias, open chest, right-side heart failure, pulmonary or
intra-abdominal hypertension, HR/RR < 3.6) or contraindications
for PLR (head trauma, venous compression stockings).

Measurements

PPV measurements were obtained by using the Mindray monitors
(iMEC10) through radial arterial lines connected. Cardiac output
was obtained through VTl assessment by using echocardiography
machine through Doppler study which was performed by the
same operator using a standard transthoracic probe (P4-2,
Siemens Medical System, Malvern, PA, USA) and a dedicated unit
(Acuson %300, Siemens Medical System, Malvern, PA, USA)."°

TVC was done by temporarily elevating tidal volume from
6 ml/kg IBW to 8 ml/kg IBW for 60 seconds. PLR test was done by
lifting both lower limbs while straight for 45° with the trunk lowered
in the supine position for 90 seconds. All other ventilator parameters
like respiratory rate and PEEP were unchanged during the study.

CO Measurement by Transthoracic Echocardiography

Stroke volume was obtained through velocity time integral (VTI)
of left ventricular outflow tract (LVOT) blood flow using Doppler
tracing envelopes. The product of LVOT area and VTI equals the
stroke volume. CO can be obtained by multiplying the SV by heart
rate. In our study, CO was obtained from the average of three
envelopes of LVOT Doppler tracings in each step.
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Fig 1: Study protocol and codes.

Study Protocol

We recorded five sets of hemodynamic measurements (HR, MAP,
PPV, CO, and RR) at different times as shown in protocol sequence
(Fig. 1).

- First group of measurements was obtained in semi-recumbent
position (45°) on tidal volume 6 mi/kg/IBW (designated as first
base).

«  Then, TVC was done while the patient is totally sedated, and a
second group of measurements was recorded (TVC).

« Then, PLR test was done, and a third group of measurements
was obtained at the end (PLR).

« The patient was then got back to the semi-recumbent position,
and a fourth set of measurements was recorded again after
90 seconds (designated as base 2, pre-VE).

« Finally, the same measurements were obtained after VE with
4 ml/kg crystalloid solution (ringer lactate or normal saline 0.9%)
over 15 minutes (designated as after VE).

Patients were considered responders if cardiac output was
increased with volume expansion by more than 15% (from baseline
2 pre-VE). Test was canceled when sudden change in HR occurred,
pulmonary edema and severe decrease in blood pressure.

Data Management and Statistical Analysis

Multiple PPV and CO readings were coded as shown in Figure 1.
Data were coded and entered using the Statistical Package for the
Social Sciences (SPSS) version 25 (IBM Corp., Armonk, NY, USA).
Comparisons between quantitative variables were done using the
nonparametric Mann-Whitney test.?’ For comparing categorical
data, chi-square (x2) test was performed.?’

REesuLTs

Study Population

Eligibility process is shown in Flowchart 1. Sixteen patients were
responders (Rs), and thirty were nonresponders (NRs). The general
characteristics of the responders and nonresponders are reported
in Table 1, and none of them was significant. Also, majority of
studied patients (40) had septic shock but shock type did not differ
significantly between both groups.

Effects of TVC test, PLR, and VE on hemodynamic variables
in R and NR are shown in Table 2. Responders had higher PPVO
(at baseline 6 ml TV) with mean value of 16.81 with SD of 7.3 with
significant p value of (<0.001) with best cutoff value of 10.5 and
area under ROC of 0.78 with a sensitivity and specificity of 87%
and 83%, respectively.

Responders had significant increase in PPV with tidal volume
challenge 8 ml (delta PPV1) with best cutoff value of 3.5 with area
under the curve of 0.95 with sensitivity of 93.8% and specificity of
93.9%. In our study, we had one case with false-negative test and
two cases with false positive test. Also, PPV at 8 ml/kg/IBW predicted
responders with p value less than 0.001 (Table 3). At TVC, mean C;
increased to 29.06 + 3.71 ml/cm H,0 in responders (compared to
24.38 + 3.76 ml/cm H20 at base one) and 34.73 + 6.94 ml/cm H,0
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Flowchart 1: Eligibility Process for study population.

55 patients assessed for eligibility

(6 patients were excluded)
3 had ascitis and intrabdominal HTN
2 had pulmonary HTN

1 had pulmonary edema

v

49 patients were eligible

3 patients had poor
echogenic windows

A

46 patients were enrolled

and analyzed

16 patients were fluid
responders Rs

30 patients were non
responders NRs

in nonresponders (compared to 29.87 + 6.95 ml/cm H20 at base
one) (Table 3).

During PLR test, there was a significant decrease in PPV (delta
PPV2) in responders with 87.5% sensitivity and 80% specificity
(best cutoff value 2.5 and area under the curve of 0.877); the mean
CO increased significantly with PLR test in responders 0.18 + 0.10
compared to —0.01 = 0.1 in nonresponders; this was highly
significant with statistically best cutoff value of 6.5% with 0.94
area under the curve, 93.8% sensitivity, and 86.7% specificity, but
sensitivity was 75% with specificity of 86% with cutoff value of 10%
(0.099) increase in CO (Table 4).

PPV pre-VE mean value was 15.06 with SD of 6.87, which
was significant but did not affect the number of responders and
nonresponders; also, CO pre-VE mean value was 4.58 with SD of 1.16
with no significance, which means that the PLR test and tidal volume
challenge effects on hemodynamics were rapidly reversible after
the end of this test. Changes of PPV test with volume expansion with
500 ml crystalloids (delta PPV 3) showed significant decrease in PPV

Table 1: Patient characteristics in responders and nonresponders

Patient characteristics Responders (n=16) Nonresponders (n = 30) p-value
Gender freq. (%) Male 8 (50) 20 (66.7) 0.27
Female 8(50) 10(33.3)
Age (years) Mean + SD 60.25 + 13.82 59.97 +12.98 0.954
Ideal body weight (kg) Mean + SD 70.5 +7.98 66.33 + 8.57 0.13
BMI (kg/m?) Mean + SD 30.31+3.24 29.13 +£3.79 0.287
APACHE Il score Mean + SD 19.75 + 6.88 19.9 +£4.99 0.711
Shock type Cardiogenic 1(6.3) 0(0) 0.056
Septic 13(81.3) 27 (90)
Septic and cardiogenic 0(0) 3(10)
Septic and hypovolemic 2(12.5) 0(0)
Table 2: Hemodynamic variables and lung compliance between responders and nonresponders
Parameters Group Base 1 TVC PLR Base 2 pre-VE VE 500 ml
HR (bpm) R 101+ 14 100 + 14 102+ 14 104 + 14 98+ 13
NR 109 £15 107 £ 14 109 £15 110+ 15 106 + 14
SAP (mm Hg) R 95+10 90+ 10 97 + 11 104.5 + 11
NR 97 +12 93+12 97 +£12 102+£13
MAP (mm Hg) R 70+ 6 67 +5 72+55 71+6 775+5
NR 68 + 6.5 65+6 70+6.5 68.5+6.5 72+6.5
DAP (mm Hg) R 58+6 56 +6 60+ 5.6 60+5.7 64+55
NR 54+6 515+6 55+6.5 54+6.5 57+6.5
PPV (%) R 168 +7.2 22.5+88 123+73 15+6.8 8+174
NR 10.2+5 122+6 9+45 7+4
CO (VTI) (ml/m) R 45+ 1.20 3.92+1.24 537 +1.21 458 +1.15 554+1.17
NR 5.08 +0.79 453 +£0.81 50+0.78 5.0+0.78 5.08 +0.80
Compliance (ml/cm H,0) R 24.38 +3.76 29.06 +3.71 - - -
NR 29.87 £6.95 3473 £6.94 - - -

R: responders; NR: nonresponders; HR: heart rate; SAP: systolic arterial pressure; MAP: mean arterial pressure; DAP: diastolic arterial pressure; PPV: pulse
pressure variation; CO: cardiac output; TVC: tidal volume challenge; PLR: passive leg raising; VE: volume expansion
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Table 3: Changes of hemodynamic variables throughout the study between responders and nonresponders

Responders (n=16)

Nonresponders (n = 30)

PPV and CO changes Mean + SD Mean + SD p value
PPV base 1 (PPVO) 16.81+7.3 10.23 +4.86 <0.001*
CO base 1 (COO0) (I/m) 45+0.21 5.09+0.8 0.220
PPV with TVC (PPV1) 22.56 + 8.8 12.27 +5.88 <0.001*
TVC PPV (delta PPV1) (PPV1-PPV0) 575+235 2.03 +1.56 <0.001*
CO with TVC (CO1) (I/m) 3.93+1.25 4.54 +0.81 0.055
PPV with PLR (PPV2) 12314735 8.07 +3.9 0.005*
PLR-PPV (delta PPV2) (PPV2-PPV0) 4.5 +1.55 2.17 +1.668 <0.001*
CO with PLR (CO,) (I/m) 523 +1.08 5.03+0.78 0.720
PLR CO (delta CO,) (CO,-COO0) (I/m) 0.18 +0.10 —0.01+0.1 <0.001*
CO base 2 (pre-VE) (I/m) 458+ 1.16 5.01+0.78 0.308
PPV base 2 (pre-VE) 15.06 + 6.87 9.23 +4.48 <0.001*
PPV with VE (PPV3) 813 +1.75 737 +4.2 0.024*
Delta PPV3 (PPV3-PPV pre-VE) 6.94 +5.94 1.87 +1.11 <0.001*
CO with VE (CO;) (I/m) 554 +1.17 5.08 +0.8 0.379
VE-CO (delta CO5) (CO with VE-CO pre-VE) 0.22 +0.07 0.02 +0.08 <0.001*

*p-value statistically significant at <0.05; PPV: pulse pressure variation; CO: cardiac output; TVC: tidal volume challenge; PLR: passive

leg raising; VE: volume expansion; SD: standard deviation

Table 4: Diagnostic ability of various variables to predict fluid responsiveness

95% confidence interval

Test result variable(s) Area under the curve  p value Lower bound Upper bound Cutoff Sensitivity (%) Specificity (%)
PPV (PPV0) 0.870 <0.001* 0.766 0.974 10.5 87.5 83.3
TVC-PPV (delta PPV1) 0.956 <0.001* 0.895 1.000 35 93.8 93.9
PLR-PPV (delta PPV2) 0.877 <0.001* 0.772 0.982 25 87.5 80

VE-PPV (delta PPV3) 0.894 <0.001* 0.801 0.986 2.5 81.3 83.3

PLR-CO (delta CO,) 0.946 <0.001* 0.887 1.000 0.0659 93.8 86.7

PPVO: (pulse pressure variation at baseline 6 ml/kg/IBW); delta PPV1: (PPV with tidal volume challenge test-PPV 0); delta PPV2: (PPV with PLR-PPV0); delta
PPV3: (PPV with VE-PPV pre-VE); delta CO,: (cardiac output with PLR-CO at baseline 6 m/kg IBW)

in responders with sensitivity of 81% and specificity of 83% with
area under the curve of 0.89 and best cutoff value of 2.5 (Table 4).

PPV and CO changes with tidal volume challenge, PLR and VE
are shown in Table 4. PPV, PPV-TVC, PPV-PLR, CO-PLR, and PPV-VE
tests showed statistically significant (p-value <0.05) between R
and NR as shown in Table 3, which means that they can be used
for the discrimination of FRin hemodynamically unstable patients;
however, the area under the curve was the highest for PPV-TVC
(delta PPV1) 0.95 and CO-PLR (delta CO2) 0.94.

Discussion

Our study demonstrates that FR in hemodynamically unstable
patients who are mechanically ventilated using low tidal volume
can be efficiently predicted when PPV increases for more than
3.5 with tidal volume challenge and when PLR induces 6.5%
increase in CO monitored through VTl method by Doppler
echocardiography. And both tests are equally reliable with a
comparable AUC.

In our study, responders had a significant increase in PPV with
tidal volume challenge from 6 to 8 ml/kg IBW (delta PPV1) with
best cutoff value of 3.5 with area under the curve of 0.95 with a
sensitivity of 93.8% and a specificity of 93.9%. Myatra et al. found
that PPV with TVC strongly predicted FR with AUROC of 0.99 with
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a cutoff value of 3.5;'" the difference in specificity may be because
we had relatively larger number of cases.

In agreement with our study, some studies have confirmed
the reliability of delta PPV with tidal volume challenge 8 to
12 ml/kg for the detection of FR in patients with gray zone PPV
(9-13) in perioperative settings and when VT was increased from
6 to 10 ml/kg PBW in critically ill patients.?>?* Also in operating
room, PPV changes with TVC from 6 to 8 ml/kg/PBW have reliably
predicted FR in neurosurgical patients and also during robot-
assisted laparoscopic surgery in the Trendelenburg position with
lung-protective ventilation.?*?> The reason behind improved
reliability of PPV with tidal volume challenge is that low tidal
volume might be insufficient to make a considerable change in the
intrathoracic pressure.2°

PPV can be unreliable in ARDS patients as the transmission
of airway pressure is reduced with a lower intrathoracic pressure
changes in these patients due to low lung compliance (C,,).>° PPV
reliability is reduced when static lung compliance (C,,) is less than
30 ml/cm H,0.232% In our study, C,,,, had increased to greater than
30 ml/cm H,0 (32.76 + 6.56) after the “tidal volume challenge.”

We found that PPV at 6 ml/kg IBW tidal volume predicted FR
with sensitivity of 87% and specificity of 83% with cutoff value
of 10.5. Myatra et al. found that PPV at low tidal volume of 6 ml/
kg PBW did not predict fluid responsiveness with AUROC of 0.69.




Tidal Volume Challenge versus Passive Leg Raising

This difference may be explained by our greater mean of PPV
16.81 + 7.3 compared to 8 + 3, which is nearly double their patient’s
number."" We did not limit our study to patients in gray zone of PPV
(10-13) to detect the actual sensitivity and specificity of each test
in hemodynamically unstable patients. Even though PPV alone
showed good reliability in our group of patients, reliability has
increased with TVC. The APPV with fluid challenge also reliably
discriminated FR with sensitivity and specificity of 93% and 86%,
respectively; however, Myatra et al. reported 94% sensitivity and
100% specificity with 0.98 AUC."

In our study, PLR test-induced changes in CO detected by echo
VTl method predicted FR with a sensitivity of 93.9% and specificity
of 86.7% with statistically best cutoff value of 6.5% increase in CO,
with a less practical clinical significance, as it is difficult to detect
such changes in CO using echocardiography VTI method and may
be time-consuming, also when considering cutoff value of 10%
increase in CO; sensitivity decreased to 75%. Thiel et al. reported that
SV rises by 15% or more during PLR predicted FR with a sensitivity
and specificity of 81% and 93%, respectively.”” Although direct CO
measurement with thermodilution methods is reliable and easier
than echocardiography, it is not always available.

In our study, we had a significant decrease in PPV with PLR
(delta PPV2) in responders with 87.5% sensitivity and 80% specificity
(best cutoff value 2.5 at AUC of 0.877). These data are consistent
with Lamia et al. study which demonstrated that cardiac output
changes or its directly derived parameters such as SV had a higher
diagnostic significance than pulse pressure (PP) changes with PLR."”
Also during sepsis, pulse pressure is poorly correlated with stroke
volume because of high total arterial compliance.?”8

Strengths of the Study

Ventilating patients on low tidal volume is a common practice
today, and many of these patients share eligibility for PLR test and
TVC-PPV. This is probably the first study with a direct comparison
between these two common and reliable tests.

Study Limitations

PPV is unreliable in patients with cardiac arrhythmias or
spontaneous breathing, and the use of tidal volume challenge
cannot bypass these limitations. Echocardiography cannot be done
in patients with poor window and does not give a direct measure
of CO and needs some experience. Also, patients with PPVin a gray
zone (9-13) need further study to confirm our findings.

CONCLUSION

Fluid responsiveness in hemodynamically unstable patients
ventilated with low tidal volume strategy can be efficiently
predicted when PPV increases more than 3.5 with tidal volume
challenge and when PLR induces 6.5% increase in CO monitored
through VTI method by Doppler echocardiography, and both tests
are equally reliable. Being simple, easily interpreted, and does
not need CO monitoring, we recommend the use of TVC-induced
changes in PPV.
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