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Abstract

Purpose

Respiratory variations in pulse pressure (dPP) and photoplethysmographic waveform ampli-

tude (dPOP) are used for evaluation of volume status in mechanically ventilated patients.

Amplification of intrathoracic pressure changes may enable their use also during spontane-

ous breathing. We investigated the association between the degree of hypovolemia and

dPP and dPOP at different levels of two commonly applied clinical interventions; positive

expiratory pressure (PEP) and continuous positive airway pressure (CPAP).

Methods

20 healthy volunteers were exposed to progressive hypovolemia by lower body negative

pressure (LBNP). PEP of 0 (baseline), 5 and 10 cmH2O was applied by an expiratory resis-

tor and CPAP of 0 (baseline), 5 and 10 cmH2O by a facemask. dPP was obtained non-

invasively with the volume clamp method and dPOP from a pulse oximeter. Central venous

pressure was measured in 10 subjects. Associations between changes were examined

using linear mixed-effects regression models.

Results

dPP increased with progressive LBNP at all levels of PEP and CPAP. The LBNP-induced

increase in dPP was amplified by PEP 10 cmH20. dPOP increased with progressive LBNP

during PEP 5 and PEP 10, and during all levels of CPAP. There was no additional effect of

the level of PEP or CPAP on dPOP. Progressive hypovolemia and increasing levels of PEP

were reflected by increasing respiratory variations in CVP.
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Conclusion

dPP and dPOP reflected progressive hypovolemia in spontaneously breathing healthy vol-

unteers during PEP and CPAP. An increase in PEP from baseline to 10 cmH2O augmented

the increase in dPP, but not in dPOP.

Introduction

Dynamic variables, such as respiratory variations in pulse pressure (dPP) and the photo-

plethysmographic waveform amplitude (dPOP), are accurate indicators of preload changes,

and predict fluid responsiveness during mechanical ventilation [1–3]. During mechanical

ventilation, dPP is mainly caused by increased intrathoracic pressure in the inspiratory phase,

leading to increased right atrial pressure (RAP). As RAP, which normally equals central venous

pressure (CVP) [4], is the pressure opposing venous return, this leads to cyclic variations in

venous return and thus stroke volume and pulse pressure, which are larger when the heart

is preload responsive. It is generally assumed that these variations are inadequate to enable

dynamic variables to reflect preload dependency in spontaneously breathing subjects. How-

ever, some studies indicate that the ability of dPP and dPOP to reflect volume status or predict

fluid responsiveness improves when intrathoracic pressure variations are amplified with respi-

ratory resistance [5, 6].

Positive expiratory pressure (PEP) and continuous positive airway pressure (CPAP) are two

clinical interventions which increase airway pressure and are frequently used to prevent atelec-

tasis and respiratory failure in spontaneously breathing patients postoperatively and during

critical illness. In these patients, evaluation of volume status is important, and whether PEP

and CPAP may affect the ability of dPP and dPOP to detect hypovolemia is of clinical rele-

vance, as the use of these respiratory interventions could also provide an opportunity to evalu-

ate volume status.

This study aimed to investigate the ability of dPP and dPOP to track hypovolemia induced

by lower body negative pressure (LBNP) in spontaneously breathing volunteers during differ-

ent levels of PEP and CPAP. We further investigated whether associations between the

dynamic variables and volume status were affected by the level of respiratory resistance. We

also aimed to explore whether level of respiratory resistance was reflected in the respiratory

variations in CVP (dCVP). We hypothesized that the dynamic variables would increase with

progressive hypovolemia and that the increases would be amplified with increasing levels of

respiratory resistance.

Methods

Subjects

The study was approved by the Regional Committee for Medical and Health Research Ethics

(REC South East D, reference 2015/344) prior to inclusion. All procedures were in accordance

with the ethical standards of the institutional and regional ethical research committees and

with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

Twenty healthy adult volunteers (11 males, 9 females, aged 25(3) (mean[SD]) years, height 176

(9) cm and weight 69(8) kg were included from November 2015 to December 2016 after oral

and written informed consent. Exclusion criteria were disease or disability requiring regular

medication (except allergies), arrhythmia, pregnancy, history of syncope, and infection in the
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elbow crease. Participants refrained from caffeine consumption and excessive physical exercise

on the day of the experiments.

Study protocol

The experiments were performed between 8:00 AM and 4:00 PM in a vascular investigation

lab air-conditioned to 20–22˚C. Fig 1 illustrates the study protocol. Subjects were placed in the

supine position in the LBNP chamber, which was sealed with a neoprene skirt at the level of

the iliac crest as described previously [7]. LBNP leads to sequestering of blood in the lower

abdomen and extremities, with a negative pressure of 80 mmHg corresponding to a blood loss

of more than 1 liter [8]. Stepwise progressions in negative pressure from 0 (baseline) to 20, 40,

60 and 80 mmHg were induced. Each LBNP-level lasted approximately 6 min. At each LBNP-

level, after 1 min allowing the stabilization of hemodynamic values, PEP of 0 (baseline), 5 and

10 cmH2O was applied, followed by CPAP of 0 (baseline), 5 and 10 cmH2O in alternating

order at different LBNP-levels. Subjects were randomized in blocks of six generated by pseudo-

random numbers in Excel 2010 (Microsoft Office 365; Microsoft Corporation, Redmond,

Washington, USA) to start with different PEP or CPAP levels, thus also changing the order at

the subsequent LBNP-levels. PEP was induced with an expiratory resistor (Armstrong Medical

Ltd, Coleraine, Northern Ireland), through which the subjects were instructed to exhale

calmly. CPAP was provided by Dräger Evita 4 (Drägerwerk, Lübeck, Germany), and the sub-

jects were instructed to breathe normally in the facemask. No instructions were given for respi-

ratory rate, allowing the subjects to adjust the ventilation to avoid hyper–and hypoventilation.

PEP 0 cmH20 was breathing through an empty mouthpiece, and CPAP 0 cmH2O was breath-

ing through a facemask with CPAP set to 0 cmH2O on the ventilator. Each pressure level

was applied for 5–6 breaths. LBNP was released and the protocol terminated at the subject‘s

request, or if the subject displayed signs of impending circulatory collapse such as sweating,

nausea or dizziness or a sudden marked reduction in heart rate or mean arterial pressure.

Only measurements from completed breathing sequences were used for analyses.

Data acquisition

Non-invasive arterial pressure waveform was acquired by the volume-clamp method (Fin-

ometer; FMS Finapres Mesurement Systems, Arnhem, The Netherlands) and exported with

ECG at 300 Hz to custom-made software (Regist3; Morten Eriksen, University of Oslo, Oslo,

Norway). Photoplethysmographic waveform from a commercially available pulse oximeter

attached to the right 2. finger (Masimo Radical 7, software 7.3.1.1, Masimo Corp., Irvine, CA,

USA with probe LNOP DC-I; Masimo Corp.) was exported from the analog output at 400 Hz

to SignalExpress 14.0.0 (National Instruments, Austin, Texas, USA). Aortic blood flow velocity

was measured by suprasternal Doppler with a 2 MHz probe (SD-50; GE Vingmed Ultrasound,

Horten, Norway) and sampled at 300 Hz in Regist3. In 10 subjects, CVP was obtained from a

central venous catheter (Secalon Seldy 16G, Argon Critical Care Systems, Singapore), which

was inserted via the left basilic vein to the left subclavian vein and connected to a pressure

transducer (CODAN Critical Care GmbH, Forstinning, Germany), which was leveled and

zeroed in the mid-axillary line. Correct position was verified by a typical central venous pres-

sure waveform. CVP-measurements from peripherally inserted catheters and conventional

central venous catheters have been shown to be highly correlated [9]. CVP waveforms were

exported with ECG from the TramRac4A (General Electric Healthcare) at 400 Hz to SignalEx-

press. Analog signals were exported as text files, time synchronized and handled in R 3.4.0 (R

Foundation for Statistical Computing, Vienna, Austria) using RStudio 1.0.143 (RStudio, Bos-

ton, MA, USA).
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Signal analysis and calculations

Stroke volume was obtained by calculating aortic flow velocity-time integrals gated by the R-

peaks of the ECG, assuming an angle of 20˚ to the aortic blood flow and an aortic diameter of

20 mm [10]. Cardiac output was calculated by multiplying stroke volume with heart rate. dPP

and dPOP were calculated by the formulas

DPP ¼
PP max � PPmin
PPmaxþ PPmin

2

� 100%

and

DPOP ¼
POP max � POPmin
POPmaxþ POPmin

2

� 100%;

where PPmax and PPmin are the maximal and minimal pulse pressures and POPmax and POPmin

are the maximal and minimal photoplethysmographic amplitudes within one respiratory

cycle. Calculations were performed in R using the WaveletComp [11] and peakPick-packages

[12]. After downsampling to 40 Hz, respiratory variations in CVP (dCVP) were calculated as

the absolute difference between the peak and trough of the CVP-pressure waveform within

one respiratory cycle. All calculated values were plotted and visually inspected before being

accepted to the final dataset. Respiratory cycles with obvious disturbances (e.g. motion arti-

facts) were omitted. Details and examples of the calculations are presented in S1 and S2 Files.

For stroke volume, heart rate, mean arterial pressure and CVP, mean values, trimming the

highest and lowest 5% to remove disturbances, were calculated for each LBNP-level.

Statistical analyses

Sample size was estimated for another protocol performed on the same subjects the same day,

and a separate power analysis was not performed for the currently presented results. The

Fig 1. Protocol. Each LBNP-level lasted for approximately 6 min and consisted of 1 min stabilization and minimum 5

breaths at each level of PEP and CPAP. PEP- and CPAP-levels were assigned in randomized order. PEP: positive

expiratory pressure, CPAP: continuous positive airway pressure.

https://doi.org/10.1371/journal.pone.0223071.g001
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number of subjects in the present study is comparable to other studies published in the same

field. Confidence intervals of the present analyses are displayed according to the CONSORT

guidelines [13].

The potential effects of PEP and CPAP on the dynamic variables were analyzed separately.

The associations between the level of respiratory resistance and LBNP (explanatory variables),

and the dynamic variables (outcome variables) were explored using linear mixed models

(LMM) due to the clustering of data within subjects. Level of respiratory resistance (baseline, 5

or 10 cmH20) was treated as a factor and LBNP-level as a continuous variable, including an

interaction term between the two. When plotting LBNP-level on the x-axis and a dynamic var-

iable on the y-axis, the slope represents the change in dynamic variable with a change in vol-

ume status, and thus the ability to reflect changes in volume status. The dynamic variables

were right-skewed on the original scale, and were therefore loge-transformed before analysis.

The results are presented back-transformed in the figures for clarity. Data were analyzed in R

using RStudio. LMM was fitted using the glmmPQL-function of “MASS” package [14], and

estimates with confidence intervals for each LBNP and respiratory resistance level were calcu-

lated using the “glht”- function of the “multcomp”-package [15]. P-values were corrected for

multiple post-hoc comparisons by the “single-step” method in the “multcomp” package. P-

values< 0.05 were considered statistically significant.

Results

All subjects completed LBNP 20 mmHg, 19 subjects completed LBNP 40 mmHg, 13 subjects

completed LBNP 60 mmHg and five subjects completed LBNP 80 mmHg. Each LBNP-level

lasted 6.0 (5.3, 6.7) min (median [25th, 75th percentiles], and the entire LBNP-exposure (from

LBNP 20 mmHg) lasted 18 (14, 22) min. Overall the respiratory rate during PEP was 14.0

(11.4, 16.6) and during CPAP 13.1 (9.9, 15.0) breaths /min.

Hemodynamic data are shown in Fig 2. Stroke volume, cardiac output and CVP were

reduced from LBNP 0 mmHg at all LBNP-levels, whereas heart rate was increased from LBNP

40 mmHg. Mean arterial pressure did not change with progressive LBNP.

dPP and dPOP with progressive LBNP and different levels of PEP or CPAP are presented

in Figs 3 and 4. dPP increased significantly with progressive LBNP both at baseline and during

higher levels of PEP and CPAP. dPOP did not significantly increase with progressive LBNP

during baseline PEP, but during PEP 5 and 10 cmH2O, and during all levels of CPAP. There

was a significant difference between the regression slopes of dPP at baseline PEP and PEP 10

cmH20, indicating that the increase in dPP with progressive LBNP was amplified by the appli-

cation of PEP 10 cmH20. The application of PEP 5 cmH20, CPAP 5 or 10 cmH20 did not

induce any additional changes in dPP or dPOP (Table 1).

dCVP increased significantly with increasing LBNP during all levels of PEP and CPAP

(Table 2 and Fig 5). The increase in dCVP for any LBNP-level was significantly larger during

PEP 5 cmH20 and PEP 10 cmH20 than during baseline PEP. By contrast, change in CPAP-

level did not amplify the increase in dCVP.

Discussion

The main findings of this experimental study were that the dynamic variables dPP and dPOP

reflected progressive hypovolemia during all levels of CPAP and PEP, except for dPOP at base-

line PEP. The application of PEP 10 cmH2O amplified the increase in dPP, but not in dPOP.

Both progressive LBNP and the transition from baseline PEP to PEP 5 cmH2O and 10 cmH2O

were associated with increases in dCVP.
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During mechanical ventilation, several mechanisms contribute to respiratory induced

changes in stroke volume [16]. The most important for the use of dynamic variables to diag-

nose volume status is the reduction in the gradient for venous return as RAP increases in the

inspiratory phase. During mechanical ventilation, studies have shown that higher tidal vol-

umes lead to an increase in dPP and SVV [17, 18]. Mesquida et al. altered tidal volume, chest

Fig 2. Hemodynamic data. Individual hemodynamic data (grey lines) and estimates from the regression models

(black lines, with 95% confidence intervals) for each level of LBNP. P-values are compared to LBNP 0 mmHg. LBNP:

lower body negative pressure.

https://doi.org/10.1371/journal.pone.0223071.g002
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wall compliance and cardiac function in dogs, and found that all changes in SVV and dPP

were due to changes in right ventricular stroke volume following cyclic changes in venous

return [19]. They concluded that changes in intrathoracic pressure, rather than changes in

tidal volume as such, determine dPP and SVV.

Likewise, the use of dynamic variables to estimate volume status during spontaneous

breathing relies on swings in intrathoracic pressure sufficiently large to produce notable

changes in stroke volume over one respiratory cycle if the heart is working on the steep part of

the Frank-Starling curve. Several maneuvers can amplify intrathoracic pressure changes dur-

ing spontaneous breathing, such as deep, forced inspiration, or in- or expiration against a

resistance. During deep spontaneous inspiration, RAP decreases and the gradient for venous

return increases, increasing right ventricular filling. In a preload responsive heart, this leads to

an increase in stroke volume which is visible as maximal pulse pressure after the pulmonary

transit time of 2–3 s, normally during expiration. During mechanical ventilation, intrathoracic

and right atrial pressures increase in the inspiratory phase, which reduces the gradient for

venous return and thus right ventricular filling. This leads to reduced left ventricular stroke

volume and minimum pulse pressure a few heart beats later; normally during expiration. As

these are opposite effects, a combination of the two forms of ventilation may neutralize the

pressure changes specific to each respiratory mode, and reduce pulse pressure variations. We

believe this explains why an increase in PEP-, but not CPAP-level, affected dPP in the present

study. PEP increases intrathoracic pressure during spontaneous expiration, and the gradient

Fig 3. Respiratory variations in pulse pressure (dPP) during PEP and CPAP. The effects of LBNP and level of respiratory resistance on dPP.

Boxplots of respiratory variations in PP from all observations in all subjects at each level of LBNP and respiratory resistance (left panel). Lines with

ribbons are estimates and confidence intervals from the regression models (right panel). The slopes of the regression lines represent the change of dPP

with a change in LBNP. Note that as the linear regressions were performed on the loge-values of dPP, the lines are curved on the original scale, as

presented in the figure. dPP: respiratory variations in pulse pressure, PEP: positive expiratory pressure, CPAP: continuous positive airway pressure,

LBNP: lower body negative pressure.

https://doi.org/10.1371/journal.pone.0223071.g003
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for venous return decreases [20]. By contrast, CPAP increases airway pressures both during

in- and expiration. This augments the reduction in preload and stroke volume during expira-

tion, but the increase in venous return which normally occurs during spontaneous inspiration

is offset by increasing intrathoracic pressure following insufflation of air under pressure. As a

result, the maximal stroke volume and thus the variation in pulse pressure are smaller than

when only an expiratory resistance is applied. This is illustrated by the observed changes in

CVP (Fig 4). The difference between the peaks and troughs in CVP (dCVP) at any given

LBNP-level tended to increase with increasing PEP, as only the maximal (expiratory) values

increased. By contrast, during CPAP, the differences are smaller as both peaks and troughs

tended to increase with increasing CPAP-levels, reflecting the continuously increased intratho-

racic pressure.

Dynamic variables have shown some ability to diagnose hypovolemia or fluid responsive-

ness in spontaneously breathing subjects by manipulating respiratory pattern using Valsalva

maneuvers [6], slow patterned breathing [21], a deep inspiratory maneuver [22] or forced

inspiratory breathing [23]. However, in patients with hemodynamic instability, a forced

respiratory maneuver decreased the diagnostic ability of dPP [24]. Airway pressures have

also been amplified during spontaneous breathing by applying various respiratory resistors.

In a study on healthy volunteers using the LBNP-model, a good diagnostic ability for stroke

volume variation was found during spontaneous breathing, but stroke volume variation was

actually reduced with hypovolemia [25]. The diagnostic ability, and also the reduction with

Fig 4. Respiratory variations in the photoplethysmographic waveform amplitude (dPOP) during PEP and CPAP. The effects of LBNP and level of

respiratory resistance on dPOP. Boxplots of respiratory variations in POP from all observations in all subjects at each level of LBNP and respiratory

resistance (left panel). Lines with ribbons are estimates and confidence intervals from the regression models (right panel). The slopes of the regression

lines represent the change of dPOP with a change in LBNP. Note that as the linear regressions were performed on the loge-values of dPOP, the lines are

curved on the original scale, as presented in the figure. dPOP: respiratory variations in the photoplethysmographic waveform, PEP: positive expiratory

pressure, CPAP: continuous positive airway pressure, LBNP: lower body negative pressure.

https://doi.org/10.1371/journal.pone.0223071.g004
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hypovolemia, was abolished by applying supported ventilation. On the other hand, in a por-

cine model, dynamic variables predicted fluid responsiveness well using an expiratory resistor

of 7.5 cmH2O [5]. In a setup with the similar respiratory resistors on healthy volunteers induc-

ing central hypovolemia using head-up tilt [26], the best ability to diagnose hypovolemia was

found for systolic pressure variations using both inspiratory and expiratory resistors of 7.5

cmH2O. However, inspiratory resistors are rarely, if ever, used in routine clinical practice, and

when using only an expiratory resistor, a statistically significant diagnostic ability was found

for SVV, but not for dPP [26]. Also using head-up tilt, a diagnostic ability of dPP to detect

hypovolemia was found using expiratory resistors of 7.5 cmH2O when combined with a respi-

ratory rate of 6 breaths/min [27]. These studies indicate that using only an expiratory resistor

(PEP) of less than 10 cmH2O may not impose sufficient intrathoracic pressure change to diag-

nose hypovolemia or fluid responsiveness unless further respiratory interventions such as

Table 1. Effects of LBNP-, PEP- and CPAP-level on dPP and dPOP.

Intervention PEP-/CPAP-level

in cm H2O

Slope coefficient

(95% CI)

P-value Difference to 0 cmH20 (95%

CI)

P-value Difference to 5cmH20 (95%

CI)

P-value

PEP 0 Loge (dPP) 0.088 (0.032 to

0.14)

<0.001

5 0.14 (0.087 to 0.20) <0.001 0.054 (-0.023 to 0.13) 0.27

10 0.17 (0.12 to 0.22) <0.001 0.082 (0.006 to 0.16) 0.028 0.028 (-0.047 to 0.10) 0.76

0 Loge(dPOP) 0.051 (-0.01 to

0.11)

0.13

5 0.10 (0.043 to 0.17) <0.001 0.052 (-0.033 to 0.14) 0.38

10 0.08 (0.019 to 0.14) 0.004 0.029 (-0.057 to 0.12) 0.81 -0.023(-0.11 to 0.062) 0.89

CPAP 0 Loge (dPP) 0.12 (0.062 to 0.17) <0.001

5 0.16 (0.10 to 0.21) <0.001 0.039 (-0.038 to 0.12) 0.55

10 0.19 (0.13 to 0.24) <0.001 0.069 (-0.008 to 0.15) 0.097 0.03 (-0.047 to 0.11) 0.74

0 Loge(dPOP) 0.086 (0.025 to

0.15)

<0.002

5 0.08 (0.02 to 0.14) <0.004 -0.005 (-0.088 to 0.078) 1.0

10 0.15 (0.09 to 0.21) <0.001 0.065 (0.019 to 0.15) 0.19 0.069 (-0.014 to 0.15) 0.14

The slope coefficients of dPP and dPOP for each LBNP-level (0, 20, 40, 60 and 80) during different levels of PEP and CPAP, and comparisons between the PEP and

CPAP levels. dPP and dPOP-data are loge-transformed due to right skewness of the residuals. dPP: respiratory variations in pulse pressure, dPOP: respiratory variations

in the photoplethysmographic waveform amplitude. LBNP: lower body negative pressure, PEP: positive expiratory pressure, CPAP: continuous positive airway pressure.

https://doi.org/10.1371/journal.pone.0223071.t001

Table 2. Effects of LBNP-, PEP- and CPAP-level on dCVP.

Intervention PEP-/CPAP-level in cm

H2O

Slope coefficient

(95% CI)

P-value Difference to 0 cmH20 (95%

CI)

P-value Difference to 5cmH20 (95%

CI)

P-value

PEP 0 dCVP 0.49 (0.18 to

0.80)

<0.001

5 1.0 (0.68 to 1.3) <0.001 0.50 (0.063 to 0.94) 0.018

10 1.1 (0.81 to 1.43) <0.001 0.63 (0.20 to 1.1) 0.001 0.13 (-0.31 to 0.56) 0.88

CPAP 0 dCVP 0.99 (0.75 to 1.2) <0.001

5 0.92 (0.69 to 1.2) <0.001 -0.063 (0.39 to 0.26) 0.96

10 0.78 (0.55 to 1.0) <0.001 -0.21 (-0.53 to 0.12) 0.35 -0.14 (-0.47 to 0.18) 0.66

The slope coefficient of dCVP for each LBNP-level (0, 20, 40, 60 and 80) during different levels of PEP and CPAP, and comparisons between the PEP and CPAP levels.

dCVP: respiratory variations in central venous pressure, LBNP: lower body negative pressure, PEP: positive expiratory pressure, CPAP: continuous positive airway

pressure.

https://doi.org/10.1371/journal.pone.0223071.t002
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increased tidal volume or reduced respiratory rate (often implying increased tidal volumes)

are also applied. However, our results suggest that by applying PEP as high as 10 cmH2O, the

need for further respiratory adjustments may be reduced.

The photoplethysmographic waveform from which dPOP is calculated is complex, reflect-

ing absorption of light from arterial, capillary and venous blood. Thus it is affected by both

the cardiovascular, respiratory and autonomic nervous systems [28], and has been used to

extract information about both fluid responsiveness [29], respiration [30] and pain [31]. dPOP

appears to reflect volume status less consistently than dPP during mechanical ventilation,

which is generally explained by the complexity of the signal as well as proprietary processing

and filtering algorithms [29, 32]. This may also explain why the transition to PEP 10 was

reflected in dPP, but not in dPOP in the present study, and why dPOP remained unchanged

with increasing LBNP-level during baseline PEP, whereas dPP increased. In a previous study,

our group found a significant association between LBNP-level and dPP, but not dPOP [33],

but this study was limited by small sample size. dPOP and the related automated variable Pleth

Variability Index (PVI) have been found to decrease in response to passive leg raise. However,

correlations with changes in cardiac index and the ability to predict fluid responsiveness were

Fig 5. Respiratory variations in central venous pressure (dCVP) during PEP and CPAP. The effects of LBNP and level of respiratory resistance on

CVP. Boxplots are from all observations in all subjects. Left panels show respiratory variations (difference between maximal and minimal CVP within

each respiratory cycle) with different LBNP and PEP-/CPAP-levels. Right panels show the peaks and troughs within each respiratory cycle. The

difference between the peaks and troughs gives the respiratory variations seen in the left panels. The lines with ribbons behind the boxplots are

estimates and confidence intervals from the regression models. CVP: central venous pressure, dCVP: respiratory variations in central venous pressure,

PEP: positive expiratory pressure, CPAP: continuous positive airway pressure, LBNP: lower body negative pressure.

https://doi.org/10.1371/journal.pone.0223071.g005
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weak [34–36]. PVI was also found to increase with LBNP -40 mmHg when both PEEP 5

cmH2O and tripled tidal volume was applied, but not with either in isolation [37]. The fact

that dPOP reflected volume loss in the present study may indicate that, as for dPP, amplifica-

tion of pleural pressure swings improves the ability of dPOP to reflect hypovolemia.

Methodological considerations

As this study was performed on healthy volunteers, its findings may not be valid for all patients.

Breathing through a resistor requires patient cooperation, and the effect on intrathoracic pres-

sure at a given resistance may differ in and between patients according to respiratory effort.

Differences in respiratory and heart rate may also affect the impact of a forced respiratory

maneuver on dPP and dPOP, as fewer heart beats per respiratory cycle give fewer stroke vol-

umes in which to detect a difference [38]. We did not standardize respiratory rate, as we wanted

to investigate the effects of CPAP and PEP during conditions that approximate ordinary clinical

use of PEP and CPAP. Baseline PEP and CPAP-levels of 0 cmH2O may not be regarded as regu-

lar spontaneous breathing, as breathing trough a mouthpiece or facemask as such may affect

respiratory pattern. PEP and CPAP 0 cmH2O should rather be regarded as physiological base-

lines not intended for use in clinical practice, reflecting the experimental nature of this study.

The different respiratory interventions were of limited duration (5–6 respiratory cycles) as

we feared that the advantages of longer intervention periods would be offset by earlier termina-

tion of the protocol due to exhaustion in some subjects. Increasing the number of breaths

against a given resistance could have given more robust results. Individual LBNP-tolerance

differs due to several factors [39]. Only 5 subjects completed LBNP -80 in the present study,

reducing the amount of data at high LBNP-levels. However, we are not aware of mechanisms

by which this would bias the estimates. At each LBNP-level, 1 minute was allowed for hemody-

namic stabilization before respiratory interventions were started. However, we cannot exclude

further stabilization also after this period. Therefore, the order of PEP- and CPAP-levels were

randomized and alternated to account for a potential systematic effect of time.

For calculation of cardiac output, diameter of the aortic orifice and angle of insonation

were not measured, but assumed. This probably led to a loss of accuracy, but as our analyses

are based on changes and relative values of cardiac output, we do not believe this has had sig-

nificant impact on our results.

To minimize the risk of complications in healthy volunteers, CVP was only measured in 10

subjects who had a prominent cubital vein entering the basilic vein, and insertion appeared

technically uncomplicated. However, based on the estimates with confidence intervals, mea-

surements from 10 subjects appear to suffice to illustrate the impact of different respiratory

modes on CVP.

Calculations of the dynamic variables and dCVP were performed semi-automatically in R

to increase reproducibility, as described in the S1 and S2 Files. As the algorithm has not been

previously validated, all values were plotted and manually inspected to approximate the valid-

ity of manual calculation.

Different pulse oximeters use proprietary algorithms and produce different photoplethys-

mographic waveforms. Thus, dPOP from different pulse oximeters may give different results

[40]. dPP was derived by the volume-clamp method, which is based on the photoplethysmo-

graphic technology. The photoplethysmographic technology is susceptible to disturbances

caused by changes in vasomotor tone [41]. Good agreement has been found between pulse

pressure variations obtained from non-invasive and intra-arterial blood pressure curves [42],

however, dPP calculated from an invasively measured arterial pressure waveform may differ

from that of the present study.
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Conclusion

In this study, we found that dPP and dPOP reflected progressive hypovolemia during all

levels of CPAP and PEP, except for dPOP at baseline PEP. The application of PEP 10

cmH2O amplified the increase in dPP, but not in dPOP. Both progressive LBNP and the

transition from baseline PEP to PEP 5 cmH2O and 10 cmH2O were reflected in dCVP.

Clinical studies may elucidate whether respiratory changes in pulse pressure or the photo-

plethysmographic waveform amplitude reflect volume status in patients during treatment

with PEP or CPAP.

Supporting information

S1 File. Calculation of dPP and dPOP.

(DOCX)

S2 File. Calculation of dCVP.

(DOCX)

S3 File. [Data_script.zip].

(ZIP)

Acknowledgments

The authors thank the members of The Norwegian Air Ambulance Foundation.

Author Contributions

Conceptualization: Lars Øivind Høiseth.

Data curation: Ingrid Elise Hoff, Jonny Hisdal, Lars Øivind Høiseth.

Formal analysis: Ingrid Elise Hoff, Jo Røislien, Lars Øivind Høiseth.

Funding acquisition: Ingrid Elise Hoff, Knut Arvid Kirkebøen.

Investigation: Ingrid Elise Hoff, Jonny Hisdal, Lars Øivind Høiseth.

Methodology: Ingrid Elise Hoff, Jonny Hisdal, Jo Røislien, Knut Arvid Kirkebøen, Lars

Øivind Høiseth.

Project administration: Svein Aslak Landsverk, Lars Øivind Høiseth.

Resources: Jonny Hisdal, Svein Aslak Landsverk, Jo Røislien, Knut Arvid Kirkebøen, Lars

Øivind Høiseth.

Software: Jonny Hisdal.

Supervision: Svein Aslak Landsverk, Jo Røislien, Knut Arvid Kirkebøen, Lars Øivind Høiseth.

Validation: Ingrid Elise Hoff, Jonny Hisdal, Svein Aslak Landsverk, Jo Røislien, Lars Øivind

Høiseth.

Writing – original draft: Ingrid Elise Hoff.

Writing – review & editing: Ingrid Elise Hoff, Jonny Hisdal, Svein Aslak Landsverk, Jo Røi-

slien, Knut Arvid Kirkebøen, Lars Øivind Høiseth.

Respiratory variations in pulse pressure and photoplethysmographic waveform amplitude during PEP and CPAP

PLOS ONE | https://doi.org/10.1371/journal.pone.0223071 September 27, 2019 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223071.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223071.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223071.s003
https://doi.org/10.1371/journal.pone.0223071


References
1. Shamir M, Eidelman LA, Floman Y, Kaplan L, Pizov R. Pulse oximetry plethysmographic waveform dur-

ing changes in blood volume. Br J Anaesth. 1999; 82(2):178–81. Epub 1999/06/12. https://doi.org/10.

1093/bja/82.2.178 PMID: 10364990.

2. Pizov R, Eden A, Bystritski D, Kalina E, Tamir A, Gelman S. Arterial and plethysmographic waveform

analysis in anesthetized patients with hypovolemia. Anesthesiology. 2010; 113(1):83–91. Epub 2010/

06/08. https://doi.org/10.1097/ALN.0b013e3181da839f PMID: 20526193.

3. Cannesson M, Attof Y, Rosamel P, Desebbe O, Joseph P, Metton O, et al. Respiratory variations in

pulse oximetry plethysmographic waveform amplitude to predict fluid responsiveness in the operating

room. Anesthesiology. 2007; 106(6):1105–11. Epub 2007/05/26. https://doi.org/10.1097/01.anes.

0000267593.72744.20 PMID: 17525584.

4. Berger D, Takala J. Determinants of systemic venous return and the impact of positive pressure ventila-

tion. Ann Transl Med. 2018; 6(18):350. Epub 2018/10/30. https://doi.org/10.21037/atm.2018.05.27

PMID: 30370277

5. Dahl MK, Vistisen ST, Koefoed-Nielsen J, Larsson A. Using an expiratory resistor, arterial pulse pres-

sure variations predict fluid responsiveness during spontaneous breathing: an experimental porcine

study. Crit Care. 2009; 13(2):R39. Epub 2009/03/24. https://doi.org/10.1186/cc7760 PMID: 19302700

6. Monge Garcia MI, Gil Cano A, Diaz Monrove JC. Arterial pressure changes during the Valsalva maneu-

ver to predict fluid responsiveness in spontaneously breathing patients. Intensive Care Med. 2009; 35

(1):77–84. Epub 2008/10/03. https://doi.org/10.1007/s00134-008-1295-1 PMID: 18830578.

7. Hisdal J, Toska K, Walloe L. Design of a chamber for lower body negative pressure with controlled

onset rate. Aviat Space Environ Med. 2003; 74(8):874–8. Epub 2003/08/20. PMID: 12924764.

8. Cooke WH, Ryan KL, Convertino VA. Lower body negative pressure as a model to study progression to

acute hemorrhagic shock in humans. J Appl Physiol (1985). 2004; 96(4):1249–61. Epub 2004/03/16.

https://doi.org/10.1152/japplphysiol.01155.2003 PMID: 15016789.

9. Ricksten SE, Medegard A, Curelaru I, Gustavsson B, Linder LE. Estimation of central venous pressure

by measurement of proximal axillary venous pressure using a "half-way" catheter. Acta Anaesthesiol

Scand. 1986; 30(1):13–7. Epub 1986/01/01. https://doi.org/10.1111/j.1399-6576.1986.tb02358.x

PMID: 3515822.

10. Eriksen M, Walloe L. Improved method for cardiac output determination in man using ultrasound Dopp-

ler technique. Med Biol Eng Comput. 1990; 28(6):555–60. Epub 1990/11/01. https://doi.org/10.1007/

bf02442607 PMID: 2287179.

11. Roesch A, Schmidbauer H, Roesch MA. Package ‘WaveletComp’. The Comprehensive R Archive

Network2014.

12. Westermark PO. peakPick: Peak Picking Methods Inspired by Biological Data. R package version 0.11.

2015.

13. Moher D, Hopewell S, Schulz KF, Montori V, Gotzsche PC, Devereaux PJ, et al. CONSORT 2010

explanation and elaboration: updated guidelines for reporting parallel group randomised trials. BMJ.

2010; 340:c869. Epub 2010/03/25. https://doi.org/10.1136/bmj.c869 PMID: 20332511

14. Ripley B, Venables B, Bates DM, Hornik K, Gebhardt A, Firth D, et al. Package ‘mass’. CRAN Repos

Httpcran R-Proj OrgwebpackagesMASSMASS Pdf. 2013.

15. Hothorn T, Bretz F, Westfall P. Simultaneous inference in general parametric models. Biom J. 2008; 50

(3):346–63. https://doi.org/10.1002/bimj.200810425 PMID: 18481363

16. Michard F. Changes in arterial pressure during mechanical ventilation. Anesthesiology. 2005; 103

(2):419–28; quiz 49–5. Epub 2005/07/30. https://doi.org/10.1097/00000542-200508000-00026 PMID:

16052125.

17. Reuter DA, Bayerlein J, Goepfert MS, Weis FC, Kilger E, Lamm P, et al. Influence of tidal volume on left

ventricular stroke volume variation measured by pulse contour analysis in mechanically ventilated

patients. Intensive Care Med. 2003; 29(3):476–80. Epub 2003/02/13. https://doi.org/10.1007/s00134-

003-1649-7 PMID: 12579420.

18. 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. Epub 2005/03/09.

https://doi.org/10.1007/s00134-005-2586-4 PMID: 15754196.

19. Mesquida J, Kim HK, Pinsky MR. Effect of tidal volume, intrathoracic pressure, and cardiac contractility

on variations in pulse pressure, stroke volume, and intrathoracic blood volume. Intensive Care Med.

2011; 37(10):1672–9. Epub 2011/07/09. https://doi.org/10.1007/s00134-011-2304-3 PMID: 21739340

20. Magder S. Heart-Lung interaction in spontaneous breathing subjects: the basics. Ann Transl Med.

2018; 6(18):348. Epub 2018/10/30. https://doi.org/10.21037/atm.2018.06.19 PMID: 30370275

Respiratory variations in pulse pressure and photoplethysmographic waveform amplitude during PEP and CPAP

PLOS ONE | https://doi.org/10.1371/journal.pone.0223071 September 27, 2019 13 / 15

https://doi.org/10.1093/bja/82.2.178
https://doi.org/10.1093/bja/82.2.178
http://www.ncbi.nlm.nih.gov/pubmed/10364990
https://doi.org/10.1097/ALN.0b013e3181da839f
http://www.ncbi.nlm.nih.gov/pubmed/20526193
https://doi.org/10.1097/01.anes.0000267593.72744.20
https://doi.org/10.1097/01.anes.0000267593.72744.20
http://www.ncbi.nlm.nih.gov/pubmed/17525584
https://doi.org/10.21037/atm.2018.05.27
http://www.ncbi.nlm.nih.gov/pubmed/30370277
https://doi.org/10.1186/cc7760
http://www.ncbi.nlm.nih.gov/pubmed/19302700
https://doi.org/10.1007/s00134-008-1295-1
http://www.ncbi.nlm.nih.gov/pubmed/18830578
http://www.ncbi.nlm.nih.gov/pubmed/12924764
https://doi.org/10.1152/japplphysiol.01155.2003
http://www.ncbi.nlm.nih.gov/pubmed/15016789
https://doi.org/10.1111/j.1399-6576.1986.tb02358.x
http://www.ncbi.nlm.nih.gov/pubmed/3515822
https://doi.org/10.1007/bf02442607
https://doi.org/10.1007/bf02442607
http://www.ncbi.nlm.nih.gov/pubmed/2287179
https://doi.org/10.1136/bmj.c869
http://www.ncbi.nlm.nih.gov/pubmed/20332511
https://doi.org/10.1002/bimj.200810425
http://www.ncbi.nlm.nih.gov/pubmed/18481363
https://doi.org/10.1097/00000542-200508000-00026
http://www.ncbi.nlm.nih.gov/pubmed/16052125
https://doi.org/10.1007/s00134-003-1649-7
https://doi.org/10.1007/s00134-003-1649-7
http://www.ncbi.nlm.nih.gov/pubmed/12579420
https://doi.org/10.1007/s00134-005-2586-4
http://www.ncbi.nlm.nih.gov/pubmed/15754196
https://doi.org/10.1007/s00134-011-2304-3
http://www.ncbi.nlm.nih.gov/pubmed/21739340
https://doi.org/10.21037/atm.2018.06.19
http://www.ncbi.nlm.nih.gov/pubmed/30370275
https://doi.org/10.1371/journal.pone.0223071


21. Zollei E, Bertalan V, Nemeth A, Csabi P, Laszlo I, Kaszaki J, et al. Non-invasive detection of hypovole-

mia or fluid responsiveness in spontaneously breathing subjects. Bmc Anesthesiol. 2013; 13. https://

doi.org/10.1186/1471-2253-13-40 PMID: 24188480

22. Preau S, Dewavrin F, Soland V, Bortolotti P, Colling D, Chagnon JL, et al. Hemodynamic changes dur-

ing a deep inspiration maneuver predict fluid responsiveness in spontaneously breathing patients. Car-

diol Res Pract. 2012; 2012:191807. Epub 2011/12/24. https://doi.org/10.1155/2012/191807 PMID:

22195286

23. Hong DM, Lee JM, Seo JH, Min JJ, Jeon Y, Bahk JH. Pulse pressure variation to predict fluid respon-

siveness in spontaneously breathing patients: tidal vs. forced inspiratory breathing. Anaesthesia. 2014;

69(7):717–22. Epub 2014/04/30. https://doi.org/10.1111/anae.12678 PMID: 24773446.

24. Soubrier S, Saulnier F, Hubert H, Delour P, Lenci H, Onimus T, et al. Can dynamic indicators help the

prediction of fluid responsiveness in spontaneously breathing critically ill patients? Intensive Care Med.

2007; 33(7):1117–24. Epub 2007/05/18. https://doi.org/10.1007/s00134-007-0644-9 PMID: 17508201.

25. Elstad M, Walloe L. Heart rate variability and stroke volume variability to detect central hypovolemia dur-

ing spontaneous breathing and supported ventilation in young, healthy volunteers. Physiological mea-

surement. 2015; 36(4):671–81. https://doi.org/10.1088/0967-3334/36/4/671 PMID: 25799094.

26. Dahl M, Hayes C, Rasmussen BS, Larsson A, Secher NH. Can a central blood volume deficit be

detected by systolic pressure variation during spontaneous breathing? Bmc Anesthesiol. 2015; 16

(1):58.

27. Bronzwaer AS, Ouweneel DM, Stok WJ, Westerhof BE, van Lieshout JJ. Arterial Pressure Variation as

a Biomarker of Preload Dependency in Spontaneously Breathing Subjects—A Proof of Principle. PLoS

One. 2015; 10(9):e0137364. Epub 2015/09/04. https://doi.org/10.1371/journal.pone.0137364 PMID:

26335939

28. Alian AA, Shelley KH. Photoplethysmography. Best Pract Res Clin Anaesthesiol. 2014; 28(4):395–406.

Epub 2014/12/07. https://doi.org/10.1016/j.bpa.2014.08.006 PMID: 25480769.

29. Addison PS. A review of signal processing used in the implementation of the pulse oximetry photo-

plethysmographic fluid responsiveness parameter. Anesth Analg. 2014; 119(6):1293–306. Epub 2014/

11/19. https://doi.org/10.1213/ANE.0000000000000392 PMID: 25405691.

30. Nilsson LM. Respiration signals from photoplethysmography. Anesth Analg. 2013; 117(4):859–65.

Epub 2013/03/02. https://doi.org/10.1213/ANE.0b013e31828098b2 PMID: 23449854.

31. Yang Y, Seok HS, Noh GJ, Choi BM, Shin H. Postoperative Pain Assessment Indices Based on Photo-

plethysmography Waveform Analysis. Frontiers in physiology. 2018; 9:1199. Epub 2018/09/14. https://

doi.org/10.3389/fphys.2018.01199 PMID: 30210363.

32. Shelley KH. Photoplethysmography: beyond the calculation of arterial oxygen saturation and heart rate.

Anesth Analg. 2007; 105(6 Suppl):S31–6, tables of contents. Epub 2007/12/06. https://doi.org/10.1213/

01.ane.0000269512.82836.c9 PMID: 18048895.

33. Hoff IE, Hoiseth LO, Hisdal J, Roislien J, Landsverk SA, Kirkeboen KA. Respiratory Variations in Pulse

Pressure Reflect Central Hypovolemia during Noninvasive Positive Pressure Ventilation. Crit Care Res

Pract. 2014; 2014:712728. Epub 2014/04/04. https://doi.org/10.1155/2014/712728 PMID: 24696781

34. Delerme S, Castro S, Freund Y, Nazeyrollas P, Josse MO, Madonna-Py B, et al. Relation between

pulse oximetry plethysmographic waveform amplitude induced by passive leg raising and cardiac index

in spontaneously breathing subjects. Am J Emerg Med. 2010; 28(4):505–10. Epub 2010/05/15. https://

doi.org/10.1016/j.ajem.2009.03.023 PMID: 20466234.

35. Delerme S, Renault R, Le Manach Y, Lvovschi V, Bendahou M, Riou B, et al. Variations in pulse oxime-

try plethysmographic waveform amplitude induced by passive leg raising in spontaneously breathing

volunteers. Am J Emerg Med. 2007; 25(6):637–42. Epub 2007/07/04. https://doi.org/10.1016/j.ajem.

2006.11.035 PMID: 17606088.

36. Keller G, Cassar E, Desebbe O, Lehot JJ, Cannesson M. Ability of pleth variability index to detect hemo-

dynamic changes induced by passive leg raising in spontaneously breathing volunteers. Crit Care.

2008; 12(2):R37. Epub 2008/03/08. https://doi.org/10.1186/cc6822 PMID: 18325089

37. Nilsson LM, Lindenberger DM, Hahn RG. The effect of positive end-expiratory pressure and tripled tidal

volume on pleth variability index during hypovolaemia in conscious subjects: a volunteer study. Eur J

Anaesthesiol. 2013; 30(11):671–7. Epub 2013/07/11. https://doi.org/10.1097/EJA.0b013e32836394c0

PMID: 23839074.

38. Heenen S, De Backer D, Vincent JL. How can the response to volume expansion in patients with spon-

taneous respiratory movements be predicted? Crit Care. 2006; 10(4):R102. Epub 2006/07/19. https://

doi.org/10.1186/cc4970 PMID: 16846530

39. Goswami N, Blaber AP, Hinghofer-Szalkay H, Convertino VA. Lower Body Negative Pressure: Physio-

logical Effects, Applications, and Implementation. Physiol Rev. 2019; 99(1):807–51. Epub 2018/12/13.

https://doi.org/10.1152/physrev.00006.2018 PMID: 30540225.

Respiratory variations in pulse pressure and photoplethysmographic waveform amplitude during PEP and CPAP

PLOS ONE | https://doi.org/10.1371/journal.pone.0223071 September 27, 2019 14 / 15

https://doi.org/10.1186/1471-2253-13-40
https://doi.org/10.1186/1471-2253-13-40
http://www.ncbi.nlm.nih.gov/pubmed/24188480
https://doi.org/10.1155/2012/191807
http://www.ncbi.nlm.nih.gov/pubmed/22195286
https://doi.org/10.1111/anae.12678
http://www.ncbi.nlm.nih.gov/pubmed/24773446
https://doi.org/10.1007/s00134-007-0644-9
http://www.ncbi.nlm.nih.gov/pubmed/17508201
https://doi.org/10.1088/0967-3334/36/4/671
http://www.ncbi.nlm.nih.gov/pubmed/25799094
https://doi.org/10.1371/journal.pone.0137364
http://www.ncbi.nlm.nih.gov/pubmed/26335939
https://doi.org/10.1016/j.bpa.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25480769
https://doi.org/10.1213/ANE.0000000000000392
http://www.ncbi.nlm.nih.gov/pubmed/25405691
https://doi.org/10.1213/ANE.0b013e31828098b2
http://www.ncbi.nlm.nih.gov/pubmed/23449854
https://doi.org/10.3389/fphys.2018.01199
https://doi.org/10.3389/fphys.2018.01199
http://www.ncbi.nlm.nih.gov/pubmed/30210363
https://doi.org/10.1213/01.ane.0000269512.82836.c9
https://doi.org/10.1213/01.ane.0000269512.82836.c9
http://www.ncbi.nlm.nih.gov/pubmed/18048895
https://doi.org/10.1155/2014/712728
http://www.ncbi.nlm.nih.gov/pubmed/24696781
https://doi.org/10.1016/j.ajem.2009.03.023
https://doi.org/10.1016/j.ajem.2009.03.023
http://www.ncbi.nlm.nih.gov/pubmed/20466234
https://doi.org/10.1016/j.ajem.2006.11.035
https://doi.org/10.1016/j.ajem.2006.11.035
http://www.ncbi.nlm.nih.gov/pubmed/17606088
https://doi.org/10.1186/cc6822
http://www.ncbi.nlm.nih.gov/pubmed/18325089
https://doi.org/10.1097/EJA.0b013e32836394c0
http://www.ncbi.nlm.nih.gov/pubmed/23839074
https://doi.org/10.1186/cc4970
https://doi.org/10.1186/cc4970
http://www.ncbi.nlm.nih.gov/pubmed/16846530
https://doi.org/10.1152/physrev.00006.2018
http://www.ncbi.nlm.nih.gov/pubmed/30540225
https://doi.org/10.1371/journal.pone.0223071


40. Hoiseth LO, Hoff IE, Hagen OA, Kirkeboen KA, Landsverk SA. Respiratory variations in the photo-

plethysmographic waveform amplitude depend on type of pulse oximetry device. J Clin Monit Comput.

2016; 30(3):317–25. Epub 2015/06/13. https://doi.org/10.1007/s10877-015-9720-9 PMID: 26067403.

41. Dorlas JC, Nijboer JA. Photo-electric plethysmography as a monitoring device in anaesthesia. Applica-

tion and interpretation. Br J Anaesth. 1985; 57(5):524–30. Epub 1985/05/01. https://doi.org/10.1093/

bja/57.5.524 PMID: 3994887.

42. Lansdorp B, Ouweneel D, de Keijzer A, van der Hoeven JG, Lemson J, Pickkers P. Non-invasive mea-

surement of pulse pressure variation and systolic pressure variation using a finger cuff corresponds

with intra-arterial measurement. Br J Anaesth. 2011; 107(4):540–5. Epub 2011/06/28. https://doi.org/

10.1093/bja/aer187 PMID: 21700612.

Respiratory variations in pulse pressure and photoplethysmographic waveform amplitude during PEP and CPAP

PLOS ONE | https://doi.org/10.1371/journal.pone.0223071 September 27, 2019 15 / 15

https://doi.org/10.1007/s10877-015-9720-9
http://www.ncbi.nlm.nih.gov/pubmed/26067403
https://doi.org/10.1093/bja/57.5.524
https://doi.org/10.1093/bja/57.5.524
http://www.ncbi.nlm.nih.gov/pubmed/3994887
https://doi.org/10.1093/bja/aer187
https://doi.org/10.1093/bja/aer187
http://www.ncbi.nlm.nih.gov/pubmed/21700612
https://doi.org/10.1371/journal.pone.0223071

