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Abstract

Purpose Predicting fluid responsiveness is essential when treating surgical or critically ill patients. When using a pulmonary
artery catheter, pulse pressure variation and systolic pressure variation can be calculated from right ventricular and pulmo-
nary artery pressure waveforms.

Methods We conducted a prospective interventional study investigating the ability of right ventricular pulse pressure varia-
tion (PPVyy) and systolic pressure variation (SPVy,,) as well as pulmonary artery pulse pressure variation (PPV;,) and
systolic pressure variation (SPVy,) to predict fluid responsiveness in coronary artery bypass (CABG) surgery patients.
Additionally, radial artery pulse pressure variation (PPV, 1) and systolic pressure variation (SPV,yr) were calculated. The
area under the receiver operating characteristics (AUROC) curve with 95%-confidence interval (95%-CI) was used to assess
the capability to predict fluid responsiveness (defined as an increase in cardiac index of > 15%) after a 500 mL crystalloid
fluid challenge.

Results Thirty-three patients were included in the final analysis. Thirteen patients (39%) were fluid-responders with a mean
increase in cardiac index of 25.3%. The AUROC was 0.60 (95%-CI 0.38 to 0.81) for PPVyy, 0.63 (95%-CI 0.43 to 0.83)
for SPVyy, 0.58 (95%-CI 0.38 to 0.78) for PPVy,, and 0.71 (95%-CI 0.52 to 0.89) for SPVy,. The AUROC for PPV, was
0.71 (95%-CI10.53 to 0.89) and for SPV 1 0.78 (95%-CI 0.62 to 0.94). The correlation between pulse pressure variation and
systolic pressure variation measurements derived from the different waveforms was weak.

Conclusions Right ventricular and pulmonary artery pulse pressure variation and systolic pressure variation seem to be weak
predictors of fluid responsiveness in CABG surgery patients.
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1 Introduction surgical or critically ill patients. Fluid responsiveness can
be predicted using variables describing pressure variation
Predicting fluid responsiveness is essential when treating  in the arterial blood pressure waveform [1, 2]. Pressure
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variation in the arterial blood pressure waveform caused by
positive pressure ventilation can be quantified by calculat-
ing pulse pressure variation or systolic pressure variation
[3-5].

Pulse pressure variation becomes less predictive for fluid
responsiveness in the presence of cardiac dysfunction [6],
ventilation with low tidal volume [7], or reduced pulmonary
compliance [2] that can be frequently found in cardiac sur-
gery and critically ill patients. These patients, however, may
particularly benefit from guided fluid management.

Right heart catheterization with a pulmonary artery cath-
eter is routinely performed in cardiac surgery patients. Pulse
pressure variation and systolic pressure variation can thus
be calculated for right ventricular and pulmonary artery
pressure waveforms — similarly as for the radial artery blood
pressure waveform.

The right ventricle and pulmonary artery are low pres-
sure high-compliant structures [8]. Nonetheless, their
thinner muscle wall — compared to the left ventricle and
systemic arteries — as well as their direct connection to
the venous system may make them prone to be affected by
changes in venous return [9]. From a physiological perspec-
tive, it seems reasonable to assume that the right ventricle
and pulmonary artery are also sensitive to respiratory cycle-
induced changes in cardiac preload [10, 11].

We hypothesized that right ventricular and pulmonary
artery pulse pressure variation and systolic pressure varia-
tion may predict fluid responsiveness in mechanically ven-
tilated patients.

To test this hypothesis we performed a prospective inter-
ventional study investigating the ability of right ventricular
and pulmonary artery pulse pressure variation and systolic
pressure variation to predict fluid responsiveness in coro-
nary artery bypass (CABG) surgery patients.

1 2

2 Methods
2.1 Study design and setting

This prospective interventional study was performed in
patients having CABG surgery at the University Medi-
cal Center Hamburg-Eppendorf, Hamburg, Germany. The
study was approved by the ethics committee (Ethikkomis-
sion der Arztekammer Hamburg, Hamburg, Germany; reg-
istration number PV5366) and adhered to the principles
outlined in the Declaration of Helsinki. The study was con-
ducted between September 2017 and June 2018. All patients
provided written informed consent.

2.2 Study participants

We included adult patients (18 years or older) scheduled
for CABG surgery who had pulmonary artery catheters as
part of routine care. Patients with cardiac arrhythmia, active
pacemaker, high grade tricuspid regurgitation, persistent
foramen ovale, pregnancy, or patients who were unable to
provide informed consent were excluded from the study.

2.3 Anesthetic management

General anesthesia was maintained with continuous suf-
entanil infusion and inhaled sevoflurane. All patients were
mechanically ventilated using positive pressure ventilation
at the discretion of the attending anesthesiologist. Ventila-
tor settings as well as administered medications including
norepinephrine and epinephrine were at the discretion of
the attending anesthesiologist. A radial artery catheter and a
pulmonary artery catheter were part of routine care.

3 4

Fig. 1 Measurement time points. Measurements were performed at the following time points: (1) baseline in supine position; (2) in Trendelen-
burg position; (3) after return to supine position; and (4) and after completion of a fluid challenge with 500 mL crystalloid fluid



Journal of Clinical Monitoring and Computing (2022) 36:1817-1825

1819

2.4 Study measurements

We recorded the right ventricular and pulmonary artery blood
pressure waveforms using a 7.5 F 110 cm pulmonary artery
catheter (Thermodilution VIP+; Edwards Lifesciences,
Irvine, CA, USA) with separate pressure transducers for
each pressure output signal. We simultaneously recorded
the arterial blood pressure waveform from a radial artery
catheter. All pressure transducers were zeroed to the level
of the right atrium, which was repeated when the patient’s
body position changed. Correct placement and adequate sig-
nal quality of the pressure waveforms were assessed prior
to the first measurement. All signals were recorded on the
patient monitor (Infinity Delta Monitor; Driger, Liibeck,
Germany) and extracted to a personal computer (eData Data
Grabber; Drdger). The blood pressure waveforms were
recorded continuously at four different time points when the
patient’s chest was closed: (1) baseline in supine position;
(2) in Trendelenburg position (to induce transfer of venous
blood into the intrathoracic compartment); (3) after return
to supine position; and (4) after completion of a fluid chal-
lenge with 500 mL crystalloid fluid (Sterofundin, B. Braun,
Melsungen, Germany) (Fig. 1).

We calculated pulse pressure variation and systolic pres-
sure variation for the right ventricular (PPVyy, SPVyy), pul-
monary artery (PPVy,, SPVp,), and radial artery (PPVyugr,
SPV,rt) blood pressure waveforms post hoc using manual

a

offline calculation (Supplementary Fig. 1). We analyzed the
blood pressure waveforms using an adapted beat detection
algorithm [12] to determine maxima (P,,) and minima
(P,,ir) of pulse pressure and systolic pressure. For calcula-
tion of pulse pressure, we used the diastolic pressure and the
subsequent systolic pressure (Fig. 2). In each case, pressure
variation was calculated as: pressure variation (%) =100 x
(Prax — Pmin) / (Prax + Pmin) / 2. After the exclusion of arti-
facts, we used the first four P, /P, ;.-pairs corresponding to
four respiratory cycles to calculate pulse pressure variation
and systolic pressure variation for each measurement time
point.

At each measurement time point, we performed inter-
mittent pulmonary artery thermodilution and calculated the
mean cardiac index based on three repeated measurements.
Further, we measured the mixed-venous oxygen saturation
using point-of-care blood gas analysis.

2.5 Definition of fluid responsiveness

Patients were separated into “fluid-responders”, if the
increase in cardiac index was > 15% after the 500 mL crys-
talloid fluid challenge, or “non-responders”, if the increase
in cardiac index was <15% after the fluid challenge.

b

Fig.2 Methods. (a) Simultaneous recording of right ventricular, pulmonary artery, and radial artery blood pressure waveforms. (b) Pulse pressure
variation and systolic pressure variation. RV — right ventricle; PA — pulmonary artery; ART — radial artery; PPV — pulse pressure variation; SPV
— systolic pressure variation



1820

Journal of Clinical Monitoring and Computing (2022) 36:1817-1825

2.6 Statistical analysis

Descriptive data are reported as mean + standard deviation
(SD) for continuous data and as absolute frequency and
percentage for categorical data. We used the area under
the receiver operating characteristics (AUROC) curve with
95%-confidence interval (95%-CI) to analyze the abil-
ity of the different pressure variation variables to predict
fluid responsiveness. The optimal threshold to predict fluid
responsiveness for each pressure variation variable was
determined using the Youden index [sensitivity + (speci-
ficity — 1)]. The AUROC was only calculated for measure-
ments obtained directly before the fluid challenge (time
point 3: after return to supine position). The relationship
between pulse pressure variation and systolic pressure
variation obtained from the three pressure waveforms was
analyzed using Pearson’s correlation coefficient. We ana-
lyzed differences between “fluid-responders” and “non-
responders” using Mann-Whitney U tests for independent
data pairs. To investigate differences between consecutive
measurement points we used Wilcoxon signed-rank tests for
paired measurements.

For the sample size calculation we assumed that 50%
of the included patients would be fluid responders. Power
analysis showed that a sample size of 21 patients per group,
thus 42 patients in total, would be necessary to detect an
AUROC of 0.75 or higher with the alpha level set at 0.05
and the beta level at 0.20 (i.e., a power of 80%). A P-value
of less than 0.05 was considered statistically significant for
all tests. No correction for multiple testing was performed.
We used SPSS Statistics 25 (IBM, Armonk, NY, USA) and
R (version 4.0.5, corrplott-package version 0.9, R Founda-
tion for Statistical Computing, Vienna, Austria) for statisti-
cal analyses.

3 Results

A total of 45 patients were included in the study. Four
patients were excluded because of cardiac arrhythmia and
8 because of an active pacemaker; thus 33 patients were
included in the final analysis. Patients’ characteristics, ven-
tilator settings, and administered medications are shown in
Table 1.

Table 1 Patients’ characteristics, ventilator settings, and administered medications

All (n=33) Fluid-Responders (n=13)Non-
Responder
(n=20)
Age, years 7219 74+7 70+10
Height, cm 176+8 176 +9 1766
Weight, kg 87+16 83+14 90+£16
Sex, male 28 (85%) 11 (85%) 17 (85%)
EuroSCORE 11 2.5+2.0 26+1.6 23+23
ASA class 111 16 (48%) 9 (69%) 7 (35%)
v 17 (52%) 4 (31%) 13 (65%)
Coronary artery bypass surgery off-pump 31 (94%) 13 (100%) 18 (90%)
on-pump 2 (6%) 0 (0%) 2 (10%)
Ventilation frequency, min~ ! 13+1 13+1 13+2
Tidal volume, ml kgpbw™! 7.6+1.1 74+1.1 7.8£1.0
PEEP, mbar 6+1 61 61
Sufentanil, pg kg™ h™! 0.7+0.1 0.7£0.1 0.7+0.0
Sevoflurane, etVol% 1.1+£0.4 1.0+£0.5 1.2+£0.3
Norepinephrine, ug kg ~! min™! 0.17+0.13 0.20£0.17 0.15+0.10
Epinephrine, pg kg™! min~! 0.00+0.00 0.00+0.00 0.00+0.00
Time between measurements, min supine to Trendelenburg position 4.2 (3.0; 5.2) 3.0(2.8;5.0) 4.3 (3.5;
5.2)
Trendelenburg to supine position 4.2 (3.0; 5.5) 4.8 (3.8;6.2) 3.8(2.5;
4.4)
time to complete fluid challenge 10.7 (8.5; 12.7) 8.7 (7.8; 14.3) 10.8 (8.7;
12.3)

Data are presented as mean + standard deviation or median (25th and 75th percentile) for continuous variables or absolute numbers (percent-
ages) for categorical variables. EuroSCORE — European System for Cardiac Operative Risk Evaluation; ASA class — American Society of
Anesthesiologists physical status classficiation; kgpbw — kilogram predicted body weight; PEEP — positive end-expiratory pressure; etVol%

— end-tidal volume percent
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Thirteen patients (39%) were fluid-responders with a
mean (+SD) increase in cardiac index of 25.3% (+10.0%)
after the fluid challenge. Cardiac index and mixed-venous
oxygen saturation were lower in fluid-responders prior to
the fluid challenge (Table 2). Before the fluid challenge,
there were no important differences in right ventricular and
pulmonary artery pressure variation between fluid-respond-
ers and non-responders. Radial artery pressure variation,
however, was higher in fluid-responders (Table 3). Tren-
delenburg positioning and fluid challenge-induced hemody-
namic changes are shown in Tables 2 and 3.

The AUROC was 0.60 (95%-CI 0.38 to 0.81) for PPVyy,
0.63 (95%-CI 0.43 to 0.83) for SPVy,, 0.58 (95%-CI 0.38
to 0.78) for PPVy,, and 0.71 (95%-CI 0.52 to 0.89) for
SPV,, (Fig. 3). The AUROC for PPV, g1 was 0.71 (95%-CI
0.53 to 0.89) and for SPV,pr 0.78 (95%-CI 0.62 to 0.94).
The respective Youden indices with optimal thresholds are
shown in Table 4. Scatter plots showing pressure variations
and changes in cardiac index are shown in Supplementary
Fig. 2.

Correlation analyses of the different pressure variation
variables are shown in Fig. 4. The correlation between
pulse pressure variation measurements of the different pres-
sure waveforms was weak (PPVyy, and PPVy,: r=0.41;
PPVyy and PPV, 1=0.39; PPV, and PPV, r=0.51).
In line, the correlation between systolic pressure variation

Table 2 Pulse pressure variation and systolic pressure variation

measurements was also weak (SPVyy and SPVp,: r1=0.54;
SPVyy and SPV,pr: 1=0.45; SPVp, and SPVupyt r=0.57).
In contrast, correlation analyses of corresponding pulse
pressure variation and systolic pressure variation measure-
ments of the same pressure waveform showed a stronger
positive correlation (PPVy,, and SPVyy: r=0.75; PPV, and
SPVp,: 1=0.59; PPV, pr and SPV,pr: 1=0.88).

4 Discussion

Just contrary to our hypothesis, this study shows that right
ventricular and pulmonary artery pulse pressure variation
and systolic pressure variation derived from a pulmonary
artery catheter seem to be weak predictors of fluid respon-
siveness in CABG surgery patients — and that their pre-
dictive value was lower than that of radial artery pressure
variations.

In cardiac surgery and critically ill patients, it is essen-
tial to reliably predict fluid responsiveness to optimize fluid
administration [13]. Pulse pressure variation and systolic
pressure variation from the radial artery blood pressure
waveform can predict fluid responsiveness [2, 5]. Pulmo-
nary artery catheters allow for pulmonary artery thermo-
dilution to measure cardiac output [14] and — if catheters
have an additional port — continuous recording of both

Supine position Trendelenburg position ~ After return to supine After
position completion
of the fluid
challenge
PPV, (%)
Fluid-Responders 16 (13;24) 17 (15; 25)1 17 (11; 20) 11 (7; 15)*
Non-Responders 13 (115 20) 11(9; 13)*+ 12 (10; 18) 12 (10; 18)
SPVgy (%)
Fluid-Responders 11(9;17) 12 (8; 15)T 12 (10; 17) 9 (7; 11)*
Non-Responders 10 (8; 15) 9 (7; 11)*t 10 (9; 13) 8 (7; 11)*
PPV, (%)
Fluid-Responders 27 (19; 35) 24 (18; 29) 24 (20; 30) 16 (13; 33)
Non-Responders 24 (15; 29) 19 (11; 23)* 23 (12; 30) 18 (13; 25)
SPVp, (%)
Fluid-Responders 15 (10; 19)t 14 (105 16) 15 (125 18)*7 11 (7; 15)*
Non-Responders 10 (7; 14)t 9(7; 14) 12 (8; 15)T 8 (7; 12)*
PPV gr (%0)
Fluid-Responders 11(9; 23) 12 (7; 18) 14 (9; 18)T 6 (5;15)*
Non-Responders 10 (4; 13) 4(6;13) 10 (4; 12)T 5(3;15)
SPVgr (%)
Fluid-Responders 9 (6; 13)F 7 (4; 10)t 9 (6; 12)*+ 5(3; 8)*
Non-Responders 6(3; Nt 3(2;6)*f 6 (3; I)*t 3(2;7)

Data are shown as median (25th and 75th percentile). * indicates a P-value of less than 0.05 compared to the previous time point. T indicates a
P-value of less than 0.05 between groups at this time point. PPV, —right ventricular pulse pressure variation; SPV y —right ventricular systolic
pressure variation; PPVp, — pulmonary artery pulse pressure variation; SPVp, — pulmonary artery systolic pressure variation; PPV, 1 — radial
artery pulse pressure variation; SPV, 1 —radial artery systolic pressure variation
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Table 3 Hemodynamic measurements

Supine position Trendelenburg position After return to supine  After
position completion
of the fluid
challenge
Cardiac Index (L min~! m~2)
Fluid-Responders 2.6 (1.9;3.0) 2.8 (2.0; 3.1)* 2.5 (1.7; 2.8)*1 32(2.1;
3.6)*
Non-Responders 2.8(2.4;3.6) 2.9(2.7;3.6) 2.8 (2.5;3.5)*+ 3.1(2.6;
3.6)*
Heart Rate (min™")
Fluid-Responders 74 (66; 93) 73 (67; 93) 74 (67;91) 74 (67; 90)
Non-Responders 76 (64; 83) 76 (66; 82) 72 (65; 81 72 (67; 82)
RV-Sys (mmHg)
Fluid-Responders 32 (28; 38) 38 (34; 43)* 35 (29; 40)* 39 (32; 49)*
Non-Responders 34 (30; 39) 38 (33; 47)* 35 (31; 44)* 39 (35; 46)*
RV-Dia (mmHg)
Fluid-Responders 52;7) 6 (5; 10)* 5(2; 8)* 6(3;8)
Non-Responders 4(2;6) 7 (4; 10)* 3 (2; 6)* 42;7)
PA-Sys (mmHg)
Fluid-Responders 30 (28; 34) 38 (32; 39)* 36 (29; 38) 37 (32; 42)*
Non-Responders 33 (31; 40) 38 (36; 47)* 36 (30; 40)* 38 (32; 43)*
PA-Dia (mmHg)
Fluid-Responders 11 (11; 16) 17 (13; 18)* 13 (11; 15)* 14 (12; 15)*
Non-Responders 13 (11; 18) 15 (12; 19)* 12 (9; 15)* 13 (11; 18)*
MAP (mmHg)
Fluid-Responders 67 (58;71) 71 (66; 75)* 65 (62; 67)* 73 (68; 82)*
Non-Responders 65 (60; 68) 73 (68; 80)* 67 (63; 77)* 77 (74; 81)*
5,0, (%)
Fluid-Responders 69 (62; 74)t 70 (63; 77)*T 71 (59; 74)t 72 (66; 78)*
Non-Responders 75 (70; 80)t 77 (72; 80)*t 76 (72; 78)*t 76 (71; 80)*

Data are shown as median (25th and 75th percentile). * indicates a P-value of less than 0.05 compared to the previous time point. T indicates
a P-value of less than 0.05 between groups at this time point. RV-Sys — right ventricular systolic blood pressure; RV-Dia — right ventricular
diastolic blood pressure; PA-Sys — pulmonary artery systolic blood pressure; PA-Dia — pulmonary artery diastolic blood pressure; MAP —mean

arterial blood pressure; S, 0, — mixed-venous oxygen saturation

right ventricular and pulmonary artery pressure waveforms.
Intermittent changes in cardiac preload during the respira-
tory cycle, as an indicator for fluid responsiveness, might
cause more pronounced pressure alterations in the right
ventricle and pulmonary artery compared to systemic arter-
ies [11]. First experimental studies have investigated right
ventricular stroke volume [15] and right ventricular stroke
volume variation [10, 16] to predict fluid responsiveness
with promising results. Further, respiratory variation in right
atrial pressure has been previously suggested as a predictor
of fluid responsiveness [17].

We therefore hypothesized that right ventricular and pul-
monary artery pulse pressure variation and systolic pressure
variation may also predict fluid responsiveness in mechani-
cally ventilated patients. Just contrary to our hypothesis,
right ventricular and pulmonary artery systolic pressure
variation and pulse pressure variation were less predictive
for fluid responsiveness than radial artery pressure varia-
tion in mechanically ventilated CABG surgery patients. As

expected with the low predictive accuracy for fluid respon-
siveness, our results do not show distinct differences for right
ventricular or pulmonary artery pressure variation between
fluid-responders and non-responders. The moderate predic-
tive accuracy for radial artery pressure variation was similar
to previous studies in patients after cardiac surgery [18, 19].
The low predictive accuracy of right ventricular and pulmo-
nary artery pressure variation may be — in part — explained
by high right ventricular and pulmonary artery compliance
[8]. Because of the high compliance of the right ventricle
and pulmonary artery, changes in volume presumably cause
smaller changes in pressure and pressure variation (Supple-
mentary Fig. 1). Further, mechanical ventilation induces
changes in intra-thoracic pressure and, thus, in extramural
pressure of the right ventricle and pulmonary artery. These
changes in extramural pressure may affect pressure varia-
tion in the right ventricle and pulmonary artery regardless
of volume status.
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Fig.3 Receiver operating characteristic curves. Receiver operating characteristic curves for the prediction of > 15% increase in cardiac index by
(a) pulse pressure variation and (b) systolic pressure variation derived from the right ventricle, pulmonary artery, and radial artery blood pressure
waveforms. RV — right ventricle; PA — pulmonary artery; ART — radial artery

Table 4 Optimal thresholds and Youden Index

Optimal Youden Sensitivity Speci-

Threshold  Index ficity

(%)
PPVpy 12.8 0.33 0.67 0.67
SPVyy 9.6 0.32 0.85 0.47
PPVp, 14.8 0.27 0.92 0.35
SPVp, 14.7 0.37 0.62 0.75
PPVurt 13.7 0.39 0.54 0.85
SPV,gr 5.8 0.60 0.85 0.75

PPVyy — right ventricular pulse pressure variation; SPVyy, — right
ventricular systolic pressure variation; PPV, — pulmonary artery
pulse pressure variation; SPV, — pulmonary artery systolic pressure
variation; PPV, p1 — radial artery pulse pressure variation; SPV,pr —
radial artery systolic pressure variation

On a side note, Trendelenburg positioning — to induce a
reversible transfer of venous blood into the intra-thoracic
compartment — increased right ventricular and pulmonary
artery pressure, but had no important effect on pulse or sys-
tolic pressure variation. Overall, our results suggest that
calculating right ventricular or pulmonary artery pulse pres-
sure variation and systolic pressure variation is possible, but
unlikely provides additional information for the prediction
of (systemic) fluid responsiveness.

A strength of the study is that cardiac output (used to
define fluid responsiveness after a fluid challenge) was mea-
sured using the clinical reference method — pulmonary artery
thermodilution [20]. However, we performed our study only
in cardiac surgery patients — as these patients are routinely

monitored with pulmonary artery catheters. Naturally, our
results may thus not be generalizable to non-cardiac surgery
or critically ill patients — who are rarely monitored with
pulmonary artery catheters. Further, investigating patients
with right ventricular failure may have yielded different
results. Varying times between interventions and measure-
ments may have also affected the results. Tidal volumes less
than 8 mL per kilogram predicted body weight may have
reduced the predictive accuracy of pressure variations [2]
— but reflect current clinical routine [21]. The effect of fluid
challenges may have been more pronounced if we had used
colloids [22, 23]. Since their use is controversial in critically
ill patients [24], we only used crystalloids for fluid chal-
lenges. Additionally, the 95%-CI of our results are wide as
we included fewer patients than initially planned. Nonethe-
less it seems unlikely that right ventricular or pulmonary
artery pressure variation have a higher predictive value than
radial artery pressure variation. Finally, the Trendelenburg
positioning was not standardized (and should not be mis-
taken for a passive leg raising maneuver [25]).

5 Conclusions

Right ventricular and pulmonary artery pulse pressure vari-
ation and systolic pressure variation seem to be weak pre-
dictors of fluid responsiveness in CABG surgery patients. In
our study, right ventricular and pulmonary artery pressure
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Fig. 4 Correlation analysis. Correlation analysis between pulse pressure variation and systolic pressure variation obtained from the different
blood pressure waveforms. Circle color and size resemble the value of Pearson’s correlation coefficient. PPV, — right ventricular pulse pressure
variation; SPVyy, — right ventricular systolic pressure variation; PPV, —pulmonary artery pulse pressure variation; SPVp, — pulmonary artery
systolic pressure variation; PPV, — radial artery pulse pressure variation; SPV,p — radial artery systolic pressure variation

variation had a lower predictive capability for fluid respon-
siveness than radial artery pressure variation.
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