Predicting Fluid Responsiveness in Septic Shock Patients
by Using 3 Dynamic Indices: Is It All Equally Effective?
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Objective: To evaluate the effectiveness and accuracy of three dynamic indices, currently available in intensive care monitoring
devices, which are pulse pressure variation (PPV), stroke volume variation (SVV) and pulse oximetry plethysmographic
waveform variation (POPV) in septic patients.

Material and Method: This prospective clinical trial was conducted in 20 deeply sedated septic patients 18 years of age and
older who had invasive blood pressure monitoring with an intraarterial cannula. PPV, SVV and POPV (%) were calculated
using five consecutive snapshots from every patient’s monitor. Statistical analysis compared using linear regression, paired
t-test or student t-test, and receiver operating characteristic (ROC) curve analysis.

Results: The authors found that, strong correlation existed of PPV for the detection of percent cardiac index change (r? =
0.794, p < 0.001). A respiratory variation in POPV exceeding 14% (sensitivity of 72%, specificity of 90%), SVV exceeding
11% (sensitivity 90%, specificity 92%) allowed detection of PPV exceeding 12% (sensitivity 84%, specificity 96%).
Conclusion: Comparing of PPV, SVV and POPV, PPV is the most correlate with percent change in cardiac index and the most
effective dynamic index for predict fluid responsiveness in adult septic critically ill patients who are on controlled mechanical
ventilator, followed by SVV and POPV.
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Fluid responsiveness refers to the aptitude of
the heart to regulate stroke volume in response to
volume change. Because the slope of the Frank-Starling
curve depends on ventricular contractility, static
preload measurements are unable to predict fluid
responsiveness®?. It has been accepted that dynamic
parameters (relying on the heart-lung interaction in
patients with positive pressure ventilation) are better
predictors of fluid responsiveness than static indices®.
Absence of cardiac arrhythmia, intracardiac shunt and
low tidal volume ventilation, pulse pressure variation
(PPV) is now considered the most specific and sensitive
tool than other parameters in mechanically ventilated
patients®. Recently, stroke volume variation (SVV) and
pulse oximetry plethysmographic waveform variation
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(POPV) are also used more frequently at bedside and
were validated in various patient conditions which have
been shown strongly related to PPV and are sensitive
to change in ventricular preload®®. Unfortunately, the
power to predicting fluid responsiveness of these three
dynamic parameters including PPV, SVV and POPV have
never been compared in the same clinical setting in
septic shock patients who need the best parameter to
minimize the risk of fluid overload which result in
pulmonary and interstitial edema. The present study is
the first to evaluate and compare the effectiveness of
three dynamic parameters which are more commonly
used in the intensive care unit to define fluid
responsiveness condition in septic shock patients. The
authors also evaluated the correlation of these three
dynamic parameters with the percent change of cardiac
index to predict fluid responsiveness in septic
mechanically ventilated patient. The authors defined
the term “effectiveness” of the dynamic indices by
probability to discriminate between fluid responder and
nonresponder group, acquiring area under receiver
operating characteristic (ROC) curves.
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Material and Method
Ethical considerations

The present study protocol was approved by
the Ethical Committee, The Royal Thai Army Medical
Department, and informed consent was obtained from
the patients or their relatives.

Patients

A total of 20 mechanically ventilated patients
with indwelling intraarterial and central venous catheter,
who were diagnosed as acute circulatory failure related
to sepsis were enrolled in the present study. All patients
were admitted and provided care in the medical intensive
care unit of Phramongkutklao Hospital, Bangkok,
Thailand. Inclusion criteria consisted of (1) sepsis
defined by the international criteria®; (2) acute
circulatory failure defined by a systolic blood pressure
less than 90 mmHg or the need of vasopressor drugs
(dopamine more than 5 pug/kg/min or norepinephring);
(3) instrumentation with indwelling radial or femoral
arterial catheters; (4) hemodynamic stability, defined
by a variation in heart rate, blood pressure, and cardiac
output of less than 10% over the 15 minutes period
before starting the protocol. Exclusion criteria were as
follows: (1) arrhythmia; (2) intracardiac shunt; (3) tidal
volume ventilation less than 8 mL/kg or patient who
had respiratory effort; (4) severe hypoxemia (arterial
oxygen pressure to fraction of inspired oxygen (PaO,/
FiO,) less than 100 mmHg. Sedation and analgesia were
provided by continuous infusion of midazolam and
fentanyl titrated for a Ramsay score of 61, Patients
were therapeutically paralysed with intravenous
atracurium if the attending physician deemed this
appropriate. All patients were ventilated with positive
pressure ventilation with tidal volume, 8-10 ml/kg of
body weight. The respiratory rate was set to obtain a
PaCO, of 35-45 mmHg and inspired fraction of oxygen
was adjusted to obtain an arterial oxygen saturation
more than 90%. Inspiratory to expiratory time ratio was
approximately 1: 2 in all patients.

Hemodynamic monitoring

All patients were monitored for mean arterial
blood pressure (MAP), right atrial pressure (RAP), heart
rate (HR), PPV and peripheral oxygen saturation using
IntelliVue MP 70, Philips monitors with all pressure
transducers were referenced to phlebostatic level.
Stroke volume (SV), stroke volume index (SVI1), cardiac
output (CO), cardiac index (ClI), SVV, systemic vascular
resistance (SVR), systemic vascular resistance index
(SVRI) were monitored by Flo-trac (Vigileo™, Edwards
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Lifesciences) based on pulse contour analysis
technique. M1191AL, Philips pulse oximetry probe was
attached to the middle finger of either right or left hand.
Pulse oximetry plethysmographic waveform variation
(POPV) was then calculated as previously des-
cribed®*? and was shown in Fig. 1, in which POPV =
[(POPmMax-POPmin)/(POPmax + POPmin)/2] x 100 (%).

Study protocol

A complete set of continuous hemodynamic
measurements (HR, MAP, RAP, PPV, SVV, SV, SVI, SVR,
SVRI, CI, CO) were obtained at baseline and before
each volume expansion (VE). VE consisted of 500 mL
of synthetic colloid (Voluven®, hydroxyethylstarch 6%;
Fresenius, Bad Homburg, Germany) infused over 30
minutes. The ventilatory settings and the rate of
administration of vasoactive drugs were not changed
throughout the present study. The VE was interrupted
when the cardiac index or cardiac output did not increase
further and RAP increased more than 5 mmHg®®, At
the end of VE, another complete set of hemodynamic
measurements was obtained.

Statistical analysis

According to the percent increase in cardiac
index in response to VE, patients were divided into two
groups. Patients with a Cl increase induced by VE more
than 15% were classified as responders and less than
15% as nonresponders. Data was analyzed with STATA
11. After verifying normal distribution of the data,
the parametric paired t-test was used to compare
hemodynamic parameters at baseline and after VE.
Student t-test was used to compare hemodynamic

y\Respiration curve

Fig. 1

Pulse oximetry plethysmographic waveform
recordings in an illustrative patient. POP__ and
POP, .. were defined
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parameters in responders and nonresponders groups.
Receiver operating characteristics (ROC) curves were
used to evaluate the predictive value of the various
indices on fluid responsiveness. A p-value of less than
0.05 was considered significant.

Results

Twenty patients (mean age 60 + 19 years) were
included. Baseline characteristics of the patients
including underlying disease, source of sepsis,
APACHE Il score, predicted death rate, initial ventilator
setting and vasoactive drugs dosage are listed in Table
1. Mean tidal volume was 8.58 + 0.5 mL/kg and plateau
pressure less than 30 cm H,O in all patients. A total of
20 fluid challenges were analysed. 15 patients needed
vasopressor support which were norepinephrine alone
(0.47 +0.32 ug/kg/min) (n = 11), dobutamine (4.2 + 1.04
ug/kg/min) combined with norepinephrine (1.1 +0.31

Table 1. Demographic data of the 20 enrolled subjects

Parameters Value (mean + SD)
Age (year) 60.35 + 19.94
Sex (n; male/female) 10/10
Weight (kg) 57.85 +9.31
Height (cm) 163.5 + 6.97
Underlying disease (n, %)

Hypertension 13 (65%)

DM. 9 (45%)

Coronary artery disease 4 (20%)

Chronic renal failure 4 (20%)

Connective tissue disease 3 (15%)

COPD 2 (10%)

Malignancy 2 (10%)
Source of sepsis (n, %)

Respiratory tract 11 (55%)

Gastrointestinal tract 4 (20%)

Urinary tract 2 (10%)

Skin & soft tissue 2 (10%)

Joint 1 (5%)
APACHE I score 26.35 +4.92
Predicted death rate (%) 58.35 + 13.54
Initial ventilatory setting

Tidal volume (mL/kg) 8.58 + 0.54

Respiratory rate (breath/min) 152 +3.12

PEEP (cmH,0) 5+0

FiO, (%) 0.45 +0.07
Vasoactive drugs (n, mg/kg/min)

Dopamine 2 (6.10 + 1.03)

Norepinephrine 11 (0.47 +0.32)

Norepineprine plus dobutamine 2(1.1+031

4.2 +1.04)
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ug/kg/min) (n = 2) and dopamine (6.10 + 1.03 pg/kg/
min) alone (n = 2). Five remaining patients had severe
hypotension (systolic blood pressure = 80 + 8 mmHg)
without vasoactive drug. Transthoracic echocardio-
graphy was performed in 8 patients, revealed systolic
dysfunction in 4 patients and diastolic dysfunction in
7 patients. Fourteen patients survived. No patient
experienced hypothermia at the time of the present
study. Hemodynamic variables before and after volume
infusion are shown in Table 2. Before VE, PPV, SVV and
POPV ranged from 7 to 19%, from 6 to 17% and from
5 to 24%, respectively. VE produced an increase in
cardiac index (CI) from 3.16 + 0.8 t0 3.63 + 1.0 L/min/m?
(p <0.001). Ten patients were responders, the remaining
ten were nonresponders. The correlation of PPV, SVV,
POPV with VE induced changes in cardiac index show
closed linear correlation, r> = 0.794, 0.667 and 0.633,
respectively (Fig. 2A-C). In contrast with RAP which
was not correlated with VE induced change in Cl. After
VE, significantly decrease all of PPV, SVV and POPV
from 12.95 +5.9810 6.35 + 2.72%, from 12.15 + 5.54 to
4.95 + 1.82%, from 14.50 + 9.36 to 6.30 + 4.89%,
respectively (p <0.05 all). Comparing the effectiveness
of discrimination between responders and non-
responders to volume expansion of PPV, SVV and POPV
were shown in ROC curve (Fig. 3). The area under the
ROC curves (+ SE) were as follows: 0.965 + 0.04 for PPV
(p<0.001),0.92 +0.07 for SVV (p=0.001) and 0.85 +
0.09 for POPV (p = 0.008). The threshold PPV value
12% allowed discrimination between responder and
nonresponder patients with a sensitivity of 84%,
specificity of 96%, SVV 11% for sensitivity of 90%,
specificity 92% and POPV 14% for sensitivity of 72%,
specificity 90%.

Discussion

As inappropriate fluid administration to
intensive care patients can result in pulmonary and
interstitial edema, the rationale for guiding fluid therapy
on cardiopulmonary interaction indices is that influence
of changes in intrapulmonary pressure and lung volume
during ventilatory cycle cause temporary changes in
biventricular preload and afterload. This phenomenon
then results in respiratory changes in stroke volume
(SVV)“419) arterial pulse pressure (PPV)©1617 systolic
blood pressure (SBP)“¢19 and pulse oximetry plethys-
mographic waveform (POPV) which signal resembles
the peripheral arterial pressure waveform(:8121920 A]|
these indices have also been shown to identify and
distinguish between responders and nonresponders
to fluid challenge in different patient populations. In

S151



? r2 = 0.794

X, ¥=189x-9.39

E p <0.001

8w

5

S

E X0

[+]

2

E 10

Q

A v 1E o
PPV (%)

T r2=0.667 .
y = 1.88x - 7.66

p < 0.001

CI'_I_ange in cardlac index (%)

m

SWV (%)

| r2=0.633
y =1.08 x - 0.56
| p <0.001

Change in cardiac index (%) )

POPV (%)
Relation between percent change in cardiac index
and pulse pressure variation (A), stroke volume
variation (B), and pulse-oximetry plethysmo-
graphic waveform variation (C)

Fig. 2

the septic patient, the major cause of hypotension, high
morbidity and mortality in the intensive care unit, there
are a few trials validating power of predicting fluid
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Receiver operating characteristic curves compar-
ing the ability of discriminating between respond-
ers and nonresponders to volume expansion of res-
piratory variations in arterial pulse pressure (PPV),
stroke volume variation (SVV), pulse oximetry
plethysmographic waveform variation (POPV),
and right atrial pressure (RAP)

responsiveness of the dynamic indices®®222, And
what if, the same the patient, the PPV predict the patient
be a nonresponder but SVV or POPV predict patient
may be a fluid responder. In septic patients, there is no
published study comparing these 3 dynamic indices
which become more available in the intensive care
monitors. The authors’ results demonstrated that there
are close relationships between PPV, SVV and POPV
while RAP is poorly correlated with effect of VE. The
authors’ cut-off point of PPV for sensitivity 84%,
specificity 96% is 12% which closely with a recent study
conducted in septic patients using 13% of PPV detected
subsequent fluid responsiveness with 94% sensitivity
and 96% specificity®.

Inthe term of SVV, the authors’ study derived
the SVV from pulse contour-base continuous cardiac
output device which showed clinically acceptable
assessment of cardiac output in the intensive care
unit patients®. There are several trials on the
predictiveness of SVV in the perioperative period
including brain surgery® and perioperative cardiac
surgery®41529_ The majority of these studies found a
good predictive value of SVV. There are only two studies
in patients with severe sepsis. First studied was
conducted in severe septic patients who were
controlled ventilation, resembling the presented
populations, revealed that SVV correlated positively
with the change in cardiac output after fluid
challenge®. Comparable with the present result, the
author found a good power to predict fluid
responsiveness, however its specificity was lower than
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PPV. SVV more than 11% allowed sensitivity 90%,
specificity 92%. In contrast to the second study of
Perner et al which showed negative result of SVV to
predict fluid responsiveness in septic patients@?. The
reasons for these discrepancies are due to differences
in ventilation which used pressure support mode in
patients who still had trigger efforts and less degree of
sedation. From the presented result, the authors used
the threshold of SVV 11% detected changes in cardiac
index more than 15%, comparing with studies in patients
undergoing cardiac surgery® and brain surgery®with
threshold of SVV 9.5% and 12.5% respectively for VE-
induced changes in SVI more than 25%.

Invasive arterial blood pressure monitoring
facilitate the measurement of PPV and SVV, but this

invasive technique generally is a required skill and takes
time to perform with the risk of mechanical complication
or local infection. SVV also need more devices to
achieve the data. Continuous monitoring of arterial
blood saturation using pulse oximetry has become the
standard of care in the intensive care unit. Recently,
using respiratory variation in “pulse” wave of
plethysmographic waveform (POPV) for the detection
of PPV were validated in various settings(”811121.20)
with a good correlation and a new automatic calculating
POPV device was developed recently, POPV was termed
“PVI” (Pleth variability index), its accuracy was also
validated®.

The threshold of POPV is varied from 13% in
cardiac surgery patients who recieved general

Table 2. Hemodynamic data at baseline and after volume expansion (VE)

Parameters Baseline After VE p-value
Heart rate (beat/min) 104.25 + 18.72 104.55 + 18.54 0.844
Mean arterial pressure (mmHg) 71.45+11.60 80.65 + 11.82 <0.001
RAP (mmHg) 11.15+5.22 16.40 + 5.53 <0.001
PPV (%) 12.95 + 5.98 6.35+2.72 <0.001
SVV (%) 12.15 + 5.54 4.95+1.82 <0.001
POPV (%) 14.50 + 9.36 6.30 +4.89 0.002
CO. (L/min) 513+154 5.82+1.78 0.001
Cl. (L/min/m?) 3.16 + 0.80 3.63+1.00 <0.001
SV (mL) 51.10 + 14.60 54.70 + 16.85 0.104
SVI(mL/m?) 31.90 +8.33 34.40 +9.97 0.07
SVR (dynes/s/cm®) 978.10 + 356.17 954.60 + 398.61 0.375
SVRI (dynes-s/cm°m2) 1,548.75 + 478.00 1,514.80 + 543.27 0.383
Data presented in mean + SD

Table 3. Hemodynamic data at baseline in responders (R) and nonresponders (NR)

Parameters NR (n = 10) R (n=10) p-value
Heart rate (beat/min) 107.20 + 16.99 101.30 + 20.79 0.496
MAP (mmHg) 70.70 + 8.87 72.20 + 14.29 0.781
RAP (mmHg) 11.00 +5.21 11.30 + 5.52 0.902
PPV (%) 8.80 +2.39 17.10 + 5.62 0.001
SVV (%) 8.10 +2.13 16.20 + 4.87 <0.001
POPV (%) 9.35 + 5.06 19.65 + 10.01 0.012
CO (L/min) 5.76 + 1.50 450+ 1.37 0.066
Cl (L/min/m?) 3.47 +0.57 2.85+0091 0.084
SV (mL) 55.10 + 14.25 47.10 + 14.54 0.230
SVI(mL/m?) 33.60 +7.12 30.20 +9.46 0.376
SVR (dynes/s/cm®) 855.40 + 276.80 1,100.80 + 397.16 0.126
SVRI (dynes-s/cm®m?) 1,394.50 + 322.12 1,703.00 + 570.72 0.154
Data presented in mean + SD
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anesthesia®” to 15% in patients who were on mechanical
ventilator in the intensive care unit®v. In the septic
patients, the present study found that POPV greater
than 14% allowed sensitivity 72% and specificity 90%.
Interestingly, the authors’ threshold of both PPV and
POPV resemble the threshold of a previous study by
Feissel et al which studied the relationship between
respiratory changes in the amplitude of the
plethysmographic pulse wave (POPV) and respiratory
changes in pulse pressure (PPV) in septic ventilated
patients, they found that PPV of 12% and POPV 14%
allowed discrimination between responders and
nonrespoinders with sensitivity of 100% and 94%
respectively and specificity of 70% and 80%
respectively®.

Despite dynamic indices become clearly
superior than static indices in predicting fluid
responsiveness from various studies®>%, the current
standard practice of sepsis management for guiding
volume infusion still use the static index (i.e. RAP) to
reassure the adequacy of LV preload®. The explanation
may be some limitations of dynamic indices which are
requiring adequate tidal volume by positive pressure
ventilation and absence of cardiac arrhythmia.
However, the roles of SVV, PPV and POPV were recently
mentioned as the tools for hemodynamic monitoring in
early resuscitation of sepsis management®®?®, From
the present study, the authors criticized that in the
future, adapting the dynamic indices into the sepsis or
septic shock guideline in the patients who need
controlled mechanical ventilatory support may increase
power of discriminate between responder and
nonresponder group. And PPV should be a dynamic
index of choice because of its highly sensitivity and
specificity. In addition, unless PPV or SVV data can be
achieved rapidly, a totally non-invasive monitoring
technique that is almost available in every emergency
or intensive care unit, POPV may be an optional tool to
imply and still be a good dynamic index.

The limitations of the present study can be
categorized into two parts. First, due to limitation of
indices relying on the respiratory variations of LV stroke
volume or its surrogate, these dynamic indices can not
imply in patients with cardiac arrhythmia, intracardiac
shunt, spontaneous breathing patient or controlled
ventilation with tidal volume less than 8 mL/kg. Second
is the limitation in the signaling process of pulse
oximeter, POPV can not be assessed in the patient with
poor finger perfusion (hypothermia or severe peripheral
vasoconstriction), skin pigmentation, motion artifact
of pulse oximeter, dyshemoglobins and automatic-
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gained adjusted pulse oximeter device.

In conclusion, of these 3 dynamic indices
including PPV, SVV and POPV, PPV is the most
correlated indices with the percent change in cardiac
index and the most effective dynamic index for
predicting fluid responsiveness in adult septic critically
ill patient who is on a controlled mechanical ventilator.
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