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Abstract The assessment and optimization of cardiovas-
cular and hemodynamic variables is a mainstay of patient
management in the care for critically ill patients in the
intensive care unit (ICU) or the operating room (OR). It
is, therefore, of outstanding importance to meticulously
validate technologies for hemodynamic monitoring and
to study their applicability in clinical practice and, finally,
their impact on treatment decisions and on patient out-
come. In this regard, the Journal of Clinical Monitoring
and Computing (JCMC) is an ideal platform for publishing
research in the field of cardiovascular and hemodynamic
monitoring. In this review, we highlight papers published
last year in the JCMC in order to summarize and discuss
recent developments in this research area.
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1 Introduction

The assessment and optimization of cardiovascular and
hemodynamic variables is a mainstay of patient manage-
ment in the care for critically ill patients in the intensive
care unit (ICU) or the operating room (OR). It is, therefore,
of outstanding importance to meticulously validate tech-
nologies for hemodynamic monitoring and to study their
applicability in clinical practice and, finally, their impact on
treatment decisions and patient outcome. In this regard, the
Journal of Clinical Monitoring and Computing (JCMC) is
an ideal platform for publishing research in the field of car-
diovascular and hemodynamic monitoring. In this review,
we highlight papers published last year in the JCMC in
order to summarize and discuss recent developments in this
research area.

2 Cardiac output monitoring

In 2016, various cardiac output (CO) monitoring technolo-
gies and ways to evaluate them were featured in the JCMC.
The emphasis in CO monitoring has shifted in recent times
from invasive methods to less-invasive and totally noninva-
sive technologies [1]. This shift has been fueled by greater
public awareness of patient safety, need for simpler to apply
technologies, and goal-directed therapies that require con-
tinuous CO readings.
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2.1 Cardiac output monitoring: pulse contour analysis

The analysis of the pulse contour of an arterial pressure
waveform allows the estimation of CO. The arterial pres-
sure waveform signal can either be recorded invasively
(using an arterial catheter) or noninvasively (using inno-
vative technologies) [2, 3]. Pulse contour analysis-derived
CO values can be used “uncalibrated” (i.e., calibrated to
biometric and physiological data) or calibrated to an exter-
nal CO measurement (e.g., transpulmonary thermodilution
(TPTD), lithium dilution).

In the February issue, Ganter et al. [4] assessed the
accuracy of continuous CO monitoring derived from uncal-
ibrated pulse contour analysis (FloTrac sensor; Edwards
Lifesciences, Irvine, CA, USA) and of continuous ther-
modilution obtained with a pulmonary artery catheter
(PAC) (Edwards Lifesciences) in 51 adult patients suffering
from septic shock. Intermittent pulmonary artery thermodi-
lution (PATD) with bolus injections of cold saline served as
the reference technique. In this study, neither uncalibrated
pulse contour analysis nor the continuous PAC measure-
ments met the 30% percentage error cut-off compared with
PATD. Likewise, both continuous techniques failed to ade-
quately reflect trends in the time course of CO. This study
adds further evidence to the fact that the FloTrac-technique
may lack accuracy in patients suffering from vasoplegia.
It has to be acknowledged though that the authors did not
use the most recent software version with the FloTrac sen-
sor in their study. It, therefore, remains unknown whether
the newest software generation would have performed bet-
ter. With regard to the continuous PAC-measurements,
the study remembers the clinician of an important draw-
back of the continuous CO assessment with the PAC: the
slow response times of several minutes that clearly impair
accuracy in situations in which rapid and dynamic hemo-
dynamic changes are typically occurring. As a conse-
quence, clinicians should always opt for bolus thermodilu-
tion, whenever in doubt about the reliability of a particular
measurement.

In the October issue, Scully et al. [5] report the effect
of recalibration times on the accuracy of CO measure-
ments derived from arterial pulse contour analysis. Using
an impressive database of a huge ICU patient population,
the authors found that the error between pulse contour
analysis and PATD increased with longer (8 and 24 h) ver-
sus shorter recalibration intervals (1 and 2 h). Comparable
findings were observed for the concordance analysis, i.e.,
when evaluating the capability of tracking changes in CO.
It is well known that CO measurements derived from pulse
contour analysis are inaccurate in situations of hemody-
namic instability when acute and rapid changes of vascu-
lar tone occur unless short recalibration intervals down to
1 h are used [6]. In contrast, recalibration intervals of up to
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24 h were not associated with a significant loss of accuracy
when hemodynamic conditions were stable [7]. As a con-
clusion, fixed intervals for recalibration should no longer be
considered appropriate for pulse contour analysis-based CO
monitoring. Rather, recalibration should be individually
prompted by alterations in patient treatment or whenever a
change in the hemodynamic condition of the patient is sus-
pected. Such recalibration strategies should be addressed in
prospective studies.

As a consequence of marked increases in right ventricu-
lar afterload, underlying right ventricular dysfunction, or
hypovolemia, patients undergoing lung transplantation are
at a particularly high risk for intraoperative hemodynamic
instability. This makes the use of advanced hemodynamic
monitoring mandatory. Tomasi et al. [8] tested the accu-
racy of the Flotrac sensor in 13 patients undergoing single
or double lung transplantations at their institution. In this
study, the percentage error of the Flotrac sensor was high
(up to 86%), suggesting that uncalibrated arterial waveform
analysis is an inappropriate technique for CO monitor-
ing during lung transplantation. Unfortunately, the authors
used continuous thermodilution measurements obtained
from a PAC as the reference technique, the accuracy/reli-
ability of which has frequently been criticized [4]. It can
be presumed that rapid changes in vasomotor tone, the use
of vasopressors, and vasoplegia may all have reduced the
accuracy of the Flotrac technique. Despite the above-men-
tioned limitations, the study clearly indicates that uncali-
brated arterial pulse contour analysis should not be used
as sole CO monitoring technique in lung transplantation. It
has to be acknowledged anyway that lung transplantation is
one of the very few operations in which the PAC remains
indispensable for its ability to continuously monitor right
ventricular afterload.

Wagner et al. [9] tested a new algorithm that computes
CO by applying pulse contour analysis to arterial pressure
waveform data derived from the completely noninvasive
volume clamp method using the CNAP system (CNSys-
tems Medizintechnik AG, Graz, Austria). The newly
released CO algorithm was applied in a retrospective man-
ner to previously obtained arterial pressure data. Wag-
ner et al. found that the CO algorithm showed an accept-
able percentage error (25%) with the reference technique,
TPTD, when pulse contour analysis had been calibrated
with the first TPTD measurement, but not when using an
autocalibration procedure (based on biometric patient
data). While this study represents an important step in the
development of another noninvasive CO monitor, the inter-
pretation and generalizability of the results were impaired
by the fact that a substantial number of patients were in a
hyperdynamic circulatory state and that a trending analysis
was impossible due to the fact that the patients were hemo-
dynamically relatively stable during the study period.
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2.2 Cardiac output monitoring: transpulmonary
thermodilution

TPTD is a well-validated and established method to assess
CO using a central venous catheter (for cold indicator bolus
injection in the central venous circulation) and a dedicated
arterial catheter with a thermistor at the tip of the catheter
(usually placed in the abdominal aorta through the femo-
ral vein). TPTD has been suggested for hemodynamic
monitoring in patients with complex circulatory shock (i.e.,
shock not responding to initial therapy or complicated by
ARDS) [10].

In the December issue, Schmid et al. [11] evaluated
the measurement performance of TPTD in comparison
with PATD in 11 patients with cardiogenic shock treated
in a medical ICU. The authors observed good agreement
between TPTD-derived cardiac index (CI) and PATD-
derived CI with a mean of the differences of 0.04 +0.35 L/
min/m?. Even during intra-aortic balloon pump (IABP)
counterpulsation and during therapeutic hypothermia as
well as in patients with mitral or tricuspid regurgitation,
the agreement between these measurement techniques was
good as illustrated by low mean differences and narrow
limits of agreement. Based on their findings, the authors
conclude that CI measurements by TPTD and PATD are
interchangeable in patients with cardiogenic shock and
even in patients with IABP, therapeutic hypothermia, and
mitral or tricuspid regurgitation.

In a similar study also published in the December issue,
Cho et al. [12] compared TPTD-CO with PATD-CO (and
with CO estimated using uncalibrated pulse contour analy-
sis) in 20 patients undergoing off-pump coronary artery
bypass surgery. The mean difference between TPTD- and
PATD-derived CO was —0.12 L/min (with 95% limits of
agreement of —0.64 to 0.41 L/min) with a low percentage
error of about 13%. Expectedly, the mean differences (95%
limits of agreement) and percentage errors were higher
when PATD was compared with calibrated and uncali-
brated pulse contour analysis (—0.08 (—1.32 to 1.15) L/
min; 29%) and (—0.05 (—1.47 to 1.37) L/min; 34%, respec-
tively). In addition, TPTD showed good trending abilities
(high concordance rate) for following changes in CO com-
pared with intermittent PATD.

Despite the relatively small sample sizes these stud-
ies are valuable validation studies adding to the body of
evidence that TPTD-based CO measurements show good
agreement with PATD (which is still the clinical gold
standard method).

In certain clinical situations, placement of a central
venous catheter in the vena cava superior through the inter-
nal jugular or subclavian vein is not possible. In these cases,
the central venous catheter is usually placed in the vena
cava inferior through the femoral vein. As reported in the

October issue, Kellner et al. [13] evaluated the impact of
the insertion site of the central venous catheter (vena cava
superior vs. vena cava inferior) on TPTD measurements in
28 surgical ICU patients. Based on Bland—Altman analy-
sis, the authors found that TPTD using the femoral site for
indicator injection (inferior vena cava) provided CI with
high accuracy and precision compared with TPTD using
indicator injection in the superior vena cava. The results of
this study are in line with previous studies also describing
that CO monitoring is possible with TPTP using a central
venous catheter placed in the inferior vena cava [14, 15].

2.3 Cardiac output monitoring: innovative technologies
(other than pulse contour analysis)

Besides pulse contour analysis, several other technologies
for the noninvasive assessment of CO are available [3].

One of the newer CO technologies being introduced is
modified pulse wave transit time (mPWTT) and the Japa-
nese manufacturer of medical electronic equipment Nihon
Kohden (Tokyo, Japan) produces a system that uses data
from the electrocardiogram and pulse oximeter on the fin-
ger to produce a technology called estimated continuous
cardiac output (esCCO). Terada et al. [16] report a study
that compared esCCO to arterial pulse contour analysis
CO (FloTrac sensor used with software version 3) using
single bolus PATD CO as their reference method, subjects
being 15 renal transplant patients with severe cardiac dis-
ease. The study shows esCCO to be marginally better when
compared to pulse contour analysis in respect to accuracy,
with percentage errors of 36% compared to 43%, and bet-
ter ability to follow changes in CO or trending, with con-
cordance rates on the four quadrant plot of 93% compared
to 90% and better polar plot statistics. However, one is
still left wondering whether esCCO is sufficiently reliable
to be used routinely in clinical practice and whether one
can base management decisions regarding giving IV fluid
boluses and cardiovascular drug infusions intraoperatively
on esCCO monitoring.

Impedance cardiography and electrical velocimetry, a
newer impedance technology, featured in two papers [17,
18]. Osypka Medical (Berlin, Germany) produce a device
called the AESCULON and its portable transport ver-
sion called the ICON. It uses a four skin electrode mon-
tage and incorporates a modified impedance equation to
determine stroke volume and CO. Trinkmann et al. [17]
report a study that compared AESCULON CO readings
with cardiac magnetic resonance (CMR) imaging-derived
CO in 134 adult heart disease patients. CMR measure-
ments have to be performed in the radiology department,
time is spent analyzing the gated images to outline sys-
tolic and diastolic regions of interest, and simultaneous
measurements using a test method are impossible. Their
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results showed large discrepancies between AESCULON
and CMR readings with a percentage error of 51%, but
this result may reflect the heterogeneous nature of the
study groups that included patients with a wide variety
of heart and cardiovascular disease which may not be
ideal for accurate calibration of the AESCULON which
relies partly on input of patient demographic data such
as height, body mass index, etc. The study provides no
information on whether the AESCULON can be used
reliably for tracking changes in CO in the hemodynami-
cally unstable patient. The discussion provides a lot of
information on impedance cardiography regarding poor
study outcomes and its limitations in certain patient
groups.

Suehiro et al. [18] published a systematic review and
meta-analysis of minimally-invasive CO monitoring in
children. Twenty papers were included. The review was
based on the results from Bland—Altman style comparison
studies. Suehiro et al. found in their meta-analysis an over-
all percentage error for electrical velocimetry of 24% from
8 studies, which was well below the benchmark of <30%
set by Critchley and Critchley [19]. So, electrical velocime-
try may be useful for monitoring CO in pediatric anesthesia
and the critical care unit. Also, their meta-analysis found
that 2D echo Doppler which was used in 9 studies to be
the most reliable noninvasive reference method in children.
The paper of Suehiro et al. provides an excellent exam-
ple of how to perform a modern day meta-analysis using
Bland—-Altman statistics. With the recent publication in the
literature of high quality meta-analyses the need for and
calls to produce standards on how the results of such CO
validation studies should be reported have emerged, so that
study outcomes can be easily understood and incorporated
into future reviews [20].

The noninvasive transthoracic Doppler method of meas-
uring CO featured in three papers, the monitoring device
being the UltraSound Cardiac Output Monitor (USCOM)
(Uscom; Sydney, Australia). Gregory et al. [21] describe
an in-vitro Mock Circulation Loop (MCL) test rig that
generates pulsatile blood flows that can mimic a range of
circulatory conditions and can be used to test circulatory
implants such as heart valves. A mock aorta within the test
rig set up was used to test the ability of USCOM users to
insonate flow across the aortic valve and perform USCOM
scans. Data assessing the abilities of three users to perform
USCOM scans was presented. There is a good discussion
section on user variability and learning curves when per-
forming USCOM scans. However, there was no mention of
the problems of aging and morphological changes within
upper thorax which Huang et al. have shown recently affect
the ability to perform reliable USCOM scans [22, 23].
The MCL test rig is potentially a useful teaching aid and
research tool.
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Zhang et al. [24] compared USCOM readings with
those of a bioimpedance device, the NICOM (Cheetah; Tel
Aviv, Israel), in healthy volunteer athletes (n=14) being
tilted head up. The NICOM uses an advanced method of
analyzing the impedance signal called bioreactance which
measures phase-shift rather amplitude change of the tran-
sthoracic impedance signal. Tilting causes postural and
adaptive changes in the circulation including decreases in
stroke volume that are related to the angle of head up tilt
[25]. There were significant differences in the stroke vol-
ume measurements between the two methods with USCOM
following the well described and expected gravitational
induced changes, while the NICOM appeared to under
read the stroke volume changes and overestimated the pre-
tilt baseline readings when compared to USCOM. Tilting
causes significant increases in the peripheral vascular tone
which appeared to affect the NICOM’s measurements.

Another paper by the same group authored by Huang
et al. [26] provides an analysis of the combined data from
three trend analysis studies (n=53 patients) in which the
authors used minimally invasive Doppler CO methods,
USCOM and oesophageal Doppler, to produce an intra-
operative model of reliable CO trends against which other
minimally invasive CO monitoring devices can be assessed,
most notably the NICOM [27, 28]. Their dual Doppler
method used the combination of two Doppler methods
to determine the most reliable CO reading at each of the
time points, which were then used to generate a reference
trend-line for making comparisons. After normalization of
data from each subject (7-21 readings per case) in order
to eliminate systematic errors due to variations in calibra-
tion the percentage error between data pooled from the two
Doppler methods was reduced from 38 to 14%. The con-
cordance rate between the two Doppler methods was 97%
with polar plot data confirming reliable trending ability.
In 83% of included cases the correlation between the two
methods was excellent (R?>0.80) and in 96% it was good
(R>>0.60). The dual Doppler intraoperative model has the
potential to evaluate the trending ability of other continu-
ous minimally invasive CO technologies.

3 Hemodynamic monitoring using dynamic
cardiac preload parameters

Dynamic preload indices such as stroke volume variation
(SVV) and pulse pressure variation (PPV) have gained
increasing popularity for fluid management based on the
assessment of fluid responsiveness.

The diagnostic accuracy of SVV for the prediction of
fluid responsiveness has not yet been thoroughly tested
in patients with impaired left ventricular (LV) func-
tion. Montenij et al. [29] investigated the validity of
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SVV derived from uncalibrated pulse contour analysis
(FloTrac sensor) in 22 patients with a LV ejection frac-
tion <40% undergoing coronary artery bypass grafting.
Prior to sternotomy (i.e., under closed-chest conditions),
the patients received a standardized fluid bolus, and the
diagnostic performance of SVV for the prediction of a
15% increase in CO was analyzed using common test
statistics. Notably, the diagnostic performance of SVV
derived from uncalibrated waveform analysis was disap-
pointing, with a positive predictive value and an over-
all accuracy as low as 56 and 64%, respectively. This
study highlights another potential and important caveat
for functional hemodynamic monitoring, i.e., limited
accuracy in patients with impaired LV function (and
hence unfortunately in a patient population that prob-
ably is in most need for a reliable assessment of preload
and preload reserve). Further trials are warranted to test
whether these results can be confirmed in larger patient
populations.

In the February issue, Kong et al. [30] tested the
hypothesis that different vasopressors would affect SVV
and PPV to a different extent. In hemodynamically sta-
ble patients under general anesthesia, Kong et al. infused
different doses of phenylephrine, dopamine, or ephed-
rine titrated to reach predefined increases in arterial
pressure. They found the dynamic preload indicators
to be significantly decreased by (in descending order)
phenylephrine, dopamine, and ephedrine. The investi-
gators attribute their findings to the different effects of
these various substances on venous tone (venoconstric-
tion leads to an increase in stressed volume and hence
preload) and on heart rate (with tachycardia decreasing
cardiac filling times). Unfortunately, changes in preload
were not measured in this study. Moreover, the authors
did not elaborate the possibility that increases in after-
load per se could have an effect on the magnitude of
SVV and PPV. Last, the authors did not test whether
SVV or PPV are still valuable predictors of fluid respon-
siveness when vasopressors are infused.

Stens et al. [31] studied the accuracy of SVV and PPV
that were obtained with the Nexfin monitor (now called
Clearsight; Edwards Lifesciences) in mechanically ven-
tilated patients during general anesthesia. The Tren-
delenburg position was used as a fluid challenge. Both
SVV and PPV predicted a 10% increase in stroke volume
with a fair accuracy (area under the curve in the receiver
operating characteristic curve 0.73 and 0.64, respec-
tively). Interestingly, the investigators found a significant
bias between SVV and PPV which was clearly depend-
ent on age. Further studies must test whether this bias is
inherent to the CO measurement algorithm or reflective
for an altered vascular compliance in older patients.

4 Hemodynamic monitoring using
photo-plethysmographic signals

This section will focus on hemodynamic monitoring using
photo-plethysmographic (PPG) signals usually measured
non-invasively at peripheral sites such as the finger or the
earlobe. In recent years, photo-plethysmography, i.e. the
optical detection of a pulse signal, has gained widespread
applications going far beyond its use for pulse oximetry. In
theory, the PPG signals contain as much information as the
arterial pressure waveform, including ventricular contrac-
tility, pulse rate variability, arterial elastance or stiffness,
pulse wave velocity etc., and should be influenced in a sim-
ilar manner by vascular reactions such as vasoconstriction.

In the April issue of the journal, Hemon and Phillips
[32] tried to find the foot point of a pulse wave measured
by earlobe plethysmography in healthy volunteers. The cor-
rect identification of the foot point is essential when the
PPG waveform is used to determine pulse arrival time at
the periphery, such as applied for continuously measuring
trends in CO by pulse wave transit time [16]. The authors
used six methods of deriving the pulse period, each based
on a different method of finding specific landmark points
on the complex PPG waveform, and compared these to
RR-intervals simultaneously derived from the electro-
cardiogram as the reference. They choose the foot point
of the PPG waveform, reflecting the arrival of the pulse,
over other waveform characteristics like the peak of the
waveform, since the foot point is less sensitive to wave
reflections from distal sites. Although the mean pulse
periods agreed closely with the mean cardiac period over
the 15-min measurement period, the instantaneous pulse
period showed noticeable variation with instantaneous
cardiac period depending on the pulse period derivation
method. The best correlation with cardiac period was found
for pulse period derived with the intersecting tangents
method, i.e. the intersection point of the tangent to the
maximum gradient and tangent of the minimum value, the
latter being horizontal by definition. These results suggest
that the ‘foot’ of the PPG wave gives a more reliable indi-
cation of the timing of the pulse than the peak, confirming
the expected sensitivity of the peak position to wave reflec-
tions from the periphery. The authors speculate that with
such an accurate determination of pulse period, pulse rate
variability as determined non-invasively with PPG might
replace heart rate variability, which requires electrocardio-
gram recording.

Another investigation on the PPG waveform morphol-
ogy was published in the October issue of the journal by
Hickey et al. [33]. They performed a hand elevation study
in 20 healthy volunteers who were bilaterally equipped
with PPG sensors on both index fingers in order to better
understand the complex pulsatile PPG signal. Changes in

@ Springer



J Clin Monit Comput

multiple PPG waveform features including amplitude, pulse
width, and crest time were compared between both hands,
one of which was raised and lowered relative to heart level
with the other remaining static. In general, PPG features
were found to change with hand elevation. For instance,
PPG amplitude increased with hand raising and decreased
with hand lowering, while the dicrotic peak diminished in
all subjects on hand elevation. The authors speculate that
these morphologic changes in PPG waveform were caused
by a combination of physical (hydrostatic) effects and
physiological responses of vascular resistance. In particu-
lar, they hypothesize that changes in downstream (venous)
resistance rather than in arterial inflow or arteriolar resist-
ance are responsible for the observed effects. The study
results imply that, like the arterial pressure waveform, the
PPG waveform is affected by similar vascular mechanisms,
although it primarily represents changes in vascular volume
rather than pressure. Furthermore, the height of the meas-
urement site relative to the heart level should be taken into
account when interpreting the PPG morphology.

In the June issue of the journal, Hgiseth et al. [34]
looked at the respiratory variations in PPG waveforms,
which are often used to predict fluid responsiveness non-
invasively in patients not equipped with arterial lines [35].
The authors investigated whether the type of device used
to measure the PPG waveforms matters, since processing
of the PPG signal may vary between different devices. In
43 patients undergoing cardiac surgery they simultane-
ously measured PPG waveforms with two different pulse
oximeters (Nellcor OxiMax; Covidien, Mansfield, MASS,
USA and Masimo Radical 7; Masimo, Irvine, CA, USA)
placed on two fingers of the same hand. From these, the
respiratory variations of the PPG waveform amplitude
(APOP) were calculated over ten respiratory cycles as the
difference between the maximal and minimal amplitudes
(peak to trough) divided by the mean amplitude. These
APOP values were compared to PPV obtained invasively
from the arterial waveform. Furthermore, the pleth vari-
ability index (PVI), a commercially available feature of
the Masimo device calculated as the difference between
the maximal and minimal perfusion index (PI)-values, was
recorded. Fluid responsiveness was defined as an increase
in stroke volume by >15% as obtained by esophageal Dop-
pler. Comparing APOP values between both pulse oxime-
ters revealed a bias of 7% with wide limits of agreement
(23%) and a percentage error of 164%. The Masimo spe-
cific variable PVI agreed more with the comparator (gold
standard) PPV than the Nellcor APOP. Both devices pre-
dicted fluid responsiveness moderately with similar areas
under the ROC curves. The poor agreement between both
devices raises questions about the validation of such moni-
tors and their proprietary signal processing algorithms of
the complex PPG waveforms for relevant endpoints before
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their clinical implementation. Separating cardiac from res-
piratory influences on PPG waveform variations might be
needed, since the latter can affect the calculation of APOP
even in the absence of changes in the cardiac component,
as nicely demonstrated by the authors using sine wave
simulations. Nevertheless, the study shows that APOP val-
ues obtained from different pulse oximeters are not inter-
changeable, and that the device used should be taken into
consideration when interpreting data based on the PPG
waveform.

Also in the June issue, Chu et al. [36] present a system-
atic review and meta-analysis of 18 studies including 665
patients on the question how accurate the PPG-derived
PVI can predict fluid responsiveness in mechanically ven-
tilated patients. This is based on the fact that fluid respon-
siveness cannot only be predicted by dynamic variables
derived from the arterial waveform analysis, such as PPV
or SVV, but also non-invasively from the PPG waveform.
After pooling and analyzing the data from the 18 studies
included from the literature, the authors found a sensitivity
of 0.73 (95% CI 0.68-0.78) and a specificity of 0.82 (95%
CI 0.77-0.86), respectively, for PVI to predict fluid respon-
siveness, with an area under the ROC curve (AUC) of 0.88
(95% CI 0.84-0.91). Subgroup analysis revealed no differ-
ences between OR (13 studies) and ICU settings (5 studies)
with AUCs of 0.89 (95% CI 0.85-0.92) versus 0.90 (95%
CI 0.82-0.94), respectively (P=0.97). However, sensitivity
was higher in the OR subgroup than in the ICU subgroup
(0.84 (95% CI 0.78-0.88) vs. 0.56 (95% CI 0.47-0.64);
P<0.01). A possible reason for this could be a lower per-
fusion index in ICU patients due to peripheral hypoperfu-
sion or vasopressor use, reducing the accuracy of PVI to
predict fluid responsiveness. Changing the measurement
site from digital (the finger) to cephalic sites (i.e. earlobe or
forehead) might circumvent this problem [37]. The authors
conclude that the ability of the PVI to predict fluid respon-
siveness is reasonable. It has to be noted that this statement
applies to mechanically ventilated patients with a regular
heart rhythm and cannot be extrapolated to patients breath-
ing spontaneously or having arrhythmias, since heart-lung
interaction due to positive pressure ventilation and regu-
lar heart rthythm are required. Furthermore, the amount of
fluid needed for determining fluid responsiveness was not
studied.

In the October issue, Zahari et al. [38] present an inter-
esting re-analysis of data and developed adjustment algo-
rithms to correct for offset and artefacts of previously pub-
lished studies. To understand the history behind this study
one has to discuss the Oxygen Saturation Targeting-New
Zealand (BOOST-NZ) trial, which was aimed at assessing
whether targeting an oxygen saturation of 85-89% com-
pared with 91-95% increased or decreased the risk of death
or neuro-disability at 18-24 months of age [39]. For this
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purpose, an offset in the oxygen saturation readings of the
50 monitors used in the trial was introduced, displaying 3%
higher oxygen saturation values in the lower oxygen satura-
tion target group and vice versa, in order to mask the study
intervention and separate the two saturation target groups.
As a result, the BOOST-NZ trial oximeters revealed
fewer oxygen saturation readings in the range of 87-90%,
which was attributable to the calibration software. While
this study demonstrated no outcome differences between
groups, the software of the oximeter used (Masimo) was
revised due to a OS calibration artefact after the study,
which led to an increase in mortality in the lower oxygen
saturation target group at hospital discharge in similar fol-
low-up studies [40]. The aim of the current study [38] was
therefore to smooth out the calibration artefacts in Masimo
oximeters from the original calibration software in order
to facilitate further analysis of the follow-up data. Oxygen
saturation data from 257 of the 340 babies of the original
BOOST-NZ trial who had at least 2 weeks (!) of data avail-
able were re-analyzed. The authors identified distinct pat-
terns of oxygen saturation frequency distributions for the
two oxygen saturation target oximeters, and adjusted the
frequency distributions for the artefactual offsets by recov-
ering the missing values eliminated by the offset. Conse-
quently, the authors developed two three-step algorithms
that can be used to adjust the readings of the higher and the
lower oxygen saturation target oximeter readings, respec-
tively. These algorithms were then validated using oxygen
saturation data from another baby that had been obtained
using a different type of oximeter (Siemens, Munich, Ger-
many), confirming that the adjustment process was suc-
cessful. These findings represent an important contribution
to yield the actually achieved saturation values in both arms
of the abovementioned randomized controlled trials and
thus help with the interpretation of the associated outcomes
of oxygen therapy in preterm infants.

A special application of dynamic preload indices to pre-
dict fluid responsiveness was published in the December
issue by Lee et al. [41]. They investigated 42 ventilated
patients in the beach chair position and compared the abil-
ity of the plethysmographic PVI to predict an increase in
stroke volume index by 15% after a 6 ml/kg colloid bolus
applied over 10 min with that of the arterial pressure wave-
form derived SVV and PPV. While providing some advan-
tages concerning the surgical field, the beach chair position
may compromise cerebral perfusion by reducing mean arte-
rial pressure and thus cerebral perfusion pressure, as well
as by decreasing venous return, intrathoracic blood volume,
and thus CO. A prerequisite for maintaining cerebral per-
fusion is an adequate filling of the patients’ vascular bed,
and dynamic preload variables are generally used to pre-
dict fluid responsiveness. However, since different surgi-
cal positions may compromise the diagnostic accuracy of

dynamic preload variables, the current study was under-
taken. In the beach chair position before fluid loading, all
dynamic preload variables were higher in fluid respond-
ers (n=26) than in non-responders (n=14). Interestingly,
while all dynamic preload variables decreased after volume
expansion in responders, the non-responders showed sig-
nificant decreases only in SVV and PPV but not in PVIL.
The AUCs of the ROC curves for predicting an increase in
stroke volume index of >15% were comparable with 0.83
for SVV, 0.81 for PPV, and 0.79 for PVI, the threshold val-
ues to discriminate responders from non-responders being
12, 15 and 10%, respectively. The authors conclude that the
dynamic preload variables studied were reliable predictors
of fluid responsiveness in ventilated patients in the BCP
and may be used to guide fluid therapy also in this particu-
lar surgical position.

5 Hemodynamic monitoring and cardiovascular
physiology

In the August issue, Pham et al. [42] investigated prospec-
tively 281 patients admitted to the surgical ICU to deter-
mine the prevalence of prolonged QT intervals (QTc). The
authors’ hypothesis was that more than 50% of patients
post-operatively admitted to the surgical ICU would
have prolonged QTc [42]. In a cross-sectional study over
a 15-month period, the authors found a high prevalence
(67%) of long QTc among patients undergoing non cardiac
surgery [42]. The present study was well designed as the
authors performed electrocardiograms before and after ICU
admission and the QT intervals were obtained from the
computer measurement of the 12-lead electrocardiograms
[42]. They averaged QT interval over the 12 leads of the
electrocardiogram and corrected QT intervals (Bazett’s
equation) with QTc defined as prolonged when the value
was higher than 440 ms. Not surprisingly, patients who
had pre-admission long QTc (32% of patients) were more
likely to have post-admission long QTc [42]. The authors
also found that both pre- and intra-operative treatments
with magnesium and beta-blockers reduced the likelihood
of having post-admission long QTc. This finding is surpris-
ing, as antiarrhythmic drugs are well known to increase
QT interval instead of decreasing it [43]. We may, also,
regret that authors used single automatic electrocardiogram
measurement software with a pre-processing tool to dimin-
ish electrocardiogram noise as some real signals could be
considered as artefacts and removed by the automatic read-
ing software. Moreover, the huge limitation of the present
study is that, besides beta-blockers, the authors did not col-
lect information about other pre-operative medications and
the type of anesthesia.
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In the October issue, Lu et al. [44] investigated the resid-
ual heart rate variability (HRV) measurement in patients
following orthotopic heart transplantation (OHT). The aim
of their study was to examine if HRV measures can be used
as the indices of the presence of autonomic nervous modu-
lation and thus as a demonstration of heart re-innervation
2 years after transplantation [44]. The authors studied 13
patients after OHT surgery receiving immunosuppressive
therapy, and 14 patients 1-2 years after coronary artery
bypass graft (CABG) surgery recruited as a control group
[44]. The result was that the patients after OHT had smaller
time and frequency domain HRV measures than patients
after CABG, except that the heart rate and normalized high-
frequency power (nHFP) of the OHT patients were greater
than those of CABG patients [44]. This principal finding
highlights that the use of nHFP as an index of vagal modu-
lation might be doubtful in patients after OHT, as a high
HR is supposed to be associated with a low vagal modula-
tion (low nHFP). In this regard, even if OHT patients have
residual HRYV, its use for vagal modulation evaluation must
be cautious.

With another report on HRV in adult patients under-
going elective surgery, Mandel-Portnoy et al. [45] in the
issue of December reported a very nice study investigat-
ing the relationship between perioperative HRV and early
postoperative mortality. In this retrospective case-control
study they found that reduced intra-operative HRV was
associated with increased mortality within 48 h postopera-
tively and this effect was seen in both the univariate and
the multivariate analysis [45]. The authors studied 283
patients who died in comparison to 566 patients classified
as control [45]. The median procedure duration for various
ASA physical status was 150 min with patients who died
having a median of 10 min with low HRV while patients
who survived beyond 48 h postoperatively had a median of
5 min with low HRV [45]. These results add a new tempo-
ral dimension (the intraoperative period) to the previously
published data indicating that markers of autonomic dys-
function may serve as clinically useful tools in the evalu-
ation and management of critically ill patients [46]. There
is, however, an important limitation in the present study,
as most patients of the cohort received inhaled anesthetic
agents, which are well known to be huge depressor of the
autonomic nervous system.

Also in the December issue, Shin reported a very inter-
esting study investigating if pulse rate variability (PRV)
could be used as a substitute for HRV at various ambient
temperatures [47]. The purpose of the study was to better
understand the behavior of PRV assessed using the PPG
technique when an external parameter like temperature
changes [47]. The author used three rooms set to differ-
ent ambient temperatures [47]. The room temperature was
controlled to a relatively low (17°C), moderate (25°C),
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or a high temperature (38 °C) by air conditioning systems
and heating devices [47]. Twenty-eight healthy young
subjects (11 women, 17 men) participated in this study
and the authors demonstrated that ambient temperature
induces discrepancies between PRV and HRV with devia-
tions increased at a higher ambient temperature [47]. The
author explained his finding by the fact that high tempera-
ture induces vasodilatation, which may affect blood flow of
small arteries [47]. Moreover, we may also speculate that
temperature environment impacts respiratory activity and
baroreflex, as the discrepancies were found in the short-
term variables that reflect the parasympathetic activity. The
present work is of importance as it highlights all ambigui-
ties on how ambient temperature could affect PPG [48].

Morel and collaborators [49] retrospectively analyzed
220 patients admitted to the ICU after elective cardiac sur-
gery (December issue). In this study, the aim of the authors
was to demonstrate that central venous-arterial difference
in CO, tension (ACO,) was a good global marker to assess
postoperative organ failure [49]. Surprisingly, the authors
showed that a high ACO, did not predict post-operative
organ dysfunctions, since these patients experienced, after
cardiac surgery, a lower SOFA score, and lower hospital
mortality [49]. The authors concluded that in this clinical
setting, the venous-arterial CO, gradient is not predictive
of poor outcome [50]. However, these apparently paradoxi-
cal results should be understood cautiously as the setting of
post cardiopulmonary bypass (CPB) is specific for hemo-
dynamic monitoring [51]. Indeed, several studies demon-
strated that the lungs produce lactate after CPB [52], with
pulmonary lactate flux being correlated to ACO, [53]. We
may, thus, regret the fact that the present lung hypothesis
was not studied in the Morel et al. study.

6 Technical aspects and technical developments
in the field of hemodynamic monitoring

Topics related to technological principles of monitoring
technologies in the field of anesthesia and intensive care
are one of the primary scopes of the JCMC. In this field, a
variety of papers of high interest have been published last
year.

With regard to continuous arterial blood pressure meas-
urement, the direct invasive measurement with an arterial
catheter, a fluid-filled tubing system, and a pressure trans-
ducer is still the clinical reference standard.

In the October issue, He et al. [54] report the results of
an interesting and clinically relevant study evaluating the
impact of the position of the arterial pressure transducer
in relation to the reference level on hemodynamic vari-
ables assessed with pulse contour analysis. In 42 critically
ill patients, the authors defined the phlebostatic axis as the
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zero reference level and then vertically adjusted the arte-
rial pressure transducer to different heights in relation to
the zero reference site (+5, +10, +15, +20, —20, —15, —10,
—5 cm). An elevation of the pressure transducer caused
positive changes in the pulse contour analysis-derived CI
(more than 5% at 15 cm and about 10% at 20 cm), stroke
volume index, and SVV and negative changes in the sys-
temic vascular resistance index (and vice versa). For every
centimeter change of the transducer, there was a corre-
sponding 0.014 L/min/m* or 0.36% change in CI. The
authors conclude that it is important to be aware of the fact
that the variation of the arterial pressure transducer posi-
tion can result in inaccurate measurements of pulse contour
analysis-derived variables. With this simple but elegant
study, the authors emphasize the importance of a profound
understanding of basic technological principles underlying
clinical hemodynamic monitoring.

In the December issue, Fujiwara et al. [55] report a
study investigating the impact of a closed port system with
a three-way stopcocks on the natural frequency and damp-
ing coefficients of commercially available arterial pressure
transducer/tubing kits in a laboratory model. Closed injec-
tion systems allow drawing blood without the risk of infec-
tion or entrance of air in the tubing system. However, these
systems have been demonstrated to decrease the natural
frequency of arterial transducer/tubing systems. The closed
port system with three-way stopcock tested in this study
using a model with artificial radial blood pressure waves
was the JV-PNSCI1R (JMS, Hiroshima, Japan). The authors
revealed that including one or two closed port systems with
three-way stopcock did not markedly decrease the natural
frequency or increase the damping coefficient of the meas-
urement set-up.

Another study published in the October issue by Boc-
chi et al. [56] investigated resonance artefacts in an arte-
rial pressure monitoring system in a laboratory model. The
author’s aim was to evaluate in which cases the coupling
between the arterial catheter and the device can cause reso-
nances resulting in erroneous arterial pressure recording.
Although—as explained by the authors—modern piezo-
electric pressure transducer systems should have mechani-
cal properties avoiding resonance artefacts by providing an
appropriate resonance frequency and damping factor the
authors revealed that the use of different catheters can sig-
nificantly alter the arterial pressure signal. Catheters with
smaller diameters resulted in higher damping coefficients
that could help avoiding undesired oscillations. This study
shows that it is of crucial importance for the clinician to
understand measurement principles of invasive arterial
pressure monitoring and to take the possibility of artefacts
caused by technical problems into consideration.

In the October issue, Liu et al. [57] report an adap-
tive method to detect heart beats from continuous blood

pressure signals. This is of importance because blood
pressure variability (in analogy to HRV assessed using an
electrocardiogram) can reflect autonomic control of car-
diovascular function. According to the authors, heart beat
detection from continuous arterial pressure signals is more
challenging than from an electrocardiogram because the
arterial waveform shows more variability compared with
the QRS-complex. In their work, the authors describe a
novel adaptively tuned real-time beat detection method for
pressure related signals using a so-called enhanced mean
shift (EMS) algorithm consisting of three components:
estimates of the heart rate (Welch power spectral density
method), enhanced mean shift algorithm, and classifica-
tion logic (to detect the locations of misdetections and over
detections). The authors validated their method using three
databases and concluded that it showed a very promising
performance in blood pressure detections.

In anesthesiology and intensive care medicine, auto-
matic patient monitoring is of paramount importance for
patient safety. Nevertheless, high rates of false alarms can
put the patient at risk because they de-sensitize the medical
staff and result in less attention for true alarms [58].

In the December issue, Borges et al. [59] report a study
aiming to improve heart rate monitoring by avoiding false
alarms. The authors propose a set of different algorithms
allowing combining the information from the electrocardi-
ogram, arterial blood pressure signal, and the photoplethys-
mogram. The authors analyzed (and included in the algo-
rithms) HRYV, the heart rate difference between sensors, and
the spectral analysis of low and high noise of each sensor
and validated their algorithms using the MIMIC database
(a database including hemodynamic data of ICU patients).
The authors report that “neural networks fusion” had the
best false alarm reduction (93%), while the “Bayesian tech-
nique”, “fuzzy logic”, “majority voter”’, and “heart rate
variability index” resulted in a reduction of false alarms of
84, 81, 73, and 68%, respectively. The proposed algorithms
should be tested in clinical settings to further evaluate their
applicability in bedside monitors.

7 Statistics in method comparison studies

Hemodynamic variables assessed during hemodynamic
monitoring can have a tremendous impact on the man-
agement of critically ill patients. Therefore, technolo-
gies suggested for hemodynamic monitoring need to be
carefully validated before they can be recommended for
clinical use. A crucial part of a careful validation is to
correctly apply appropriate statistical methods in method
comparison studies testing the measurement performance
of a test method in comparison with an established ref-
erence method. In these studies, the agreement between
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two methods is usually described as accuracy (mean of
the differences) and precision (limits of agreement). In
CO method comparison studies, the percentage error is
frequently reported [19]. It has been stressed before that
the percentage error depends on both the precision of the
test method and the precision of the reference method
[60, 61].

In the April issue, Hapfelmeier et al. [62] explain the
importance to understand that in CO method comparison
studies, the precision of agreement between two methods
(test method and reference method) must not be confused
with the precision of each method (that is important in the
interpretation of the percentage error). The authors expand
on the fact that the “precision of agreement” depends on
the “precision of method”, i.e., the precision that the test
and the reference method are able to achieve. In addition,
the authors stress that the agreement between methods does
not only depend on the “precision of method” but also “the
method’s general variability about the true values”. Moreo-
ver, they state that CO is a rapidly changing variable and
serial measurements of this changing CO should not be
confused with repeated measurements (because they rather
represent single measurements for changing multiple true
values per subject). This statistical paper illustrates that
correctly applying statistical tests and assessing the “preci-
sion of method” is challenging in CO method comparison
studies.

8 Survey on the use of hemodynamic monitoring

Bignami et al. [63] published a survey study of current
clinical practice in hemodynamic monitoring and vasoac-
tive medication use from 71 of 92 centers (77%) across
Italy. The survey, a 33 item question translated from a pre-
vious similar German one [64], was aimed at cardiac sur-
gery patients and units and dates from June to December
2013, such is the delay between data collection to finally
reaching press. The paper contains descriptive data on cur-
rent hemodynamic management practices across Italy. Of
greatest note for our monitoring journal readers was that (a)
all units completing the survey have transesophageal echo
and nearly all have transthoracic echo (96%); (b) only 18%
of units were still regularly using pulmonary artery cath-
eters and (c) although available in just under half of units
surveyed, minimally invasive CO monitoring was rarely
used (3%). The tendency was to use dynamic indices of
hemodynamic response such as SVV rather than a straight
forward increase in stroke volume or CO to assess therapy.
Volume replacement therapy was mostly based on balanced
colloids (87%), although starches were still being used in
2013. Dobutamine and adrenaline were the main inotropes.
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9 Hemodynamic monitoring: impact on patient
outcome and clinical decision-making

As hemodynamic monitoring can only improve patient out-
come if coupled with therapeutic interventions the JCMC
welcomes studies investigating the impact of hemodynamic
management on clinical decision-making and outcome.

As hemodynamic goal-directed therapy (GDT) is well
known to improve outcome following elective major sur-
gery, in the issue of February, Pavlovic et al. [65] studied
GDT during emergency surgery. In this randomized, con-
trolled trial, 50 patients with hypovolemic or septic con-
ditions needing surgery were enrolled and two algorithms
for hemodynamic optimization were compared [65]. Two
groups were defined, the standard of care group with the
use of PPV (control group) and the optimized group with
the measurement of CI, global end-diastolic volume index
(GEDVI), and SVV using the PiCCO system (Pulsion
Medical Systems SE, Feldkirchen, Germany). Patient out-
come was evaluated using the SOFA Score trend following
the 3 days after surgery, major complications, and postop-
erative outcome. Data from 43 patients were analyzed (con-
trol group, N=23; optimized group, N =20). Paradoxically,
major complications occurred more frequently in the opti-
mized group (19 (95%) vs. 10 (40%) in the control group,
P<0.001) [65]. Likewise, SOFA scores following surgery
days were higher in the optimized group than in the control
group [65]. The present paper is of interest for our read-
ers, as it underlines that during emergency surgery, hemo-
dynamic optimization using an advanced hemodynamic
monitoring may be associated with a less favorable post-
operative outcome [65]. A key point in this notable study is
the fact that dobutamine was given intraoperatively in 45%
optimized patients but in no control patients [65]. The pre-
sent piece of information may explain these results, as we
may expect that over treating patients with drugs, having
potential adverse events, is harmful. The second take home
message is to keep in mind that an advanced hemodynamic
monitoring is of interest only if the measured variables
agree with a body of clinical and para-clinical arguments
[66].

In the issue of October, Perel et al. considered another
question on advanced hemodynamic monitoring [67]. The
authors designed a study to answer the following questions:
(1) how accurate is our clinical assessment of important
cardiopulmonary variables in critically ill patients in com-
parison with advanced hemodynamic monitoring? (2) How
does the information provided by this advanced hemody-
namic monitoring affect our therapeutic decisions in this
patient population? The method used consisted in asking
experienced physicians involved in the patient’s care in
European mixed ICUs to fill in a questionnaire [67]. They
were asked to indicate the existing clinical and classical
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hemodynamic information before any advanced hemody-
namic monitoring with the TPTD technique was used [67].
Following that, TPTD measurements were undertaken to
measure CO, GEDVI, and extravascular lung water index
(EVLWI). The rational was to compare physician’s own
prediction of expected values of physiological variables
with the same values obtained using TPTD. The study
demonstrated that the physicians are not always able to
predict physiological variables in the absence of advanced
hemodynamic monitoring [67]. Moreover, a relevant pro-
portion of them changed their major therapeutic decisions
originally made when they obtained TPTD measurements
[67]. The finding of a limited ability of experienced clini-
cians to accurately assess physiological variables of blood
circulation from clinical assessment and classical hemo-
dynamic monitoring is rational. As already stated by the
authors, this fact is not related to a “learning contamina-
tion bias” but certainly to the complexity of ICU patient’s
disease. Indeed, for instance, patients undergoing mechani-
cal ventilation, dialysis and/or hypothermic therapy are out
off physiological clinical ranges as positive intra-thoracic
pressure, fluid balance, and low body temperature affect
macro- and microcirculation [68]. From that, our readers
may understand that presuming CO, GEDVI, and EVLWI
measurements in these settings is a very difficult task.
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