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Abstract

Background: Haemodynamic monitoring with transpulmonary thermodilution (TPTD) is less invasive than a pulmo-
nary artery catheter, and is increasingly used in the Intensive Care Unit and the Operating Room. Optimal treatment of
the critically ill patient demands adequate, precise and continuous monitoring of clinical parameters. Little is known
about staff knowledge of the basic principles and practical implementation of TPTD measurements at the bedside.
The aims of this review are to: 1) present the results of a survey on the knowledge of TPTD measurement among
252 nurses and doctors; and 2) to focus on specific situations and common pitfalls in order to improve patient ma-
nagement in daily practice.

Methods: Web-based survey on knowledge of PiCCO technology (Pulsion Medical Systems, Feldkirchen, Germany),
followed by PubMed and Medline search with review of the relevant literature regarding the use of TPTD in specific
situations.

Results: In total, 252 persons participated in the survey: 196 nurses (78%) and 56 medical doctors (22%) of whom
17 were residents in training. Knowledge on the use of TPTD appears to be suboptimal, with an average score of 58.3%.
Doctors|performed better than nurses (62.7% vs 57.0%, P = 0.012). About 190 out of 252 (75.4%) scored at least 50%
but only 45 respondents (17.9%) obtained a score of 70% or more.Having five years of PiCCO experience was present
in 15.8% of the participants and this was correlated to passing the test, defined as obtaining a test result of > 50%
(P =0.07) or obtaining a test result of > 70% (P = 0.05). There were no other parameters significantly predictive for
obtaining a result above 50% or above 70% such as gender or doctor versus nurse or Belgian versus Dutch residency,
oryears of ICU experience. High quality education of nursing and medical staff is necessary to perform the technique
correctly and to analyse and interpret the information that can be obtained. Visual inspection of thermodilution curves
isimportant as this can point towards specific pathology. Interpretation of the parameters that can be obtained with
TPTD in specific conditions is discussed. Finally, a practical approach is given in ten easy steps for nurses and doctors.
Conclusion: TPTD has gained its place in the haemodynamic monitoring field, but, as with any technique, its virtue
is only fully appreciated with correct use and interpretation.

Key words: transpulmonary thermodilution, PiCCO, haemodynamic monitoring, cardiac output, pulse contour
analysis, calibration, pitfalls, tips and tricks, survey, knowledge, critical care
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Any measurement that we perform on a daily basis in
the Intensive Care Unit (ICU) stands or falls on its accuracy,
reproducibility and correct interpretation of the data derived
[1, 2]. No monitoring device, no matter how simple or so-
phisticated, will improve patient-centred outcomes unless
coupled with a treatment protocol that, itself, improves
outcomes [2—4].

The pulmonary artery catheter (PAC) is still considered
to be the clinical gold standard, but its use is declining due
to the absence of a convincing outcome benefit and the
development of less invasive haemodynamic monitoring
methods such as transpulmonary thermodilution (TPTD)
[3,5-71.

As of today, two haemodynamic monitoring [devices
using single indicatorTPTD with a cold fluid bolus as indica-
tor are commercially available, the PICCO (Pulsion Medical
Systems, Feldkirchen, Germany) and more recently also
theVolumeView/EV1000 (Edwards Lifesciences, Irvine, CA,
USA) [8—-12].

In this review, we will focus on the PiCCO system be-
cause it has been in use for several years and has been
validated in numerous studies and clinical situations
[10, 13-19]; as such the recommendations regarding TPTD
presented herein can be extrapolated to other devices
using the same technique. The PiCCO is a haemodynamic
monitoring device that combines continuous measurement
of the cardiac output (CO) using pulse contour analysis with
intermittent volumetric measurement of cardiac preload
like global end-diastolic volume (GEDV) and extravascular
lung water (EVLW) using TPTD amongst other haemody-
namic parameters [2, 10, 20—22]. With each TPTD meas-
urement (and its associated CO value) the continuous CO
measurement (CCO) of the PiCCO device is calibrated.[PICCO
stands for‘pulse contour, intermittent and continuous car-
diac output’or just/Pulse Contour Cardiac Output with the
‘i'there to facilitate‘pronunciation.

A detailed description of the principles, measurements
and calculations can be found in the manufacturer’s manual
and has also been described elsewhere [2, 12, 23-28]. A brief
summary will be given below because this knowledge helps
the correct interpretation of the derived parameters.

The aims of this review are to: 1) present the results of
a survey on the knowledge of TPTD measurement among
nurses and doctors; and 2) to focus on specific situations,

common pitfalls, tips and tricks. After learning these, we
hope the reader can get more information out of the device,
which would ultimately lead to better patient management
in daily practice.
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DESCRIPTION OF THE TRANSPULMONARY
THERMODILUTION TECHNIQUE

RATIONALE

During aTPTD cardiac output CO measurement, a known
volume of a cold indicator, typically 0.9% saline, injected
via a central vein, mixes with the ambient circulation as it
travels through the right heart, pulmonary circulation, left
heart, and aorta. A thermistor-tipped catheter in a central
(femoral, brachial, axillary) artery or a long radial artery
catheter records the surrounding blood temperature and
generates a thermodilution curve qualitatively similar to
the one generated by a pulmonary artery catheter (PAC).
The main difference from PAC is a time delay caused by the
longer travel time between injection site and temperature
recording site, rendering it less affected by arrhythmias,
changes in intrathoracic pressures (e.g. during mechanical
ventilation) and|timing of injection in the respiratory cycle
[25,29-32].

The CO can then be calculated from the area under the
thermodilution curve using the classic Stewart-Hamilton
formula:

Kx(T,-T)
| AT, x dt

with K = computation constant adjusting for the injectate
volume and physical characteristics of the catheter and
injectate; T, = blood temperature; T, = injectate tempera-
ture; =integral of temperature change over time (reflecting
area under the thermodilution curve)

INTERMITTENT MEASUREMENTS

The TPTD CO measurement serves as calibration for the
CO derived from the arterial pulse contour waveform, which
then allows continuous (beat-to-beat) CO monitoring [2, 20,
25, 33-35]. The mean transit time (MTt) is the mean time
required for the indicator to reach the detection point at the
tip of the PiCCO catheter (mostly positioned in the femoral
artery) and the downslope time (DSt) is the exponential
downslope time of the thermodilution curve (Fig. 1). In ad-
dition to CO, based on the mean transit time (MTt) of the
cold indicator and the exponential downslope time (DSt)
of the thermodilution curve, several other clinical variables
can be readily measured and calculated: the intrathoracic
thermal volume (ITTV) as the product of CO and MTt and
the pulmonary thermal volume (PTV), which includes the
pulmonary blood volume (PBV) and the extravascular lung
water (EVLW), as the product of CO and DSt. Subsequently,
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Temperature
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+—> - Time
MTt DSt

Figure 1. Logarithmic extrapolation of a transpulmonary
thermodilution curve with identification of mean transit time (MTt)
and downslope time (DSt). See text for explanation

ITTV=CO x MTt EVLW

PTV =CO x DSt EVLW

GEDV =ITTV - PTV
LA Lv

Figure 2. Schematic representation of volumetric monitoring.
Intrathoracic thermal volume (ITTV) is derived from cardiac output
(CO) and mean transit time (MTt). The largest mixing chamber is

the pulmonary thermal volume (PTV) which is derived from CO and
downslope time (DSt). The preload parameter global enddiastolic
volume can then be calculated as ITTV minus PTV). RA — right
atrium; RV — right ventricle; LA — left atrium; LV — left ventricle;
EVLW — extravascular lung water; PBV — pulmonary blood volume;
PTV — pulmonary thermal volume (= EVLW + PBV)

two volumetric measures of cardiac preload, the global
end-diastolic volume (GEDV) and the intrathoracic blood
volume . are calculated by respectively subtracting the
PTVfromthe ITTV (for GEDV) and, based on
2, 36]. This is illustrated
in Figure 2. Moreover, the unique and important parameter
extravascular lung water as a measure of pulmo-
nary oedema is estimated by -from -
[37, 38]. Derived from these measurements, the device will
calculate different parameters of myocardial performance:
stroke volume (SV) as: CO/heart rate (HR), global ejection
fraction _cardlac function index .
as: and a parameter of alveolar-capillary barrier
permeability, the pulmonary vascular permeability index

(BVP)) as the ratio of EVLW to PBVI [37, 39-47].

PULSE CONTOUR ANALYSIS

Besides CO, the following parameters can be calculated
(continuously) from the arterial pulse contour on a con-
tinuous basis: SV calculated as area under the arterial pulse

contour, systemic vascular resistance (SVR) as: 80 X (mean ar-
terial pressure (MAP) — central venous pressure (CVP))/CO,
stroke volume variation in % as: 100 x -

/- over a period of time .seconds), pulse pres-

sure variation in% as: 100 x (PP, —PP_. )/

min !

maximum left ventricular contractility :astherate of
increase in blood pressure and .
in watts as: [48-51].

All values are for body - or -

- the PiCCO,,, with software version 7.1 or higher and

PiCCO,|use predicted body weight - and body surface
area for the volumetric preload parameters and the

extravascular lung water: The values are usually in-
dexed to-(m'z) while is indexed to-

The new PiCCO, monitor can also measure central ve-
nous oxygen saturation continuously using spectro-
photometry, with a central venous blood
gas analysis .Table 1 lists the range of normal values

for the different intermittent and continuous parameters
that can be obtained with the TPTD technique.

Table 1. alues
for intermittent (¥) and continuous parameters that can be obtained with
transpulmonary thermodilution

I. Oxygenation

« Central Venous Oxygenation (
+ Oxygen Delivery Index (DO,):
+ Oxygen Consumption Index (

II. Flow*

« Cardiac Output CO 5.0-7.0L m|n -

« Cardiac Index 5.0Lmin"m2*

« Pulse contour cardlac index (PCCl): 3.0-5.0 L min™' m™
lll. Cardiac Preload

+ Global Enddiastolic Volume Index : 680—800 mL m2*
« Intrathoracic Blood Volume Index : Lm?2
« Central venous pressure (CVP): 5-7 mm Hg

IV. Volume Responsiveness

« Stroke Volume Variation (SVV): < 10%
« Pulse Pressure Variation (PPV): < 10%

V. Afterload

« Systemic Vascular Resistance Index (SVRI):

VI. Cardiac Contractility

« Cardiac Function Index
« Global Ejection Fraction
« Index of Left Ventricular Contractlllty

VII. Pulmonary Oedema

« Extravascular Lung Water Index -:
+ Pulmonary Vascular Permeability Index

s arameters can only belobtained intermittently by performing aTPTD as

*values for cardiac output are also dependent on age and gender

« Cardiac Power Index
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Table 2. Necessary equipment for PICCO measurement

« Central venous catheter, preferably right internal jugular
(or subclavian) vein

« PiCCO arterial catheter with thermistor, preferably femoral
(or axillary/brachial/long radial), pressurised bag (up to 300 mm Hg)
of normal saline

« PiCCO monitoring kit (includes disposable pressure transducer)

- Cold injectate (saline, three boluses of 0.2 mL kg™ BW, < 8°C)
and injectate sensor housing

+ PiCCO monitor

The specially designed arterial catheters exist in 3F to
5F and from 7 em to |22 cm long (or even 50 cm for the
long radial) and also allow use in the paediatric popula-
tion as opposed to the pulmonary artery catheter [52, 53].
The equipment necessary for setup is listed in Table 2. The
manufacturer recommends that the maximum placement
period for the PiCCO catheter is ten days.

SURVEY ON KNOWLEDGE OF TRANSPULMONARY
THERMODILUTION

We present herein the results of a survey on knowledge
of PiCCO technology among healthcare providers working
in the ICU.The survey was conducted among mainly nurses
from Belgium and the Netherlands.

SURVEY BACKGROUND

Optimal treatment of the critically ill patient demands
precise and continuous monitoring of clinical parame-
ters. Recent studies show that the application of haemo-
dynamic monitoring can improve outcomes [54, 55]. As
explained above, CO monitoring with TPTD combined with
pulse contour analysis obtained with the PiCCO system
provides information on fluid status, fluid responsiveness,
CO, contractility of the myocardium and severity of the
pulmonary oedema.The PiCCO is considered a less invasive
haemodynamic monitoring device compared to the PAC,
and isincreasingly being used as a haemodynamic monitor-
ing tool to guide management in critically ill patients. No
research has been previously performed on staff knowledge
of the basic principles and practical implementation of TPTD
measurements at the bedside.

SURVEY METHODS

We set up a descriptive study in which medical and para-
medical ICU personnel were asked to participate in a survey
that consisted of 25 questions based upon the information
found in the manual of the PiCCO system (www.pulsion.
com). During a six month period in 2009, we performed
the survey among nursing and medical staff from differ-
ent ICUs in Belgium and the Netherlands on their knowl-
edge of the basic principles and practical use of the PiCCO
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haemodynamic monitoring system. Participants were asked
to complete an online questionnaire with one open and
24 multiple-choice questions. An English translation of the
questionnaire, originally in Dutch, with correct answers, is
available in Appendix 1. Statistical analysis was performed
with SPSS software. Results are expressed as mean with
standard deviation, a P-value below 0.05 was considered
to be statistically significant.

SURVEY RESULTS

In total, 252 persons participated: 196 nurses (78%)
and 56 medical doctors (22%) of whom 17 were residents
in training. 78.6% of the respondents knew that a PiCCO CO
measurement is performed intermittently by TPTD and on
a continuous basis by arterial pulse contour analysis. About
43% were convinced that a PICCO measurement is an inva-
sive procedure, while in fact it is considered less invasive.
The basic knowledge on CO calibration appeared to be
insufficient: 59 respondents (23.3%) did not know that the
temperature of the bolus injectate (T,) should best be be-
low 8°C. Regarding the volume of the injectate (V), only
55(21.8%) correctly stated that it should be adjusted accord-
ing to body weight (0.2 mL kg™), with a maximum of 20 mL.
About 162 (64.3%) of the participants knew that the cold
injectate needs to be administered within seven seconds (or
thus 2.5 mLsec’) and 153 (60.7%) erroneously believed that
the patient needs to be in supine position while performing
the TPTD measurement. 138 persons (54.8%) stated cor-
rectly that the PiCCO needs to be calibrated only once every
nursing shift (thus 3—4 times per day), but only 91 (36.1%)
knew that a rapid flush test should be performed before
each measurement. A further 65.5% of the participants
recognised the curve of a correct rapid flush test, while
36.9% did not know why there is a need to perform the
rapid flush test. 41.7% of the participants knew that stroke
volume variation (SVV) and pulse pressure variation (PPV)
are unreliable if the patient is not in sinus rhythm, whereas
26.6% didn't recognise atrial fibrillation as an underlying
rhythm stated in question 24.

Atotal of 178 (70.6%) stated correctly that the placement
of the venous and arterial femoral catheters is important for
the interpretation of the obtained values. Table 3 lists the
distribution of correct answers to the different questions.

The overall score with correct answers was poor, and
around 58.3 + 15.1% (Fig. 3). The doctors performed bet-
ter than the nurses (62.7% vs 57.0%, P = 0.012); no differ-
ence was found between male and female respondents
(59.4% vs 57.6%, P = NS), nor between Belgian and Dutch
respondents (57.3% vs 59.5%, P=NS). 190 out of 252 (75.4%)
scored at least 50%, whereas only 45 respondents (17.9%)
obtained a score of 70% or more. The number of years of
ICU experience was inversely related to the knowledge on
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Table 3. Questions with correct answers and percentage of correct answers, sorted by highest percentage of correct answers (see addendum for full

length MCQs and accompanying figures)

Question Correct answer Correct answers
(%)

23B — Look at the following thermodilution curve and state Correct 220 (87.3%)

if it is performed correctly

9 — Is it important to enter information like weight and height Yes, to display the indexed values correctly (latest 218 (86.5%)

of the patient? software uses predicted body weight)

3 — What does PiCCO measure besides cardiac output? Preload, contractility, extravascular lung water, 208 (82.5%)

23A — Look at the following thermodilution curve and state
if it is performed correctly

2 — What principles are used with PiCCO measurements?

6 — What specifically do we need to perform a PiCCO measurement?
7 — What s the correct T;?
24 — Determine the underlying rhythm

18A — Is the placement of the catheters important for the interpretation
of the obtained values?

23C — Look at the following thermodilution curve and state
if it is performed correctly

17A — Interpret the following rapid flush test

11 — How many bolus injections must at least be done to obtain
a correct value?

19 — The injectate should be injected
20 — What to do if the delta T is less than 0.2°C?
15 — Why do we perform a rapid flush test?

17C — Interpret the following rapid flush test

13 — What values should be noted for volumes and extravascular lung
water?

14 — How many times does the arterial pressure curve needs to be
zeroed?

17B — Interpret the following rapid flush test

25 — Which PiCCO measurements are not reliable if the patient is not in
sinus rhythm?

10 — Should the patient be supine for a measurement?

18B — Which of the following would be the ideal catheter position?

21 — What happens if the injectate volume is less than the amount
entered on the PiCCO (this is the amount the device expects)?

16 — When do we perform a rapid flush test?
22 — Should the CVP repeatedly be entered?

5 — In which patients is the use of PiCCO appropriate?
8 — Is the V, dependent on the body weight?

12 — Which deviation from the mean CO is allowed for a thermodilution
CO measurement?

filling status, afterload and fluid responsiveness

False 205 (81.3%)

Intermittent thermodilution and continuous 198 (78.6%)

arterial pulse contour analysis

Central venous line, PiCCO catheter and a PiICCO kit 196 (77.8%)
<8°C 193 (76.6%)
Atrial fibrillation or irregular rhythm 185 (73.4%)
Yes 178 (70.6%)
False 174 (69.0%)
Normal signal 165 (65.5%)
Three 165 (65.5%)
In less than seven seconds (< 2.5 mL sec™") 162 (64.3%)

161 (63.9%)
159 (63.1%)

Use cooler injectate or increase injectate volume

To determine whether there is damping of
the curve or to check if the pressurised bag is
sufficiently inflated

155 (61.5%)
141 (56%)

Overdamped

The indexed values
Once every nursing shift 138 (54.8%)

128 (50.8%)
105 (41.7%)

Underdamped

SVV and PPV are unreliable (however, if they are
low the patient is probably not fluid responsive)

No, it does not matter 99 (39.3%)
Right internal jugular vein in combination with left 94 (37.3%)
or right femoral artery

False increase in CO or false increase in Cl (also the 93 (36.9%)

GEDVI and EVLWI will be falsely increased)

Before each measurement 91 (36.1%)

Yes, for the calculation of the SVR (practically thisis 91 (36.1%)

done at each TPTD)

All of the above 84 (33.3%)
Yes, with a maximum of 100 kg (0.2 mL kg™") 55 (21.8%)
15% (and this also holds true for GEDVI and EVLWI) 49 (19.4%)

PiCCO. Persons who had more than ten years of ICU expe-
rience scored less (54.5%) on the knowledge questions
than personnel with 5-10 years (60.5%) and those with less
than five years'ICU experience (59.8%) respectively, with no

significant difference between doctors and nurses except for
those with more than ten years’experience (Fig. 4). Doctors
(72.4%) performed better than nurses (54.5%) in the group
of personnel with more than five years of PiCCO experi-
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Figure 3. Histogram displaying the frequency of average scores (in
percentage) on the knowledge questions
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Figure 5. Boxplots showing median scores (as percentage) for
doctors as compared to nurses according to the number of years of
PiCCO experience. The P-values were NS except for the group with
more than 5 years PiCCO experience (P < 0.0001)

Figure 4. Boxplots showing median scores (as percentage) for
doctors as compared to nurses according to the number of years of
ICU experience. The P-values were NS except for the group with more
than 10 years ICU experience (P = 0.05)

ence (Fig. 5). Figure 6 shows the different scores in men
compared to women with regard to years of ICU experience,
while Figure 7 show the same results in relation to years of
PiCCO experience. In the group of respondents having more
than five years of PiCCO experience, men (64.0%) showed
significantly better results than women (54.3%). There was
no significant difference in the results related to gender in
the group with less than five years of PiCCO experience.
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Figure 6. Boxplots showing median scores (as percentage) for men
as compared to women according to the number of years of ICU
experience. All the P-values were NS

Having five years of PiCCO experience was present in
15.8% of the total number of participants and this was
correlated to passing the test (obtaining > 50%) (P = 0.07)
or obtaining a test result of > 70% (P = 0.05). There were
no other parameters significantly predictive for obtaining
a result above 50% or above 70% such as gender, doctor
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Figure 7. Boxplots showing median scores (as percentage) for man as
compared to woman according to the number of years of PiCCO
experience. The P-values were NS except for the group with more
than 5 years PiCCO experience (P=0.012)

versus nurse, Belgian versus Dutch residency, or years of
ICU experience.

SURVEY CONCLUSIONS

PiCCO has gained its place in the haemodynamic moni-
toring field, but as with any technique, its usefulness and
virtue is only fully appreciated with correct understanding
of the principles, a flawless measurement technique, and
a correct interpretation of the obtained values in different
scenarios. We can conclude from the results of this survey
that the knowledge on the measurement technique and
interpretation of the PiCCO, although being used regularly,
was suboptimal among the ICU personnel. From our survey
among ICU personnel, it appears that knowledge on TPTD
appears to be suboptimal. High quality and repeated edu-
cation of ICU staff is necessary to exploit the information
that can be obtained. This education can be facilitated by
agood measurement (TPTD calibration) protocol that can be
implemented by nurses and doctors at the bedside to avoid
human error. Specific thermodilution curves can point to-
wards specific diagnoses, and an interpretation of acquired
parameters in specific conditions is suggested.

PRACTICAL APPROACH

In the following section, we will guide the reader
through four important aspects of correct TPTD measure-
ment and interpretation: 1) when to perform aTPTD calibra-
tion; 2) how to obtain a correct TPTD measurement; 3) how

to learn from the intermittent readings obtained with TPTD;
and finally 4) how to interpret the continuous haemody-
namic parameters.

In general, TPTD is performed for two purposes: first it
provides volumetric TPTD parameters such as Cl, EVLWI and
GEDVI.The frequency of TPTD measurements of Cl, EVLWI
and GEDVI predominantly depends on the clinical situa-
tion of the individual patient: in a case of shock, repeated
measurements within minutes can be useful. Furthermore,
repeated TPTD might be required before and after interven-

tions, e.g. probatory fluid application ( )
T

The second purpose of TPTD is to -ulse

contour derivec.(PCCI) to ensure accurate beat-by-beat
estimation of Cl by PCCI. Only a few studies have investigat-
ed predictors of inaccuracy of PCCl. As a

a of PCCl should be performe

consensus,

However, there is limited evi-
dence that'time since last TPTD'is an independent predictor
of the inaccuracy of PCCI [56]. There are several hints that
changes in vascular tone measured by TPTD-derived SVRI
are associated with inaccuracy of PCCI [56]. Since-

they are
explanatory but not predictive for inaccuracy of PCCI.

From a practical viewpoint, changes in continuously
provided pulse-contour parameters might be more ap-
pealing as predictors of inaccuracy of PCCI. Although in part
preliminary and not fully published, there is evaluation and
validation data indicating that

of PCCl compared to the next TPTD derived CI[57, 58].
Based on this data, the manufacturer of the PiCCO-device
(Pulsion Medical Systems, Feldkirchen, Germany) imple-
mented a‘trend-alarm’indicating

- to the previous

V3.1 algorithm, this

different cut offs (15%, 25%, 35%).

HOW TO OBTAIN A GOOD MEASUREMENT IN TEN
SIMPLE STEPS FOR NURSES

In the
an be activated with

STEP 1. LOOK AT ARTERIAL PRESSURE CURVE AND PERFORM
THE RAPID FLUSHTEST

Simple visual evaluation and inspection of the arte-
rial waveform should be done before performing a TPTD
measurement and the nurse should obtain an idea on the
arterial waveform and confirm if the signal is correct (see
Fig. 8) [59]. The square waveform and oscillations generated
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150 150 150

VAV

50 50 50
Normal Overdamped

Figure 8. Visual inspection of the arterial curve can identify dynamic

response properties

Underdamped

by a rapid flush have been suggested as a suitable method
for determining the dynamic response characteristics of
amonitoring system (Fig. 9). The system is overdamped if the
rapid flush produces sluggish or no oscillations. If the square
wave shows undulations or if ringing occurs after the release
of the rapid flush device, the system is most likely under-
damped. Overdamping and underdamping both indicate
that the dynamic response characteristics of the monitoring

system are unsatisfactory. A_needs to be per-
formed in order to calculate the-
of the transducer system.
STEP 2. ZERO| THE PRESSURE SYSTEM
As a general rule in invasive haemodynamic monitor-

ing, the pressure transducer needs to be levelled at the
-(at the level of the right atrium) and the
system needs to be zeroed against atmospheric pressure.
This should be done_ An
incorrect zeroing will lead to false MAP readings and there-
fore false SVR calculations. An easy solution is the use of
a dedicated zeroing line fixed at the

s

1

[ Flush

Flush

Figure 9._Adapted from Marino, Paul L, the ICU Book,

3 Edition, Lippincott Williams & Wilkins ISBN — 0-7817-4802-X;
A — normal curve; B— overdamped curve; C — underdamped curve

STEP 3. CHECK AND ENTER CORRECT DEMOGRAPHIC DATA
Most human mistakes are probably made before per-
forming the actual TPTD measurement. As mentioned,

entering appropriate and_is of para-

Figure 10._at the level of the theoretic zero reference level of the_(circle) allowing repeated calibration

regardless of patient position
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Figure 11. Practical position of inline sensor. The
_but outside the infusion lines via a stopcock

mount importance for correct TPTD. This pertains to bio-
metric data such as height, weight and gender, injectate
volume, as well as to the relative positions of the arterial
and central venous catheters.

STEP 4. CORRECT|[BOLUS PREPARATION:
VOLUME AND TEMPERATURE

The manufacturer recommends using 0.9% saline. Be-
cause the PiCCO can also be used in a paediatric popu-
lation, it is important to adjust the volume according to
is recommended with
This amount is- practice for
patients in our institution. It is important to inject
the exact amount that was pre-set on the PiCCO monitor;
if the injected volume is smaller than that expected by the
device, afalse increase in CO, GEDV and EVLW reading is the
result and vice versa. For instance, if the 20 mL pre-set on
the PiCCO monitor is injected and values obtained for Cl,
GEDVI and EVLWI are 3.3 L min™' m?2,839 mL m2and 9 mL
kg respectively, then injecting only 10 mL will give falsely
increased values of 7, 1862, and 19 respectively. If the Phil-
ips® Intellivue module is used, a maximum of 30 mL can be
given. This can be useful in situations where the change in
temperature at the thermistor level (At°) is small or when
EVLWI is high.

The manufacturer recommends using an injectate tem-
perature o-TheoreticaIIy,
can be used, but this will lead to a systematic
of CO, GEDVI and EVLWI [60, 61]. Therefore the

STEP 5. INJECTION

The of the central venous catheter

is preferred and the connection should be as close to the

patient as possible (see Fig. 11). The effect of catheter posi-
tion is discussed below.

STEP 6. INJECTION SPEED

_injection is recommended at a speed
of > 2.5 mL sec’, the whole bolus hence should be inject-
ed < 8fora 20 mL bolus or < 6 secfora 15 mL bolus. A slow
or interrupted bolus will cause a deformed TPTD curve.
The device will give an error message if the injection is
performed too slowly.

STE? 1 OBSERVETHE TPTD CURVE

Itis important to check the morphology and the time
intervals on the TPTD curve (see Fig. 12). A typical TPTD

curve has a .- which reflects the transit time

of the cold injectate from injection site to thermistor,

followed by a rise and fall in AT® with an _
- ending in a plateau due to physiological re-
circulation of the indicator. In patients with normal car-

diac function, the mean appearance time should be less
than 5 seconds (i.e. the start of cooling), the mean transit
time around 10 seconds (point of maximal cooling), and
the point of recirculation around 15 seconds. If the tran-
sit and downslope times are increased, the value of CO
can be expected to be low. So itis all about identifying the
correct TPTD curve and this demands repeated education
for the nurses. Some examples of ‘bad’ TPTD curves are
shown in Figure 13.

STEP 8. CHECK THE NUMBERS

_are necessary to obtain ac-
ceptable precision [62] and any measured should-
-by-than-from the value (Fig. 12).

The same holds true for GEDVIand EVLWI. Certain‘abnormal’
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Figure 12. The ideal transpulmonary thermodilution curve
Sample TPTD curve obtained with PiCCO,
1) the mean appearance time should_
2) the_time should occur within-
3) the-time should occur around-

4) each individual TPTD Cl measurement should-more
than

monitor

plus

from the mean C|

5) each individual TPTD GEDVI measurement should not differ more
than

6) each individual TPTD EVLWI measurement should not differ more
than 15% from the mean EVLWI

7) the cooling (or thus At°) should be more than 0.2°C
8) the injectate temperature should be-

.'A: from the mean GEDVI
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Figure 13.-of thermodilution- A—

mountain type TPTD; B —_mountain

type TPTD, probably caused by a decrease in injection speed of the thermal bolus

curves can point towards a specific condition (discussed

further).

STEP 9. CHECKAT®

The_to ascertain correct CO measurement

i- The accuracy of PiCCO measurements in accidental

98

or_ regularly used after cardiac

arrest, and during hypothermic cardiopulmonary bypass,

has - been - extensively although case reports
suggest a poorer reproducibility because of thermal noise

[63, 64]. However, if necessary, a or higher volume
a Tagami

bolus can be tried in order to



John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



Pieter-Jan Hofkens et al,, Pitfalls in transpulmonary thermodilution

et al. performed TPTD in patients under therapeutic hypo-
thermia and found that the measurements were not only
feasible but also precise [65, 66].

STEP 10. ENTER THE CVP
It is a misconception among nurses that entering the
-is necessary for the calculation of the TPTD param-

eters; the sole purpose is for the-of the-

and as such the CVP can be entered at the very end of the
procedure.

HOW TO INTERPRET TRANSPULMONARY

THERMODILUTION CORRECTLY IN TEN SIMPLE STEPS

FOR DOCTORS

STEP 1. OBSERVE THE TPTD CURVE AND VERIFY CORRECT
INJECTION METHOD
An interrupted injection can cause the thermodilution

curve to be - with - or _ of the

-indices (depending on where the curve is cut
off by the software algorithm) while the -
derived from the-under the curve, may be rela-
tively-(see Fig. 14). Bolus mixing can occur when
the injection is given through a three-way stopcock where

another infusion is running simultaneously and when the
stopcock is placed in a 45° position after bolus injection.
This should obviously be avoided (see Fig. 15). Moreover,
the TPTD curve can also point to specific diagnoses, as
will be discussed further.

STEP 2.

2
A shunt as occurs in|patent foramenlovale,

through which moderate to large shunting is documented in

upto patients [67], typically gives a-
on the thermodilution curve caused by passage of
a portion of the indicator through the defect, reaching the

thermistor more rapidly than the portion that goes through
the pulmonary circulation [68]. This has been terme

-The of this during treatment
of such a patient with

has been illustrated
nicely in case reports [69, 70]. In a case of an anatomical
substrate for intracardiac shunting, right-to-left shunting
will become clinically significant if shunting is aggravated
by pulmonary hypertension, positive pressure ventilation,
positive end-expiratory pressure (PEEP) and hypovolemia
shifting zones of West. The mechanism of right-to-left shunt
in a case of hypovolemia and addition of PEEP isillustrated in
[68].
Figure 17 shows an example of right-to-left shunt in an ex-
treme hypovolemic patient under mechanical ventilation
with high PEEP and in a young girl suffering from 35% TBSA
burns developing ARDS, acute right heart failure with pul-
monary hypertension (PAP pressures up to 65 mm Hg).
A_shunt on the other hand, is characterised
by an early recirculation of the cold indicator responsible
for a -- of the descending portion of
the curve, resulting in an increased mean transit time (with
25%) and increased downslope time (with 50%) and hence

[18, 71-74] (Fig. 18). n the
suggestsa

shunt [18].

In conclusion, by itis possible to
-a wide variety o (intracardiac, arteriovenous
fistula) and it has been suggested that TPTD curves could

also be useful during surgery to evaluate the success of
intra-cardiac shunt closure [75].

Figure 16.1tis

o GFF.GED?IELU?‘HD 99
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Figure 14. Analysis of thermodilution curves — interrupted bolus. Sample TPTD curves obtained with PiCCO
-_indicated by number 3) and normal TPTD curve on right-hand side in the same

left-hand side (showing a premature hump and

1us Monitor. Bolus interrupted on the

patient. Mean appearance time is equal in both curves (indicated by number 2), note that the value for Cl is similar and around 5 L m'2, however
the value for GEDVI is higher (1155 vs 660 mL m) when the bolus was interrupted due to longer mean transit time of 19 sec vs 12.5 sec (horizontal

dashed line). The number 1 indicates the end of the injection period
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Figure 15. Analysis of thermodilution curves — bolus mixing. Example of TPTD obtained with a PiCCO

|__37. 1859
27 1359
26 1157
23 1327
2 121

81 0.53/11 22{C1TBI) 1271

9
9
7

5
4
$

classic

monitor with a premature hump and

camel-like curve (left-hand side) caused by bolus mixing with maintenance infusion of parenteral nutrition as a result of incomplete closure of 3
way stopcock after bolus injection (right-hand side)

Normal condition

Hypovolemia

Hypovolemia + PEEP
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Figure 16. Evolution of West zones during hypovolemia
and|PEEP. Left panel shows normal West zone distribution.
Middle panel shows the situation in a patient under
mechanical ventilation and hypovolemia where zone 1
conditions (p, > p, > p,) expand to zone 2 (p, > p, >p,)
and zone 2 conditions to zone 3 (p, > p, > p,). With p,
arterial capillary pressure, p, alveolar pressure

and p, venous capillary pressure. Right panel shows

the situation in a hypovolemic patient with excessive
PEEP causing further excursion of zone 1 conditions to
zone 3 resulting in a right-to-left shunt explaining the
premature hump seen on the TPTD curve (Fig. 17A)

Figure 17. Analysis of thermodilution
curves — right-to-left shunt. A — example
of TPTD obtained with PiCCO,, monitor in
a patient with extreme hypovolemia and
under positive pressure ventilation with

a PEEP of 12 cm H,0.Because of Zone 1 of
West excursions to position 3 a right-to-
left shunt became apparent as evidenced
by the premature hump on the left-hand
side. The GEDV was 489 mL giving a GEDVI
of 245 mL m~ before and 537 mL m™ 20
minutes later after adminstration of 1000
mL of voluven and PEEP reduction to
5cmH,0 (TPTD at right-hand side). After
fluid administration the premature hump
disappeared. See text for explanation;

B — example of a TPTD curve obtained
with PiCCO, monitorin a 19 year old burn
victim (TBSA 35%) at baseline (left-hand
side) and during an episode of acute right
heart failure in relation to ARDS (right-hand
side). Pulmonary artery pressures measured
via transthoracic cardiac ultrasound were
65 mm Hg at that moment. The TPTD is
indicative for a right-to-left shunt
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Early recirculation

Exponential downslope

Normal recirculation

Figure 18. Analysis of thermodilution curves — shunt.
Sample TPTD curve obtained in a patient with left-to-right shunt.
Adapted from Giraud et al. [186]

STEP 3. EFFECT OF CATHETER POSITION

= VENOUS CATHETER POSITION
Often, afemoral central venous catheteris in place. It has

been shown that
obtained

which
is logical due to the of the indicator
and the
-[76, 771. et al. proposed a
for jugular GEDVI after TPTD Via
calculated [78]. Based on this data, the manufacturer of
the PiCCO device (Pulsion Medical Systems, Feldkirchen,
Germany) implemented ersion 3.1 requir-
ing the_about femoral or jugular/sub-
clavian). This suggests that is
injection.
he venous and arterial

injection was

in a case of

areinserted on

can be seen due to local

changesin temperature sensed by the thermistor on the arteri-
al catheter tip, aphenomenon that has been terme

[79] as shown in Figure 19. This effect is more

in -- states [80, 81] and has also been reported when
equally long femoral venous and arterial lines are inserted on

the opposite side due to anatomical contiguity of the large
vessels. A practical approach could be to

and an early and
is derived [76, 82—84].

= ARTERIAL CATHETER POSITION

The PiCCO thermistor-equipped arterial lines are de-
signed for use in a central artery; but it is widely accepted
that the-artery provides_readings. Es-
pecially in critically ill patients, where TPTD will be used,
afemoral-to-radial pressure gradient often exists [85]. Alter-
native insertion sites are the axillary or brachial artery and
also a_has been used successfully
[29, 86]. A central arterial catheter insertion site seems to
have a low complication rate and is considered to be safe.
Therefore, PiCCO can be seen as a minimally invasive form
of haemodynamic monitoring [87].

STEP 4. EFFECT OF EXTRACORPOREAL CIRCUIT
Continuous renal replacement therapy - seems

to hav with a small (albeit sta-
tistically significant) in and-and a-

in-[77, 88-90]. This effect will be more pro-
nounced when the central venous and dialysis catheter
are in the femoral and subclavian/internal jugular position
respectively, a constellation that is best Or stated
otherwise "when the
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Figure 19. Analysis of thermodilution curves — cross-talk phenomenon. Example of cross-talk phenomenon as shown on TPTD curves obtained
with PiCCOplus monitor. On the left-hand side injection and detection are at the femoral site while in the TPTD curve on the right-hand side the
injection was via subclavian vein and detection was femoral. When there is a crosstalk phenomenon the cooling will take place immediately and
already during the injection period (the end of the injection is indicated by number 1, while 2 indicates mean appearance time and start of cooling

and number 3 the mean transit time)
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_(tip of PiCCO catheter)" [77]. The extent to

which blood flow, filtration rate and temperature contribute
to this has not been determined.

Observations suggest that the influence of extracor-
poreal circuit on the reliability of the TPTD measurements

It also has been suggested to
TPTD measurements when-is

-_ has reached a

corporeal lung assist systems, due to indicator loss in the

In extra-

extracorporeal circuit, cardiac output measurement as as-
sessed by TPTD has been reported to be erroneously high,
especially when high extracorporeal blood flows are applied
[91, 92]. However, some reports suggest that EVLWI meas-

urement is
[91, 93]. The effects of an ex-

tracorporeal circuit are probably more pronounced if CO is
low and the blood flow over the circuit is high
during continuous veno-venous

corporeal membrane oxygenation (ECMO). Furthermore
other aspects may also play a role such as the amount of

as suggested previously [88]. The effect of rising and falling
baseline temperatures is illustrated in Figure 20.

STEP 5. EFFECT OF AND HEART FUNCTION

is available in patients with valvulopathy
data: a small study in 18 patients undergo-
ing transcatheter aortic valve implantation (TAVI) for severe
aortic stenosis (AS) suggests that stroke volume measure-

ments derived by TPTD are accurate — compared to tran-
soesophageal echocardiography — during all investigated
haemodynamic situations (AS, Al [aortic insuffciency], after
TAVI), as were measurements by calibrated pulse contour
in AS and after TAVL. In contrast, (calibrated
and uncalibrated) wa [25, 94].
Trending ability seems to be acceptable for each measure-
ment modality [94, 95].

or
interfere with the thermodilution curve. However,

TD curve may resultin an
- Mitral regurgitation
in the parameters while aortic
an (see Fig. 21). The same holds true
when using a Swan-Ganz catheter in patients with severe
tricuspid regurgitation [96—99].In a case o

(CFland GEFlunderestimateflftventricular

36.6

36.8

36.9

Temperature signal (°C)

. Normal TPTD curve
|:| Altered TPTD curve

CVVH START

Baseline shift T

Baseline shift

|
v

CVVH STOP

Figure 20.

(adapted from [88]). During starting of CVVH cold blood flows from the CVVH

machine into the central circulation and the baseline temperature drops (full arrow) resulting in an increased area under the curve and a decrease
in TPTD cardiac output. Vice versa, during stopping of CVVH the baseline temperature rises (dotted arrow) resulting in a diminished area under the

curve and an increase in TPTD cardiac output
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Figure 21. Transpulmonary thermodilution in A —TPTD
results obtained with PiCCO_, ;. monitor in a patient with
-(valve surface area 0.8 cm™ and peak gradient 88 mm Hg)

showing inconsistently increased values (with huge variations) of
GEDVI (ranging from 1101 to 1606 mL m) and EVLWI (ranging from
18 to 28 mLkg™"); B— TPTD results obtained with PiCCO,,, ... monitor
in a patient with showing consistently
increased (close to each other) values of GEDVI (ranging from 1311 to
1421) and EVLWI (ranging from 18 to 19)

as these represent- myocardial contraction. On the

other hand, if these parameters are-_

function is [43]. In our institution, we perform
in all haemodynamically-
[17, 96, 97, 100]. Larger studies are
warranted to examine the magnitude of influence of valvular
and cardiac function on TPTD [25].

STEP 6. CORRECTION FORGEF
Static monitoring of the volumetric parameters (GEDV)

has - consistently been shown to be able to-

Table 4. Global ejection fraction corrected volumetric target values

GEF
0.15

GEF
0.25

GEDVI

GEF
0.35

Cardiac INDEX

Figure 22. GEDVI must be
interpreted in conjunction with the patient’s GEF (GEF — global
ejection fraction, GEDVI — global end-diastolic volume index)

-in Cl. For any patient admitted to the ICU who
becomes haemodynamically unstable, it is important to
know what the Frank-Starling curve looks like and where
the patient is situated on the curve (Fig. 22).

After for

correlation be-

and Cl becomes bet-
ter and statistically significant [22, 101, 102]. We suggest

assuming a of ap-
in critically ill patients, the would

mL m=2. The formula to calculate cGEDVI is

tween the

given below:

GEDVI

cGEDVI =
exp (2.74 x (0.3 — GEF))

According to that approach, patients with a lower
contractile reserve, as estimated by GEF, would then have
a goal for resuscitation to proportionally higher GEDVI
values. Table 4 lists GEF-adjusted target values based on
this approach, in normal and critically ill conditions, while
Figure 23 shows an EF-nomogram for GEDVI resuscitation
target values related to GEF values. A patient with a GEF of
0.25 might have a target GEDVI value of 775 mL m2, whereas
a patient with a GEF of 0.15 might have a target GEDVI of
950 mL m2. However, target values for corrected GEDVI
represent at this stage only a proposal which needs to be
evaluated by future studies.

Ejection Fraction 5% 10% 15% 20% 25% 30% 35% 40% 45% 50% 55%
GEDVI-target (normal) 1,175 1,050 950 850 775 700 625 575 525 475 435
GEDVI-target (critically ill) 1450 1,300 1,150 1,025 925 825 750 675 600 550 500

critically ill — refers to an unstable patient with clinical diminished preload; GEDVI — global enddiastolic volume index; normal — refers to a stable patient
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Figure 23._resuscitation target values in relation to observed global

ejection fraction (GEF) values

STEP 7. EFFECT OF |PLEURAL EFFUSION

The aetiology of pulmonary opacities, especially when
bilateral, can be heterogeneous. EVLW has shown a good
correlation with the degree of pulmonary oedema which
can be cardiogenic or non-cardiogenic [45].The-may
help to differentiate between hyperpermeability versus hy-
drostatic oedemain a case of increased EVLWI [103].

and consequently do PTD-derived
[20, 104].Therefore, if EVLWI i
, the presence of a‘white’ chest X-ray may prompt the
clinician to perform a thorax ultrasound to look for a pleural
effusion.

STEP 8. NORMAL VALUES AND INDEXATION

With the first PiCCO devices, actual body weight and de-
rived body surface area were used for indexing of output and

volumetric parameters. Later software versions, the Philips®
module butalso the-PiCCO2 device, allow using
rather than actual body weight and the derived

- the parameters
and the extravascular lung water .This

improves i -patients and improves correla-

tion with severity of illness and survival in acute lung injury

patients [105—107]. shows that_at
all or-related to is-[1 08], as suggested

by others [109, 110]. The problem is that there are

104

-for_and such algorithms and decision

trees should be used with-[21, 111].

STEP 9. WHAT AFTER PNEUMONECTOMY?-
JANEURYSM? PULMONARY EMBOLISM?

Limited data is available but it is believed that TPTD
could be useful to detect postpneumonectomy pulmo-
nary oedema early on by looking at-of cardiac index
and EVLW [16, 112, 113]. Correct calculation of the CO
and GEDVI is possible in patients after pneumonectomy.
s dependent on the
whereas the-of the EVLWI
Other conditions such as pulmonary
embolism, aortic or left ventricular aneurysm (hidden vol-
umes) or cardiac tamponade may also affect TPTD values

[114-116].1f the patient is known with an_

and a s used, GEDVI and ITBVI

due to the of the Yo}
abrachial, a or axillary catheter s

.[1 17]. When there is an obstruction of the pulmonary

vasculature, in a case of -or acute

respiratory distress syndrome due to microthrombi
and/or high levels of PEEP, the will be_
while the EVAWI will be [23, 114, 116]. In
a surgical intensive care unit population, the estimation
of EVLW by was influenced by the amount of EVLW, the
Pa0,/FiO, ratio, the tidal volume, and the level of positive

end-expiratory pressure [114].
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Oedematous lung areas may compress pulmonary ves-
sels and enhance pulmonary vasoconstriction; both of these
are factors that may reduce pulmonary blood volume and
hence lead to overestimation of GEDVI and underestimation
of EVLWI. However, compared to the double indicator meth-
od, transpulmonary thermodilution estimation remains clini-
cally acceptable even in patients with severe lung disease.

STEP 10. INFLUENCE OF MODE OF VENTILATION: PEEP,

BODY POSITIONING -POSITIONING) AND ONE-LUNG
VENTILATION

One study in patients with acute lung injury suggests
that EVLWI and cGEDVI increase in the- position, due
to an improved equilibration of the thermal indicator, but

that the differences are

102]. i
m\e other hand seems to be [24,118].

Because of the small sample sizes in the studies,-

-is warranted.
In a case of--- the area under the

thermodilution curve will not change and consequently
the CO is- however the MTt and DSt derived from
the contour of the thermodilution curve and associated
volumetric variables are affected and not correct [26, 119,
120]. The effect of- on EVLW measurement is
-s discussed by Michard in a nice review [116]. On
one hand, the use of high levels of PEEP may be responsible
for pulmonary vascular defects resulting in a decrease in
EVLWI. On the other hand, by recruiting the lungs, PEEP may
induce a redistribution of pulmonary blood flow toward
previously excluded areas and hence artificially ‘increase’
EVLWI. Importantly, PEEP may have an effect not only on
the measurement of EVLW by dilution methods but also
on the real amount of EVLW. Indeed, PEEP may decrease
EVLW by decreasing pulmonary capillary pressure (if cardiac
output drops during PEEP application). In contrast, PEEP
may increase EVLW by reducing lymph flow (PEEP does
increase central venous pressure, the backward pressure for
the lymphatic ducts) and by increasing lung volume (i.e. by
decreasing the pulmonary interstitial pressure).

HOWTO FUNCTIONAL HAEMODYNAMICS
IN

Theissues related to functional haemodynamics and the
analysis of the continuous parameters are nicely reviewed
elsewhere [121-123].

STEp 1. EFFECT OF SPONTANEOUS BREATHING

SVV and PPV are functional haemodynamic indices of
fluid responsiveness that are continuously displayed on
a beat-to-beat basis. Functional haemodynamics cannot

be used if the patient is not intubated and mechanically
ventilated or if the patient is breathing spontaneously on
an assisted mode (ASB) [124, 125].

STEP 2. VENTILATOR SETTINGS: TIDAL VOLUME

Conditions that are necessary for correct interpretation
are: controlled mechanical ventilation (i.e. no spontaneous
breaths) and
aproblem with a low tidal volume strategy in ARDS patients
[126], but this is less problematic in stable postoperative pa-

tients [127]. shows that also
are [128,129].

STEP 3. VENTILATOR SETTINGS: RESPIRATORY RATE AND
COMPLIANCE

Also an of the
system appear to the ability for func-
tional haemodynamic parameters like - and - to
predict fluid responsiveness [130]. In those circumstances,
or a fele-expiratory occlusion test may
perform better [131]. Transmission of alveolar pressure to
the vasculature is dependent on the compliance of the
respiratory system.Teboul developed an index of transmis-
sion (IT) looking at the difference between end-inspiratory
(ei) and end-expiratory (ee) CVP or PAOP values and cal-

. The latter can be

culated as:

- PEEP)

lat

IT=(CVP, - CVP,)/P,

IT = (PAOP,,— PAOP, )/(P

olat ™ PEEP)

Transmural CVP and PAOP can then be calculated as follows:
Cvp,, =CVP, ~ITx PEEP
PAOP, = PAOP,, ~IT x PEEP

The index of transmission is higher the better the com-
pliance (e.g.lung emphysema) [132]. As such in ARDS com-
pliance is poor and so no huge impact is to be expected.
dramatically during
manoeuvre (e.g.low flow PV loop) in an ARDS

this always-low preload

Conversely,

STEP 4. WHAT IF PEEP IS HIGH OR DURING HIGH FREQUENCY
VENTILATION?

The influence of lhighlevels of PEEP is stil unclear
[133—-135]. However some animal data suggests that in
the setting of high PEEP levels, SVV may be a better predic-
tor for fluid responsiveness, although the mechanism is
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still unclear [135]. Because functional haemodynamics are
based on cyclic changes in intrathoracic pressure induced
by mechanical ventilation,

(CareFusion, San Diego, CA, USA) while it can still
be used in patients undergoing High Frequency Percussive
Ventilation (HFPV)(VDR4, Percussionnaire, Sagle, ID, USA)
[136]. This can be explained by the fact that during HFPV
tidal excursions are observed as with conventional positive
pressure ventilation, in contrast to HFOV where only small
oscillations are present.

STEP 5. EFFECT OF RIGHT HEART FUNCTION

is a possible for
loading when-or are
Peak tricuspid annulus systolic (TA Sa) velocity, with
a proposed cut off value of 0.15 m sec!, and tricuspid an-
nular plane systolic excursion - as echocardiographic
measures of right ventricular systolic function can

false-positive increase in SV and PPV [137).
STEP 6. EFFECT OF |JARRHYTHMIA

Another condition is that the patient must have a regular

-a'though—provide
t

an

o correct for extrasystoles occurring at a low

frequency. The may be in
-to (normal rate atrial
flutter (AFL) or fibrillation (AF), bigeminal, trigeminal or
incidental extrasystoles). In-cardiac rhythm distur-
bances (tachyarrhythmias, supraventricular tachycardia),
pulse contour analysis may be- Hence, in a case

of.with irregular ventricular response, the-and-
values will be It should be pointed

out that the parameters are measured-
- in the presence of (a common
misunderstanding among nurses). On the other hand, if PPV
is low and the patient has AF, then this surely means he/she
is not fluid responsive. So in a case of low CO dobutamine
should then be given instead of fluids.

STEP 7. WHAT ISBESTISWIORPPVA

Dynamic changes of arterial waveform-derived variables
during mechanical ventilation are highly accurate in pre-
dicting volume responsiveness in critically ill patients, with
an accuracy greater than that of traditional static indices

of volume responsiveness. seems to have the-
-with response to loading [33, 123, 138].

Even in the presence of large pleural effusions, functional
haemodynamic parameters and volumetric preload indica-
tors can reliably predict fluid responsiveness, as illustrated
in an animal study [139].
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STEP 5 AT FINTRACABDOMINALPRESSURE

Evidence from several animal studies shows that in-
tra-abdominal hypertension . can

for-and

the degree of

the values
an effect that seems to be to
[138, 140, 141]. This can be observed in
142].This could lead

[131,143], as the in situations of
increased.[144]. On the other hand, when intrathoracic
pressure (ITP) is low, as in patients after func-
tional haemodynamics should be interpreted with

as some studies have shown a good [145, 146] while others
have shown a poor [147, 148] predictive value for predicting
fluid responsiveness under open chest or open pericar-
dium conditions.The-may hold true in patients under
-where the ventilator is set at minimal tidal volume
excursions: in those patients, PLR based on changes in SVV
performed better than PPV [149].

s7eP o CATHETERMHIPARTERAGT AnD Ust

OF INTRA-AORTIC BALLOON COUNTERPULSATION
Occasionally, in a situation o

such as -

tion associated with

thyreotoxicosis, burns, severe acute

chronic anaemia, AV fistula, multiple myeloma, Morbus Pa-

get)_can be mistaken for a true signal

and included in the pulse contour analysis by the software

or any condi-

algorithm (our own observations, unpublished). This may

An example

noted thatthe use o
the principle of pulse contour analysis is

on the other hand remain
The reason for this discrepancy is the alteration of
the aortic pressure curve caused by the inflation and defla-
tion of the intra-aortic balloon resulting in a double-peaked
pressure curve (diastolic augmentation) for every heart
cycle. As a simple rule of thumb, in order to obtain a correct
value, the following adjustment needs to be considered for
the pulse contour-derived cardiac output (PCCO), depend-
ing on the counterpulsation ratio: for a 1:1 ratio divide the
PCCO by 2; for a 1:2 ratio, divide by 3 and multiply by 2; in
a case of 1:3 augmentation, correct CO can be calculated by
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Figure 24. A —TPTD calibration in

patient with catheter whip artefact. Note the-between
the andhcardiac output and the false

extremely B — Underdamped arterial pressure curve
showing presystolic augmentation

dividing PCCO by 4 and multiplying by 3, etc. Alternatively,
the use of a CCO PAC may provide continuous cardiac output
measurements during counterpulsation, although this has
not been validated yet.

STEP 10, EFFECT OF VASOMOTORTONE
Because the - of the arterial
-on different variables (e.g.

the PiCCO device has to be
practice this corresponds to once every nursing shift). How-

ever, whenever a occurs in the patient’s
afterload use), preload

tractility (catecholamine requirements),

may be recommended [56, 152—-157].

depend not only on-

Thus, PPV could vary from one patient
to another according to the arterial compliance. Therefore,

if-_ is- (e.g. patients with significant

peripheral vascular disease or , this can be

translated to

changesin

and systolic arterial

DISCUSSION
The PiCCO haemodynamic monitoring system has
(PiCCO (lassic) in

in the United
updated version named PiCCO was launched in
in- a update (version 7.0) was mtroduced
and since the software has been t
(7.1). Around the same time, the PiC was introduced
to intensive care physicians. An overview of the patient
monitors that can be linked to the PiCCO system is given in
Table 5 and the parameters obtained with PiCCO technology

can be directly. several -- Manage-
ment (PDMS).

The PiCCO has gained a place in the field of haemody-
namic monitoring in critically ill patients admitted to the
Intensive Care Unit (ICU) or Operating Room (OR), which was
ruled by the pulmonary artery catheter for decades. Com-

pared to the its major are that it is less
invasive and is of the allows
gives additional information on
and

On the other
hand, PiCCO pressures,
but with the advent of transthoracic and transoesophageal
echocardiography as a readily available tool in the modern
ICU, these can also be estimated non-invasively [160—163].

Mixed venous oxygen saturation monitoring is also con-

fined to the PAC, but with the being able tc-
closely

related to mixed venous oxygen saturation in the majority of
patients, this advantage of the PAC has also become a relative
one[2]. Haemodynamic monitoring should be individualised
and dependent on the underlying disease, keeping in mind
the strengths, weaknesses, advantages, disadvantages and
limitations of the method chosen [2, 10, 101, 162, 164—1771.

Pwith different monitoring

. -Monitoring Systems (Issaquah, WA, USA)
. .Healthcare‘s Monitoring Systems (London, UK)
. -Healthcare (Eindhoven, the Netherlands)

. -Medical (Lubeck, Germany)

+ Nihon Kohden (Tokyo, Japan)

« Mindray (Nanshan, Shenzhen, P. R. China)

been in cI|n|caI

and received pproval in
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of the-

seems to be an all-encom-
method for monitoring haemodynami-
patients. The results of recent studies in patients
bleeding (at riskfor_
injury have shed new light on the use, useful-
ness and indications for TPTD monitoring beyond the classical
patients with cardiogenic or septic shock or those presenting
with hydrostatic vs permeability pulmonary oedema [19, 35,
178-181]. But as with any technology, it stands or falls on the
accuracy and reproducibility of the parameters collected.
Moreover, no parameter has ever improved outcomes, only
a good protocol can do that [2, 182]. These haemodynamic

As suggested before [123], the

or they may

also fail to improve outcomes [111, 162].

The PiCCO has been extensively validated with the PAC
as comparator and new devices using the TPTD method are

promising [2, 10]._have raised concerns about

the mathematical analysis of the thermodilution curve and

the of the two parameters
and as they are -with

[183]. The fact that these volumetric haemodynamic indi-

ces are-applicable and- however, has been

extensively demonstrated and in this regard we agree with
Della Rocca and Teboul in their response to Bigatello [184].

_t the bedside [36]. To

further, a recent publication-again the presence
of_ [185]. However, this was only
a small study in 17 patients where dobutamine adminis-
tration significantly increased Cl by 48 + 35%, whereas the
averageincrease in GEDVIwas only 8.2 + 12.3%.The change
in GEDVI was statistically significant (P < 0.0001), but clini-
cally probably not relevant [185].

As with all technologies, the usefulness_

a flawless measurement
technique, and a correct interpretation of the obtained
values in different scenarios.

From our survey among ICU personnel, it appears that
knowledge on the PiCCO is far from optimal. We have tried
to give the reader a guide for correct use of the device with
hints for specific situations and a few caveats. The protocol
used in our unit to obtain a good TPTD calibration is shown
in Figure 25.

Step 1

¢ Check arterial pressure curve (over-or underdamping)
o Perform rapid flush test to assess dynamic response properties

Step 2

o Check correct AP zeroing procedure

Step 3

e Prepare bolus: 20 mL of 0.9% saline at < 8°C

e Connect syringe to distal CVC lumen, avoid bolus mixing
Step 4] Inject bolus rapidly and steadily, without interruption

Step 5

¢ Observe the TPTD curve and repeat injections until 3 satisfying
curves are obtained (each value deviating < 15% from the mean)

o Checkif AT > 0.2°C
Step 6

e If not, use cooler or larger bolus

Step 7

¢ Repeat Steps 3 to 6 three times

Step 8

o Enter the CVP (for calculation of SVR)

Figure 25. Standard TPTD measiement protocol see text for details)
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CONCLUSION

From our survey, we can conclude that knowledge on
the use and interpretation of the PiCCO, although being
used regularly, is suboptimal among ICU personnel. This
triggered our ambition to review the available published
literature on the use of PiCCO technology in specific circum-
stances. Based on this, and on the long experience we have
in our institution, we have tried to give the interested reader
a schematic overview on how to use the device and how to
interpret the obtained parameters correctly at the bedside.
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APPENDIX 1. SURVEY ON THE KNOWLEDGE OF TRANSPULMONARY
THERMODILUTION IN THE ICU

v% artesis
[

hogeschool antwerpen

Questionaire about the use of PiCCO. More answers per question are possible

114

What does PiCCO mean? (open question)

What principles are used with PiCCO measurements?

a) intermittent and continuous CO measurement by
arterial pulse contour analysis

b) intermittent by thermodilution and continuous by
arterial pulse contour analysis

c) intermittentand continuous measurements by ther-
modilution

d) lhave noidea

What does PiCCO measure besides cardiac output?
a) preload

) contractibility

)

@JNe)

extravascular lung water

(X

filling status

wedge pressure

) afterload

) all answers are correct

)
)

i)

> QO

) all answers are incorrect

Hemodynamic monitoring with the PiCCO is:
a) invasive
b) minimal invasive

N

) notinvasive
d) Ihavenoidea

In which patients is the use of PiCCO appropriate?

burned patients

a) patients with septic shock

b) patients undergoing major surgery that need car-
diovascular monitoring

n
—

patients with unknown filling status
patients with kidney failure
patients with respiratory failure

all answers above

| have no idea

) other:

s z>ee

6.

10.

11.

What do we need to perform a PiCCO measurement?
a) central venous catheter, PiCCO catheter, and a PiCCO
kit

arterial catheter, PiCCO catheter, and a PiCCO kit
only a PiCCO kit

Swan-ganz catheter

| have no idea

© 2 0c

—_ =

What is the correct injectate temperature (Ti)?

a) <5°C

b) <8°C

o <12°C

d) ambient temperature
e) lhavenoidea

Is the volume of the injectate (Vi) dependent on the
body weight?

a) yes

) no

c) yes, with a maximum of 100 kg

(o)

d) lhavenoidea

Is it important to enter information like weight and

height of the patient?

a) yes,jto present correctly the indexed values

b) no, weight and height are not important

c) only length is important because the PiCCO calcu-
lates the predicted body weight (PBW)

d) Ibhave noidea

Should the patient be supine during a TPTD measure-
ment?

a) yes

b) no, itis of noimportance

c) head of bed should be elevated at 30—40°

d) lhavenoidea

How many measurements must at least be done to
obtain a correct value?



Pieter-Jan Hofkens et al,, Pitfalls in transpulmonary thermodilution

a) 2 measurements
b) 3 measurements
c) 4 measurements
d) lhavenoidea
. Which deviation from the mean CO is allowed for a ther-
modilution CO measurement?
a) 10%
b) 15%
c) 20%
d) 25%
e) more than 25%

. What values should be noted for volumes and extravas-

cular lung water?

a) theindexed value
b) the absolute value
c) both are possible
d) |havenoidea

. How many times does the PiCCO arterial curve need to

be zeroed/calibrated?

a) atleast once a day

b) before each measurement

) only when starting up the PiCCO
) 1 Xx/shift

) 1 x/week

) 1 x/month

g) lhavenoidea

NN e NNg)

. Why do we perform a rapid flush test?

a) to checkif the curve is damped

)
) to see if there is a leak
)

s

to check if the pressure bag is sufficiently inflated

(X

) to measure the CO
) lhave noidea

)

. When do we perform a rapid flush test?

a) onceaday

b) once per shift

c) before each TPTD measurement
d) lhave noidea

. Which of these rapid flush tests are correct or explain

the pressure signal?
17A. CURVE 1

18.

19.

20.

21

a) damped signal

b) normal signal

c) augmented signal
17B. CURVE 2

:-d =2mm
f =12.5Hz

a) damped signal

b) normal signal

c) augmented signal
17C.CURVE 3

a) damped signal
b) normal signal
c) augmented signal

Question A:Is the placement of the catheters important
for the interpretation of the obtained values?

a) yes

b) no

c) lhavenoidea

Question B: Which of the following is the ideal catheter
position?

d) right jugular vein/left or right femoral artery

e) left femoral vein/right femoral artery

f) left subclavian vein/left or right femoral artery

g) lhavenoidea

The injectate should be injected:
a) inlessthan 7 sec

) inless than 10 sec

) inlessthan 12 sec

(@JNe)

d) depending of the amount of injected volume, always
5cc/2 sec

What to do if the delta T° is less than 0.2 °C?
a) increase the cooling of the injectate

b) increase the speed of injection
c) increase the volume of the injectate
d) lhave noidea

. What happens if the injectate volume is less than the

amount expected by the PiCCO?
a) false increase of the CO
b) false decrease of the EVLWi
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22.

23.

116

c) false increase of the Cl
d) false decrease of the GEDVi
e) lhavenoidea

Should the CVP be entered in the PiCCO?

a) no, itis calculated by PiCCO

b) vyes, to calculate the cardiac output

c) yes, to calculate the systemic vascular resistance
d) Ihavenoidea

Look at the following thermodilution curves and state

if correct
23A.CURVE 1
e
e 56
(CW) 14
534
lll
SUI
101
11%
aT 0.15/T1 8‘(GEDI)1155
| Maes | [ <=

a) correct
b) incorrect
c¢) lhavenoidea

23B. CURVE 2
":‘"’;’“q“fl'”‘ oF 6 o?’éfuﬁm 99
18:9 5.0 52 660 10

'S 57
(CUD> 14

SURl
o 9. 14
HF lll

SVl
| SUU 102
aT 0.26/T1 8‘(GEDI) 908

| I AE

a) acorrect
b) incorrect

c¢) lhavenoidea

23C. CURVE 3
.:i Sa g GEF ITB?TEEU% AD 126
53 0372 26119 10171 AQ
0 3. 1955 9| ccup
1339 sum 1478
26 1243 6/CI 3 18
HF
SUl
sw 19/
PPU
8T 0.15/TI 20_qm>1243

a) correct
b) incorrect
c) lhavenoidea

24. Determine the underlying rhythm

281159710 06,95 17:21 BT34.8| W

'CCl 3

f w 31

| PPV 27%

14 . ) , C1TB1) 1366
B | S | TAES | 2 INF | [HFO | <

a) Regular sinus

b) atrial fibrillation
c) irregular

d) Ihavenoidea

25. Which PiCCO measurements are not reliable if the pa-

tient is not in sinus rhythm?
a) all measurements are reliable

z

all measurements are unreliable

n
~—

the pulse contour analysis is reliable
SVV and PPV are unreliable

LCJg

)

EVLWi) are reliable
f) lhave noidea

26. To finish this survey some questions about you :
a) What is your gender?
O Man
[ Woman
b) Areyou adoctor or a nurse?
] Doctor
[ Trainee
I Nurse
c) Inwhich country do you work?
[ Belgium
[ The Netherlands
1 Other
d) In which city do you work?
e) On which ICU do you work?
Medical ICU
Surgical ICU
Mixed ICU
ccu
Burn Unit
Other
f) How many years do you work in the ICU?*
g) What is your experience (in years) with PiCCO?*

oogoood

the thermodilution measurements (GEDVi and



