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Abstract

Thermodilution is the gold standard for cardiac output measurement in critically ill patients. Its application in extracorporeal
therapy is limited, as a portion of the thermal indicator is drawn into the extracorporeal circuit. The behaviour of thermodilu-
tion signals in extracorporeal circuits is unknown. We investigated thermodilution curves within a closed-circuit and assessed
the impact of injection volume, flow and distance on the behaviour of the thermodilution signals and catheter constants. We
injected 3, 5, 7 and 10 ml of thermal indicator into a heated closed circuit. Thermistors at distances of 40, 60, 80, and 100 cm
from the injection port recorded the thermodilution signals (at flow settings of 0.5, 1, 1.5, and 2 L/min). Area under the curve
(AUCQ), rise time, exponential decay and catheter constants were analysed. Linear mixed-effects models were used to evalu-
ate the impact of circuit flow, distance and injection volume. Catheter positioning did not influence AUC (78 injections).
Catheter constants were independent of flow, injection volume or distance to the injection port. The distance to the injection
port increased peak temperature and rise time and decreased exponential time constant significantly. The distance to the
injection port did not influence catheter constants, but the properties of the thermodilution signal itself. This may influence
measurements that depend on the exponential decay of the thermodilution signal such as right ventricular ejection fraction.

Keywords Extracorporeal membrane oxygenation - Cardiac output - Right ventricular function - Thermodilution

1 Introduction of right ventricular ejection fraction and volumes by analysis

of the exponential decay [6, 7]. In the setting of extracor-

Bedside measurement of cardiac output using thermodilu-
tion techniques in critically ill patients is a well-established
concept, and still considered the clinical gold standard [1].
Transcardiac thermodilution uses an injection of a cold fluid
bolus into a central vein with measurement of the resulting
temperature difference further down-stream in the pulmo-
nary artery [2, 3]. In transpulmonary thermodilution, the
temperature difference caused by an injection in the right
atrium is measured in a large systemic artery [4]. The Stew-
art-Hamilton equation states that the flow (I. E. cardiac out-
put) is inversely proportional to the area under the tempera-
ture curve [3, 5]. Thermodilution also allows measurement
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poreal membrane oxygenation, thermodilution techniques
have been shown not to work properly due to drainage of
injectate into the extracorporeal circuit [6, 8]. Nevertheless,
assessment of cardiac output during ECMO therapy may be
of utmost importance for patient management [9, 10].

In a previous study, we have used a modified thermodilu-
tion technique to assess right ventricular function in the set-
ting of veno-arterial ECMO [6]. In this study, we have intro-
duced a thermistor into the ECMO inlet and have shown that
catheter constants can be calibrated using the injections into
the ECMO drainage with measurements of the signal. How-
ever, the effects of the distance between the injection port
and the thermistor as well as the volume of injectate on the
catheter constants and the behaviour of the thermodilution
curve in extracorporeal setups are unknown. We therefore
aim to assess the behaviour of thermodilution signals in a
closed loop system with catheters at varying distances from
the injection port. We hypothesize, that the distance between
the injection port and thermistor as well as the injection vol-
ume have an impact on the properties of the thermodilution
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signals and we will assess whether the area under the curve
(AUC) and calculated catheter constants are influenced by
these changes in thermodilution signal properties.

2 Methods

This study did not need approval from any ethics committee
and was funded by internal resources of the Department of
Intensive Care Medicine.

2.1 Experimental setup

The circuit consisted of a reservoir (EL240 Blood Col-
lection Reservoir, Medtronic plc, Dublin, Ireland), tubes
(3/8" and right before and after oxygenator 1/4"), a rota-
tion pump (Bio Console 560, Affinity CP AP40, Medtronic
plc, Dublin, Ireland) and an oxygenator (QUADROX-I
Paediatric Oxygenator, MAQUET, Hirrlingen, Germany),
used for heating (HCV, Type 20-602, Jostra Fumedica,
Muri, Switzerland, Fig. 1). The system was primed with
450 ml of lactated ringer’s solution and heated to 37 °C.
An injection port was placed after the oxygenator. Four
pulmonary artery catheters (131F7 Standard Four Lumen
Catheter, Edwards Lifesciences, Irvine CA, US) were
introduced at 40, 60, 80 and 100 cm after the injection port
using a Y-introductory sheath (Y-Adapter 9,5 F, B.Braun
Medical AG, Melsungen, Germany). A flow restrictor was
used to accurately adjust flow settings as the resistance in
the system was too low to regulate with pump speed only.

Fig. 1 Experimental setup.
Bends within the circuit are

The tube lengths were as following: 56 cm between pump
and oxygenator, 173 cm between oxygenator and reser-
voir and 52 cm between reservoir and pump. An ultrasonic
flow probe (TS410 Tubing Flow Module with a ME9PLX
Flow sensor, Transonic Systems Inc., Ithaca NY, US) was
attached to the tubing to achieve precise measurement of
fluid flow.

2.2 Experimental protocol and data acquisition

The experimental protocol consisted of a total of 80 injec-
tions into the circuit with simultaneous measurement of
total flow and of the thermodilution signals from each
catheter. 5 injections each were performed at 4 different
flow settings (500, 100, 1500, 2000 ml/min) and 4 different
injection volumes (3, 5, 7, 10 ml). The room temperature
and thus temperature of the injectate was maintained at
23 °C. The pulmonary artery catheters were connected
to either a Vigilance I (2 catheters, Edwards Lifescience,
Irvine CA, US) or a Vigilance II (2 catheters, Edwards
Lifescience, Irvine CA, US) with an analogue data output
connected to an analog—digital converter board (BNC-
2111, National Instruments, Austin TX, US). Data from
the flow probe were collected with the same system. Room
and circuit temperature were controlled manually after
each set of 5 injections. Each injection triggered a data
acquisition sequence of 30 s. Data acquisition was per-
formed at a sample rate of 200 Hz using MatLab (v2022a,
Mathworks, Natwick MA, US).
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2.3 Signal processing, outcomes and statistical
analysis

All signals were visually inspected for artifacts and plausi-
bility. Thermodilution signals were set manually to a base-
line of zero at the end of each exponential decay to remove
baseline drifts occurring after repeated bolus injections.

Temperature peaks were clipped due to a maximum out-
put of 1 V (=2 °C) by the vigilance devices at high injec-
tion volumes and low flows. Saturated signals were recon-
structed by fitting a higher degree polynomial through the
adjacent points of the saturated signal. The reconstructed
signals were used for analysis and the following outcomes
were calculated: 1) Area under the curve via the trapezoidal
method. The signals were integrated over a sample rate of
100 Hz to enable comparison to our previous works [6]. 2)
Peak of the signal using the signal maximum. 3) Start of the
temperature rise using the differential of a smoothed signal
(moving average window of 50 samples) and the rise time
calculated as the time between rising point in temperature
and the maximum of the signal. 4) The signal between the
maximum and the temperature curve up to 0.3° was ana-
lysed using an exponential fit (nonlinear least squares) such
that f(x) = a * €. The coefficient b was determined as the
time constant for the exponential decay of each thermodilu-
tion signal. 5) For each signal and injection we calculated a
catheter constant “CC” such that: [6]

cC = Circuit Flow « AUC
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Fig.2 Thermodilution signals at 2000 ml/min circuit flow and
an injection volume of 10 ml. The rise time (40 cm: 0.73 s, 60 cm:
0.80 s, 80 cm: 0.82 s, 100 cm: 0.90 s) and peak temperatures (40 cm:
1.96 °C, 60 cm: 1.88 °C, 80 cm: 1.79 °C, 100 cm: 1.78 °C) are graph-
ically indicated for illustration purposes. The exponential coefficient
for this injection were — 0.687 (40 cm), — 0.879 (60 cm), — 0.594
(80 cm) and — 0.649 (100 cm)

min and 2002.1 +4.2 ml/min for each target flow setting.
Injected volumes were according to protocol. Table 1 shows

ey

Injection Volume = (Circuit Temperature — Injection Temperature)

Data are expressed as mean with standard deviation.
Multiple linear mixed effect models with each manoeuvre
(consisting of 5 injections) as random effect variables were
used to analyse the impact of injection volume, circuit flow
and catheter distance on different thermodilution properties.
Effects of these models are reported using the intercept and
the model estimates with 95% confidential intervals. Good-
ness of fit was assessed using adjusted R? values. A two-
tailed p-value < 0.05 was considered statistically significant.

3 Results

We included 78 injections into the final analysis. 2 injections
at 1000 ml/min circuit flow and an injection volume of 3 ml
were excluded due to insufficient signal quality. Each injec-
tion delivered 4 thermodilution signals (one per catheter),
which resulted in analysis of 312 thermodilution signals
(Fig. 2).

Mean circuit flow was well within protocol with flows of
502.2+3.7 ml/min, 1003.8 + 16.7 ml/min, 1504.0 + 6.2 ml/

all data for each flow setting and injection volume as mean
with standard deviation.

Peak temperature of the thermodilution signals decreased
significantly with increasing distance from the injection port
(Fig. 3A, Online supplement regression model 1, adjusted
R%: 0.961). Additionally, higher circuit flow decreased, and
injection volume increased peak temperature significantly.
Multivariable regression models estimate an intercept of
peak temperature of 0.81+0.15 °C. The model estimated
a decrease of — 0.44+0.08 °C per 1 L/min flow change
(p<0.001) and an increase of 0.22+0.02 °C per 1 mL
increase in injection volume (p <0.001). The catheter posi-
tion, compared to the catheter at 40 cm away from the injec-
tion port, is estimated to impact the peak temperature by
—0.15+0.04 °C at 60 cm (p<0.001), — 0.26+0.04 °C
at 80 cm (p<0.001) and — 0.23+0.04 °C at 100 cm
(p<0.001).

The rise time of the thermodilution signals changes
significantly depending on flow settings, injection vol-
ume as well as catheter position (Fig. 3B, online supple-
ment model 2, adjusted R?: 0.956). The regression model
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estimates an intercept for rise time of 2.12+0.43 s. Injection
volume increased this by 0.05+0.05 s per change of 1 ml
(p=0.037). Mean flow is estimated to change rise time by
— 1.06 +0.22 s per change of 1 L/min flow (p<0.001). The
catheter position, compared to a distance of 40 cm from
the injection port, is estimated to increase the rise time by
0.1040.05 s at 60 cm (p=0.054), by 0.34+0.05 s at 80 cm
(p<0.001) and by 0.47 +0. 05 s at 100 cm (p<0.001).

The catheter position as well as the circuit flow impacted
the time constant of the exponential decay of the thermodilu-
tion signal significantly (Fig. 3C, online supplement model
3, adjusted R%: 0.875). Injection volume does not affect the
exponential decay (p=0.544). The model estimates an inter-
cept for the time constant of — 0.156 +0.059. Mean flow was
estimated to accelerate this by — 0.247 +0.030 per change
of 1 L/min circuit flow (p <0.001). The signal at 60 cm,
compared to the signal at 40 cm, is estimated to show a
faster exponential decay with a change of — 0.116+0.019
(p<0.001). Signals at 80 cm (increase of 0.041 +0.019,
p<0.001) and 100 cm (increase of 0.020+0.019, p=0.039)
show a slower exponential decay.

The resulting AUC of each thermodilution curve is a
function of injection volume and circuit flow, but not cath-
eter position (Fig. 3D, online supplement model 4, adjusted
R%: 0.981). The regression model estimates an intercept of
694.9 +294.9 °C*centiseconds. This estimate is decreased
by — 530.2+152.1 °C*centiseconds per change of 1 L/min
circuit flow and increased by 88.0 +33.3 °C*centiseconds
per increase of 1 ml of injection volume. Catheter position
changes the AUC significantly, but only minimally (60 cm:
—23.3+18.3 °C*centiseconds, p=0.013 °C*centiseconds,
80 cm: — 11.3 +18.3 °C*centiseconds, p=0.230, 100 cm:
— 10.2+18.3 °C*centiseconds, p=0.276). Catheter con-
stants, calculated from the AUC and ECMO circuit flow,
remain independent of catheter position (p=0.199), circuit
flow (p=0.996) and injection volume (p=0.214, Fig. 4,
online supplement model 6, adjusted R?: 0.127). The
model estimated an intercept of 6.25+0.74. Mean cath-
eter constants with standard deviation for each catheter
were 5.90+0.99 (40 cm), 5.73 +0.85 (60 cm), 5.97+0.90
(80 cm) and 6.00+0.96 (100 cm). For all presented models,
mean random effects were low. Details on each regression
model can be found in the online supplement.

4 Discussion

This study assessed the behaviour of thermodilution signals
in extracorporeal circuits as a function of injection volume,
distance to the injection port and circuit flow. Our data
show, that catheter constants are independent of catheter
positions and flow but the properties of the thermodilution
signal itself change significantly with increasing distance

from the injection port and by circuit flow. Signals closer
to the injection port show a shorter rise time, higher peak
temperature change and faster exponential decay. Catheter
position heavily impacts the properties of the thermodilution
signal. The regression models assess the different proper-
ties of the thermodilution curve in relation to circuit flow,
catheter position as well as injection volume. Goodness
of fit, expressed as the adjusted R? value, is very high for
these models, indicating that the relevant factors have been
identified. Thermodilution is the clinical gold standard of
cardiac output monitoring [3]. An error of approximately
15 to 20% has been estimated [11], which is in line with
our results considering the standard deviation in calculated
catheter constants (Fig. 4). In thermodilution, calculations
of pulmonary blood flow are based upon a catheter con-

stant that allow calculation of blood flow in L/min from
Injection volumes(body temperature — injection temperature) The catheter

AUC
constant consists of two components such that c=K; * K,

[3] K| is the product of specific heat and specific gravity of
the injectate divided by the specific heat times the specific
gravity of blood or medium [12]. In our in vitro setup, we
can assume this factor to be very close to 1 as we injected
ringer’s lactate into the circuit filled with ringer’s lactate
with a temperature difference between injectate and circu-
lating fluid of only 16 °C. Injection of saline or dextrose
5% into blood will increase K, to slightly above 1 [13], as
the specific heat capacity of blood is significantly lower
than that of water or ringer’s lactate [14]. K, is a compu-
tation constant that is dependent on catheter dead space,
heat exchange in transit and injection rate [12]. Although the
shape of the signal is altered significantly by catheter posi-
tion, the resulting AUC stays constant in this study. From
the assessed properties we conclude that the shorter rise time
and faster exponential decay is compensated by a higher
peak temperature, resulting in constant AUC values inde-
pendent of catheter position. These constant AUCs result in
a calculated catheter constant (formula 1) that is independent
of catheter position. Circuit flow and injection volume do not
impact the catheter constant, because it is scaled by these
two variables (formula 1).

For pulmonary artery catheterization, catheter constants
are provided by the manufacturer and are thought not to
be influenced by blood or patient characteristics. However,
applying thermodilution in the setting of extracorporeal
circuits may require to recalibrate these constants in-vivo
using the here described technique and data. Whether this
improves cardiac output measurement compared to standard
catheter constants should be assessed in future studies.

Cardiac output measurement during extracorporeal cir-
culation is difficult and prone to error. Our study group has
suggested approaches using either gas exchange measure-
ments [15, 16] or modified thermodilution techniques [6]. In
this modified thermodilution approach during VA-ECMO,
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Fig.3 Scatter plot showing Peak Temperature (A), rise time (B),
exponential decay coefficient (C) and area under the curve (D).
Colors refer to the injection volume as indicated in the legend. Sym-
bols depict different catheter positions: crosses refers to the catheter
at 40 cm, upward-pointing triangles refer to the catheter at 60 cm,

we used an injection port and thermistor in the ECMO inlet.
After calibration of individual catheter constants, we were
able to calculate pulmonary blood flow using thermistors in
the ECMO inlet as well as pulmonary artery, thus record-
ing the entire signal produced by the injectate. In this VA-
ECMO study in pigs, the calculated constants were between
4.5 and 5.3 and therefore slightly lower compared to the here
presented results, which may be attributable to colder injec-
tate (°4C) as well as injections into porcine blood rather than
ringer’s lactate. We assumed that catheter constants were
dependent on injection volume and corrected for this [6],
but the data from this current study would suggest otherwise.
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Furthermore, it appears that in modified extracorporeal ther-
modilution techniques, the distance between the injection
port and the thermistor is irrelevant as AUC remains con-
stant. This may facilitate clinical practice, if such techniques
are used further. Whether pulsatile versus continuous flow
impacts catheter constants would need further assessment,
but data from our previous studies suggest that the ther-
modilution curves are not affected by flow type [6]. While
standard thermodilution in the setting of venovenous ECMO
is currently not recommended, mainly due to indicator loss
in both transcardiac and transpulmonary thermodilution [6,



Journal of Clinical Monitoring and Computing

121

e 10ml °

"y 5ml

10

Catheter constant
XK HOFOKX XX
o
X XXX Xx
B> Db I
»e

D Lipip B >

4 e
® et ©

DD Pl >
4 KK Aq
@mey o,
X X%
>D> (5> >
' SSGOUS(SIRNESEN
o oL mp o0

XX X X
(1)

&)
T
[

X

x

0 500 1000 1500 2000
Circuit flow [ml/min]

Fig.4 Scatter plot showing the calculated catheter constants for each
injection. Colors refer to the injection volumes while symbols desig-
nate to different catheters as stated above. The flow values are jittered
(£ 100 ml/min) in order to visualize data. Please refer to Table 1 for
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8, 17], adapted techniques may allow quantification of recir-
culation [18] and ultimately maybe cardiac output.
Transcardiac thermodilution not only allows calcula-
tion of cardiac output but also enables estimates of right
ventricular ejection fraction and in combination with stroke
volume, derived from cardiac output, right ventricular
filling volumes [19]. These calculations are based on the
washout, e.g. the exponential decay of the thermodilution
signal, such that the ejection fraction is calculated by divid-
ing the signal height of beat n+ 1 by the signal height of
beat n during the washout phase [6, 19]. Compared to car-
diac MRI and conductance catheter measurements, estima-
tion of ventricular function using thermodilution has been
proven to be of limited accuracy [7, 20]. Our results sug-
gest that this exponential decay is a function of flow as well
as distance to the injection port. Interestingly, the catheter
at 60 cm has a significantly faster exponential decay com-
pared to the other catheters. This effect seems to grow at
increasing circuit flows (Fig. 3). This might indicate there
still is a redistribution of injectate at this position, although
rise time and peak temperature do not seem to be affected.
This is in line with previous findings, where distance to the
injectate port and catheter positioning impacted right ven-
tricular indices [21, 22]. Our study confirms that changes in
the exponential decay, depending on flow and catheter posi-
tion, will inherently impact estimates of ventricular function.
This should be considered when evaluating patients using

thermodilution, particularly when injections are performed
away from standard injections sites. Estimates of global end-
diastolic volume and extravascular lung water derived from
the exponential decay in transcardiac thermodilution meth-
ods may also be impacted by the distance to the injection site
[4], but further study is needed to confirm this.

This study has limitations: 1) Thermodilution signals
were clipped at 2 °C, which was an inherent limitation by the
data acquisition equipment. We were able to correct for this
using a polynomial fit, thus reconstructing the full thermodi-
lution signal. 2) Catheters may have inherent precision errors
[11], which led us to use the distance from the injection port
as a categorical rather than continuous variable in multivari-
able regression models, allowing for detection of systematic
bias or errors. 3) The introduced catheters could change the
flow pattern and stir up turbulences. Using a colour solution,
we determined that despite the introduction of catheters, the
flow was laminar. However, small turbulences cannot com-
pletely be excluded and may limit the data interpretation.

In conclusion, our study shows that catheter constants
for cardiac output calculations in extracorporeal circuits
are independent of flow, injection volume and distance to
catheter ports. This may be of importance for future studies
assessing cardiac output in modified thermodilution tech-
niques, particularly in the setting of veno-arterial of veno-
venous ECMO. In vivo calibration of catheter constants
appears to be reasonable and reliable. Clinicians should be
careful when evaluating right heart indices through ther-
modilution, as these values are influenced by catheter posi-
tion as well as blood flow.
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