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Abstract: Background: Cardiac output (CO) monitoring is recommended in patients with shock.
The search for a reliable, rapid, and noninvasive tool is necessary for clinical practice. A new
echocardiographic CO flow index (COF) is the automatic calculation of the sub-aortic VTI multiplied
by the automatic calculation of the heart rate (HR). The primary objective of this study was to show
the correlation between COF and CO measured by thermodilution (COth) in a controlled hemorrhagic
shock model in anesthetized piglets. Secondary objectives were to show the correlation between
COth and CO calculated from left outflow tract (LVOT) measurement and manual VTI (COman), and
CO measured by LVOT measurement and VTIauto (COauto). Methods: Prospective interventional
experimental study. In seventeen ventilated and anesthetized piglets, a state of hemorrhagic shock
was induced, maintained, then resuscitated and stabilized. The gold standard for CO and stroke
volume measurement was thermodilution (COth). Results: 191 measurements were performed.
The correlation coefficients (r) between COth and COF, COman, and COauto were 0.73 [0.62; 0.81],
0.66 [0.56; 0.74], and 0.73 [0.63; 0.81], respectively. Conclusions: In this study, the COF appears to
have a strong correlation to the COth. This automatic index, which takes into account the HR and
does not require the measurement of LVOT, could be a rapidly obtained index in clinical practice.

Keywords: shock; hemorrhagic; ultrasound; echocardiography; experimental; cardiac output

1. Introduction

Hemorrhagic shock results in a clinical state of acute circulatory failure, the main
mechanism of which is a decrease in venous return due to a loss of circulating volume
(internal or external loss of fluids) [1]. The goal of hemodynamic management in acute circu-
latory failure is to increase cardiac output (CO) to improve tissue perfusion. Optimal fluid
management is an essential element of hemodynamic management in shock but remains a
real challenge for clinicians. The main objective is to control hypovolemia and avoid hyper-
volemia. During shock management, CO and stroke volume (SV) measurements are recom-
mended to evaluate the response to treatment, especially fluid therapy [2,3]. An increase
of 15% of SV or CO is considered an indicator of good therapeutic response [4]. The gold
standard for CO evaluation in critical care is transpulmonary dilution or thermodilution by
central venous catheters (COth), which is an invasive technique [5]. Echocardiography is
increasingly being used to replace invasive techniques in the hemodynamic assessment of
critically ill patients, and it allows direct analysis of the main cardiac function parameters.
Echocardiography is now acknowledged in emergency departments and critical care units
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for cardiocirculatory evaluation [6]. Sub-aortic velocity time index (VTI) is measured using
pulse-Doppler in the outflow tract of the left ventricle with transthoracic echocardiography
(TTE). This tool is reliable and has good intra- and inter-observer reproducibility [7]. VTI
approximates the SV and, therefore, the CO [1]. The CO is estimated by the product of heart
rate (HR), VTI, and the left outflow tract (LVOT) diameter measured in the parasternal
long-axis view. Some studies have shown an important intra- and inter-observer variability
of echocardiographic CO [8,9]. Those variations may be due to an imprecise LVOT diameter
measurement. Indeed, inter-observer variability of the measurement site or probe orien-
tation in LVOT measurement can lead to defective CO estimation. Thus, CO calculation
by the conventional method is dependent on LVOT diameter calculation. This method
exposes mistakes related to operator experience. This method also depends on the ultra-
sonographic acoustic window quality for VTI estimation. An automatized program for VTI
measurement (VTIauto) provides a better correlation to invasive CO than manual (COman)
measurement [10].

As the LVOT diameter is supposed to remain stable during hemodynamic variations
of the same patient, a new echocardiographic index is proposed in this study: CO flux
(COF), which is the automatized product of HR and VTIauto. This tool provides CO esti-
mation without LVOT measurement, which could lead to lower inter-observer variability.
Thus, COF differs from COman (calculated with manually measured LVOT diameter, VTI
(VTIman), and HR) and COauto (calculated with manually measured LVOT diameter and
HR, but automatically measured VTI (VTIauto)).

We hypothesized that COF is better correlated to COth than COman and COauto.
The main aim of this study was to evaluate the correlation between COth and COF in

a controlled hemorrhagic shock model in anesthetized piglets.

2. Methods
2.1. Materials

This study was designed as a prospective trial in a piglet model. The Animal Care
and Use Committee of Languedoc-Roussillon (CEEALR-12013) approved the protocol,
and all experiments were performed in an authorized animal research laboratory. This
animal study was conducted according to the European Directive 2010/63/EC regulating
the use of animals in science. All facilities and transport were compliant with current
legal requirements. The experiments were carried out over four weeks at a rate of two
experiments per day. The animals were kept in the laboratory for 1–4 days.

The primary aim was to evaluate the correlation between COF and COth in an experi-
mental model of hemorrhagic shock (HS).

Secondary outcomes were to study the correlation between:

− COth and COman: CO calculated with a manually measured sub-aortic velocity time
index (VTIman) and LVOT;

− COth and COauto: CO calculated with VTIauto and manually measured LVOT;
− COF and stroke volume (SV) measured by thermodilution;
− VTIman and SV measured by thermodilution;
− VTIauto and SV measured by thermodilution;
− VTIman and COth;
− VTIauto and COth.

2.2. Animal Preparation

The animal preparation method we used has already been published [10–12]. Seven-
teen female piglets aged about three months were utilized. The piglets were premedicated
by intramuscular injection of ketamine 10 mg.kg−1, atropine 0.05 mg.kg−1, and midazolam
1 mg.kg−1. Anesthesia was induced intravenously with propofol bolus (4 mg.kg−1) and
cisatracurium (0.25 mg.kg−1). Anesthesia was maintained with propofol (8 mg.kg−1.h−1).
After orotracheal intubation, the animals’ lungs were ventilated with an inspired fraction
of oxygen of 0.21, a tidal volume of 8 mL.kg−1, and a positive end-expiratory pressure of



J. Clin. Med. 2022, 11, 5420 3 of 10

5 cm H2O. Once piglets were anesthetized, a 7-French double-lumen catheter was inserted,
with ultrasound guidance, through the internal jugular vein into the right atrium. The
central venous line was used to monitor central venous pressure and inject cold boluses for
transpulmonary thermodilution. A 5-French arterial catheter with an integrated thermistor
tip was inserted through the femoral artery (PiCCO® Plus; Pulsion Medical Systems, Mu-
nich, Germany) and into the descending aorta for continuous arterial pressure monitoring,
continuous pulse pressure variation (PPV) calculation, arterial blood sampling, and CO
transpulmonary thermodilution measurement. The femoral vein was also cannulated with
an 8.5-French catheter (Arrow®; Arrow International, Inc., Cleveland, OH, USA) for blood
withdrawal and the administration of resuscitation fluids. All pressure-measuring catheters
were connected to transducers (PiCCO® Plus) for the continuous recording of systemic
arterial pressure, HR, and temperature.

2.3. Experimental Protocol and Measurement Times

Our study design has already been published [10–12]. All steps are shown in Figure 1.
T0 was the start of the experiment, and measured mean arterial pressure (MAP) was con-
sidered as the reference MAP. Several measurements were performed at T0: hemodynamic
parameters (HR, MAP, systolic and diastolic arterial pressure, PPV, and COth), blood
biochemistry (arterial lactate, arterial pH, and hemoglobin), and echocardiographic param-
eters (COF, VTIman, and VTIauto). Then, bleeding was performed by taking venous blood
through the femoral venous catheter in increments of 2 mL.kg−1.min−1 until reaching an
MAP of 40 mmHg, which defined T1. The same hemodynamic and echocardiographic
parameters were measured at each 5 mL.kg−1 blood withdrawal (T0a, T0b, T0c, . . . to
T1). In addition, biochemistry parameters were measured at T1. Then, the MAP was
maintained between 35 and 45 mmHg during blood withdrawal or fluid filling for 30 min
(T2). Hemodynamic and echocardiographic parameters were measured at 15 min (T2a),
and all parameters were measured at T2. Piglets were then reanimated with an infusion of
saline solution with a flow rate of 1 mL.kg−1.min−1. Hemodynamic and echocardiographic
measurements were performed, each with 10 mL.kg−1 of fluid filling (T2a, T2b . . . ), until the
baseline MAP was reached (T3). Hemodynamic, echocardiographic, and blood chemistry
measurements were collected at T3. The MAP was maintained at its baseline value ± 10%
by fluid infusion for an additional hour (T4); then, all animals were sacrificed using i.v.
thiopental infusion (2 g). Hemodynamic and echocardiographic parameters were measured
at 30 min (T3a), and all parameters were measured at T4.
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Figure 1. Study design. MAP = mean arterial pressure.
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2.4. Echocardiography

Two emergency physicians with intensive care unit experience performed and eval-
uated the echocardiogram videos; both have obtained an academic degree in ultrasound
applied to critical care. Echocardiography was performed with a Venue R2.6 ultrasound
device (Venue R2.6, GE Medical Systems, Milwaukee, WI, USA) equipped with a phased
array transducer (GE 3Sc-RS Phased Array Probe, GE Medical Systems, Milwaukee, WI,
USA). Cardiac ultrasound was performed following guidelines from the American So-
ciety of Echocardiography [13]. The VTIman was computed using the average of three
successive measures on an apical five-chamber view using pulse-Doppler in the LVOT.
Using artificial intelligence, the ultrasound device optimized the pulsed-Doppler box place,
recorded four seconds of the Doppler spectrum, traced the outline of VTIs, and averaged
all VTIs of the recording to obtain the VTIauto [10]. HR was automatically averaged over
the measurement time of the VTIauto, allowing automatic calculation of COF. The LVOT
diameter was measured at T0, enabling calculation by the ultrasound device of COman
and COauto. The success rate was calculated for each method (manual and automatic)
based on its ability to obtain a measurement.

2.5. Statistical Analysis

Quantitative data were expressed as medians with 25th and 75th percentiles (25th
percentile–75th percentile). Qualitative variables were expressed as frequencies with percent-
ages. Correlation coefficients were calculated to assess the relationship between quantitative
variables. The significance level was set at 5% for all tests. Statistical analysis was performed
under R 4.0.2 (2020, R Foundation for Statistical Computing, Vienna, Austria).

3. Results
3.1. Animals and Compliance to the Protocol

Seventeen animals were included. A targeted MAP of 40 mmHg was successfully
achieved and maintained for 30 min for all piglets. They were all females. The median
weight was 30 kg [30; 33]. Table 1 shows the hemodynamic and biological characteristics of
the piglets.

Table 1. Hemodynamic and biological data at baseline (T0), hemorrhagic phase (T1), maintenance
phase (T2), resuscitation phase (T3), and stabilization phase (T4).

Median arterial pressure (mmHg)
T0 73 [69; 80]
T1 39 [36; 40]
T2 41 [39; 43]
T3 80 [68; 88]
T4 67 [62; 72]

Heart rate (min−1)
T0 102 [80; 120]
T1 163 [138; 172]
T2 190 [166; 194]
T3 172 [169; 202]
T4 180 [162; 201]

COth (L.min−1)
T0 3.15 [2.99; 3.59]
T1 1.63 [1.42; 2.02]
T2 1.87 [1.66; 2.30]
T3 3.42 [2.51; 4.89]
T4 2.80 [2.58; 3.90]

Hemoglobin (g.dL−1)
T0 9.5 [8.8; 9.9]
T1 8.2 [7.5; 8.9]
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Table 1. Cont.

T2 7.5 [6.9; 8.3]
T3 6.9 [4.3; 7.6]
T4 6.5 [5.5; 7.8]

pH
T0 7.45 [7.39; 7.48]
T1 7.44 [7.39; 7.47]
T2 7.36 [7.07; 7.42]
T3 7.32 [7.27; 7.38]
T4 7.35 [7.34; 7.40]

T0–T1 volume of hemorrhage (mL.kg–1) −25 [−33; −14]

T1–T2 volume for maintenance (mL.kg–1) 2 [−6; 5]

T2–T3 resuscitation fluid volume (mL.kg–1) 16 [13; 33]

T3–T4 volume for stabilization (mL.kg–1) 3 [0; 11]
Data are expressed as median [Q1; Q3]. COth: Cardiac output measured by thermodilution.

3.2. Measures

In total, 191 measurements were recorded: 161 measurements of VTIman were suc-
cessfully performed (84%), and 101 for VTIauto and COF (53%). In addition, LVOT mea-
surements were successfully performed in all piglets. Figure 2 shows the feasibility at each
experimental time. Variations of COth, COman, COauto, and COF during the experiment
are shown in Figure 3.
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Figure 2. Feasibility according to the experimental time of manually measured sub-aortic velocity
time index (VTIman) and automatically measured sub-aortic velocity time index (VTIauto).

3.3. Outcomes

The correlation coefficients (r) between measures for the primary and secondary
objectives are shown in Table 2. Figure 4 shows the correlation of straight lines.
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Figure 3. Variations of CO (L.min−1) during the experiment. (A) CO as measured by thermodilution
(COth); (B) CO calculated by ultrasound device with a manually measured sub-aortic velocity time
index (COman); (C) CO calculated by ultrasound device with an automatically measured sub-aortic
velocity time index (COauto); (D) CO flux (COF).

Table 2. Correlation coefficients between measures for the primary and secondary objectives.

Measure 1 Measure 2 Correlation Coefficient [95%CI]
between Measures 1 and 2 p

COth

COF 0.73 [0.62; 0.81] <0.01

COman 0.66 [0.56; 0.74] <0.01

COauto 0.73 [0.63; 0.81] <0.01

VTIman 0.54 [0.42; 0.64] <0.01

VTIauto 0.45 [0.28; 0.59] <0.01

SV

COF 0.57 [0.41; 0.69] <0.01

VTIman 0.70 [0.59; 0.75] <0.01

VTIauto 0.73 [0.63; 0.81] <0.01
CO as measured by thermodilution (COth); CO Flux (COF); CO calculated by ultrasound device with a manually
measured sub-aortic velocity time index (COman); CO calculated by ultrasound device with an automatically
measured sub-aortic velocity time index (COauto); stroke volume (SV); manually measured sub-aortic velocity
time index (VTIman); automatically measured sub-aortic velocity time index (VTIauto).



J. Clin. Med. 2022, 11, 5420 7 of 10J. Clin. Med. 2022, 11, 5420 8 of 11 
 

 

 
Figure 4. Scatter plots showing the correlations between CO measurements. (A) CO as measured by 
thermodilution (COth) and CO Flux (COF); (B) COth and CO calculated by ultrasound device with 
a manually measured sub-aortic velocity time index (COman); (C) COth and CO calculated by ul-
trasound device with an automatically measured sub-aortic velocity time index (COauto); (D) stroke 
volume (SV) and COF; (E) SV and a manually measured sub-aortic velocity time index (VTIman); 
(F) SV and an automatically measured sub-aortic velocity time index (VTIauto). 

4. Discussion 

1 2 3 4 5 6 7

0.
6

0.
8

1.
0

1.
2

1.
4

COth

C
O

F

1 2 3 4 5 6 7

1
2

3
4

5
6

7

COth

C
O

m
an

1 2 3 4 5 6 7

1.
0

1.
5

2.
0

2.
5

COth

C
O

au
to

10 20 30 40 50

0.
6

0.
8

1.
0

1.
2

1.
4

sv

CO
F

10 20 30 40 50

5
10

15
20

sv

VT
Im

an

10 20 30 40 50

4
6

8
10

12
14

16
18

sv

VT
Ia

ut
o

A B

C D

E F

C
O

F 
(c

m
.m

in
-1

)

C
O

m
an

(L
.m

in
-1

)

C
O

au
to

(L
.m

in
-1

)

C
O

F 
(c

m
.m

in
-1

)

VT
Im

an
(c

m
)

VT
Ia

ut
o

(c
m

)

COth (L.min-1) COth (L.min-1)

COth (L.min-1) sv (mL.beat-1)

sv (mL.beat-1) sv (mL.beat-1)

Figure 4. Scatter plots showing the correlations between CO measurements. (A) CO as measured
by thermodilution (COth) and CO Flux (COF); (B) COth and CO calculated by ultrasound device
with a manually measured sub-aortic velocity time index (COman); (C) COth and CO calculated
by ultrasound device with an automatically measured sub-aortic velocity time index (COauto);
(D) stroke volume (SV) and COF; (E) SV and a manually measured sub-aortic velocity time index
(VTIman); (F) SV and an automatically measured sub-aortic velocity time index (VTIauto).

4. Discussion

This study describes the correlation of a new automatic echocardiography index (COF)
with COth in a model of controlled hemorrhagic shock. As a primary result, COF was
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strongly correlated to COth (r = 0.73). In a hemorrhagic model, COth is a reliable tool to
follow blood volume variations, and COF decreases in response to blood removal and
increases during blood volume compensation (Figure 3).

The search for noninvasive techniques to evaluate CO is ongoing in the literature [14–18],
especially in anesthesiology and critical care [19]. Echocardiography is a noninvasive
technique that is now widely used in emergency departments and critical care units for
cardiocirculatory evaluation [6]. Feissel et al. found that peak aortic blood flow velocity
is a valuable method for predicting the hemodynamic effects of volume expansion in
septic shock patients receiving mechanical ventilation [20]. It is also established that VTI
approximates the SV and, therefore, the CO [1]. However, the echocardiographic calculation
of CO by VTI measurement is exposed to several biases: calculation error from the angle of
insonation, difficulty in assessment of the VTI, problems with correct measurement of the
LVOT diameter, incorrect HR measurement, or averaging enough VTI.

In 2019, our team demonstrated that an automatic program for VTI measurement
(COauto) was better correlated (r = 0.83) with COth than manual (COman) measurement
(r = 0.54) in a piglet model [10]. Our results are concordant with a strong correlation
between COth and COauto (r = 0.73) and a moderate correlation with COman (r = 0.66).
Several articles [8,9] have shown a lack of accuracy in manual measurements of VTI to
estimate CO.

A recent study of mechanically ventilated patients showed a correlation coefficient
of 0.64 between VTI (calculated by averaging five VTI) and SV [8]. In the present study,
the correlation of VTIman and VTIauto with SV was stronger, with values of 0.70 and 0.73,
respectively. Another study performed in a cardiology setting showed a correlation of 0.50
between a cardiac index evaluated by VTI (calculated by averaging three VTIs) and one
measured by thermodilution [14]. If the VTIauto system can correctly trace VTI contours,
the good results of COauto may be due to the device’s capacity to average many VTIs [10].
The VTIauto is an average of all VTI recordings during a 4 s period. According to the HR
in our model (Table 1), the averages of 6–10 VTIs were measured. Indeed, the HS model
induced a high respiratory variation of VTI [10]. The averaging of many VTIs is probably
the most important in hypovolemia conditions.

It seems established that COauto improves the estimate of COth with the automation
of VTI measurement, but LVOT measurement remains manual. Inter- and intra-observer
variability in LVOT diameter was estimated by Shiran et al. at about 4.8 ± 4.1 and 2.8 ± 1.9%
for TTE, and 4.2 ± 3.1 and 2.5 ± 1.6% for transesophageal echography, respectively [21].
They also showed that the diastolic LVOT diameter by transesophageal echography was
slightly smaller compared with the systolic LVOT diameter (−0.03 ± 0.07 cm) [21]. As-
suming LVOT diameter remains stable during blood volume variations, excluding this
measurement for cardiac output estimation seems feasible. In addition, COF, the autom-
atized product of HR and VTIauto, allows for a more accurate estimation of HR because
it is averaged throughout VTIauto recording and provides a significant time gain. In this
model, COF had the same correlation with COth as COauto. The use of an experimental
model could explain this result. The inter- and intra-observer variability of LVOT diameter
in piglets are unknown; hence, we cannot compare measurement errors in human and pig
models. COF is interesting because it seems to be as accurate as COauto, but with time
saving linked to the absence of LVOT diameter measurement. The advantage of COF over
COauto due to inter- and intra-observer LVOT measurement variability remains unproven.

In the present study, VTIauto suffers from moderate feasibility, with a global success
rate of 53%. However, the success rate drops under 20% in critical conditions (Figure 2).
Consequently, the feasibility of COF is the same. In a previous study [10], VTIauto feasibility
was higher, around 60%, which could be due to the operator’s performance or piglets’
inherent characteristics, as the same ultrasound device was used. Because the measurement
of CO is important in highly critical conditions, this will have to be improved. In the
present model, HR can increase above 200 beats min–1, and CO can decrease to less than
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1.5 L.min–1 (Table 1). Because these values are less extreme in humans, it is possible that
COF is more feasible in critical clinical conditions.

Limitations

First, COF is compared to COth, which approximates CO with thermodilution. If COth
is the reference technique in clinical conditions, then in experimental conditions, a flow
meter around the pulmonary artery or aorta could provide a more precise measurement of
CO. Second, even the COF discard the volumetric dimension (cardiac output measured by
echocardiography is dependent on valve area measurement) and is not equal to cardiac
output for a specific pig, because the aortic valve area is constant, the COF varies and
track cardiac output trend during the hemorrhagic shock model. Third, TTE measurements
were performed by two experienced physicians. Feasibility and variability of measurement
could have been worse with non-expert physicians. Fourth, this model provides shock in a
strictly hypovolemic pathway, whereas hemorrhagic shock may result from a combination
of mechanisms. For example, decreased venous return due to a loss of circulating volume
may be associated with a failure of the heart’s pump function (blunt cardiac injury) or a
loss of vascular tone (spinal injury). Finally, measures were performed in a piglet model
with standards of vital constants that differ from humans in critical conditions. For both
reasons, clinical studies in critical conditions are necessary to assess the relevance of COF
to estimate CO.

5. Conclusions

In this controlled hemorrhagic shock model, COF is strongly correlated with COth as
well as COauto, but without the need to measure LVOT. Manual VTI and CO measurements
are less correlated with thermodilution, confirming the need for using an automatic mea-
surement of VTI when feasible. Taking into account the SV and HR without the need for
LVOT measurement, COF seems to be a fast, reliable, and noninvasive tool for evaluating
CO. Its clinical interest should be studied in critical conditions.
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