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Abstract

Respiratory failure may cause hemodynamic instability with strain on the right ventricle. The capnodynamic method continu-
ously calculates cardiac output (CO) based on effective pulmonary blood flow (COgpgp) and could provide CO monitoring
complementary to mechanical ventilation during surgery and intensive care. The aim of the current study was to evaluate
the ability of a revised capnodynamic method, based on short expiratory holds (COgppgy,), to estimate CO during acute
respiratory failure (LI) with high shunt fractions before and after compliance-based lung recruitment. Ten pigs were submit-
ted to lung lavage and subsequent ventilator-induced lung injury. COgpppey,,, Without any shunt correction, was compared
to a reference method for CO, an ultrasonic flow probe placed around the pulmonary artery trunk (COrg) at (1) baseline in
healthy lungs with PEEP 5 cmH,0 (HL;s), (2) LI with PEEP 5 cmH,O (Llps) and (3) LI after lung recruitment and PEEP
adjustment (LI,g;). CO changes were enforced during LIps and Llp,4; to estimate trending. LI resulted in changes in shunt
fraction from 0.1 (0.03) to 0.36 (0.1) and restored to 0.09 (0.04) after recruitment manoeuvre. Bias (levels of agreement)
and percentage error between COgpgpy, and COrg changed from 0.5 (—0.5 to 1.5) L/min and 30% at HLps to —0.6 (—2.3
to 1.1) L/min and 39% during Llp5 and finally 1.1 (- 0.3 to 2.5) L/min and 38% at Llp,q;. Concordance during CO changes
improved from 87 to 100% after lung recruitment and PEEP adjustment. COgppp.y,, could possibly be used for continuous
CO monitoring and trending in hemodynamically unstable patients with increased shunt and after recruitment manoeuvre.

Keywords Carbon dioxide - Cardiac output - Effective pulmonary blood flow - Capnodynamic - Lung injury - Respiratory
failure - Animal model
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supplementary material, which is available to authorized users. Hemodynamically unstable patients with severe respiratory
failure constitute a medical challenge. In these patients, the
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[4, 5]. As previously described, the capnodynamic method
with inspiratory holds (COgpgpiy,) showed acceptable per-
formance in animals with low shunt [4], however when the
animals were subjected to lavage-induced lung injury both
accuracy and precision were affected [6]. After refinement
of the method with the obliged holds inserted in expiration
(COgpprexp) instead of inspiration the performance in a por-
cine model with healthy lungs improved with sustained good
trending ability during hemodynamic and ventilatory chal-
lenges [5, 7-9]. In addition, COgpppey, has been shown to
provide stable CO monitoring in healthy infants undergoing
cleft-lip surgery [8].

Complementary monitoring of pulmonary blood flow
during mechanical ventilation in respiratory failure could
assist clinicians to perform lung recruitment and adjust
PEEP levels, with regards to the right ventricular heart
function. [5, 10]. The aim of this study was to evaluate the
modified capnodynamic method based on expiratory holds
at increased shunt levels during lung injury, before and after
lung recruitment and under major hemodynamic changes.

2 Methods

The study was approved by the Uppsala animal research eth-
ical committee (nr. C 47/15) and performed at the Hedensti-
erna laboratory in Uppsala University, Sweden. The animals
used in this study were collected from the same breeding
colony (Mangsbo Farm, Uppsala, Sweden). At the farm they
had unlimited access to tap water and food on a standard-
ized schedule and kept in a light and temperature-controlled
environment. Eight of them were included in another study
protocol analysing the effects of ischemia and reperfusion
[7]. Results are reported according to the GRRAS guidelines
[11].

2.1 Anaesthesia and preparation

Briefly, 10 pigs with a mean weight of 38 kg (range
35-44 kg) were anaesthetised and mechanically ventilated
in a volume-controlled mode with a tidal volume (TV) of
8 mL/kg, FiO, 0.40 and PEEP 5 cmH,0 (Servo-i, Maquet
Critical Care, Solna, Sweden). At baseline respiratory rate
(RR) was adjusted to normal ventilation according to blood
gas analysis. An arterial catheter and a pulmonary artery
catheter (Edwards Lifesciences Corp., Irvine, CA, USA)
were inserted with a cut down in the neck under direct
vision. An inflatable thrombectomy catheter (Dispomedica
GmbH, Hamburg, Germany) and a stent graft balloon cath-
eter (Reliant®, Medtronic Inc. Minneapolis, MN, USA)
were inserted with ultrasound guidance in the inferior caval
vein for controlled preload reduction and the caudal aorta
(not used in this protocol), respectively. An ultrasonic flow
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probe (AUseries Confidence Flowprobe® with ultrafit liner,
Transonic Systems Inc., Ithaca NY, USA) to measure CO
(COrg) was surgically inserted around the pulmonary trunk
(COrg) through a left sided thoracotomy.

A mainstream infrared sensor (Capnostat-3, Respironics
Inc, Wallingford, CT, USA) was used to measure concen-
tration of expired CO,. Gas flow was analysed by the flow
sensor incorporated in the ventilator and transmitted to a
computer where all the mathematical analysis was carried
out with a software written in Matlab™ (The Mathworks
Inc, Natick, MA, USA).

ABL-800FLEX (Radiometer Medical ApS, Brgnshgj,
Denmark) was used for blood gas analyses. Hemodynamic
parameters were retrieved into a data acquisition system
(Acknowledge, version 3.2.7, Bio Pac Systems, Santa
Barbara, CA, USA). Core temperature was maintained at
38-39 °C. Animals were sacrificed with potassium chloride
injection at the end of the protocol.

2.2 Calculations and measurements of cardiac
output, shunt and dead space

A detailed description of the capnodynamic equation can
be found in the supplementary material. As previously
described [5, 7], a short pause is introduced to the expiratory
phase of three out of nine breaths, automatically controlled
by the ventilator. The resulting small differences (0.5—-1 kPa)
in the alveolar concentration of CO, between breaths can
be inserted into the capnodynamic equation, describing the
mole balance of CO, transported to and from the lungs. Each
breath creates one equation and with a stack of nine equa-
tions the COpgpgp can be calculated using a least square-error
optimization. With each breath the last equation is replaced
with the newest allowing a continuous calculation of COgpgr
with each presented value representing an average of the
preceding nine breaths (approximately 20 s).

The experimental reference method, COrg, represents
the flow generated by each cardiac cycle measured at the
pulmonary trunk and is considered the gold standard for
invasive CO measurement. Each CO reading was performed
during a steady state were COgpgp represents the CO for the
preceding 9 breaths (~20 s) and COTS the preceding 5-10 s.

The pulmonary artery catheter (PAC) was used for mixed
venous blood sampling, gas analysis and calculation of
hemodynamic parameters. Blood samples were drawn after
the COpg and COgpgp readings to avoid disturbances on the
CO, signal.

Shunt fraction was calculated using Berggren’s formula
[12]. Physiological dead space (Vd/Vt), ad modum Eng-
hoff, representing the global V/Q mismatch in the lungs was
measured with PaCO, and volumetric capnography (NICO
monitor, Respironics, Wallingford CT, USA) [13].
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2.3 Lunginjury

Ten animals were subjected to a two-hit ventilation
induced lung injury (VILI) model, approximately 2 h after
severe ischemia and reperfusion, as previously reported
[7]. Repeated lung lavages with 37° isotonic saline (30 ml/
kg) were combined with subsequent 30-60 min of injuri-
ous mechanical ventilation combining zero PEEP with an
inspiratory pressure of 30-35 cmH,0.

2.3.1 Experimental protocol

During the protocol, TV and RR were left unchanged.
COgppr and COg4 data was collected continuously breath
by breath (COgpgp) and beat to beat (COqg). Data readings
for COgppp and COg were registered simultaneously in the
case report file during steady states. The first reading was
registered at PEEP 5 (HLp;) at the start of the day and sub-
sequently after lung injury (LIps_BL 1), controlled preload
reduction with caval balloon inflation (LIs_ CAVA), Dob-
utamine infusion (LIps_DOB), aiming for +30% change
in CO. Baseline measurements were performed before
and after changes in CO (LI,s_BL 2 and 3). Thereafter a
recruitment manoeuvre (RM) was performed where the
level of PEEP resulting in maximum dynamic compliance
was considered the closing pressure. PEEP adjusted was
set at 2-3 cmH,O higher than the closing pressure. The
lung recruitment procedure lasted for 22 + 14 min and
resulted in a PEEP range of 11-17 cmH,0. COgpgr and
COqg readings were repeated after PEEP adjustment dur-
ing steady state at baseline (LIp,q; BL 4), caval balloon
inflation (LIp,q;_CAVA), baseline (LIp,q;_BL 5) again and
Dobutamine infusion (LIp,y;_DOB) as described before.
Fluid and vasopressor treatment were adjusted to maintain
stability and time between each intervention was 7—15 min
depending on time to stabilisation.

2.4 Statistics

Data was analysed for normal distribution with D’Agostino
and Pearson omnibus K2 test and proportional bias, i.e.
the spread of bias at different CO levels, was checked with
visual assessment and by a linear regression. Results are pre-
sented as mean (standard deviation, SD). A p value of <0.05
was considered significant. Statistical calculations were per-
formed in Graph Pad Prism (version 6.0 for Windows, Graph
Pad Software, La Jolla, CA, USA). Cartesian data for polar
plots was converted to polar coordinates in an Excel sheet
(kindly provided by Professor L. Critchley) and displayed as
graphs in Medcalc Statistical Software version 16.8.4 (Med-
Calc Software bvba, Ostend, Belgium) [14]. Calculations of

all confidence intervals (CI) were performed in Excel (ver-
sion 2007).

Correction for repeated measurements was not applied as
each measurement was considered independent with time for
stabilization during and between each hemodynamic inter-
vention [15, 16].

2.5 Precision

Individual precision (defined as twice the coefficient of vari-
ation (CV=SD,,.,q/mean CO,y¢poq) Of COppppey, and COrg
was calculated at baseline conditions using ten measure-
ments obtained at 1-min intervals in each animal [17]. Our
previously reported precision for COppppey, Was 8 to 14%
during steady state conditions and 4% for the CO-g [5, 7].

2.6 Absolute values and percentage error

Bland-Altman methodology was used to measure the mean
difference (bias) between the methods and the precision (lev-
els of agreement) [18-20]. Percentage error (PE) to estimate
the accuracy was calculated as 100% X 1.96 X meil?co [15,
20], where SD is the standard deviation of the difference
between the methods and mean CO is the mean cardiac out-
put of the reference method.

A priori, COgpgp Was considered interchangeable to COrg

if percentage error was <30% [20].

2.7 Trending ability

The agreement in the direction and magnitude of the change
was assessed with a four-quadrant and polar plot methodolo-
gies by dividing the number of data points within the two
quadrants of agreement and the radial limits of agreement
of +30° with the total number of data points [14]. Because
of the high precision of the reference method, an exclusion
zone of 10% was used [21]. Concordance rates of >92%
and > 90% calculated by the four-quadrant plot and the polar
plot respectively, were considered good [22]. An angular
bias smaller than + 5° indicated good calibration between
the test and the reference method [14, 22].

3 Results

Data from two animals were excluded in the analysis; one
animal was critically unstable after the lung injury and
measurements before lung recruitment were not possible.
In the second animal a computer failure made COppgy cal-
culation impossible.

Lung injury resulted in respiratory failure including
decreased dynamic compliance and ratio of partial pressure
of oxygen in arterial blood to inspired fraction of oxygen
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(P,0,/F,0,), as well as increased shunt, physiological dead
space and partial pressure of CO, in mixed venous blood
(P,CO,). The individual recruitment manoeuvre with PEEP
adjustment to 15 (3) cmH,0 (range 11-17 cmH,0), normal-
ized shunt and compliance to large extent, although physi-
ological dead space and P,CO, were elevated compared to
baseline (see Table 1 for changes in respiratory and hemo-
dynamic parameters during the protocol).

The calculated inherent precision of the COgppr and
COqg during initial baseline conditions were 9% and 6%,
respectively. Mean CO during the lung injury protocol meas-
ured with COgpppey, and COpg was 4.2 and 4.0 L/min and
changed in average 30-35% (+4-10%) during caval balloon
inflation and dobutamine infusion (see Fig. 1 for event line).
Data for CO measurements was normally distributed. No
proportional bias was detected.

Bias (LoA) and PE for the COgpgp compared to CO-g
changed from baseline 0.5 (—0.5 to 1.5) L/min and 30% to
—0.6 (—2.3 to 1.1) L/min and 39% at LIps and finally 1.1
(—0.3 to 2.5) L/min and 38% after recruitment manoeuvre
and PEEP adjustment (see Fig. 2; Table 2).

Concordance during Llps and Llp,y;, was 87 and 100%
via the four-quadrant plot and 93 and 100% in the polar plot.
The mean (95% CI) polar angle during LIps and LIy, ; was
—14.8° (—40.0° to —10.5°) and —2.3° (—22.9° to 18.3°),
respectively (see Figs. 3, 4).

4 Discussion

We have evaluated the performance of the modified cap-
nodynamic method based on expiratory holds in an experi-
mental lung injury model resulting in high shunt fraction
at PEEP 5 cmH,0 and after lung recruitment with PEEP
adjustment. In addition, both conditions were evaluated dur-
ing major CO changes. COgppgey,, Without any shunt cor-
rection, underestimated CO at high shunt fraction by 14%
and overestimated CO by 30% after recruitment and PEEP
adjustment. The ability to track changes was only margin-
ally affected at high shunt and improved to 100% after lung
recruitment as assessed by the four-quadrant and polar plot
analyses.

Respiratory failure is a challenging situation for clinicians
working in the operating theatre and intensive care unit. In
severe cases, elevated shunt, hypoxemia and hypercapnia can
lead to increased pulmonary vascular resistance and right
ventricular failure, if not treated adequately. Mechanical
ventilation is the mainstay of supportive treatment convey-
ing oxygenation and ventilation at the lowest driving pres-
sure possible. Mechanical ventilation providing continuous
COpgppr monitoring has the potential to detect almost instan-
taneous hemodynamic changes, which can help the clinician

@ Springer

to optimize oxygen delivery in real time via PEEP titration
and adjustment of fluid and vasopressor therapy.

The capnodynamic method indirectly calculates the
pulmonary blood flow based on CO, elimination kinetics.
COgppr 1s equivalent to the non-shunted fraction of the
CO and therefore potentially affected by disease states that
increase the shunt fraction. The capnodynamic method based
on inspiratory holds performed poorly in a porcine lung-
lavage model. Precision was low during high shunt fraction
and decreased further after PEEP elevation to 12 cmH,O0,
compared to the COg [6]. Interestingly, even before the lav-
age, a paradoxical rise in COgpgp;pg, Was observed at PEEP
12 cmH,0 [6]. The authors concluded that the observed
increase in intrathoracic and airway pressure parallel to the
inspiratory pause phases may have caused fluctuation in the
pulmonary blood flow per se, possibly disturbing the carbon
dioxide signal leading to errors in the obtained COgpgpips,
value [6]. The current improved breathing pattern, combin-
ing six normal breaths followed by three with added short
expiratory hold lowers the average airway pressure during
a set of nine breaths [5]. This probably decreases the vari-
ation in the pulmonary blood flow, providing more stable
conditions for accurate calculations as observed when the
COgpprexp Was challenged in a porcine model during various
ventilatory and hemodynamic changes in healthy lungs [5].

In the current study COgpppey, Overestimated CO at
higher PEEP levels without markedly affecting precision or
trending ability. The expected increase in lung volume, as
new regions were re-opened with the RM and kept open
with the adjusted PEEP, was captured by the CO,-based
estimation (ELV), an entity included in the capnodynamic
equation (see Table 1). However, this entity has not been
evaluated with the revised breathing pattern or during lung
injury, per se. The reason for the overestimation at higher
PEEP levels in the animal model is not entirely clear. At
constant metabolism and ventilatory settings, any change in
the elimination of CO, can be explained by a combination
of changes in (1) the effectiveness of the pulmonary blood
flow, (2) the area for CO, exchange, and the global ventila-
tion—perfusion relationship of the lungs (V/Q ratio). These
factors can be different between healthy and injured lungs
[23]. The capnodynamic method is based on a homogenous
lung model with regards to V/Q ratio. In the injured lung
there will be a distribution of varying V/Q conditions over
the lung, even after recruitment, especially over distended
regions. How these affect the result of the prototype method
is not fully understood, but could contribute to the observed
over estimation at high PEEP in this study. Previous animal
studies and our overall data show conflicting results in terms
of higher PEEP (increased lung volume) and accuracy of
the COgpgr. Interestingly, in a recent clinical study (manu-
script) where COgpgp Was compared to transpulmonary
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Fig. 1 Timeline showing mean
(SD) values for COgppp, COqg

and shunt fraction throughout co
i - EPBF
the lung injury (LI) protocol.
LI lung injury, CAVA Preload w > COrg
reduction with balloon inflation = =
in vena cava, Dob Dobutamine g 3
infusion, RM Recruitment 3 =
manoeuvre, Padj PEEP adjust- E
ment g.
-+ Shunt fraction
PEEP adjusted
a PEEP 5 cmH,0 (Range 1?-111:.]:4,2)
4 b 4

5 z

E 2 £ 5

3 52 PR

4 5 A - Bias 1.1 /min

o, R & R

o 0 . T 30 - PE=38%

i 22— 4 -6 8 Bias -0.6 L/min L Vi 'y 6 8 Shuntyg=11% (+/-5%)
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8 -2 - Shunty,g=35% (+/- 9%) 8'" 2

4 (COgpgr + CO1s)/2 (Umin) 4 (COepgr + COrs)/2 (L/min)

Fig.2 Bland—Altman plot showing a 37 paired values for COgpgp (Padj—pink dots). Bias is represented with a whole line with corre-
versus COqg during LI with high shunt fraction at PEEP 5 cmH,0 sponding CI (dotted lines) and levels of agreement (LoA) are shown
(P5—orange triangles) and b 31 paired values after PEEP adjustment with broken lines with corresponding CI (dotted lines)

Table 2 Mean cardiac output (L/min) and Bland—Altman results for COgpgr and COy at different conditions and interventions with confidence
intervals (CI) for bias and upper/lower level of agreement (LoA) and the percentage error (PE)

Condition COgpgr COpg (L/min)  Bias (L/min) CI_bias (L/min) LoA (L/min) CI_lower LoA (L/min) CI_upper PE (%)

(L/min) LoA (L/
min)
HL,s 4.0 3.5 0.5 0.1t0 0.9 —-0.5t0 1.5 —-09t0—-0.2 1.2t0 1.9 30
LI,s_BL 3.6 4.4 -0.8 —-1.5t0-0.2 —2.71t0 1.0 —-3.3t0-2.0 04to01.6 42
LI,s_CAVA 2.6 2.9 -0.3 —-0.6t00.1 —-1.5t00.9 -20to—1.1 0.5t0 1.4 43
LI,s_BL 4.0 4.5 -0.5 —-1.2t00.1 —23t01.2 -29t0—1.7 0.6to0 1.8 39
LI,s;_DOB 4.6 5.7 -1.2 0.7to 1.7 —-0.2t02.5 —-0.6t00.3 2.0t0 3.0 23
LI,s_BL 4.1 4.3 -0.2 —-0.8t00.3 —1.8t0 1.3 —-23t0o—1.2 0.8to 1.8 35
LI;; all 3.7 4.3 -0.6 —-09to—0.3 —23to 1.1 —2.6to —2.0 0.8 to 1.4 39
Llp,q BL 4.7 3.6 1.1 0.6t0 1.6 —-0.3t02.6 —-09t00.2 2.1to 3.1 41
Llp,q CAVA 35 2.5 1.0 0.6to 1.5 —-0.3t02.3 —-0.7t00.2 1.9t0 2.8 52
Llp,q BL 4.8 3.6 1.2 0.8to 1.7 —-0.1t02.5 —-0.5t004 2.1t0 3.0 36
Llp,q; DOB 5.8 4.7 1.1 0.5to0 1.7 —-0.6t02.7 —-1.2t0-0.0 2.2t03.3 35
LIp,g;-all 4.7 3.6 1.1 09to1.3 —03t02.5 —0.5t0 —0.0 2.3t02.7 38

LIps lung injury at PEEP 5 cmH,0, BL baseline, CAVA preload reduction with balloon inflation in the vena cava, DOB dobutamine infusion,
Llp,q; lung Injury after recruitment manoeuvre and PEEP adjustment
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Fig.3 A four-quadrant plot showing total 30 paired delta values as measured with COgpgr and COrg during preload reduction with balloon infla-
tion in vena cava (blue circles) and Dobutamine infusion (red squares) at high shunt fractions and after lung recruitment and PEEP adjustment

thermodilution during open abdominal surgery, no over
estimation was observed even at high PEEP levels (up to
20 cmH,0) [24].

The current experimental protocol using the improved
capnodynamic method departs from our previous study [6]
in three ways. Firstly, the animals had experienced caudal
ischemia and reperfusion approximately 2 h before [7], pos-
sibly adding extra stress and inflammation; secondly, VILI
was added to the conventional lavage to induce more severe
respiratory failure and thirdly, an individualized recruit-
ment manoeuvre with PEEP adjustment based on compli-
ance, instead of arbitrarily raising it to 12 cmH,0. Despite
the more extreme insult to the animals, percentage error for
COgpprexp Was roughly unchanged (avg. 38 and 39%) dur-
ing LI opposite to the high PE (avg. 70 and 75%) observed
in the previous study with COgpppiy,- A finding consistent
with the overall performance of COgpppey, in healthy lungs.

The accuracy of COgppy is dependent on the ventilation-
perfusion status of the lung. When the shunt fraction is
increased, COgppp underestimates CO. This can be managed
in two ways; either by incorporating shunt correction meth-
ods such as the iso-shunt diagram used by the NICO monitor
[25] or by combining measurement of oxygen uptake and
pulmonary blood flow (via the Fick equation) as applied in
the capnotracking method developed by Peyton et al. [26],
or alternatively by keeping the lung open with lung recruit-
ment and PEEP adjustment. Recruitment manoeuvres are
common in clinical practice both in the operation theatre
and ICU and will most likely reduce any significant shunt
fraction and improve the overall performance of the cap-
nodynamic method in the commonly used PEEP range.
Therefore, COgppp could possibly be used as an independ-
ent physiological variable to adjust PEEP for best oxygen
delivery as suggested by Gedeon et al., in a study of a small

group of patients with acute respiratory failure [10]. For the
clinician managing patients with respiratory failure in the
operation theatre or ICU, perhaps the most important func-
tion of a hemodynamic monitor is to continuously and reli-
ably detect relevant CO changes and response to treatment,
as repeatedly shown by the capnodynamic method under
experimental conditions.

Despite the severe lung injury, high shunt fraction,
recruitment manoeuvre and PEEP adjustment the COgpppey,
had a PE of 38 and 39%, when compared to the highly
accurate Transonic flow probe. Traditionally, a PE of 30%
has been used as a priori to determine interchangeability
between the studied and reference method [20]. However,
it should be kept in mind that this cut off is primarily based
on the inherent precision of the PAC calculating CO via
thermodilution during stable hemodynamic situations and
a simulation model [27, 28]. Based on the performance of
the PAC, the 30% cut-off has recently been challenged by
Peyton and Wong, where a PE of 45% was suggested when
comparing new non-invasive CO methods in clinical situa-
tions when clinical benefit is anticipated [29].

The capnodynamic method calculates CO by changing
the time between three out of nine breaths during controlled
mechanical ventilation. Any triggered breath will affect the
accuracy of COgpgp for the next nine breaths. However, the
method includes an error function estimating the internal
validation of the calculations (not used in this study). This
function could theoretically be programmed to filter out
COgppp values with an elevated internal error, such as trig-
gered breaths and therefore support the clinician with only
stable calculations of pulmonary blood flow.

This study has several limitations. It is a small animal
study where the induced respiratory failure is artificial,
although the ischemia, reperfusion and VILI might have
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Fig.4 Polar plot for COEPBF with COTS as a reference during lung
injury at high shunt fractions and after lung recruitment and adjust-
ment. The radial length is the mean of the pairwise delta values of
the reference method and the test method (L/min) and is shown with
a whole orange line with corresponding CI (dotted lines). Data spread
closely to the polar axis (whole black lines) indicate good trending

added to the clinical application. Each animal responded
differently to lung injury and lung recruitment resulting in
inter-individual differences in treatment and physiologi-
cal status. As COgpgp calculations are based on human
data and COgpgy and the reference method do not measure
the same physiological variable, some difference is to be
expected.

@ Springer

In this study, the performance of the revised capnody-
namic method was evaluated during lung injury, with high
shunt and after lung recruitment with PEEP adjustment.
COgpprexp Showed good trending ability, especially when
CO decreased. Accuracy was affected during high shunt and
elevated PEEP although precision might be considered clini-
cally acceptable. Clinical studies validating performance
during high risk surgery and intensive care are underway.

Acknowledgement Open access funding provided by Karolinska Insti-
tute. Special thanks to the staff at Hedenstierna laboratory in Uppsala,
Sweden.

Author contributions TS, TO, CHS, FS, MH and HB Study design,
data collection and analysis. TS, CHS, HB, AO, MH, MW, FSS Revi-
sion of the manuscript. ER Data collection.

Funding This project is a collaboration between Karolinska Insti-
tutet and Maquet Critical Care AB. The work was supported by unre-
stricted grants from Maquet Critical Care AB, the regional agreement
on medical training and research (ALF) between Stockholm County
Council and the Karolinska Institutet, HMT project (Health, Medi-
cine and Technology), a collaboration project between the Stockholm
County Council and the Royal Institute of Technology and VINNOVA;
Sweden’s innovation agency.

Compliance with ethical standards

Conflict of interest Magnus Hallbdck is employed at Maquet Critical
Care AB (MCC), Fernando Suarez Sipmann performs consultant ac-
tivities for MCC, Mats Wallin is employed at MCC, Caroline Hillsjo
Sander has received grants for research from MCC, Hakan Bjorne has
received grants for research from MCC, Thorir Sigmundsson, Tomas
Ohman, Eider Redondo, Anders Oldner declares that they have no con-
flict of interest.

Ethical approval All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were followed. All
procedures performed in this study were in accordance with the ethi-
cal standards of the institution or practice at which the studies were
conducted.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Repesse X, Vieillard-Baron A. Right heart function during acute
respiratory distress syndrome. Ann Transl Med. 2017;5(14):295.
https://doi.org/10.21037/atm.2017.06.66.

2. Vieillard-Baron A, Naeije R, Haddad F, Bogaard HJ, Bull TM,
Fletcher N, Lahm T, Magder S, Orde S, Schmidt G, Pinsky MR.
Diagnostic workup, etiologies and management of acute right ven-
tricle failure: a state-of-the-art paper. Intensive Care Med. 2018.
https://doi.org/10.1007/s00134-018-5172-2.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.21037/atm.2017.06.66
https://doi.org/10.1007/s00134-018-5172-2

Journal of Clinical Monitoring and Computing (2020) 34:1199-1207

1207

10.

11.

12.

14.

15.

16.

Paternot A, Repesse X, Vieillard-Baron A. Rationale and
DESCRIPTION of right ventricle-protective ventilation in ARDS.
Respir Care. 2016;61(10):1391-6. https://doi.org/10.4187/respc
are.04943.

Hallsjo Sander C, Hallback M, Wallin M, Emtell P, Oldner A,
Bjorne H. Novel continuous capnodynamic method for cardiac
output assessment during mechanical ventilation. Br J Anaesth.
2014;112(5):824-31. https://doi.org/10.1093/bja/aet486.

Sander CH, Sigmundsson T, Hallback M, Sipmann FS, Wallin M,
Oldner A, Bjorne H. A modified breathing pattern improves the
performance of a continuous capnodynamic method for estimation
of effective pulmonary blood flow. J Clin Monit Comput. 2016.
https://doi.org/10.1007/s10877-016-9891-z.

Hallsjo Sander C, Hallback M, Suarez Sipmann F, Wallin M, Old-
ner A, Bjorne H. A novel continuous capnodynamic method for
cardiac output assessment in a porcine model of lung lavage. Acta
Anaesthesiol Scand. 2015. https://doi.org/10.1111/aas.12559.
Sigmundsson TS, Ohman T, Hallback M, Redondo E, Sipmann
FS, Wallin M, Oldner A, Hallsjo Sander C, Bjorne H. Perfor-
mance of a capnodynamic method estimating effective pulmo-
nary blood flow during transient and sustained hypercapnia. J Clin
Monit Comput. 2018;32(2):311-9. https://doi.org/10.1007/s1087
7-017-0021-3.

Karlsson J, Winberg P, Scarr B, Lonnqvist PA, Neovius E, Wal-
lin M, Hallback M. Validation of capnodynamic determina-
tion of cardiac output by measuring effective pulmonary blood
flow: a study in anaesthetised children and piglets. Br J Anaesth.
2018;121(3):550-8. https://doi.org/10.1016/j.bja.2018.02.034.
Karlsson J, Wallin M, Hallback M, Lonnqvist PA. Capnodynamic
determination of cardiac output in hypoxia-induced pulmonary
hypertension in pigs. BrJ Anaesth. 2019;122(3):335-41. https://
doi.org/10.1016/j.bja.2018.10.064.

Gedeon A. Noninvasive pulmonary blood flow for optimal PEEP.
Clin Physiol. 1985;5(Suppl 3):49-58.

Kottner J, Audige L, Brorson S, Donner A, Gajewski BJ, Hrob-
jartsson A, Roberts C, Shoukri M, Streiner DL. Guidelines
for reporting reliability and agreement studies (GRRAS) were
proposed. J Clin Epidemiol. 2011;64(1):96—106. https://doi.
org/10.1016/j.jclinepi.2010.03.002.

Berggren S. The oxygen deficit of arterial blood caused by non-
ventilation parts of the lung. Acta Physiol Scand. 1942;4(Suppl
2):1-92.

. Tusman G, Sipmann FS, Bohm SH. Rationale of dead space

measurement by volumetric capnography. Anesth Analg.
2012;114(4):866—74. https://doi.org/10.1213/ANE.Ob013e3182
47f6¢c.

Critchley LA, Yang XX, Lee A. Assessment of trending ability
of cardiac output monitors by polar plot methodology. J Cardio-
thorac Vasc Anesth. 2011;25(3):536—46. https://doi.org/10.1053/.
jvca.2011.01.003.

Montenij LJ, Buhre WF, Jansen JR, Kruitwagen CL, de Waal EE.
Methodology of method comparison studies evaluating the valid-
ity of cardiac output monitors: a stepwise approach and checklist.
Br J Anaesth. 2016;116(6):750-8. https://doi.org/10.1093/bja/
aew094.

Hapfelmeier A, Cecconi M, Saugel B. Cardiac output method
comparison studies: the relation of the precision of agreement and

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

the precision of method. J Clin Monit Comput. 2015. https://doi.
org/10.1007/s10877-015-9711-x.

Cecconi M, Rhodes A, Poloniecki J, Della Rocca G, Grounds
RM. Bench-to-bedside review: the importance of the precision
of the reference technique in method comparison studies—with
specific reference to the measurement of cardiac output. Crit Care.
2009;13(1):201. https://doi.org/10.1186/cc7129.

Bland JM, Altman DG. Agreement between methods of measure-
ment with multiple observations per individual. J Biopharm Stat.
2007;17(4):571-82. https://doi.org/10.1080/10543400701329422.
Bland JM, Altman DG. Statistical methods for assessing agree-
ment between two methods of clinical measurement. Lancet.
1986;1(8476):307-10.

Critchley LA, Critchley JA. A meta-analysis of studies using bias
and precision statistics to compare cardiac output measurement
techniques. J Clin Monit Comput. 1999;15(2):85-91.

Axiak Flammer SM, Critchley LA, Weber A, Pirbodaghi T, Brinks
H, Vandenberghe S. Reliability of lithium dilution cardiac output
in anaesthetized sheep. Br J Anaesth. 2013;111(5):833-9. https://
doi.org/10.1093/bja/aet220.

Critchley LA, Lee A, Ho AM. A critical review of the ability
of continuous cardiac output monitors to measure trends in car-
diac output. Anesth Analg. 2010;111(5):1180-92. https://doi.
org/10.1213/ANE.0b013e3181f08a5b.

Tusman G, Bohm SH, Suarez-Sipmann F, Scandurra A, Heden-
stierna G. Lung recruitment and positive end-expiratory pres-
sure have different effects on CO2 elimination in healthy and
sick lungs. Anesth Analg. 2010;111(4):968-77. https://doi.
org/10.1213/ANE.0b013e3181f0c2da.

Sigmundsson TS. Performance of a revised capnodynamic method
for cardiac output monitoring. Stockholm: Karolinska Institute;
2019.

Lumb AB. Carbon dioxide. In: Lumb AB, editor. Nunn’s applied
respiratory physiology. 8th ed. London: Elsevier; 2017. p. 151-67.
Peyton PJ, Kozub M. Performance of a second generation pulmo-
nary capnotracking system for continuous monitoring of cardiac
output. J Clin Monit Comput. 2018;32(6):1057—-64. https://doi.
org/10.1007/s10877-018-0110-y.

Stetz CW, Miller RG, Kelly GE, Raffin TA. Reliability of the
thermodilution method in the determination of cardiac output in
clinical practice. Am Rev Respir Dis. 1982;126(6):1001-4.
Mackenzie JD, Haites NE, Rawles JM. Method of assessing the
reproducibility of blood flow measurement: factors influencing
the performance of thermodilution cardiac output computers. Br
Heart J. 1986;55(1):14-24.

Chong SW, Peyton PJ. A meta-analysis of the accuracy and
precision of the ultrasonic cardiac output monitor (USCOM).
Anaesthesia. 2012;67(11):1266-71. https://doi.org/10.111
1/j.1365-2044.2012.07311.x.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.4187/respcare.04943
https://doi.org/10.4187/respcare.04943
https://doi.org/10.1093/bja/aet486
https://doi.org/10.1007/s10877-016-9891-z
https://doi.org/10.1111/aas.12559
https://doi.org/10.1007/s10877-017-0021-3
https://doi.org/10.1007/s10877-017-0021-3
https://doi.org/10.1016/j.bja.2018.02.034
https://doi.org/10.1016/j.bja.2018.10.064
https://doi.org/10.1016/j.bja.2018.10.064
https://doi.org/10.1016/j.jclinepi.2010.03.002
https://doi.org/10.1016/j.jclinepi.2010.03.002
https://doi.org/10.1213/ANE.0b013e318247f6cc
https://doi.org/10.1213/ANE.0b013e318247f6cc
https://doi.org/10.1053/j.jvca.2011.01.003
https://doi.org/10.1053/j.jvca.2011.01.003
https://doi.org/10.1093/bja/aew094
https://doi.org/10.1093/bja/aew094
https://doi.org/10.1007/s10877-015-9711-x
https://doi.org/10.1007/s10877-015-9711-x
https://doi.org/10.1186/cc7129
https://doi.org/10.1080/10543400701329422
https://doi.org/10.1093/bja/aet220
https://doi.org/10.1093/bja/aet220
https://doi.org/10.1213/ANE.0b013e3181f08a5b
https://doi.org/10.1213/ANE.0b013e3181f08a5b
https://doi.org/10.1213/ANE.0b013e3181f0c2da
https://doi.org/10.1213/ANE.0b013e3181f0c2da
https://doi.org/10.1007/s10877-018-0110-y
https://doi.org/10.1007/s10877-018-0110-y
https://doi.org/10.1111/j.1365-2044.2012.07311.x
https://doi.org/10.1111/j.1365-2044.2012.07311.x

	Performance of a capnodynamic method estimating cardiac output during respiratory failure - before and after lung recruitment
	Abstract
	1 Introduction
	2 Methods
	2.1 Anaesthesia and preparation
	2.2 Calculations and measurements of cardiac output, shunt and dead space
	2.3 Lung injury
	2.3.1 Experimental protocol

	2.4 Statistics
	2.5 Precision
	2.6 Absolute values and percentage error
	2.7 Trending ability

	3 Results
	4 Discussion
	Acknowledgement 
	References




