Heart & Lung 48 (2019) 421427

Contents lists available at ScienceDirect

Heart & Lung

HEARTOLUNG

journal homepage: www.heartandlung.com

Care of The Critically Ill

Increased admission central venous-arterial CO, difference predicts N

Check for

ICU-mortality in adult cardiac surgery patients

Bjoern Zante *“*, Hermann Reichenspurner ¢, Mathias Kubik *°, Joerg C. Schefold ¢, Stefan Kluge

@ Department of Cardiovascular Surgery, University Heart Center Hamburg, Martinistrasse 52, 20246 Hamburg, Germany
b Department of Intensive Care Medicine, Center of Anesthesiology and Intensive Care Medicine, University Medical Center Hamburg-Eppendorf, Martinistrasse 52, 20246 Hamburg,

Germany

¢ Department of Intensive Care Medicine, Inselspital, Bern University Hospital, University of Bern, Bern, Switzerland

ARTICLE INFO

Article history:

Received 27 October 2018

Received in revised form 26 May 2019
Accepted 29 May 2019

Available online 12 June 2019

Keywords:

Carbon dioxide content difference
Veno-arterial CO, difference
Cardiac output

Hemodynamic

Tissue oxygenation

Sepsis

ABSTRACT

Background: Invasive procedures such as cardiac surgery are associated with perioperative dysfunction of
macrocirculation and/or microcirculation and organ failures. Maintenance or resuscitation of an adequate
macrocirculation and/or microcirculation is thus crucial in patients after cardiac surgery. We investigated
the prognostic power of early central venous-arterial carbon dioxide pressure difference (delta-pC02) after
cardiac surgery.

Methods: Retrospective analysis of data from 1,019 cardiac surgery patients treated in the ICU of a tertiary
medical care academic center. Clinical outcomes and laboratory measures including metabolic indices and
calculated delta-pCO, were assessed. Receiver operating characteristic (ROC) curves were generated and sen-
sitivity | specificity analysis was performed. Univariate and multivariate regression models were analyzed.
Results: The area under the ROC curve for delta-pCO, to predict ICU mortality was 0.72 (sensitivity 65% | spec-
ificity 76%) with an optimal delta-pCO, cut-off value of 8.6 mmHg. In multivariate regression, delta-pCO, was
associated with increased ICU mortality (HR 3.72, 95%-CI 1.3-10.66, p = 0.02). After adjustment for typical
confounders, delta-pCO, remained as independent predictor of ICU mortality after cardiac surgery.
Conclusions: In a retrospective data analysis in a large sample of adult post cardiac surgery patients treated in
the ICU, we observed that admission central venous-arterial delta-pCO, independently predicts ICU mortal-

ity. Delta-pCO, might thus contribute risk stratification in ICU patients after cardiac surgery.

© 2019 Elsevier Inc. All rights reserved.

Introduction

Maintenance of adequate tissue oxygenation is considered key in
the care of critically ill patients. Optimization of hemodynamics and
improvement of both metabolic status and tissue oxygen supply are
primarily addressed via “goal-directed” therapies.'? After cardiac

Declaration of Competing Interests: BZ and JCS report grants from Orion Pharma,
Abbott Nutrition International, B. Braun Medical AG, CSEM AG, Edwards Lifesciences
Services GmbH, Kenta Biotech Ltd, Maquet Critical Care AB, Omnicare Clinical Research
AG, Nestle, Pierre Fabre Pharma AG, Pfizer, Bard Medica S.A., Abbott AG, Anandic Medi-
cal Systems, Pan Gas AG Healthcare, Bracco, Hamilton Medical AG, Fresenius Kabi,
Getinge Group Maquet AG, Drdger AG, Teleflex Medical GmbH, Glaxo Smith Kline,
Merck Sharp and Dohme AG, Eli Lilly and Company, Baxter, Astellas, Astra Zeneca, CSL
Behring, Novartis, Covidien, and Nycomed outside the submitted work. The money
was paid into departmental funds, no personal financial gain applied. All other authors
declare that they have no conflict of interest.

Funding: This research did not receive any specific grant from funding agencies in
the public, commercial, or not-for-profit sectors.

* Corresponding author at: Department of Cardiovascular Surgery, University Heart
Center Hamburg, Martinistrasse 52, 20246 Hamburg, Germany.

E-mail address: bjoern.zante@insel.ch (B. Zante).

https://doi.org/10.1016/j.hrtlng.2019.05.015
0147-9563/$ - see front matter © 2019 Elsevier Inc. All rights reserved.

surgery under hypothermia, impaired tissue oxygenation may occur
for a number of reasons. First, the cardiopulmonary bypass may
induce a systemic inflammatory response, leading to altered micro-
circulation and/or increased cellular oxygen demand. > Further,
changes in vasotone may induce a discrepancy between blood flow
and (metabolic) demand.® Hence, an adequate macrocirculation sta-
tus (i.e., both cardiac output and perfusion pressures) may exist
despite impaired microcirculation.

Cardiac surgery patients undergoing operations with cardiopul-
monary bypass typically have relevant macro- and microcirculation
changes® >’ which may alter perioperative carbon dioxide (CO,)
metabolism. Delta-pCO, (i.e., central venous CO, partial pressure
minus arterial CO, partial pressure) reflects the difference between
CO,, production and clearance. Under physiological conditions, delta-
pCO, was shown not to exceed 6 mmHg.® Based on Fick’s equation,
delta-pCO, is proportional to CO, production and inversely related to
cardiac output as a part of macrocirculation.’ Delta-pCO, has been
found to increase when cardiac output decreases.'®!! Therefore,
when cardiac output is adjusted to oxygen consumption (VO,), delta-
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pCO, may not increase due to the concomitance increased CO,-
clearance. In terms of reduced cardiac output, delta-pCO, should
increase due to the CO, stagnation phenomenon.'? Even when micro-
circulation is preserved, increased delta-pCO, to be an effect of
reduced cardiac output.'?

Microcirculatory investigations may thus reveal the relationship
between pCO, and capillary perfusion deficits,'*> and delta-pCO, has
been proposed a marker of microvascular blood flow.'? Decreased
local blood low flow states in an experimental setting (ischemic hyp-
oxia) has been shown to be related to increased regional delta-pCO,
due to the CO, stagnation phenomenon,'®> even when no additional
CO,-production occurred due to hypoxia.'? Hence, increased delta-
pCO, may reflect both reduced cardiac output (macrocirculation) and
coexisting altered tissue perfusion (microcirculation).

In fact, metabolic and/or oxygenation indices including base excess
(BE) ,'® central venous saturation (Scv0,) ,>!7 lactate-levels,'®2! or
serum pH?? may only partially reflect tissue oxygenation and perfusion
in acute cardiac patients. In a previous study increased delta-pCO,
(i.e. about 6—-8 mmHg) was identified as a predictor for mortality in
patients with sepsis.?®> Only limited data from small cohorts
(n=60— 393) with heterogeneous outcome prediction results are
available for delta-pCO, in cardiac surgery patients.>*2” Overall, early
recognition of patients at increased risk may be regarded as pivotal for
risk stratification and development of novel treatment approaches.
This highlights the need for additional prognostic markers. Moreover,
few parameters indicate (or are associated with) mortality in cardiac
surgery patients. In light of the paucity of available data on delta-pCO,
in respective patients, we aimed to investigate its potential prognostic
role as an additional parameter to predict outcome in a large mixed
population of cardiac surgery patients in the postoperative ICU.

Material and methods
Design and setting

This investigation is a part of the Cardiac surgery Database Project
that studied metabolic aspects in cardiac surgery patients.”® We ret-
rospectively analyzed data from 1292 cardiac surgery patients hospi-
talized in a 14-bed ICU in the Department of Intensive Care Medicine
of a tertiary care academic center. Data from a predefined period
(February 2009 to March 2010) were analyzed.

Inclusion/ exclusion criteria

Patients aged <18 were excluded from the analysis. Patients
receiving implanted cardiac assist devices (extracorporeal membrane
oxygenation, ventricular assist device), patients who received off-
pump surgery and patients undergoing heart/lung transplantation
were excluded from this investigation. Data from patients undergoing
routine and emergency cardiac operations were included.

Ethical considerations

Ethical approval and informed consent for this retrospective
observational data analysis were waived based on the study’s used of
anonymized data (Research Ethics Committee of the Hamburg Cham-
ber of Physicians). The study adheres to the Declaration of Helsinki.

Data assessment

Demographic data, risk assessment (EUROscore, European System
for Cardiac Operative Risk Evaluation), preoperative existing co-mor-
bidities (chronic obstructive pulmonary disease, COPD; renal
impairment, defined as serum creatinine >200 pmol/L; severe
reduced left ventricular function (LVEF, defined as ejection fraction

<35%), and perioperative and intraoperative data were recorded.
Hemodynamic support (but not detailed hemodynamic measure-
ment) at admission with inotropic/vasopressor agents or phosphodi-
esterase (PDE) inhibitors, blood gas analyses (BGA) on admission to
the ICU, duration of mechanical ventilation, lengths of ICU stay and
ICU mortality were available for analysis.

Patient treatment

Anesthesia, surgery, cardiopulmonary bypass, and postoperative
care on the ICU were performed according to the hospital’s standard
operating procedures. There were no changes to the routine stand-
ards of care during the assessment period.

Routine data on oxygenation and metabolic parameters derived
from blood samples drawn from central venous catheters. Data from
arterial temperature-corrected BGAs derived from routinely placed
arterial catheters. Arterial and central venous blood samples were
drawn immediately after postoperative admission to the ICU. Point-of-
care blood gas analysis was performed on the ICU (Radiometer Copen-
hagen, ABL 700 Series, Willich, Germany). Central venous-arterial
carbon dioxide content difference was calculated based on available
data on admission blood gas analyses (pcvCO, paCO, = delta-pCO,).

Typical extubation criteria were stable hemodynamics and gas
exchange under moderate pressure support/ PEEP (paO, > 60 mmHg,
FiO, < 0.4), ability to obey commands, and presumed ability to protect
the airway. Typical ICU discharge criteria were neurological adequate-
ness (i.e. patients without delirium or agitation), hemodynamically sta-
ble condition without vasopressor support and balanced metabolic
status, and stable pulmonary conditions with only low oxygen-supply.

Statistical analysis

Statistical analysis was performed using MedCalc 17.4 (MedCalc
Software, Ostend, Belgium). The Kolmogorov-Smirnov test was used
to check for normal distribution. Continuous variables are presented
as median/ interquartile range (IQR). Categorical variables are given
as absolute numbers and proportions, if appropriate. Univariate
regression followed by multivariate regression was performed.
Receivers operating characteristic (ROC) curves with area under the
ROC curve (AUROC) were generated for delta-pCO,, BE, and pH
including between-ROC curve comparison to evaluate the diagnostic
ability of these biomarkers. Youdens index was used to define the
maximum potential efficiency of the biomarker delta-pCO,. The cal-
culated optimal cut-off value optimizes delta-pCO, differentiating
ability when equivalent weight is given to sensitivity (Se) and speci-
ficity (Sp) (J = max, [Se (c) + Sp (c) — 1]; c: cut off-point). Comparison
of survivors and non-survivors based on highest sensitivity/ specific-
ity cut-offs for delta-pCO2 was performed using the Mann—Whitney
U test, Chi-squared-test, or Fishers exact test. A two-tailed p < 0.05
was considered statistical significant.

Results
Patient demographics and delta pCO,

Out of 1292 data sets, 1019 were eligible for study inclusion after
careful assessment of the exclusion criteria. The CONSORT flowchart
is given in Fig. 1. Demographics and perioperative data are displayed
in Table 1. In these patients coronary artery bypass grafting (CABG)
was performed in 36.7% (n=374), valve-operations in 31.11%
(n=317), combined CABG and valve-operations in 18.25% (n=186),
major aortic surgery in 9.72% (n=99) and in 4.22% (n = 43) other car-
diac surgery procedures.

During the ICU-stay, 1.96% (n=20/1019) of patients died. ICU
non-survivors had a higher EuroSCORE (European System for
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Total cardiosurgical patients

n=1,292
4 Exclusion: off-pump
surgical cases
A4 n=185
Patients on cardiopulmonary bypass
n=1,107
Exclusion of patients:
2| HTX, LTX, ECMO, VAD
v (n=44)
- and incomplete data
Data analysis of (n=44)

n=1,019 patients

Fig. 1. Flow chart. HTX: heart transplantation, LTX: lung transplantation, ECMO: extracorporeal membrane oxygenation, VAD: ventricular assist device.

Table 1

Patient demographics and perioperative data.

All patients (n=1019)

ICU survivors (n=999)

ICU non-survivors (n =20)

Between group p

Gender (female,%) 333(33)

Age (year) 697(61 4-754)
Weight (kg) 69-90)
Height (cm) 166 178)

EuroSCORE, additive

Emergency operation (%)
Cardiopulmonary bypass time (min)
Aortic cross clamp time (min)
Epinephrine at admission (u/kg/min)
Norepinephrine at admission (x/kg/min)
PDE-support at admission (%)

Mech. ventilation (hours)

Length of stay on ICU (days)

Pre-existing clinical conditions

80 (
172/
42—
67 (6. )
128(102 166)
83 (63-108)
0(0-0.01)
001 (0-0.04)
58(5.7)
7(5.8-13.0)
2(2-3)

COPD (%) 83(8.1)

Renal impairment (%) 62 (6.1)
Pulmonary hypertension (%) 27(2.6)
Severely reduced LVEF (%) 74 (7.3)
Re-operation (%) 37(3.6)
Parameters at ICU admission

Delta-pCO, (mmHg) 0(5.6-8.6)
Delta-pCO, > 6 mmHg (%) 691 (67.8)
Delta-pCO, > 8.6 mmHg (%) 254(24.9)
paCO, (mmHg) 39 8(35.9-44.3)
pcvCO, (mmHg) 43.5-51.1)
Arterial pH (mmHg) 7.31-7.4)

Arterial Base excess
Hemoglobin (g/dl)

7.36
-25 4--13)

Temperature (C°)
ICU mortality rate (%) 1.96

362 35.9-36.6)

47(

(

(=
0(9.3-10.7)
(

(20

36.2 (35.9-36.6)

327(33) 6(30) (1.0y°
69.7 (61.3-75.4) 71 5(66.5-74.4) 0.67
80 (69-90) 79 (72-90) (1.0)
172 (166-178) 173 (169-178.5) 0.75
4(2-6) 7(3.5-9) 0.001
63 (6.31) 4(20.0) 0.04°
127.5(101-165) 225 (143-258) <0.001
82 (62.5-107) 121(90.8-145.8) <0.001
0(0 - 0.01) 0.06 (0-0.13) <0.0001
0.01 (0-0.03) 0.12(0.01-0.31) <0.0001
50 (5.01) 8(40.0) <0.0001°
8.7(5.8-12.7) 8(154-160.3) <0.001
2(2-3) 5(2-9.5) <0.001
82(8.2) 1(5.0) (1.0)°
61(6.1) 1(5.0) (1.0)°
25 (2.5) 2(10.0) (0.1
68 (6.8) 6(30.0) 0.002°
33(33) 4(20.0) 0.005°
7.0 (5.6-8.6) 9. 55 (7.1-11.4) 0.001
674 (67.5) 17(85) 0.15°
241 (24.12) 3(65) 0.0002*
39.8 (35.9-44.3) 40 2(36.8-47.3) 037
469 (43.5-51.1) 50.2 (44.9-56.9) 0.03
7.36(7.32-74) 7.32(7.22-7.36) 0.002
~2.5(-4--12) —56(-8.1--22) 0.002
10(9.3-10.7) 10.2(9.15-10.6) 0.92
(

35.7(35.6—36.6) 0.041

Data are presented as median and interquartile range, or absolute frequencies. Mann—Whitney-U test, Chi? test.
ICU: intensive care unit, BMI: body mass index, EuroSCORE: European System for Cardiac Operative Risk Evaluation, PDE: phosphodiesterase-3-inhibitor, COPD: chronic obstructive

pulmonary disease, LVEF: left ventricular ejection fraction.
@ Fishers exact test.

Cardiac Operative Risk Evaluation), longer CPB- and aortic cross-
clamp times (AOX-time), as well as longer duration of mechanical
ventilation (Table 1). No statistically significant differences were
noted with regard to presence of pre-existing co-morbidities (e.g.
COPD, chronic kidney disease or pulmonary hypertension)
(Table 1). Non-survivors received emergency operations more fre-
quently and more often had reduced left ventricular ejection frac-
tions (LVEF). Further, non-survivors required higher and more
frequent doses of epinephrine, norepinephrine, and PDE-inhibitors
(Table 1). Moreover, data from blood gas analyses showed both
higher pcvCO, and delta-pCO,, lower base excess (BE), reduced
serum pH levels, and reduced core body temperatures in non-sur-
viving patients (Table 1). A significant difference was evident in
the proportion of survivors/ non-survivors with delta-
pCO, > 8.6 mmHg (Table 1).

A comparison of data from patients with delta-pCO, < 8.6 mmHg
and delta-pCO, >8.6 mmHg appears in Table 2. Patients with high

delta-pCO, were more likely to be of female gender and had lower
body weight and height (Table 2). No differences were found with
regard to body mass index (BMI), disease severity as assessed by the
EUROscore,”® CPB-time and AOX-time (Table 2). Patients with high
delta-pCO, (>8.6 mmHg) received longer mechanical ventilation and
had longer ICU stay, more severely reduced LVEF, lower arterial pCO,,
increased BE, and higher pH when compared to patients with delta-
pCO, < 8.6mmHg (Table 2). Overall ICU mortality was 5.12% in
patients with high (>8.6 mmHg) delta-pCO, vs. 0.92% in patients
with high (>8.6 mmHg) delta-pCO, (p < 0.0001, Table 2).

Sensitivity and specificity analysis

Pairwise comparison of ROC curves revealed no statistical differ-
ence between respective ROC curves (delta-pCO, vs. BE: between
ROC p =0.93; delta-pCO, vs. pH: between ROC p=0.96; BE vs. pH:
between ROC p=0.94). Optimal sensitivity and specificity for delta-
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Table 2
Patient demographics and perioperative data related to delta-pCO,.

Delta-pCO, < 8.6 mmHg

Delta-pCO, > 8.6 mmHg Between group

(n=765) (n=254) Pvalue
Gender (female,%) 235(30.72) 98 (38.58) 0.02
Age (year) 69 5(60.9-75.2) 70 6 (62.6—75.8) 0.11
Weight (kg) 80 (70-90) 77 (67-86) 0.03
Height (cm) 173 (167 179) 171 (164-177) 0.01
EuroSCORE, additive 42— 4(3-6) 0.051
Emergency operation (%) 45 (5. ) 22 (8.7) 0.12
Cardiopulmonary bypass time (min) 128 (100-163) 127 (105-179) 0.11
Aortic cross clamp time (min) 82(63-107) 84.5(63-110) 0.31
Epinephrine at admission (x/kg/min) 0(0-0.01) 0(0-0.01) 0.73
Norepinephrine at admission (;/kg/min) 0. 01 (0-0.03) 0. 01 (0-0.04) 0.18
PDE-support at admission (%) 43 (5.6) 5(5.91) 0.87
Mech. ventilation (hours) 5(5.7-12.3) .8 (6.9—15.5) <0.001
Length of stay on ICU (days) 2(2-3) 2(2-4) 0.02
Pre-existing clinical conditions
COPD (%) 63(8.24) 20(7.87) 0.86
Renal impairment (%) 53(6.93) 9(3.54) 0.05
Pulmonary hypertension (%) 17 (2.22) 10(3.94) 0.14
Severely reduced LVEF (%) 48 (6.28) 26(10.24) 0.04
Re-operation (%) 24 (3.14) 13(5.11) 0.14
Parameters at ICU admission
Delta-pCO, (mmHg) 6.4(5.1-7.4) 0(9.2-11.2) <0.0001
paC0, (mmHg) 40.9(37.1-45.1) (32.5—40.7) <0.0001
pcvCO, (mmHg) 46.9 (43.6-50.9) 47.2 (43.2-51.7) 0.49
Arterial pH (mmHg) 7.35(7.31-7.39) 7.37(7.33-7.42) <0.0001
Arterial base excess —24(-39--12) -2.8(-45--13) 0.03
Hemoglobin (g/dl) 10(9.3-10.7) 10.1(9.2-10.6) 0.55
Temperature (C°) 36.2 (35.9-36.6) 36 2 (35.9-36.6) 0.03
ICU mortality rate (%) 7(0.92) 3(5.12) <0.0001

Data presented as median and interquartile range, or absolute frequencies. Mann—Whitney-U test or Chi? test. ICU: intensive care unit, BMI: body mass index, EuroSCORE: European
System for Cardiac Operative Risk Evaluation, PDE: phosphodiesterase-3-inhibitor, COPD: chronic obstructive pulmonary disease, LVEF: left ventricular ejection fraction.

pCO, was 65% and 75.9%, respectively (Youden'’s index 0.41). A delta-
pCO, cut-off value of 8.6 mmHg thus best differentiated between
survivors and non-survivors in the cohort under investigation.

Correlation analysis of delta-pCO,

Delta-pCO, was positively correlated with pH (r=0.16, p<0.0001,
95% CI 0.1 to 0.22) at admission, EuroSCORE (r = 0.06, p = 0.04, 95%-ClI
0 to 0.13) and CPB-time (r=0.07, p=0.02, 95%-CI 0.01 to 0.13). A neg-
ative correlation was observed for BE (r=-0.06, p=0.047, 95%-Cl
—0.12 to 0) at admission. No correlation was observed between
delta-pCO2 and norepinephrine or epinephrine-dose, hemoglobin
levels and admission core body temperature (all p > 0.12).

Univariate and multivariate regression

In univariate regression, the EuroSCORE, CPB-time, PDE-support at
ICU admission, pre-existing severely reduced LVEF, previous cardiac
surgery, delta-pCO,, arterial pH, and BE were associated with
increased ICU-mortality (Table 3). In a first model with three degrees
of freedom, admission delta-pCO, (continuous variable), was identi-
fied an independent predictor of ICU-mortality after adjustment for
EuroSCORE and CPB-time (hazard ratio 1.17, 95%-CI 1.01-1.36,
p=0.04, Wald 4.08; overall fitness of model Chi?> 13.11, p=0.004).
Moreover, multivariate regression models for ICU mortality identified
delta-pCO, >8.6 mmHg as independent predictor for ICU-mortality
after adjustment for disease severity (EuroSCORE), CPB-time, and BE
(Table 3, overall model fitness Chi? 19.97, p = 0.0005).

Mortality rates in the ICU were 1.18% (n=3) in the 1st (lower)
delta-pCO2 quartile, 0.78% in the 2nd quartile (n=2), 0.78% in the
3rd quartile (n=2), and 5.1% in the 4th (upper) quartile (n=13).
Median and IQRs for delta-pCO, and respective hazard ratio are
given in table 4.

Discussion

In this study we investigated metabolic and oxygenation indices
including delta-pCO, with regard to predictive power in adult post
cardiac surgery patients. Following univariate and multivariate
regression models, we observed that delta-pCO, > 8.6 mmHg inde-
pendently predicts ICU-mortality in post-cardiac surgery patients.

Cardiac surgery patients undergoing CPB operations typically
show signs of macro- and micro-hemodynamic changes.> >’ Condi-
tions leading to circulatory changes may induce altered CO,- metabo-
lism in the early postoperative phase.>*° Previous microcirculatory
investigations have revealed a relationship between pCO, and capil-
lary perfusion deficits,'* and delta-pCO, was thus proposed a marker
of microvascular blood flow'* and associated with conditions leading
to tissue hypoxia.>*?> Additionally, increased delta-pCO, may reflect
low cardiac output.® Hence, elevated delta-pCO, on ICU admission
may reflect both coexisting mechanisms - low cardiac output (inde-
pendent from microcirculation) and/or impaired microcirculation
(independent of cardiac output).

Previously available data on 165 cardiac surgery patients from
Morel et al. appear to show that delta-pCO, <6 mmHg six hours after
ICU admission is associated with increased mortality.>> However,
admission data were not analyzed in that study. Our analysis shows a
reduction in the risk of mortality when comparing the lowest quartile
of delta-pCO, with the second or third delta-pCO, quartile (Table 4).
Similarly, a reduction in the risk of mortality was also observed when
switching from the upper quartile to third or second quartiles. Thus,
it is tempting to speculate that delta-pCO, influences mortality in
a U-shaped fashion, i.e. with the highest mortality in highest and
lowest delta-pCO, ranges, which appears comparable to other
biomarkers and physiological variables (e.g. serum bicarbonate).
As a result, admission delta pCO, > 8.6 mmHg was therefore deliber-
ately included to the MV model (Table 3).



Table 3
Univariate and multivariate regression models.
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Univariate model for ICU mortality

Multivariate model for ICU mortality

Hazard ratio (95% CI) Pvalue Wald Hazard ratio (95% CI) Pvalue Wald
Gender (female) 0.84(0.32-2.22) 0.73 0.1 - - -
Age (per 1 year increase) 0.98 (0.95-1.02) 0.39 0.4 - - -
Weight (per 1 kg increase) 1.0(0.97-1.03) 0.98 0 - - -
Height (per 1 cm increase) 1.01 (0.96-1.06) 0.77 0.1 - - -
EuroSCORE, additive (per 1 step increase) 1.18(1.04-1.34) 0.01 6.4 1.12(0.95-1.28) 0.2 1.7
Emergency operation (y/n) 1.59(0.46—5.59) 0.46 0.5 - - -
Cardiopulmonary bypass time (per 1 min increase) 1.01(1.0-1.01) 0.006 7.5 1.0(1.0-1.01) 0.12 247
Aortic cross clamp time (per 1 min increase) 1.01(1.0-1.01) 0.2 1.6 - - -
Mechanical vent. (per 1 h increase) 1.0(1.0-1.0) 0.81 0.1 - - -
PDE-support at admission (y/n) 3.04(1.11-8.35) 0.03 4.7 - - -
Pre-existing clinical conditions
COPD (y/n) 0.52 (0.07-3.92) 0.53 0.4 - - -
Renal impairment (y/n) 0.49 (0.07-3.69) 0.49 0.5 - - -
Pulmonary hypertension (y/n) 3.11(0.71-13.71) 0.13 23 - - -
Severely reduced LVEF (y/n) 3.93(1.45-10.64) 0.007 7.2 - - -
Re-operation (y/n) 4.23(1.36-13.12) 0.01 6.2 - - -
Parameters at admission on ICU - - -
Delta-pCO,, (per 1 mmHg increase) 1.25(1.09-1.44) 0.001 10.6 - - -
Delta-pCO, >6 mmHg 2.53(0.74-8.71) 0.14 2.2 - - -
Delta-pCO, >8.6 mmHg 5.73(2.15-15.29) <0.0001 121 3.72(1.3-10.66) 0.02 5.94
paCoO, (per 1 mmHg increase) 1.02 (0.95-1.09) 0.59 03 - - -
pcvCO, (per 1 mmHg increase) 1.06 (1.0-1.13) 0.06 35 - - -
Arterial pH (per 1 unit increase) 0.002 (0-5.01) 0.03 49 - - -
Arterial base excess (per 1 unit increase) 0.85(0.74-0.96) 0.01 6.6 0.87(0.75-1.0) 0.06 3.62
Hemoglobin (per 1 g/dl increase) 0.97 (0.68-1.39) 0.86 0.03 - - -
Temperature (per 1 C° increase) 0.64(0.41-1.0) 0.05 3.8 - - -

Hazard ratios with 95% confidence intervals are given for univariate and multivariate regression models. “-” denotes not included in model.

Table 4
Delta-pCO, after grouping for quartiles.

1st (lower) quartile

2nd quartile 3rd quartile 4th (upper) quartile

Median (IQR) Hazard ratios with 95% confidence intervals
1st (lower) quartile 4.7 (41-5.1) - 0.71(0.2-2.61) 0.58 (0.17-1.99) 3.8(1.11-13.04)
2nd quartile 6.4 (6-6.7) 1.4(0.38-5.11) - 0.81(0.23-2.86) 5.32(1.51-18.68)
3rd quartile 7.8(7.4-8.2) 1.72(0.5-5.89) 1.23(0.35-4.31) - 6.53 (1.99-21.49)

Data for delta-pCO, are given in median and interquartile range (IQR).

Previous investigations (n =393) provided a cut-off of 6 mmHg for
delta-pCO, at ICU admission after cardiac surgery and did not observe
an association with postoperative complications or mortality.?® How-
ever, direct comparison of data may be difficult due to both a limited
sample size and missing detailed information on the distribution of
delta-pCO,, levels among survivors/ non-survivors. However, a cut-off
value of 6 mmHg delta-pCO, may misjudge distinct pathophysiologi-
cal conditions in patients after extracorporeal circulation when com-
pared, for example, to sepsis patients or patients without CPB-
surgery.”>%>435 In addition, additional delta-pCO, data deriving from
cohorts with limited sample sizes (i.e. 10 to 140 patients) may not
allow for investigation of outcome indices.”>>>® Nevertheless, few
previous data observed in a subgroup of cardiac surgery patients with
Scv0, > 70% (n=25) and delta-pCO, > 8 mmHg (n=4) show associa-
tions with longer need for mechanical ventilation and increased
length of ICU-stay.”*

Comparison of ROC curves depicting on ICU mortality showed no
difference with regard to AUCs of delta-pCO,, pH, or BE. This seems
interesting as baseline bicarbonate levels were recently shown to
predict mortality in heart failure/ cardiogenic shock®’® and admis-
sion base deficit in mixed ICU populations and in cardiac surgery
patients may serve as a general risk indicator.?%3°

Our analysis has limitations that deserve discussion. First, due to
the retrospective study design and limited availability of data, details
were not available for cardiac output, ventilator settings, and/or calo-
rimetric data, course of other prognostically important indices and/or

in-hospital- or 30-days mortality. The retrospective study design may
have introduced bias, and we are, by definition, unable to come to
any conclusions on underlying (patho-) mechanisms. In this light, we
would like to emphasize the need for larger, prospective investiga-
tions that take ventilators settings and measured cardiac output into
account.

The current controversial discussion of delta-pCO, in critically ill
patients'+?>2640 triggered this retrospective analysis and this is the
reason why data collected in the years 2009—2010 were re-analyzed.
Importantly, treatment standards remained unchanged during the
study interval and appear comparable to current treatment stand-
ards. The present investigation supports the notion that delta-pC02
may be useful in the postoperative phase of medical care. Second, the
sample size was limited with a corresponding limited number of
non-surviving patients at ICU discharge, limiting our statistical
model. Data on mid-term outcome and course of disease severity was
also not available. Moreover, the EuroSCORE is typically used for risk
stratification in this specific cohort of patients*! and was deliberately
included to the multivariate model to adjust for disease severity. This
was considered inevitable in the specific context discussed. Inclusion
of disease severity scores might have introduced some degree of co-
linearity. Importantly, when admission delta-pCO, > 8.6 mmHg was
replaced by admission delta-pCO, (continuous variable), it still
remained a predictor of ICU-mortality in multivariate regression with
three degrees of freedom. However, the limited number of event-
rates (non-surviving patients n=20) prevented adjustment for
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additional confounders. Further, correlation of delta-pCO, and CPB-
time may be explained by impaired perfusion and metabolic disor-
ders by CPB,>> which could have been caused e.g. by compromised
splanchnic blood flow’ or microcirculatory alterations and heteroge-
neity.**>*> However, our results confirm a correlation of delta-pCO,
and duration of CPB-time. Inevitable in this specific context of the
association of delta-pCO, > 8.6 mmHg and duration of CPB-time, we
believe including CPB-time in the multivariate model may have
introduced a minor bias only. Third, our findings are limited by the
fact that only data at ICU admission and ICU outcome data were
available, which limits comparability to previous investigations.
Thus, our study focuses on short term (i.e. ICU-mortality) but not on
midterm, or long-term outcomes. Fourth, detailed intraoperative
(and postoperative) hemodynamic data were not available. Thus,
the specific origin of macrocirculatory or microcirculatory disorders
cannot be identified, which prevents us from drawing of conclusions
on potential risk factors or causal mechanisms influencing postoper-
ative delta-pCO,. Due to complex, potentially coexisting circulatory
disorders, interpretation of delta-pCO, should be made in the clini-
cal context and/or in light of other hemodynamic and/or metabolic
variables only. Fifth, hypothermia during extracorporeal circulation
and the slope of postoperative rewarming may have affected CO,-
production and thus partial CO,-pressure and CO,-content.** How-
ever, on ICU admission, lower paCO, levels were noted in patients
with delta-pCO, > 8.6 mmHg. This may be due to the fact that a
decline in pcvCO, may lag behind a decrease in paCO, instead of the
CO, stagnation phenomenon, which in turn may lead to increased
delta-pC0,.*> Moreover, acute hyperventilation might increase
delta-pCO,, but, as mentioned before, detailed data on ventilator set-
tings were unavailable.*°

Conclusions

In a large cohort of adult post cardiac surgery ICU patients, we
observed that increased central venous-arterial delta-pCO, at ICU
admission predicted ICU mortality after adjustment for typical con-
founders. Delta-pCO, may appear as an additional parameter to help
identify postoperative cardiac surgery patients at increased risk of
mortality. Given the widespread availability of delta-pCO,, we sup-
port including delta-pCO, to the indices used for follow-up and risk
assessment in this specific ICU population and propose performing of
larger prospective analyses in this regard.

Supplementary materials

Supplementary material associated with this article can be found
in the online version at doi:10.1016/j.hrtlng.2019.05.015.
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