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Abstract
Conflicting results have been published on prognostic significance of central venous to arterial PCO2 difference (∆PCO2) 
after cardiac surgery. We compared the prognostic value of ∆PCO2 on intensive care unit (ICU) admission to an original 
algorithm combining ∆PCO2, ERO2 and lactate to identify different risk profiles. Additionally, we described the evolution 
of ∆PCO2 and its correlations with ERO2 and lactate during the first postoperative day (POD1). In this monocentre, prospec-
tive, and pilot study, 25 patients undergoing conventional cardiac surgery were included. Central venous and arterial blood 
gases were collected on ICU admission and at 6, 12 and 24 h postoperatively. High ∆PCO2 (≥ 6 mmHg) on ICU admission 
was found to be very frequent (64% of patients). Correlations between ∆PCO2 and ERO2 or lactate for POD1 values and 
variations were weak or non-existent. On ICU admission, a high ∆PCO2 did not predict a prolonged ICU length of stay 
(LOS). Conversely, a significant increase in both ICU and hospital LOS was observed in high-risk patients identified by the 
algorithm: 3.5 (3.0–6.3) days versus 7.0 (6.0–8.0) days (p = 0.01) and 12.0 (8.0–15.0) versus 8.0 (8.0–9.0) days (p < 0.01), 
respectively. An algorithm incorporating ICU admission values of ∆PCO2, ERO2 and lactate defined a high-risk profile that 
predicted prolonged ICU and hospital stays better than ∆PCO2 alone.

Keywords  Cardiac surgery · Central venous- arterial pCO2 difference · Tissue perfusion · Lactic acid · Oxygen extraction 
ratio

1  Introduction

Tissue perfusion after cardiac surgery may become 
impaired due to multiple factors and in turn induce organ 
dysfunction, organ failure, prolonged stay in intensive care 

unit (ICU) and in hospital and increased mortality [1]. 
Unfortunately, the adequacy of tissue perfusion remains 
difficult to assess. Surrogate markers like central venous to 
arterial PCO2 difference (ΔPCO2), oxygen extraction ratio 
(ERO2) and lactate are used to evaluate this adequacy [2, 
3]. Elevated arterial lactate is a commonly used marker 
of global anaerobic metabolism and even mild hyper-
lactatemia has recently found to be correlated both with 
microcirculatory flow abnormalities and a worse outcome 
[3–5]. However, lactate is not a pure marker of anaerobic 
metabolism and non-hypoxic causes of hyperlactatemia 
are common in septic shock or after cardiopulmonary 
bypass [6–8]. Accordingly, additional markers of tissue 
perfusion have been explored. ERO2 can be calculated 
on basis of oxygen arterial saturation (SaO2) and central 
venous saturation (ScvO2) using the following formula: 
ERO2 = (SaO2−ScvO2)/SaO2. Hemodynamic monitoring 
guidelines recommend to monitor this ratio after cardiac 
surgery and a ScvO2 ≥ 70% is often considered a target 
for optimal hemodynamic resuscitation [9, 10]. However, 
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because of the potential extraction defect some patient 
might have microcirculatory impairment with a normal or 
supranormal ScvO2.

In this context ΔPCO2 has been proposed as a global 
marker of tissue perfusion adequacy [11–13]. ΔPCO2 is 
a marker of the venous blood flow ability to remove the 
excess CO2 produced in tissue. An impaired tissue perfu-
sion, due to low cardiac output or microcirculatory altera-
tion, is therefore the main determinant of an elevated 
ΔPCO2 [14].

Yet, the prognostic significance of ΔPCO2 after cardiac 
surgery remains unclear and conflicting results have been 
published [11, 15]. Moreover, limited prospectively reported 
data on ΔPCO2 after cardiopulmonary bypass (CPB) are 
available. Finally, in clinical practice ΔPCO2 and lactate or 
ERO2 values frequently appear contradictive, which makes 
the interpretation of an elevated ΔPCO2 difficult. Several 
authors already suggested that interpreting ΔPCO2 with 
ScvO2 improve the prognostic significance of these markers 
[11, 12, 16]. De Backer in a recent review on hemodynamic 
in shock suggests an algorithm combining ΔPCO2, ScvO2 
and lactate [17]. This multiparametric approach could better 
discriminate different cardiovascular profiles and improve 
our understanding of apparently contradictive patterns. Still, 
no clinical study has yet evaluated algorithms combining 
these three markers following cardiac surgery.

In this pilot study, we evaluate the prognostic value of 
ΔPCO2 at the time of ICU admission and compare it to an 
original algorithm combining ΔPCO2, ERO2 and lactate to 
identify different risk profiles after elective conventional 
cardiac surgery. Additionally, we describe the evolution of 
ΔPCO2 and its correlations with ERO2 and lactate on the 
first post-operative day (POD1).

2 � Materials and methods

2.1 � Ethics

All adult patients scheduled for elective cardiac surgery with 
CPB were eligible for this monocentric, prospective, obser-
vational study, which was approved by the local Ethics Com-
mittee (Comité de Protection des Personnes, Reference CPP: 
A13-D55-VOL.19). According to French law and because 
data were collected during routine care, authorization was 
granted to waive written informed consent. However, verbal 
consent was obtained from all study participants before sur-
gery. All procedures performed in studies involving human 
participants were in accordance with the ethical standards 
of the institutional and/or national research committee and 
with the 1964 Helsinki declaration and its later amendments 
or comparable ethical standards.

2.2 � Study population

From April 2013 to June 2013, patients who were scheduled 
for cardiac surgery at Caen University Hospital, Caen, France, 
were eligible for participation in the study. Inclusion criteria 
were as follows:

Patients > 18 years old who were admitted to the surgical 
ICU following elective conventional cardiac surgery (Coro-
nary artery bypass graft (CABG) and/or aortic or mitral val-
vular surgery) with CPB.

Exclusion criteria were age < 18 years or patient under 
tutorship, off pump surgery, cardiac transplantation, ventricu-
lar assist device implantation and any emergency situations.

2.3 � Perioperative management

The anesthesia was standardized (target-controlled infusion of 
propofol and remifentanil) and adjusted to obtain a bispectral 
index value between 40 and 60. Immediately after the induc-
tion of general anesthesia and tracheal intubation in the oper-
ating room, a radial artery catheter and a right jugular central 
venous catheter were inserted. More advanced hemodynamic 
monitoring was left at the anesthetist’s discretion. Patients 
were ventilated at 6–8 mL kg−1 of ideal body weight, positive 
end expiratory pressure was set to 4–8 cm H2O. The ventilator 
was switched off during CPB. Anticoagulation was obtained 
during CPB with an initial bolus of heparin (300 UI kg−1) to 
maintain activated coagulation time more than 450 s. Rever-
sion was systematically per- formed with protamine at the 
end of CPB. CPB was performed under normothermia and 
myocardial protection was achieved by intermittent cold blood 
cardioplegia. Boluses of ephedrine and/or phenylephrine were 
given intraoperatively to maintain mean arterial pressure 
between 50 and 80 mm Hg. The heart was defibrillated after 
aortic unclamping, if sinus rhythm did not resume spontane-
ously. After the termination of CPB, norepinephrine was used 
to maintain the mean arterial pressure greater than 65 mm Hg, 
and the trigger for transfusion of packed erythrocytes was set 
to a hematocrit of 21% in all patients and complied with rou-
tine practice at the study institution.

On arrival in the ICU, all pressure monitors were zeroed at 
the mid-axillary line upon arrival and the position of the tip of 
the central venous catheter in the upper part of the right atrium 
was verified by chest radiography. Discontinuation of invasive 
ventilation, administration of blood products, management of 
hemodynamics and fluid balance, ICU and hospital discharge 
followed institutional standards.

2.4 � Data collection

Data elements included demographic variables: age, gen-
der, body mass index (kg/m2), EuroSCORE 2 (%), baseline 
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serum creatinine value (μmol/L); intra operative data: type 
of surgery, CPB time, Cross clamp time, use of epineph-
rine, norepinephrine or dobutamine, preoperative. The first 
blood sample was collected on admission to the ICU (T0) 
and 6 h (T6), 12 h (T12) and 24 h (T24) after. Venous and 
arterial blood gas were drawn simultaneously from radial 
arterial catheter and central venous catheter. Central venous 
and arterial lactate serum level, CO2 partial pressure, oxy-
gen saturation and content were obtained from the blood 
gases. ΔPCO2 was calculated as PcvCO2 minus PaCO2. The 
patient’s heart rate, mean arterial pressure (MAP), central 
temperature and oxygen saturation were measured simul-
taneously to the blood samples. The primary outcome was 
ICU length of stay. At the ICU discharge, we also collected 
duration of mechanical ventilation, the need for epinephrine, 
norepinephrine or dobutamine on POD1 and total postop-
erative chest tube drainage. Secondary outcomes included 
Sequential Organ Failure Assessment (SOFA) score on 
POD1, acute kidney injury (AKI) on first and second post-
operative day (POD1 and POD2) and hospital length of stay 

[18]. AKI was defined according to the Acute Kidney Injury 
Network criteria as stage 1 or higher (increase in peak post-
operative serum creatinine level to > 150% or ≥ 26.5 μmol/L 
from baseline value) [19]. Hyperlactatemia was defined as 
an arterial lactate level above 1.5 mmol/L [4, 5]. We choose 
a ΔPCO2 > 6 mmHg to define an elevated ΔPCO2 and a nor-
mal ERO2 as a level of 30% or lower. These cutoff values 
were chosen according to previous studies [12, 13].

2.5 � Description of the algorithm and definition 
of a high risk profile

We constructed an algorithm combining ΔPCO2, ERO2 
and lactate. This algorithm helped us identifying a low-risk 
profile and a high-risk profile (Fig. 1). In the algorithm, lac-
tate elevation was considered a marker of global anaerobic 
metabolism in the presence of altered values of ΔPCO2 or 
ERO2. If ΔPCO2 and ERO2 were both normal, lactate ele-
vation was considered to be non-hypoxic hyperlactatemia. 
ΔPCO2 elevation was considered to reflect low cardiac 

Fig. 1   Incidence of different hemodynamic pattern according to the 
proposed algorithm. nadm values on admission, ERO2 oxygen extrac-
tion ratio, ΔPCO2 central venous to arterial PCO2 difference, micro-

circ. microcirculation. Number (%). Overall, 13 (52%) patients had 
high-risk profile whereas 12 (48%) patients experienced a low-risk 
profile
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output (CO) in case of high ERO2 or microcirculatory dys-
function with impaired oxygen extraction if ERO2 was nor-
mal. An elevated ERO2 in presence of a normal ΔPCO2 was 
considered to reflect a decrease in DO2 non-related to a low 
CO (anemia, hypoxemia). Patients with global anaerobic 
metabolism, non-hypoxic hyperlactatemia or microcircula-
tory dysfunction with impaired oxygen extraction as deter-
mined by the algorithm were considered to have a high-risk 
profile. The ICU length of stay (LOS) of high-risk profile 
patients was then compared to the rest of the population.

2.6 � Statistical analysis

The number of patients included in that pilot study was fixed 
empirically to 25. All data were tested for normal distri-
bution with the Kolmogorov–Smirnov test. Normally dis-
tributed data were displayed as mean ± standard deviation 
and not normally distributed data were displayed as median 
with 25th percentile and 75th percentile. Comparisons were 
performed using Fisher’s exact test or Chi squared test for 
categorical data according to the distribution. Independent-
samples T test was used to test the differences in normally 
distributed variables and Mann-Whithney U test for not nor-
mally distributed variables. Trends in the parameters over 
time in two groups were compared with repeated-measures 
ANOVA. Pairwise comparisons were corrected for multiple 
testing with the Bonferroni procedure. Pearson or Spear-
man correlation coefficients for data normally distributed 
and not normally distributed, respectively, were used to 
evaluate the relation between two variables. We analyzed 
correlation between values of the whole dataset and markers 
POD1 variations. To calculate markers POD1 variations we 
identified, among the whole dataset, the successive sam-
ples of Lactate, ΔPCO2 and ERO2 measured within 6 to 
12 h intervals in a given patient and calculated the markers 
variations as following: Marker variation = 100% × (second 
marker value−initial marker value)/initial marker value. We 
used the log-rank test to compare the length of stay in ICU 
according to the patient risk group on admission. For all 
tests, a two-tailed P value less than 0.05 was considered 
significant. Statistical analyses were performed using R soft-
ware (R Foundation for Statistical Computing 2016).

3 � Results

Twenty-five consecutive adult patients were included in the 
study (52% CABG, 36% valvular surgery and 12% com-
bined surgery). Baseline characteristics and surgery-related 
parameters in the whole cohort of patients and in both low- 
and high-risk groups are shown in Table 1. No significant 
difference was found between groups with the exception of 
the ICU LOS.

At the time of admission, 64% of the patients had 
elevated ΔPCO2 (Fig. 1). On POD1 a ΔPCO2 ≥ 6 mmHg 
was reported at least once in all patients. ΔPCO2 did not 
significantly decrease on POD1 and patients with high 
ΔPCO2 on admission did not have significantly different 
ΔPCO2 at T6, T12 and T24 compared with patients with 
normal ΔPCO2 (Fig. 2). Correlations between ΔPCO2 
and lactate or ERO2 for POD1 values and variations are 
shown in Table 2. A weak correlation was found between 
ΔPCO2 and ERO2 both for POD1 absolute values (r = 0.41, 
p < 0.01) and variations (r = 0.46, p < 0.01). Correla-
tion between ScvO2 and ERO2 was excellent (r = − 0.99, 
p < 0.01). Other correlations between markers were weak 
or non-significant (Table 2). ScvO2 was not significantly 
different in patients with normal or elevated ΔPCO2 (70 
(63–74) % versus 65 (58–70) %, respectively, p = 0.1).

At the time of ICU admission an elevated ΔPCO2 did 
not predict prolonged ICU and hospital stays (Fig. 3a and 
b).

The algorithm combining ΔPCO2 with ERO2 and lac-
tate identified 12 patients with a low-risk profile and 13 
patients with a high-risk profile at the time of admission. 
Out of the 16 patients with elevated ΔPCO2 upon admis-
sion, 7 (43%) were classified as low-risk profile while 9 
(57%) were identified as high-risk profile. Conversely, out 
of the 9 patients with low ΔPCO2 upon admission, 4 (44%) 
were identified as high-risk profile and 5 (56%) as low-risk 
profile. The precise incidence of the different hemody-
namic patterns is further described in Fig. 1. Temperature 
on ICU admission was not different in patients with nor-
mal and elevated ΔPCO2 (36.5±0.5 °C vs. 36.5±0.5 °C 
respectively, p = 1.0) and between high and low risk groups 
(36.7±0.4 °C vs. 36.4±0.5 °C respectively, p = 0.1). The 
high-risk patient group at the time of admission had ICU 
LOS twice as long as those in the low-risk patient group. 
(Table 1 and Fig. 3c) Hospital length of stay was also 
significantly longer for patient in the high-risk group 
compared to the low risk group (12.0 (8.0–15.0) versus 
8.0 (8.0–9.0) days respectively, p < 0.01). (Figure 3d) We 
found significantly more AKI in patients of the high-risk 
group compared to the low risk group ((4 (30%) vs. 0 (0%), 
respectively, p = 0.04) and serum creatinine on POD1 and 
POD2 were significantly higher (Table 1). All AKI were 
stage 1 according to the Acute Kidney Injury Network. 
Need for prolonged mechanical ventilation, inotropic sup-
port and SOFA on POD1 were not significantly different 
between groups (Table 1). The ICU LOS was not signifi-
cantly different across patients with low or elevated lactate 
(5.0 (3.0–7.0) days versus 7.0 (6.0–8.0) days, respectively, 
p = 0.09) and/or low or elevated ERO2 (6.0 (5.0–7.5) days 
versus 6.5 (3.0–7.0) days, respectively, p = 0.60) at the 
time of admission.
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4 � Discussion

The main results of this prospective pilot study are as:

–	 High ΔPCO2 (≥ 6 mmHg) on admission and on POD1 
of conventional cardiac surgery was found to be very 
frequent and did not predict an elevated ΔPCO2 at T6, 
T12 or T24. Correlations between POD1 values and 
POD1 variations for ΔPCO2 and ERO2 or lactate were 
weak or non-existent.

–	 At the time of admission an elevated ΔPCO2 alone did 
not predict a prolonged ICU stay. Conversely, ICU LOS 
increased by 2-fold in the high-risk patient group identi-
fied with the algorithm. High-risk patients also had sig-
nificantly more postoperative AKI and longer hospital 
LOS.

Limited prospectively reported data on ΔPCO2 after 
CPB are available. As previously reported in retrospective 
studies, our prospective study demonstrates that a widen-
ing in ΔPCO2 on POD1 after conventional elective cardiac 

Table 1   Baseline and perioperative characteristics and immediate postoperative outcomes of patients according to risk group at ICU admission

BMI body mass index, CABG coronary artery bypass grafting, ICU intensive care unit, POD post operative day, SOFA sequential organ failure 
assessment
a Mean ± SD
b Median (25th–5th percentile)
c Number (%)
*Normal or adequate tissue perfusion
**Impaired tissue perfusion or anaerobic metabolism, impaired oxygen extraction, non-hypoxic hyperlactatemia

n = 25 Total cohort (n = 25) Low-risk group* (n = 12) High-risk group** (n = 13) p value

Preoperative
Age (years)a 72 ± 8 74±8 70±8 0.29
Sex (M/F) (16/9) (7/5) (9/4) 0.60
BMI (kg/m2)a 30 ± 6 29±4 30±7 0.70
EuroSCORE 2 (%)b 1.9 (1.1–2.5) 1.6 (1.0–2.0) 1.9 (1.1–3.2) 0.18
Type of surgeryc

 CABG 13 (52) 6(46) 7(58) 0.36
 Valvular surgery 9 (36) 5(46) 4(25) 0.37
 Combined surgery 2 (8) 0(0) 2(17) 0.22
 Other 1 (4) 1 (8) 0(0) 1

Intraoperative
 Duration of bypass (min)a 77 ± 28 70±28 83±27 0.26
 Duration of cross-clamping (min)a 57 ± 25 50±24 65±24 0.12
 Inotropic and/or vasoactive requirementsc 15 (60) 7(58) 8(62) 0.75

On ICU admission
 ERO2 (%)b 32 (26–39) 38 (34–39) 28 (26–32) 0.02
 ScvO2 (%)b 68 (58–72) 61 (56–65) 70 (68–73) 0.03
 ΔPCO2 (mmHg)b 7.2 (5.7–8.7) 7.6 (5.6–9.8) 6.8 (5.7–8.0) 0.50
 Lactate (mmol/L)b 1.2 (1.0–1.7) 1.1 (1.0–1.2) 1.7 (1.4–2.8) < 0.01
 Hb (g/dL)b 11.7 (11.0–12.2) 11.9 (11.2–12.3) 11.7 (10.8–15.1) 0.64

Postoperative
 Blood loss (mL)a 507 ± 294 482±281 530±315 0.98
 Mechanical ventilation > 24 hc 2 (8) 0 (0) 2 (15) 0.18
 Acute Kidney Injuryc 4(16) 0(0) 4 (30) 0.04
 Serum creatinine on POD1b 80 (61–107) 65 (60–94) 96 (76–137) 0.03
 Serum creatinine on POD2b 75 (62–97) 60 (53–88) 86 (69–126) 0.03

Dobutamine infusion on POD1c 2(8) 0 (0) 2 0.18
SOFA on POD1a 2 ± 2.1 1.7 ± 1.8 2.4 ± 2.3 0.44
ICU length of stay (d)b 6.0 (3.0–7.0) 3.5 (3.0–6.3) 7.0 (6.0–8.0) 0.01
Hospital lenght of stay (d)b 9.0 (8.0–12) 8.0 (8.0–9.0) 12.0 (8.0–15.0) < 0.01
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surgery is quite frequent [11, 15]. The reason why ΔPCO2 
remains elevated on ICU admission and on POD1 is unclear. 
An adequate venous blood flow is the main contributor of 
ΔPCO2 and depends on both cardiac output and tissue per-
fusion [14, 20]. It has been demonstrated that ΔPCO2 after 
cardiac surgery is only poorly correlated to cardiac output or 
regional blood flow [21]. It has been suggested that impaired 
microcirculation could be responsible for the widening in 

ΔPCO2 especially when it is associated with normal ScvO2 
[11, 12]. In these studies the pattern of a high ΔPCO2 with a 
normal ScvO2 was associated to further post-operative com-
plications, impaired splanchnic function or elevated lactate. 
Yet, it is still uncertain whether a high ΔPCO2 after cardiac 
surgery is related to microcirculatory hypoperfusion and 
further studies are needed.

We found no strong correlations between ΔPCO2 and 
ERO2 or lactate, which is concordant with previous studies 
in the settings of cardiac surgery and septic shock [2, 15, 
22–24]. This particular lack of strong correlation is not sur-
prising, since ΔPCO2, ERO2 and lactate provide information 
on different hemodynamic mechanisms. For example, high 
lactate is a marker of global anaerobic metabolism whereas 
high ΔPCO2 indicates decreased blood flow that can occur 
without anaerobic metabolism [14]. Conversely, tissue 
hypoxia from non-ischemic cause will not be detected by 
ΔPCO2.but will induce a rise in lactate value [14]. Concern-
ing ERO2, its elevation is a normal adaptation mechanism 
that can also occur without tissue hypoxia [1].

We did not find any significant prognostic value of an 
elevated ΔPCO2 at the time of admission. Similarly, ERO2 
and lactate level taken alone at the time of admission did not 
predicted a prolonged ICU stay. It is important to not misin-
terpret these results. We underline that the prognostic value 
of hyperlactatemia or abnormal ERO2 after cardiac surgery 
has been demonstrated in several studies [3, 9, 22, 23]. Con-
cerning ΔPCO2, an elevation ≥ 6 mmHg at admission has 
also been shown to be associated with poor prognosis in 
high surgical risk patients but the results are conflicting in 
cardiac surgery [11, 13, 15]. In a recent retrospective study, 
high ΔPCO2 after cardiac surgery was not associated with a 
worst outcome but the authors analyzed ΔPCO2 alone [15]. 
Conversely, Habicher et al. found that in presence of nor-
mal ScvO2 ≥ 70%, a high ΔPCO2 (ΔPCO2 ≥ 8 mmHg) was 
associated to further post-operative complications [11]. The 
combination of these two markers seem to better predict 
complications. Similarly, our study suggests that an algo-
rithm combining ΔPCO2 with ERO2 and lactate improved 
prognostic signification of these markers at admission. 
Indeed, in our study, 43% of patients with high ΔPCO2 at 
the time of admission were classified as low-risk group and 
44% patients with low ΔPCO2 were eventually categorized 
in the high-risk group. Consequently, we think that ΔPCO2, 
ERO2 and lactate should not be interpreted separately but 
together using an algorithm.

Our study population was at low risk according to the 
EuroSCORE 2 evaluation. However, when associating to 
this preoperative scoring system the ΔPCO2, ERO2 and 
lactate measures immediately at the ICU admission almost 
half of our population was eventually classified as high-
risk group. Interestingly, although our study was lacking of 
power for prognosis evaluation, ICU and hospital stays were 

Fig. 2   POD1 evolution of ΔPCO2 (a) and POD1 evolution of ΔPCO2 
according to value on admission (b). ERO2 oxygen extraction ratio, 
ΔPCO2 central venous to arterial PCO2 difference. *Significant dif-
ference between groups with repeated-measures analysis of variance 
after Bonferroni correction. Time 0: admission to ICU

Table 2   Pearson correlation between ERO2, ΔPCO2 and arterial lac-
tate for first post operative day (POD1) absolute value (r) and POD1 
variations (rvar)

ERO2 Extraction rate of oxygen, ΔPCO2 veno arterial CO2 tension 
difference
*p < 0.05

ERO2 ΔPCO2

ΔPCO2 r = 0.41 (p < 0.01)
rvar = 0.46 (p < 0.01)

−

Arterial lactate r = − 0.29 (p = 0.16)
rvar = 0.25 (p = 0.03)

r = 0.01 
(p = 0.98)

rvar = 0.10 
(p = 0.39)



521Journal of Clinical Monitoring and Computing (2020) 34:515–523	

1 3

significantly longer and patients had more acute renal failure 
in the high-risk group compared to the low-risk group while 
their EuroSCORE 2 did not differ significantly. We think that 
our algorithm-based evaluation at the time of ICU admission 
may have led to the identification of clinically significant 
intraoperative complications.

The design of our interpretation algorithm is quite similar 
to the algorithm which was recently published by De Backer 
in a review on hemodynamic in shock [17]. Yet, some dif-
ferences should be discussed. For example, De Backer con-
siders hyperlactatemia with normal ERO2 and ΔPCO2 as 
a profile of high cardiac output with dysoxia (i.e. sepsis). 
In our algorithm we consider this pattern as non-hypoxic 
hyperlactatemia. Indeed, in the setting of cardiac surgery, 
the occurrence of hyperlactatemia without evidence of 
inadequate oxygen delivery (DO2) has been reported [7]. 
Although, the pathogenesis of this disorder remains unclear, 
according to the authors it should be considered as reflecting 
a type B lactic acidosis instead of an anaerobic metabolism. 
These patients with non-hypoxic hyperlactatemia were still 
considered as high risk. Indeed, an increased lactate level 
with a normal tension difference/arteriovenous O2 con-
tent difference ratio (ΔPCO2/ΔContO2; another anaerobic 

metabolism marker) was shown to be correlated to poor 
prognosis in a medical ICU [25]. Another difference of 
interpretation relates to the pattern of an increased ERO2 
with normal lactatemia and ΔPCO2. Both our algorithm and 
De Backer’s findings agree on a decrease in DO2 but De 
Backer associates it with dysoxia while we consider a rise in 
ERO2 to be a normal adaptation mechanism [1]. Neverthe-
less, we regard both algorithms as useful tools for clinicians 
to improve comprehension of the patterns drawn by these 
routine markers of systemic perfusion. This study is the first 
to describe the incidence of the different hemodynamic pro-
files defined by these algorithms.

There are several limitations to our study. First, the circu-
latory profiles defined by the algorithm were not externally 
validated by, for example, a measurement of cardiac output 
and an evaluation of microcirculation by video microscopy. 
Further studies are needed to assess both macro and micro-
circulation in the suggested hemodynamic profiles. Another 
important limitation was the small size of the study popu-
lation and the moderate severity of disease within it. We 
used central instead of mixed-venous blood to assess ERO2 
and CO2 derived variables; our results may have differed 
if a pulmonary artery catheter (PAC) had been used [26]. 

Fig. 3   Length of stay in ICU stay according to ΔPCO2 alone (a) 
or according to risk group (ΔPCO2 in combination with ERO2 and 
lactate) (b) at the time of admission. ΔPCO2 central venous to arte-
rial PCO2 difference, ICU intensive care unit. Patients with global 
anaerobic metabolism, non-hypoxic hyperlactatemia or microcircula-

tory dysfunction with impaired oxygen extraction as determined by 
the algorithm were considered to have a high-risk profile (Fig.  1). 
Patients with normal tissue perfusion or decreased oxygen delivery 
without anaerobic metabolism were considered to have low-risk pro-
file
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However, PAC is no longer used in conventional cardiac sur-
gery. Hypothermia is also a potential confounder for ΔPCO2 
measurement. It may decrease cellular respiration and CO2 
generation, especially for very low temperature [20]. Nev-
ertheless none of our patients had profound hypothermia on 
ICU admission and normothermia was rapidly achieved for 
all of our patients. Finally, lactate, ΔPCO2 or ERO2 surely 
have different physiological kinetics, with the clearance of 
lactate probably slower than that of ERO2 and CO2 derived 
variables. This makes it difficult to interpret a snapshot of 
those markers. That being said, taking the kinetics variations 
of the markers into account would also be very difficult. We 
designed our algorithm to provide clinicians with an every-
day tool for the interpretation of arterial and central venous 
blood gases, and it appears to correlate with a clinical reality 
as it predicts occurrence of post-operative AKI and longer 
ICU and hospital stays.

5 � Conclusion

In this original pilot study on patients who underwent stand-
ard cardiac surgery high ΔPCO2 (≥ 6 mmHg) on admission 
and on POD1 of conventional cardiac surgery was found 
to be very frequent and high ΔPCO2 on admission did not 
predict an elevated ΔPCO2 at T6, T12 or T24. Correlations 
between POD1 values and POD1 variations for ΔPCO2 and 
ERO2 or lactate were weak or non-existent. An algorithm 
incorporating the ICU admission values of ΔPCO2, ERO2 
and lactate defined a high-risk profile that predicted pro-
longed ICU and hospital stays better than ΔPCO2 alone.
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