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Cardiogenic shock is the most frequent kind of shock in cardiac intensive care, and cardiac dysfunction and hyp-
oxia are often seen in critically ill patients. Inadequate organ and tissue perfusion and hypoxia result in anaerobic
metabolismwith hyperlactatemia and oxygendebt accumulation. However, the role of accumulated oxygen debt
in the course of cardiogenic shock and hypoxia has not been clearly described. Here, we first described the exis-
tence of several patterns of oxygen debt repayment in cardiogenic shock patients maintained by an extracorpo-
real life support system. Oxygen debt was computed from the lactate concentration at five time points, covering
the first 26 h of ECLS. Patterns representing basic pathophysiological processes were independent of the cause of
the primary insult. Groups of patients classified into specific patterns differed in terms of survival rate from 51.5%
to only 4.6%. It is very important that the initial group not predetermine the fate of the patient andmay change in
the course of treatment due to ‘between-cluster migration’. We believe that our finding of different patterns of
oxygen debt repayment in cardiogenic shock patients may offer new insights for a more rational, goal-directed
treatment of highly morbid conditions such as hypoxia and cardiogenic shock.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
Extracorporeal life support
Oxygen debt
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1. Introduction

Cardiogenic shock is the most frequent type of shock in cardiac in-
tensive care, and cardiac dysfunction is often seen in critically ill pa-
tients [1]. Cardiogenic shock is an emergency involving a complex,
highly morbid and vicious cycle of cardiac and systemic decompensa-
tion. It includes a complex and diverse disorder involving end-organ hy-
poperfusion, hypoxic endothelial damage, acute coagulopathy, and
multisystem organ failure [2]. Inadequate organ and tissue perfusion
results in hypoxia and activation of anaerobicmetabolism [3-5]. In addi-
tion to anaerobic glycolysis, adrenergic stimulation due to the accompa-
nying severe stress response can increase aerobic lactate production
[6,7].

Elevated arterial lactic acid levels are associatedwith in-hospital and
30-day mortality rates independent of treatment mode [7-16]. How-
ever, focus on lactate concentration and its clearance erodes the under-
standing of the shock state's major physiological underpinnings [17].
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Lactate concentration is merely a metabolic correlate of the pathophys-
iological process known as oxygen debt. Translating lactate concentra-
tion (mmol/l) to the deficit in oxygen consumption (mlO2) creates an
important quantitative descriptor of the severity of the shock process
[18]. A better understanding of the mechanisms underlying oxygen
debt accumulation and recovery, also known as repayment, may be a
useful guide in treating shock [17,18].

Archibald Hill originally introduced the term ‘oxygen debt’ in 1928 as
the additional oxygen that must be taken into the body after vigorous
exercise to restore all systems to their normal states [19]. In clinical
practice, unlike the physiological increase in metabolic requirements
during vigorous exercise, the disparity between the metabolic require-
ments and the level of oxygen delivery is caused by a decrease in oxygen
delivery beyond its critical level [17]. Therefore, oxygen debt is the accu-
mulation of an oxygen deficit over time and represents [18] both the se-
verity of shock and the time spent in the shock state. Animal and clinical
studies have demonstrated a direct association of total oxygen debt and
mortality [18,20,21]. Furthermore, the severity of end-organ and tissue
damage increase with the period of oxygen debt and, in case of failure,
the period to repay the oxygen debt [18,22]. Therefore, timely oxidation
of unmetabolized substrates (i.e., an oxygen debt repayment schedule)
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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is an essential factor determining the severity of ongoing damage and
outcome [17].

Our retrospective study aims to demonstrate the possible differ-
ences in the compensation ofmetabolic disorder patterns caused by car-
diogenic shock in terms of oxygen debt in patients supported by
extracorporeal life support (ECLS). It also examines the dependence be-
tween the treatment outcome of this group of patients and the oxygen
debt repayment schedule.

2. Material and methods

2.1. Study population and design

Between January 2013 and December 2017, all consecutive patients
undergoing venoarterial ECLS (v-a ECLS) in a single academic center
were included retrospectively. No exclusion criteria were applied.
Moreover, therewas no formal consent applied due to the retrospective
nature of the study. Allmethodswere performed in accordancewith the
relevant guidelines and regulations. The study was approved as a study
to which the Medical Research Involving Human Subjects Act (WMO)
does not apply, and the need for informed consent was waived by
the local ethical committee (Medisch-Ethische Toetsingscommissie
Academisch Ziekenhuis Maastricht/Universiteit Maastricht, decision
METC 2020–1440).

2.2. Data collection

The clinical, laboratory, intervention, and outcome data were col-
lected at treatment time during the support using Extracorporeal Life
Support Organization (ELSO) forms and the computer database. Addi-
tional informationwas extracted by reviewing hospital records. The fol-
lowing clinical data were evaluated at the following time points: before
ECLS initiation and after 2, 8, 14, 20, and 26 h of ECLS: ECLS flow, mean
arterial pressure (MAP), lactate concentration, and norepinephrine in-
fusion rate.

Oxygen debtwas computed from lactate concentration using the fol-
lowing linear regression equation [21]:

Oxygen debt ml=kgð Þ ¼ −25:26þ 13:06 x lactate½ � mmol=lð Þ∗ ð1Þ

* Calculated only when lactate ≥2.0 mmol/l.
Total oxygen debt is the result of the multiplication of the oxygen

debt computed in eq. 1 by the patient's bodyweight. The changes in ox-
ygen debt were evaluated over the following intervals: pre-ECLS – 2 h
(T1), 2–8 h (T2), 8–14 h (T3), 14–20 h (T4), and 20–26 h (T5).

2.3. Study outcomes

Six-month survival was used as an outcome parameter and con-
trolled via the Municipal Personal Records Database.

2.4. Statistical analysis

The sociodemographic and clinical characteristics were analyzed
using descriptive statistics, including percentages for categorical vari-
ables and continuous variables and the mean ± standard deviation
(SD) for normally distributed parameters.

A two-step cluster analysis algorithm was used for initial stratifica-
tion. The Z-scores of total oxygen debt before the start of ECLS and
after 2 h of support were selected for detecting primary subgroups of
patients with similar patterns of oxygen debt and repayment dynamics.

The oxygen debt parameters after the T1 period generated the initial
set of centers for the K-means clustering procedure in a sequential pe-
riod between 2 and 8 h of support (T2). The algorithm then proceeded
by repeating the K-means clustering procedure, where the generated
cluster centers at the end of each study period were used as initial
2

cluster centers for the next (sequential) period until the end of the
26-h study period.

Themigration of patients between clusters was tracked at each time
interval. Analysis of variance (ANOVA) was used to examine the clus-
ters' differences in clinical and laboratory parameters at each time inter-
val. The Pearson chi-square test was used to assess the distribution of
patients in clusters by categorical variables. Tests were considered sta-
tistically significant at the 95% confidence interval (p-value ≤0.05). Sta-
tistical analyses were performed using SPSS version 23 (SPSS Inc.,
Chicago, IL, USA).

3. Results

3.1. General characteristics

During the study period, a total of 153 patients were included with
an average age of 61.5 ± 12.3 years; the majority of patients were
male (66%).

The distribution of the causes of cardiogenic shock in patients sus-
tained by an extracorporeal life support device is presented in Fig. 1a.
A total of 106 patients died. The etiology of cardiogenic shock was not
associated with six-month mortality in patients sustained by ECLS
(Fig. 1b, X2 (8, N=153) = 14.53, p=0.069). Independent of the etiol-
ogy of cardiogenic shock, 82.4% of patients received peripheral cannu-
lation, and 14.4% had central arterial cannulation and peripheral
venous cannulation. The decision to start the ECLS within 8 h after the
event was made in 97.8% of survivors versus 76.6% of nonsurvivors
(X2 (1, N=153)= 10.63, p=0.001). Furthermore, in 41.5% of patients
in the nonsurvivor group, ECLS was discontinued during the first 24 h
due to prognosis infausta. That is why the duration of ECLS in the
group of nonsurvivors was lower than that in the group of six-month
survivors (79.0 ± 93.7 h compared to 150.0 ± 137.9 h, respectively,
p < 0.0001).

The duration of ECLS was associated with six-month survival (150.0
±137.9 h in the survivor group compared to 79.0±93.7 h, p< 0.0001).
Discontinuation of ECLS during the first 24 h due to prognosis infausta,
was decided in 44 (41.5%) out of all patients who died during the six-
month follow-up period.

3.2. Cluster analysis

Two-step cluster analysis based on the oxygen debt amount at the
start of ECLS and after two hours of support (as a mark of repayment)
generated three clusters (Cluster 1, Cluster 2, and Cluster 3, respec-
tively). The K-means cluster procedure repeated at each time interval,
as described in the methods section, allowed the tracing of the changes
in oxygen debt and the distribution of patients in clusters (Fig. 2). Dur-
ing the first 2 h of ECLS, the patients in Cluster 1 demonstrated an
increase in oxygen debt (1491 ± 1556 ml pre-ECLS and 2331 ±
2272 ml after 2 h of ECLS, p = 0.016) followed by a statistically signifi-
cant decrease in oxygen debt at each time interval (Fig. 2).We observed
a higher prevalence of postcardiotomy in patients in Cluster 1 after the
initial classification (Fig. 3a, p= 0.002). However, after 2 h of ECLS sup-
port, the differences in the distributions by the cause of cardiogenic
shock between clusters were not statistically significant (Fig. 3b, p =
0.19). Fig. 4 presents the migration of patients between clusters during
the first 26 h of circulatory support. During this time, seven patients
from Cluster 1 were successfully weaned and survived during the six-
month follow-up period. The migration of patients with more effective
oxygen debt repayment to Cluster 1 as well as the reverse migration
of patients with a delay in repayment increased the survival rate in
this cluster from 46.1% as observed after two hours of support to
51.5% after 26 h of support and was counterbalanced by a decrease in
the survival rate in Cluster 2 from 26.5% to 15.8%. Only one patient
assigned to Cluster 3 survived for six months. The observed rise in the
survival rate in Cluster 3 from 4.8% after two hours of support to 12.5%



Fig. 1. a) Causes of cardiogenic shock in the patient cohort; (b) survival rate by etiology of cardiogenic shock (χ2 (8, N = 153) = 14.532, p > 0.05).
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was caused by a decrease in the total number of patients in Cluster 3
from 21 to 8 at the end of the 26-h observation period (Fig. 5 a, b).

The frequency of initiation of ECLS during 8 h after the event in the
initial clusters did not differ statistically between clusters (90.6% in Clus-
ter 1, 79.4% in Cluster 2, and 86.7% in Cluster 3, p = 0.30).

The MAP in the clusters during the observation period is shown in
Fig. 6a. The patients assigned to Cluster 3 had lower MAP values despite
the higher doses of noradrenaline infusion throughout all study periods
(Fig. 6b). The average ECLSmachine flowwas 4.2± 0.8 l/min in all clus-
ters and did not differ between clusters and time periods.
Fig. 2. Cluster center shifts in five time periods. Statistically significant shifting of cluster
centers occurred at T1 (0–2h: cluster 1 – F(1,126)=5.95, p=0.016); at T2 (2–8h: cluster
1 – F(1,136) =14.64, p < 0.0001 and cluster 3 – F(1,36) = 5.04, p = 0.031); at T3 (8–14
h): cluster 1 – F(1,145) = 4.59, p = 0.034 and cluster 2 – F(1,61) = 17.09, p < 0.0001);
and at T4 (14–20 h: cluster 2 – F(1,55) = 4.63, p = 0.036). No significant changes in the
cluster centers occurred at T5 (20–26 h).
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4. Discussion

To our knowledge, this is the first attempt to describe the patterns of
tissue perfusion disorder in patients with cardiogenic shock in terms of
oxygen debt accumulation and repayment and its impact on short-term
survival.

The initial two-step cluster analysis algorithm based on the total ox-
ygen debt and its dynamics defined three clusters in our study group
(Fig. 2). These clusters, along with sequential clustering, exposed three
distinct patterns of initial oxygen debt and repayment in our patients.
The cluster analysis methods used in combination in our study have
been successfully reported and are increasingly appearing in clinical
studies [23-26]. Interested readers can study the principles and algo-
rithms of cluster analysis elsewhere [27].

It is well established that accumulated oxygen debt due to a dispro-
portion between the oxidative requirement and the level of oxygen de-
livery without timely repayment leads to multiple organ failure and
mortality [17]. Maintenance and fast restoration of oxygen delivery suf-
ficient to facilitate adequate cellular metabolism are fundamental in
sustaining organ function. The early improvement of tissue perfusion
by all means, including mechanical circulatory support [7,28-33] and a
rapid decrease or normalization of lactate levels, is critical for survival
[7,34-38].

Our findings support the relevance and positive impact of an early
start of ECLS. The ECLS provided to the patients included in our study
was initiated during the first 8 h after the insult in 97.8% of patients
who survived a six-month observation period versus 76.4% of nonsurvi-
vors. However, a relatively high number of nonsurvivors who were
started on ECLS within 8 h in nonsurvivors questions the importance
of this factor as the primary determinant of the outcome. Furthermore,
the distribution of patients who were started on ECLS within 8 h across
clusters was not statistically significant despite a substantial difference
in mortality rates. This can be explained by the fact that our study's ini-
tial classification was based on the total oxygen debt, which is the accu-
mulation of oxygen deficit over time and embodies both the severity of
shock and time spent in the shock state [17,18].



Fig. 3.Distribution of patients by etiology of cardiogenic shock in clusters. (a) Initial classification. Therewere significant differences in the distribution of patients by etiology of CS in clus-
ters (χ2 (16,N=119)= 37.756, p=0.002), which disappeared after 2 h (b) of support (χ2 (16,N=124)= 20.642, p > 0.05). OHCA: out-of-hospital cardiac arrest; PTCA: percutaneous
coronary angioplasty.
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The total oxygen debt during the first 26 h of ECLS and its repayment
patterns were derived from serial measurements of lactate concentra-
tion at the study time points. As a quantitative metric, this variable
more adequately represents the metabolic state of the patient [17]
than the lactate concentration in arterial blood alone. The linear regres-
sion equation used in our study was based on the animal hemorrhagic
shock model described by Dieter Rixen et al. in 2001 [21]. However,
Fig. 4. Patientmigration over the course of extracorporeal life support. The colored text boxes p
throughout the entire 26-h observation period. Only patients from the first cluster were succe
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the equivalence of metabolic acidosis and accumulated oxygen debt
permits quantification of the severity of the ischemic shock process in
both animals and humans [18,39]. The total oxygen debtwas computed
as oxygen debt times the body weight of the patient and indicates the
additional oxygen that must be taken into the body to restore all sys-
tems to their normal states. Considering the prognostic importance of
lactate clearance and absolute lactate levels [40], we used oxygen debt
resent the number of migrated patient survivors | nonsurvivors. Patientmigration occurred
ssfully weaned during the first 26 h of support and survived for 6 months.



Fig. 5. Six-month survival in clusters. Bars represent total number of patients in the cluster. Labels are the 6-month survival rate in patients assigned to the clusters initially (a) and at the
end of the observation period (b). The distribution of survivors | nonsurvivors in the clusters was statistically significant throughout all ECLS observation periods. In the shown examples,
χ2 (2, N = 119) = 13.66 (p < 0.0001) after initial classification (a) and χ2 (2, N = 93) = 10.71 (p = 0.005) after 26 h of support (b).
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at the start and end of the period as variables for the clustering proce-
dure. Therefore, the clustering procedure was affected by the initial
value of the debt and its repayment efficiency.

The distribution of patients by the etiology of cardiogenic shock was
statistically significant after the initial cluster step. The observed high
percentage of postcardiotomy patients in Cluster 1 with the lowest ini-
tial oxygen debt (Fig. 3a) can be explained by the continuous observa-
tion and treatment of these patients from the end of surgery until the
start of ECLS. The percentage of patients with ‘Out of Hospital Circula-
tory Arrest’ in Cluster 3 with the highest accumulated oxygen debt
(Fig. 3a) could be expected by the severity of the condition and com-
monly longer time between insult and starting ECLS. This difference
by etiological factor disappears after 2 h of support (Fig. 3b). Although
we did not find a statistically significant relationship between the etiol-
ogy of cardiogenic shock and six-month survival (Fig. 1b, p = 0.069),
the effect of the initial insult and reversibility of myocardial damage is
self-explanatory. However, our data showed that timely and effective
oxygen debt repayment could prevent slippage into a vicious cycle of in-
jury, cardiac and systemic decompensation, and further injury and de-
compensation. The survival rate was significantly higher in patients
initially assigned to Cluster 1 (with accumulated oxygen debt of approx-
imately 1500 ml), and it further increased due to the migration of pa-
tients over the course of the 26-h ECLS observation period.

Patients in Cluster 1 and Cluster 2 had significantly higher mean ar-
terial pressures (Fig. 6a) and required lower norepinephrine infusion
rates (Fig. 6b) than patients assigned to Cluster 3. The cardiogenic
shock stages defined by the SCAI Consensus Statement Classification
[41,42] could be imposed onto the clusters derived for our population
The patients in Cluster 3 most likely had stage E (“Extremis”) or refrac-
tory cardiogenic shock with relatively low mean arterial pressure and
nonsignificant in time intervals of decreasing (repayment) oxygen
debt despite the use of ECLS and the high rate of norepinephrine infu-
sion (Fig. 6a and b). Cluster 2 consisted of patients who most likely
had stage D (“Deteriorating”) or a mixture of the last three SCAI shock
stages. These patients readily migrated to Cluster 1 or Cluster 3
(Fig. 4). Most of our patients were assigned to Cluster 1. Presumably,
these patientswere in stage C (“Classic”) of cardiogenic shock. These pa-
tients required a lower infusion rate of norepinephrine to maintain a
mean arterial pressure of approximately 70 mmHg (Fig. 6a, b). How-
ever, an observed significant elevation of oxygen debt after 2 h of circu-
latory support (Fig. 2) suggests further deterioration, but we believe
5

that the rising lactatewith increasing total bloodflowwith the initiation
of ECLS could be explained by lactate washout from previously
hypoperfused tissues [43]. Furthermore, this cluster's patients dem-
onstrated a steady decrease in total oxygen debt during each follow-
ing time interval until the end of the observation period (Fig. 2).
From this perspective, the absence of an oxygen debt rise after 2 h
of support in Cluster 3 is a sign of vasoplegia and washing out of
the substrates of anaerobic metabolism to the circulation before
the start of ECLS. This suggestion is supported by the highest amount
of oxygen debt accumulated (Fig. 2) and persistent hypotension de-
spite the highest infusion rate of norepinephrine throughout the
ECLS observation period (Fig. 6a, b).

However, the accumulation of total oxygen debt, even more than
15,000ml (Cluster 3), does notmean inevitable death. Timely and effec-
tive repayment of oxygen debt can prevent irreversible damage. Four
patients migrated from Cluster 3 to Cluster 2 after eight to 14 h of sup-
port (Fig. 4). Two of these patientsmigrated further to Cluster 1 after 20
to 26 h of support and survived until the end of the six-month observa-
tion period.

We realize that the amount of ‘total oxygen debt’, as computed using
a linear regression equation based on animal models of hemorrhagic
shock, can differ from the actual ‘debt’. However, the universal character
of the pathophysiological mechanisms of oxygen debt accumulation
and repayment and the robust linear relation of debt with lactate con-
centration permit us to use this value as an indicator of the severity
and duration of the shock. Furthermore, the application of the oxygen
debt theory to cardiogenic shock patients sustained by ECLS combined
with cluster analysis allowed us to better describe and understand the
patterns of end-organ hypoperfusion recovery and the mechanisms of
its failure. The failure of massive oxygen debt repayment in the inten-
sive care unit could be related to the persisting of abnormal microcircu-
latory perfusion despite normal oxygen delivery values [44]. However,
one of the most challenging problems in the treatment of patients
with severe circulatory shock is that the burden of accumulated oxygen
debt must be repaid by timely increasing oxygen delivery above base-
line levels to restore metabolic function and prevent ongoing organ in-
jury at the cellular level [17,18,20,39]. Therefore, returning oxygen
delivery to only normal basal levels after an accumulation of oxygen
debt is insufficient to prevent subsequent organ injury [17]. Mechanical
circulatory support devices, especiallywith peripheral cannulation, can-
not cover the required increase in oxygen delivery.



Fig. 6. a)Mean arterial pressure for different clusters and time periods. Themean arterial pressure significantly differed between the clusters at timepoints T2 (2–8 h: F(2,118)=3.31, p=
0.04; T3 (8–14h: F(2,112)=8,89, p< 0.0001; and T4 (14–20h: F(2,97)=3.85, p=0.025), representing the period of ECLS; b) norepinephrine infusion rate for different clusters and time
periods. The infusion rate significantly differed between the clusters at timepoints T2 (2–8 h: F(2,109) = 7.68, p=0.001); T4 (14–20 h: F(2,93) = 10.29, p < 0.0001); and T5 (20–26 h:
F(1,87) = 13.05, p < 0.0001).
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There are several ways to bypass this limitation that should be fur-
ther investigated. Decreasing the metabolic rate by permissive hypo-
thermia, used with success in trauma patients [45], could create a
necessary excess (relative) oxygen delivery. Another possible way is
to limit the duration of exposure to the products of anaerobic metabo-
lism and the concomitant inflammatory response reaction of high-
volume hemofiltration, which is widely used in critically ill patients
[46,47] or zero-balanced ultrafiltration [48].

The retrospective single-center design has inherent limitations, in-
cluding missing data and ascertainment bias. The absence of informa-
tion about preserved myocardial contractility and cardiac output in
patients sustained by ECLS did not allow us to estimate the actual oxy-
gen delivery required for the effective repayment of accumulated oxy-
gen debt. Additionally, patients with irreversible myocardium damage,
patients who died from postoperative complications other than cardio-
genic shock, or complications of ECLS were intentionally not excluded
from the analysis and might have affected the reported mortality rate.
Concomitant SIRS reactions as well as its effects on multiple organ fail-
ure in patients with cardiogenic shock are beyond the scope of our in-
vestigation.

The application of oxygen debt theory to cardiogenic shock patients
sustained by v-a ECLS combined with cluster analysis uncovered three
6

patterns of oxygen debt repayment. The patterns were associated with
six-month mortality. Understanding the pathophysiology of oxygen
debt accumulation and repayment as a basic pathophysiological process
independent of the causes of the primary insult may offer new insights
for amore rational, goal-directed treatment of this highlymorbid condi-
tion with cardiogenic shock.
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