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Abstract 

Background  Patients undergoing cardiac surgery are prone to numerous complications. Increased vascular perme‑
ability may be associated with morbidity and mortality due to hemodynamic instability, fluid overload, and edema 
formation. We hypothesized that markers of endothelial injury and inflammation are associated with capillary leak, 
ultimately increasing the risk of postoperative complications.

Methods  In this prospective, observational, multidisciplinary cohort study at our tertiary academic medical center, 
we recruited 405 cardiac surgery patients. Patients were assessed daily using body impedance electrical analysis, ultra‑
sound, sublingual intravital microscopy, and analysis of serum biomarkers. Multivariable models, as well as machine 
learning, were used to study the association of angiopoietin-2 with extracellular water as well as common complica‑
tions after cardiac surgery.

Results  The majority of patients underwent coronary artery bypass grafting, valvular, or aortic surgeries. Across 
the groups, extracellular water increased postoperatively (20 ± 6 preoperatively to 29 ± 7L on postoperative day 
2; P < 0.001). Concomitantly, the levels of the biomarker angiopoietin-2 rose, showing a strong correlation based 
on the time points of measurements (r = 0.959, P = 0.041). Inflammatory (IL-6, IL-8, CRP) and endothelial biomarkers 
(VE-Cadherin, syndecan-1, ICAM-1) suggestive of capillary leak were increased. After controlling for common risk 
factors of edema formation, we found that an increase of 1 ng/mL in angiopoietin-2 was associated with a 0.24L 
increase in extracellular water (P < 0.001). Angiopoietin-2 showed increased odds for the development of acute kidney 
injury (OR 1.095 [95% CI 1.032, 1.169]; P = 0.004) and was furthermore associated with delayed extubation, longer time 
in the ICU, and a higher chance of prolonged dependence on vasoactive medication. Machine learning predicted 
postoperative complications when capillary leak was added to standard risk factors.

Conclusions  Capillary leak and subsequent edema formation are relevant problems after cardiac surgery. Levels 
of angiopoietin-2 in combination with extracellular water show promising potential to predict postoperative compli‑
cations after cardiac surgery.
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Graphical Abstract

Angiopoietin-2 is Associated with Capillary Leak and Predicts Complications after Cardiac Surgery 

405 prospectively recruited patients undergoing cardiac surgery with CPB

Followed through their hospital stay with non-invasive study measurements including:

Body impedance electrical analysis Ultrasound Microcirculation Endothelial Biomarkers
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Complications after cardiac surgery

Capillary leak is a relevant problem after cardiac surgery and angiopoietin-2 predicts subsequent complications.
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Patients with high Angiopoietin-2:

- Increased measures of edema on ultrasound

- Endothelial biomarkers (syndecan-1, VE-Cadherin, ICAM-1)

- Compromized sublingual microcirculation 

Angiopoietin-2 correlated well with extracellular water (r=0.959; P=0.041)

Multivariable model: Increase of 1ng/mL Angiopoietin-2 associated with 0.24L increase 
                                             in extracellular water (P<0.001)

High Angiopoietin-2 associated with:

Acute kidney injury:
OR 1.095 (1.032, 1.169; P=0.004)

Increased length of stay in ICU

Delayed time to extubation

Dependence on vasoactive drugs: 
OR 1.208 (95% CI 1.126, 1.306; P<0.001) 
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Introduction
Patients undergoing cardiac surgery are prone to numer-
ous complications which may contribute to high morbid-
ity and mortality [1]. It has previously been established 
that surgery with the use of cardiopulmonary bypass 
(CPB) induces a profound pro-inflammatory response 
leading to vascular injury which is further exacerbated by 
altered flow characteristics and shear stress on CPB [2]. 
Among inflammation-related complications, an increase 
in vascular permeability is of particular interest as it can 
lead to fluid extravasation, volume overload, and edema 
formation. This phenomenon is often termed Capillary 
Leak Syndrome (CLS) and, aside from cardiac surgery, 
frequently occurs in sepsis [3, 4], anaphylaxis [5], and 
thermal injury [6]. Fluid administration and vasoac-
tive drugs may ultimately become necessary to stabilize 

hemodynamics. Up-to-date, substantial clinical data on 
cardiac surgery and CLS are missing. Despite the lack 
of widely accepted diagnostic criteria for CLS, elevated 
pro-inflammatory cytokine profiles are associated with 
adverse outcomes after cardiac surgery [7], and cytokine 
levels tend to be higher in non-survivors of critical ill-
ness [8]. Importantly, a positive fluid balance reflects an 
independent risk factor for death in patients after cardiac 
surgery [9].

Angiopoietin-2 (Ang-2) was previously shown to play 
an important role in the regulation of the vascular bar-
rier. In a combined in-vitro and in-vivo study examining 
serum from 28 adult patients after coronary artery bypass 
grafting (CABG), increased in-vitro permeability in cul-
tured endothelial cells was associated with an imbalance 
of angiopoietin-1 and -2 (Ang-1/-2) [10]. Our group 

http://www.drks.de
http://www.drks.de
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recently substantiated that Ang-2 holds promising poten-
tial to identify CLS in a heterogeneous cohort of critically 
ill patients [4]. Here, CLS was associated with an increase 
in 30-day mortality and revealed distinct characteristics 
in its biomarker profiles.

Currently, the consequences of CLS and complica-
tions are insufficiently understood in cardiac surgery. In 
this prospective study, we hypothesized that Ang-2 lev-
els are linked with markers of vascular permeability and 
edema formation in patients undergoing cardiac surgery 
patients, while an increase in serum Ang-2 consecutively 
leads to postoperative complications.

Methods
Design and setting
The study was designed in a prospective, multidiscipli-
nary, observational approach. Reporting complied with 
the STROBE (Strengthening the Reporting of Observa-
tional Studies in Epidemiology) statement [11]. Patients 
were recruited prior to their cardiovascular surgery and 
were followed postoperatively in the intensive care units 
at the Medical Center of the University of Freiburg, Ger-
many from May 2019 to October 2020. The study was 
approved by the institutional review board (Freiburg, 
EK-Nr. 405/18) and registered (DRKS No. 00017057). 
All patients, their respective next-of-kin, or legal guard-
ian had to provide informed consent for study participa-
tion. 918 patients were screened for study inclusion (see 
Fig. 1). If patients were still hospitalized seven days after 
discharge from the ICU, they were included in a 7-day 
follow-up.

Study population
We assessed the eligibility of all adult patients sched-
uled for cardiovascular surgery with the anticipated use 
of CPB at our institution. Inclusion criteria were defined 
as planned cardiovascular surgery with the use of CPB, 
age ≥ 18  years, and informed consent. Patients were 
excluded if one or more of the following criteria applied: 
Refusal to participate, infection with HIV, viral hepatitis, 
idiopathic capillary leak syndrome (“Clarkson disease”), 
hereditary C1-esterase deficiency, recurrent angioedema, 
pre-existing chronic kidney failure requiring dialysis, 
pre-existing hepatic impairment with a MELD score ≥ 20 
and participation in clinical trials.

Clinical care
Routine clinical care was unchanged during the study. 
In brief, anesthesia was induced at the discretion of the 
responsible anesthesiologist and was maintained using 
a balanced technique with sevoflurane and sufentanil, 
while a propofol infusion was initiated prior to transport 
to the ICU. For CPB, customary circuits using cannulas, a 

roller head, and membrane oxygenators (Stöckert, Sorin, 
Germany) were used. After completion of the surgery, 
patients were admitted to the intensive care unit (ICU). 
Sedation was stopped when deemed safe by the ICU 
team, and extubation was then pursued in a timely man-
ner. Administration of vasoactive and inotropic medica-
tion was at the discretion of the primary team and guided 
by invasive as well as non-invasive tools of hemodynamic 
monitoring. The decision to administer fluid was based 
on all available variables. This included the clinical exam-
ination, a positive fluid challenge or passive leg raise test, 
echocardiographic assessment, as well as invasive and 
non-invasive measurements, when deemed appropriate. 
Of note, only balanced crystalloid solutions were used for 
fluid resuscitation in our patients.

Study measurements
The preoperative patient measurements were obtained 
after induction of general anesthesia with the postopera-
tive measurement after completion of surgery. For every 
consecutive day in the ICU, patients were assessed daily 
after morning rounds until ICU discharge. If still hospi-
talized one week after ICU discharge, a 7-day follow-up 
(7FU) including study measurements was performed. A 
blood sample was obtained at every measurement time-
point. Patients’ electronical medical records (EMRs) 
were followed. For insight into body and fluid composi-
tion, body impedance electrical analysis (BIA) was used 
at every study measurement as previously described 
(Nutriguard-MS, Data Input GmbH, Poecking, Ger-
many) [4]. In brief, the measurements were performed 
in a hand-to-foot approach with the patient supine. Data 
were analyzed using the NutriPlus software (Data Input 
GmbH, Poecking, Germany). The principle of BIA lies in 
measuring body’s impedance after an electrical current is 
sent through the body (tissue presents various levels of 
resistance) [12]. For this technique, non-invasive elec-
trodes are applied to the patient’s skin. The phase angle 
is a raw measurement by BIA showing the relationship 
between reactance and resistance of tissue. Various other 
parameters can then be derived and calculated from the 
measurements (e.g., extracellular water). Standardized 
views on ultrasound were used to quantify tissue echo-
genicity as previously described [4]. Using incident-
darkfield imaging with the CytoCam™ system (Braedius, 
Huizen, The Netherlands), sublingual microcirculation 
was assessed. Image acquisition, analysis of the microcir-
culatory sequences, and calculation of microcirculatory 
flow-derived variables was performed in accordance with 
current consensus guidelines [13]. Five different sub-
lingual regions were assessed for every patient at every 
measurement timepoint. Video analysis was performed 
according to the consensus recommendation by five 



Page 4 of 16Wollborn et al. Annals of Intensive Care           (2023) 13:70 

trained providers to gain insight into convective and 
diffusive flow properties. Patients’ serum samples were 
analyzed for cytokine levels, Angiopoietin-2, sVE-Cad-
herin, sICAM-1, and syndecan-1 (please see Additional 
file  1 for more detail). Available patient data such as 
demographics, medication, and laboratory values were 
obtained from the EMR.

Statistical analysis
Patients were categorized in surgical groups. Patients 
undergoing combined interventions such as valve and 
revascularization surgery were grouped with the valvu-
lar surgery patients (due to the extent of the surgery and 
the necessity of a cardiotomy). Patients having combined 
aortic surgery with valve and/or CABG surgery were 

Screened for Inclusion
N=918

Not included
- age <18 years N=184
- unable to obtain consent N=304
- meeting exclusion criteria N=8
- declined to participate N=12

Recruited
N=410

Included in study
N=405

Excluded
- discharged from ICU early N=1
- withdrew consent N=4

Excluded from analysis
- Orthotopic heart transplants N=3
- Incomplete records N=9

Included in analysis
N=393

Fig. 1  CONSORT study flow chart



Page 5 of 16Wollborn et al. Annals of Intensive Care           (2023) 13:70 	

grouped with the aortic surgery patients. Due to a lim-
ited number of orthotopic heart transplants (N = 3), these 
patients were excluded from our analysis. Nine patients 
had incomplete records in our dataset and thus had to be 
excluded. The group of “other” surgeries comprised inter-
ventions such as ASD closures, pulmonic, or singular tri-
cuspid valve intervention.

For detailed description of the statistics, please see 
the Additional file  1 section. To assess the association 
between Ang-2 and the primary outcome of extracel-
lular water (ECW), generalized estimating equations 
(GEE) models with an identity link function and an 
exchangeable correlation structure were used to account 
for repeated measurements on patients throughout the 
perioperative period. We used a multivariable model to 
adjust for confounders (see Additional file  1). A similar 
model was fit for the association of Ang-2 with the P/F-
ratio [14]. Logistic regression was employed to model 
the relationship between Ang-2 and the secondary out-
comes of AKI and continuous dependence on vasoactive 
medication [15]. The association between Ang-2 and the 
secondary outcomes of time to ICU discharge and time 
to extubation were assessed by means of survival analysis 
and Cox proportional hazards models [16, 17].

Machine learning
Machine learning was used to refine post-operative out-
come prediction using data that were collected before or 
immediately after surgery. All patients were described 
using risk factors (see multivariable analyses, Additional 
file 1). Additionally, we created a second, augmented fea-
ture set that included the same features but also added 
absolute values, differences and relative ratios of accessi-
ble body impedance electrical analysis measurements and 
serum Ang-2 levels before and after the surgery. Raw data 
were cleaned and preprocessed prior to machine learning 
modeling using Python (V3.8, Python Software Founda-
tion, USA). Specifically, patients who did not contain all 
features were excluded from the analysis. Mean value and 
standard deviation were calculated for every variable in 
the training data and used to standardize the training and 
test data (Z score transformation). Seven classifiers avail-
able in scikit-learn library (V1.0.2) were implemented 
with optimized hyperparameters, namely Gaussian Naïve 
Bayes (var_smoothing 1e-07), K-Nearest Neighbors Clas-
sifier (6 neighbors), Decision Tree (entropy, best split), 
Random Forest (100 trees, entropy), Linear Support 
Vector Machine (l2 penalty, squared hinge), AdaBoost 
Classifier (50 estimators, learning rate 0.25), and Neural 
Networks (multilayer perceptron, 3 hidden layers with 
50 neurons per layer). Hyperparameters not listed were 
set to default. In addition to standard ten-fold cross 
validation, we also performed ten-fold stratified cross 

validation, leave-one-out cross validation to test every 
patient individually and leave-one-group-out cross vali-
dation on surgery type (see Additional file 9: Fig. S2). All 
experiments were repeated ten times to determine their 
variability and enable statistical analysis. Model per-
formance was evaluated using area under the Receiver 
Operating Characteristic (ROC-AUC), Matthews’ corre-
lation coefficient (MCC), Cohen’s κ coefficient, and bal-
anced accuracy. Wilcoxon rank-sum or Mann–Whitney 
U test were used to assess statistical significance for dif-
ferent performance metrics.

Results
918 individuals undergoing cardiac surgery with CPB at 
our institution were assessed for study inclusions. After 
the recruitment process and after excluding patients 
according to pre-defined criteria, records from 393 
patients were analyzed (see Fig. 1).

Most patients underwent CABG, valvular, or major 
aortic procedures (see Table  1). The mean age in our 
cohort was 63 ± 14 with 75% males. 26 patients (7%) died 
within the observational time of 30 days. Patients with 
left ventricular assist device (LVAD) placement stayed in 
the ICU for 9 (6–10) days, while the general cohort had a 
median length of stay (LOS) of 3 (1–5) days. The median 
CPB time was 135 (105–165) minutes. In 45 patients 
(52%) undergoing aortic surgeries, deep hypothermic 
cardiac arrest (DHCA) was used. Postoperative extracor-
poreal membrane oxygenation (ECMO) was used in 15 
patients (4%). 158 patients (40%) developed postoperative 
acute kidney injury (AKI). 129 (33%) patients presented 
with KDIGO stage I, 19 (5%) patients had KDIGO stage 
II, and 10 (3%) patients had KDIGO stage 3 AKI. Renal 
replacement therapy was necessary in 14 (4%) patients. 
43 (11%) of patients had postoperative low-cardiac out-
put syndrome (LCOS). For additional patient character-
istics and echocardiographic assessment, see Additional 
file 2: Table S1 and Additional file 3: Table S2.

ECW increased in all patient groups from (20 ± 6L) 
preoperatively to (29 ± 7L; P < 0.001; see Fig. 2) postop-
erative day (POD) 2. At the 7-day follow-up (7FU) meas-
urement, all patient groups showed a reduction in ECW 
back to baseline (22 ± 6L). Phase angle dropped from 
5.6 ± 2.5AU preoperatively to 3.8 ± 1.2AU on POD2, 
while returning to baseline levels at FU7 (5.1 ± 3.3). 
The echogenicity derived from ultrasound measure-
ment of subcutaneous tissue did not alter over time; 
except for patients undergoing LVAD placement who 
had a modest increase in echogenicity from 18 ± 3AU 
preoperatively to 22 ± 8AU on POD1. Angiopoietin-2 
(Ang-2) increased in all patients from 5.1 ± 4.4  ng/mL 
at baseline to a maximum of 12.8 ± 9.7 ng/mL on POD2, 
while the LVAD patients showed the most prominent 
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Table 1  Patient demographics and data on surgical characteristics and complications

All patients 
(N = 393)

CABG 
(N = 100)

AV (N = 63) MV (N = 52) Multivalve 
(N = 32)

Aorta (N = 86) LVAD (N = 21) Others (N = 39)

General characteristics

Age 
(mean ± SD)

63 ± 14 67 ± 11 66 ± 12 60 ± 10 69 ± 12 63 ± 14 57 ± 15 51 ± 17

Male (%) 295 (75%) 92 (92%) 46 (73%) 38 (73.1%) 21 (65.6%) 64 (74.4%) 16 (76.2%) 18 (46.2%)

BMI 
(mean ± SD)

27 ± 5 28 ± 5 28 ± 4 25 ± 4 25 ± 4 27 ± 6 25 ± 3 26 ± 5

30-day mortal‑
ity (%)

26 (7%) 1 (1%) 5 (7.9%) 3 (5.8%) 3 (9.4%) 6 (7%) 7 (33%) 1 (2.6%)

Length of ICU 
stay (days, 
median ± IQR)

3 (1–5) 2 (1–3) 2 (1–4) 3 (1–4) 3 (2–5) 3 (2–6) 9 (6–10) 2 (1–4)

Days until extu‑
bation 
(median ± IQR)

0 (0–1) 0 (0–1) 0 (0–1) 0 (0–1) 0 (0–1) 0 (0–1) 3 (1–8) 0 (0–1)

EuroScore 
(mean ± SD)

6 ± 4 5 ± 3 6 ± 4 4 ± 4 8 ± 4 7 ± 5 12 ± 3 6 ± 5

7-day Follow-
Up After ICU 
Discharge (%)

192 (49%) 47 (47%) 32 (51%) 27 (52%) 14 (44%) 50 (58%) 11 (52%) 11 (28%)

Surgical characteristics
Cardiopulmo‑
nary Bypass 
Time, min 
(median ± IQR)

135 (105–165) 105 (75–135) 135 (105–165) 135 (105–210) 150 (135–210) 165 (135–210) 105 (105–158) 75 (75–135)

Deep Hypo‑
themic Cardiac 
Arrest (%)

47 (12%) 0 1 (2%) 0 0 45 (52%) 0 1 (3%)

Selective Ante‑
grade Cerebral 
Perfusion (%)

45 (11%) 0 0 0 0 43 (50%) 0 0

Intraoperative 
CPR (%)

5 (1%) 0 2 (3%) 1 (2%) 0 2 (2%) 0 0

Postoperative 
ECMO (%)

15 (4%) 2 (2%) 3 (5%) 5 (10%) 1 (3%) 3 (4%) 0 1 (3%)

Postoperative 
IABP (%)

0 0 0 0 0 0 0 0

Postoperative 
Impella (%)

1 (0.2%) 0 0 1 (2%) 0 0 0 0

Postoperative 
RVAD (%)

4 (1%) 0 0 0 0 0 4 (19%) 0

Complications
Sepsis (%) 8 (2%) 0 2 (3%) 1 (2%) 2 (6%) 1 (1%) 1 (5%) 1 (3%)

ARDS (%) 2 (1%) 0 1 (2%) 1 (2%) 0 0 0 0

AKI, overall (%) 158 (40%) 33 (33%) 21 (33%) 20 (39%) 17 (53%) 37 (43%) 17 (81%) 13 (33%)

 KDIGO I (%) 129 (33%) 29 (29%) 18 (29%) 16 (31%) 16 (50%) 24 (28%) 14 (67%) 12 (31%)

 KDIGO II (%) 19 (5%) 3 (3%) 1 (2%) 3 (6%) 1 (3%) 10 (12%) 1 (5%) 0

 KDIGO III (%) 10 (3%) 1 (1%) 2 (3%) 1 (2%) 0 3 (3%) 2 (10%) 1 (3%)

 RRT (%) 14 (4%) 2 (2%) 1 (2%) 0 2 (6%) 4 (5%) 3 (14%) 2 (5%)

Intraop‑
erative fluid 
balance (mL, 
mean ± SD)

3234 ± 1074 2761 ± 1007 3225 ± 1321 3253 ± 926 3059 ± 1231 3331 ± 1319 4365 ± 1502 3100 ± 1666

Weight gain 
at the end 
of surgery (kg, 
mean ± SD)

4.7 ± 1.8 3.6 ± 1.9 4.1 ± 1.3 4.2 ± 1.5 5.1 ± 3.7 4.7 ± 2 5.2 ± 3.1 3.6 ± 2.8
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increase. On FU7, Ang-2 levels were at baseline levels 
(8.5 ± 4.2 ng/mL). Serum syndecan-1, a marker for gly-
cocalyx shedding, showed the highest levels in LVAD 
(224 ± 170 preop to 557 ± 544 ng/mL postop) and mul-
tivalve (196 ± 269 preop to 482 ± 587  ng/mL postop) 
patients. Interleukin-6 (IL-6) significantly increased in 
all surgical groups postoperatively (12 ± 52 at baseline 
to 1449 ± 3366 ng/L), with a reduction back to preoper-
ative levels on POD1. No significant changes in micro-
vascular flow index (MFI) and perfused vessel density 
(PVD) occurred.

Correlation of endothelial and inflammatory biomark-
ers showed a positive correlation of Ang-2 with ECW 
(correlation based on averaged time points of daily meas-
urements: r = 0.959, P = 0.041; unsystematic correlation 
across all patients and without accounting for time of 
measurement: rr= 0.32; P < 0.001). No meaningful cor-
relations were found for the other biomarkers sVE-Cad-
herin, syndecan-1, sICAM-1, TNF-α, IL-1β, IL-6, IL-8, 
IL-10, and IL-12 (see Fig. 3).

Univariate analysis based on the classification on 
Ang-2 levels (according to the 75th percentile) showed 

AV Aortic valve, AKI acute kidney injury, ALF acute liver failure, ARDS acute respiratory distress syndrome, BMI body mass index, CABG Coronary artery bypass grafting, 
CPR cardiopulmonary resuscitation, ECMO extracorporeal membrane oxygenation, IABP intra-aortic balloon pump, ICU intensive care unit, KDIGO Kidney Disease: 
Improving Global Outcomes, kg kilogram, LVAD Left ventricular assist device; MV Mitral valve, RRT​ Renal replacement therapy; RVAD Right ventricular assist device

Table 1  (continued)

All patients 
(N = 393)

CABG 
(N = 100)

AV (N = 63) MV (N = 52) Multivalve 
(N = 32)

Aorta (N = 86) LVAD (N = 21) Others (N = 39)

ALF (%) 3 (1%) 0 1 (2%) 1 (2%) 1 (3%) 0 0 0

Low-Cardiac 
Output Syn‑
drome (%)

43 (11%) 6 (6%) 5 (8%) 7 (14%) 5 (15%) 6 (7%) 12 (57%) 2 (6%)

Reoperation 
within first 
7 days (%)

53 (14%) 8 (8%) 8 (13%) 4 (8%) 3 (9%) 18 (21%) 9 (43%) 3 (8%)
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Fig. 2  Time course of study variables, grouped by surgical type, on edema, serum biomarkers, and sublingual microcirculation: A Extracellular 
water obtained from body impedance electrical analysis, B Phase angle obtained from BIA, C Echogenicity obtained from tissue ultrasound, D 
Angiopoietin-2 in serum, E Syndecan-1 in serum, F Interleukin-6 in serum, G Microvascular flow index obtained from sublingual microcirculation 
assessment, H Perfused vessel density obtained from sublingual microcirculation assessment (POD: postoperative day, FU7 = follow-up on day 7 
post ICU discharge)
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that patients with high Ang-2 had a significantly 
increased ECW postoperatively until POD3 (30.4 ± 8.1 vs. 
27.4 ± 6.6L on POD1; P < 0.001; see Table 2), while phase 
angle was lower in high Ang-2 patients postoperatively 
and on POD1 (POD1 3.6 ± 1.2 vs. 4.2 ± 1AU; P < 0.001). 
Echogenicity of subcutaneous tissue was elevated in high 
Ang-2 patients on POD2 and POD3 (POD2: 21 ± 5.6 
vs. 19 ± 3.9AU; P < 0.001). IL-6 was increased in high 
Ang-2 patients postoperatively and on POD1 (postop 
2405 ± 4673 vs. 1127 ± 2727  ng/L; P = 0.001), while IL-8 
was only increased on POD1. C-reactive protein (CRP) 
was higher postoperatively until POD2 (POD1: 91 ± 49 vs. 
73 ± 32 mg/dL; P = 0.001). No significant differences were 
detected in microcirculatory variables. The endothelial 
biomarkers sVE-Cadherin, syndecan-1, and sICAM-1 
were increased in high Ang-2 patients throughout the 
time points of measurement (POD1: sVE-Cadherin 
2.33 ± 0.49 vs. 2.09 ± 0.39  ng/mL; syndecan-1 355 ± 485 
vs. 208 ± 157 ng/mL; sICAM-1 342 ± 103 vs. 289 ± 158 ng/
mL; all P < 0.01). Lactate was higher in the high Ang-2 
group postoperatively to POD3 (POD1: 2.8 ± 2.4 vs. 
2 ± 1.7  mmol/L; P < 0.001). SAPS-II and SOFA scores 
were increased in the high Ang-2 group, while fluid in- 
and output did not show any differences postoperatively 
to POD3.

We found a statistically significant association between 
Ang-2 and ECW, both in the unadjusted and adjusted 
statistical models (see Table 3). After controlling for com-
mon confounders of edema formation in cardiac sur-
gery patients, a coefficient of 0.24 (95% CI 0.163, 0.317; 

P < 0.001) for Ang-2 was calculated using a GEE model 
which takes into account the dynamics of patient meas-
urements on multiple days (an increase in Ang-2 of 1 ng/
mL was, therefore, associated on average, with a 0.24 L 
increase in ECW). Moreover, aortic valve, multivalve, 
and “other” surgeries showed a negative coefficient in 
their association with ECW as compared to the reference 
category of coronary artery bypass grafting. CPB time 
had a positive coefficient of 0.033 (95% CI 0.02, 0.047; 
P < 0.001), while the perioperative transfusion of PRBCs 
and normal LVEF variables showed negative coefficients.

In an unadjusted model, mortality was increased in 
the high Ang-2 group compared to low Ang-2 patients 
(HR 4.031 [95% CI 1.556, 10.44], P < 0.001). However, the 
number of absolute events limited precise multivariable 
modelling to support definitive conclusions regarding 
mortality.

AKI was studied as a secondary outcome (see Fig. 4A). 
After adjusting for common risk factors of AKI in cardiac 
surgery, an increase of 1 ng/mL in Ang-2 was associated 
with a 9.5% (95% CI 1.032, 1.169; P = 0.004) increase in 
the odds of developing perioperative AKI. While there 
was no association between type of surgery and AKI, age, 
transfusion of PRBCs, and dependence on vasoactive 
medication were significantly associated with increased 
odds of AKI.

Higher Ang-2 was associated with a delayed time to 
extubation both in the Kaplan–Meier analysis and the 
Cox proportional hazards models (see Fig. 4B and Addi-
tional file  4: Table  S3). On POD4, 26 patients remained 

Fig. 3  Correlation between biomarkers and extracellular water preoperatively (blue), postoperatively (orange), on POD1 (green) and POD2 (red) 
with the oversized diamonds showing the average for the respective time of measurement. The respective biomarker is represented on the x-axis 
and extracellular water is represented on the y-axis
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intubated in the high Ang-2 group vs. 11 patients with 
low Ang-2 levels. Considering Ang-2 as a continuous 
variable and controlling for risk factors of delayed extu-
bation after cardiac surgery resulted in a HR of 0.939 
(95% CI 0.92, 0.96; P < 0.001); consequently, an increase 
of 1 ng/mL of Ang-2 was associated with a 6.1% decrease 

Table 2  Markers of edema, inflammatory and endothelial 
biomarkers, microcirculation variables, ICU scores, and data on 
fluid homeostasis postoperatively based on the classification in 
high Ang-2 and low Ang-2 patients

Low Ang-2
(< 10.9 ng/mL)

High Ang-2
(≥ 10.9 ng/mL)

P-value

Markers of Edema

ECW [L]

 Postop 24 ± 5.6 26.6 ± 7.1 P < 0.001
 POD1 27.4 ± 6.6 30.4 ± 8.1 P < 0.001
 POD2 28.7 ± 6.5 31 ± 8.4 P = 0.033
 POD3 28 ± 7 31.9 ± 9.2 P = 0.005

Phase angle [AU]

 Postop 4.7 ± 1.2 4 ± 1 P < 0.001
 POD1 4.2 ± 1 3.6 ± 1.2 P < 0.001
 POD2 3.9 ± 1.1 3.7 ± 1.4 P = 0.398

 POD3 3.6 ± 1 3.5 ± 2 P = 0.784

Echogenicity [AU]

 Postop 18.7 ± 3.6 18.8 ± 3.8 P = 0.348

 POD1 18.7 ± 3.7 19.3 ± 3.8 P = 0.115

 POD2 19 ± 3.9 21 ± 5.6 P = 0.002
 POD3 19.3 ± 3.9 20.9 ± 5.6 P = 0.044

Markers of Inflammation

Interleukin-6 [ng/L]

 Postop 1127 ± 2727 2405 ± 4673 P = 0.001
 POD1 316 ± 467 628 ± 739 P < 0.001
 POD2 278 ± 973 336 ± 519 P = 0.655

 POD3 201 ± 1041 1555 ± 8734 P = 0.131

Interleukin-8 [ng/L]

 Postop 279 ± 1675 368 ± 473 P = 0.6

 POD1 61 ± 65 195 ± 304 P < 0.001
 POD2 69 ± 317 126 ± 260 P = 0.199

 POD3 42 ± 55 341 ± 1584 P = 0.063

C-reactive Protein [mg/dL]

 Postop 21 ± 24 60 ± 82 P = 0.032
 POD1 73 ± 32 91 ± 49 P = 0.001
 POD2 189 ± 64 217 ± 70 P = 0.004
 POD3 209 ± 80 232 ± 79 P = 0.084

Microcirculation

Microvascular Flow Index (MFI)

 Postop 2.8 ± 0.3 2.7 ± 0.4 P = 0.071

 POD1 2.7 ± 0.3 2.8 ± 0.3 P = 0.673

 POD2 2.7 ± 0.3 2.8 ± 0.3 P = 0.424

 POD3 2.8 ± 0.3 2.9 ± 0.3 P = 0.146

Perfused Vessel Density (PVD, mm/mm2)

 Postop 5.9 ± 2.4 6.3 ± 2.8 P = 0.152

 POD1 5.3 ± 2.3 5.7 ± 2.4 P = 0.12

 POD2 5.4 ± 2.6 5.9 ± 2.5 P = 0.242

 POD3 5.9 ± 2.4 6.2 ± 2.2 P = 0.457

Biomarkers

sVE-Cadherin [ng/mL]

 Postop 2.08 ± 0.44 2.28 ± 0.58 P < 0.001

Bold indicates statistically significant results

AU arbitrary units, ECW Extracellular water, POD postoperative day, SAPS-II 
Simplified Acute Physiology Score-II; SOFA Sequential organ failure assessment 
score, SAPS Simplified Acute Physiology Score

Table 2  (continued)

Low Ang-2
(< 10.9 ng/mL)

High Ang-2
(≥ 10.9 ng/mL)

P-value

 POD1 2.09 ± 0.39 2.33 ± 0.49 P < 0.001
 POD2 2.07 ± 0.37 2.3 ± 0.42 P < 0.001
 POD3 2.05 ± 0.35 2.22 ± 0.46 P = 0.008

Syndecan-1 [ng/mL]

 Postop 307 ± 314 433 ± 428 P = 0.002
 POD1 208 ± 157 355 ± 485 P < 0.001
 POD2 214 ± 158 406 ± 465 P < 0.001
 POD3 226 ± 170 597 ± 819 P < 0.001

sICAM-1 [ng/mL]

 Postop 234 ± 97 297 ± 311 P = 0.002
 POD1 289 ± 158 342 ± 103 P = 0.002
 POD2 317 ± 110 393 ± 119 P < 0.001
 POD3 344 ± 119 439 ± 178 P < 0.001

Lactate [mmol/L]

 Postop 3.3 ± 2.6 4.8 ± 2.9 P < 0.001
 POD1 2 ± 1.7 2.8 ± 2.4 P < 0.001
 POD2 1.3 ± 1 1.6 ± 1.1 P = 0.015
 POD3 1.1 ± 0.5 1.6 ± 1.7 P = 0.003

ICU Scores

SAPS-II

 Postop 38 ± 15 45 ± 14 P < 0.001
 POD1 21 ± 15 34 ± 19 P < 0.001
 POD2 22 ± 14 35 ± 19 P < 0.001
 POD3 22 ± 14 37 ± 18 P < 0.001

SOFA

 Postop 9 ± 3 10 ± 3 P < 0.001
 POD1 7 ± 3 9 ± 3 P < 0.001
 POD2 7 ± 3 9 ± 3 P < 0.001
 POD3 7 ± 3 10 ± 3 P < 0.001

Fluids

Fluid input [mL]

 POD1 1075 ± 772 1054 ± 698 P = 0.815

 POD2 888 ± 653 923 ± 1100 P = 0.745

 POD3 834 ± 595 740 ± 482 P = 0.273

Output [mL]

 POD1 607 ± 504 718 ± 657 P = 0.078

 POD2 572 ± 507 696 ± 686 P = 0.103

 POD3 741 ± 591 705 ± 619 P = 0.698
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in the hazard of being extubated. Age, CPB time, and 
postoperative hyperglycemia were also significantly asso-
ciated with decreased hazard of extubation.

Kaplan–Meier analysis showed a longer ICU LOS in 
the high Ang-2 patients (P < 0.001), while an unadjusted 
Cox model produced a HR of 0.928 (95% CI 0.907, 0.949; 
P < 0.001; see Fig.  4C and Additional file  5: Table  S4, 
Additional file  6: Table  S5). In the multivariable Cox 
model, only LVAD placement, a history of PRBC trans-
fusion, and continued invasive ventilation strategies were 
significantly associated with decreased hazard of ICU 
discharge, while an improved P-F-ratio was associated 
with increased hazard of discharge.

After adjusting for risk factors, an increase of 1  ng/
mL in Ang-2 was associated with a 20.8% increase in the 
odds (95% CI 1.126, 1.306; P < 0.001) of continuous post-
operative dependence on vasoactive drugs beyond POD 
1 (see Additional file  6: Table  S5). Other factors associ-
ated with increased odds of dependence on pharmaco-
logical hemodynamic support were age, RV dysfunction, 
and a longer CPB time, while a normal LVEF was associ-
ated with decreased odds.

The association between Ang-2 and P-F ratio as a 
marker for oxygenation was only statistically signifi-
cant in an unadjusted model (P = 0.047), while adjusting 
for confounders using GEE did not support this finding 
(P = 0.081; see Additional file 7: Table S6).

ML models based on general risk factors showed an 
AUC of 0.6 for AKI, 0.46 for low P-F-ration, 0.55 for 
dependence on vasoactive substances, 0.5 for mortality, 
and 0.64 for postoperative dependence on ECMO. Com-
bining these risk factors with Ang-2 and body impedance 
electrical analysis-derived edema measurements led to a 
significant improvement in prediction of the respective 
complication (all P < 0.001; see Fig.  5A and Additional 
file  8: Fig. S1). Dependence on ECMO then showed an 
AUC of 0.84, mortality 0.82, dependence on vasoactive 
medication 0.77, AKI 0.7, and low P-F-ratio 0.65. Com-
paring the different cross-validation strategies, stand-
ard cross-validation showed the best AUC to predict 
the complications except for AKI model which had its 
best AUC in a stratified cross-validation approach (see 
Fig. 5B).

Discussion
The results from our prospective, observational study 
can be summarized as follows: A) We were able to pro-
vide longitudinal data on the development and course 
of inflammatory edema formation after cardiac surgery. 
B) By studying biomarkers associated with the patho-
physiology of capillary leak, Ang-2 best correlated with 
endothelial injury, inflammation, and glycocalyx shed-
ding. However, we did not identify an association of 
Ang-2 with sublingual microcirculation. C) An increase 
in Ang-2 was linked to cardiovascular, pulmonary, and 

Table 3  Univariable and multivariable models to examine the association between angiopoietin-2 (Ang-2) and extracellular water 
(ECW) using generalized estimating equations (GEE); the multivariable model was adjusted for chronic kidney disease, normal left 
ventricular ejection fraction, type of surgical procedure, duration of cardiopulmonary bypass (CPB), diuretic use, and packed red blood 
cell (PRBC) transfusion

Bold indicates statistically significant results
# vs. coronary artery bypass grafting

Unadjusted coefficient 
(95% CI)

P-value Adjusted coefficient (95% CI) P-value

Angiopoietin-2 0.242 (0.165, 0.319) P < 0.001 0.24 (0.163, 0.317) P < 0.001
Surgery type

 Aortic valve# − 1.720 (− 3.314, − 0.125) P = 0.034
 Mitral valve# − 1.817 (− 3.821, 0.186) P = 0.075

 Multivalve# − 3.223 (− 5.312, − 1.134) P = 0.002
 Aortic surgery# − 1.644 (− 3.416, 0.129) P = 0.069

 Left ventricular assist devices# 0.382 (− 3.281, 4.045) P = 0.838

 Others# − 4.037 (− 6.117, − 1.957) P < 0.001
Cardiopulmonary bypass time 0.033 (0.020, 0.047) P < 0.001
PRBC Transfusion − 2.348 (− 3.711, − 0.985) P = 0.001
Normal LVEF − 2.205 (− 3.385, − 1.025) P < 0.001
Diastolic dysfunction 0.033 (− 1.048, 1.518) P = 0.719

Chronic kidney disease − 1.230 (− 2.708, 0.249) P = 0.103

Diuretic use − 0.048 (− 1.209, 1.113) P = 0.935
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renal complications after cardiac surgery, directing fur-
ther attention to the deleterious effects of capillary leak. 
D) Machine learning algorithms for postsurgical compli-
cations were augmented in its predictive potential with 
ECW and Ang-2, stressing the relevance of capillary leak. 
Diagnostic capabilities were improved beyond classic 
risk factors and early patient identification with targeted 
interventions can be envisioned.

Mechanisms related to CLS have been investigated in 
cell and animal models. While an inflammatory pheno-
type increases vascular permeability [18], the integrity of 
inter-endothelial adhesions become compromised [19]. 
A decreased intracellular cAMP levels lead to reduced 
inter-cellular interaction and vascular barrier func-
tion [18]. By targeting endothelial cAMP, experimental 

pharmacological mechanisms (e.g., phosphodiesterase-
IV inhibition) have been successfully tested to attenuate 
inflammation-triggered fluid extravasation in pre-clinical 
models [20]. In a clinical study examining seven critically 
ill patients, Flemming et  al. demonstrated that compo-
nents of endothelial cell junctions (sVE-Cadherin) are 
detectable in the patients’ serum and its concentration 
decreased with resolution of disease [21]. In cardiac sur-
gery, mechanical injury and shear stress from extracor-
poreal blood flow may further exacerbate vascular injury 
together with the systemic inflammatory response to 
CPB. Rehm et al. were able to demonstrate in 18 patients 
undergoing surgery on CPB that endothelial glycocalyx 
is shedded while serum markers like heparan sulfate and 
syndecan-1 markedly increased [22]. Among mediators 

Angiopoietin-2 1.184 (1.124 ,  1.253) P<0.001 1.095 (1.032 ,  1.169) P=0.004 
Surgery type:     
 Aortic valve#   1.073 (0.504 ,  2.264) P=0.853 
 Mitral valve#   1.41 (0.609 , 3.241) P=0.418 
 Multivalve#   1.606 (0.605 ,  4.278) P=0.34 
 Aortic surgery#   1.876 (0.928 ,  3.829) P=0.081 
 Left ventricular 

assist devices# 
  3.319 (0.895 ,  14.586) P=0.087 

 Others#   1.552 (0.562 ,  4.237) P=0.391 
Age   1.028 (1.008 ,  1.05) P=0.006 
Sex   1.367 (0.749 ,  2.527) P=0.312 
Obesity   1.526 (0.842 ,  2.769) P=0.163 
Transfusion   1.874 (1.085 ,  3.241) P=0.024 
Dependence on 
vasoactive drugs 

  2.836 (1.683 ,  4.832) P<0.001 

Unadjusted odds ratio 
(95% CI)

P-value Adjusted odds ratio 
(95% CI)

P-value

A Acute kidney injury

B CTime to extubation ICU Length of Stay

Fig. 4  Secondary analyses. A Uni- and multivariable logistic regression models for the association of Ang-2 and postoperative, acute kidney injury 
(AKI). In the multivariable model, common risk factors associated with AKI after cardiac surgery were controlled for (#vs. coronary artery bypass 
grafting). B Using Kaplan–Meier curves, time to extubation was significantly prolonged in patients showing high serum Ang-2 levels (P < 0.0001). C 
Discharge from the ICU occurred later in patients with high Ang-2 levels (P < 0.0001)
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of vascular permeability, Ang-2 has recently attracted 
attention. It can be released from Weibel-Palade bod-
ies from the endothelium while its binding to the Tie-2 
receptor may increase the endothelial barrier’s response 
to pro-inflammatory cytokines [23]. By binding of Ang-2 
to the Tie-2 receptor, the barrier-protective effects of 
Ang-1, targeting the same receptor, are abrogated [24, 
25]. In their study on 25 patients undergoing surgery on 
CPB, Clajus et  al. showed that Ang-2 levels increased 
from pre- to postoperatively. Ang-2 correlated with signs 
of fluid overload and CPB time. Furthermore, serum from 
25 patients with high Ang-2 levels disrupted endothelial 
cell layers in-vitro [26]. In a recent study investigating a 
heterogenous cohort of 200 critically ill patients, we were 
able to analyze multiple biomarkers reflective of capillary 
leak. We found that Ang-2, ICAM-1, sVE-Cadherin, and 
syndecan-1 were significantly elevated in patients with 
phenotypical CLS, while Ang-2 showed the best char-
acteristics for being included in a clinical scoring sys-
tem[4]. With our current study, we were able to expand 
the knowledge on CLS and Ang-2 in the field of cardiac 
surgery. Importantly, we not only found an association 
of Ang-2 with ECW—the gold standard assessment of 
edema formation and capillary leak—but we also identi-
fied a link of Ang-2 with relevant complications, common 

in patients presenting with fluid overload. Of note, we 
used BIA as a non-invasive tool to assess the fluid com-
partments, increasing the relevance of our findings. 
Previously, BIA was compared against invasive measure-
ments of ECW [27], while it was furthermore suggested 
to be useful in the ICU setting aiding decision beyond 
fluid status (e.g., nutritional support, drug dosing) [28].

Previous studies in general ICU cohorts have linked 
Ang-2 with acute lung injury and multi-organ dysfunc-
tion [29, 30]. In a study of 21 post-CPB patients, the 
increase in postoperative Ang-2 was higher in patients 
who developed AKI [31] and an altered Ang-2/Ang-1 
ratio was correlated with higher odds for prolonged 
mechanical ventilation [10]. In 30 neonates less than 
two weeks of age undergoing congenital cardiac repair, 
patients with a greater rise in Ang-2 showed a higher 
chance for a composite of adverse outcomes after cardiac 
surgery [32]. Secondary analyses from our cohort fur-
ther highlight the predictive relevance of CLS for hemo-
dynamic, renal, and pulmonary complications. Here, 
AKI, the duration of mechanical ventilation, the need 
for pharmacologic hemodynamic support, and the LOS 
in the ICU were affected. Especially AKI presents a con-
siderable challenge in cardiac surgery and was previously 
shown to increase perioperative morbidity and mortality, 
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Fig. 5  Machine learning models predicting complications based on common risk factors, and by adding a combination of Ang-2 and body 
impedance electrical analysis-derived measurements to the risk factors. A shows ROC-AUC of machine learning (ML) algorithms to predict acute 
kidney injury (AKI), low oxygenation index (P/F-ratio), dependence on vasoactive drugs, mortality, and postoperative dependence on ECMO 
from standard risk factors (grey curve). The red curves represent an augmented feature set, adding the phenotype of capillary leak to the standard 
risk factors (with Ang-2 and body impedance electrical analysis-derived measurements), thus showing a significant improvement in predicting 
the respective postoperative complication (blue dotted lines: random selection). B shows different cross-validation methods and their respective 
ROC-AUC to predict complications derived from ML. Models could maintain their robust performance in terms of ROC-AUC regardless 
of the splitting approaches used in various cross-validation strategies. Color from dark to light (counter-clockwise) in each segment: repeated 
train-test splitting validation, standard cross-validation, stratified cross-validation, leave-one-patient-out cross-validation, and leave-one-surgery-out 
cross-validation
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with only limited evidence-based strategies to reduce 
its risk [33]. The AUC of 0.6 in the ROC analysis from 
the ML models based on standard risk factors stresses 
the difficulty to accurately diagnose AKI, while adding 
CLS in our prediction model significantly improved its 
robustness. With our data we are thus able to demon-
strate clinical relevance of CLS for complications after 
cardiac surgery.

Contrary to our hypothesis we found no relevant asso-
ciation of Ang-2 with markers of sublingual microcircu-
lation. Previously, cardiac surgery as well as mechanical 
circulatory support have been shown to lead to micro-
circulatory alterations [34–37]. In a study by Wadowski 
et al., a rarefication of the capillary density was observed 
in LVAD patients which was also associated with bleed-
ing complications [40]. Dekker et  al. demonstrated that 
increased Ang-2 levels correlated moderately with indi-
ces of reduced sublingual microcirculatory perfusion in 
17 patients after surgery on CPB [38]. In our prospective 
cohort of 405 patients, there was no meaningful associa-
tion of Ang-2 with metrics of sublingual microcircula-
tion. Visualization of the microvascular network with 
handheld high-resolution cameras, as used in our study, 
has enabled direct insight into the complex network of 
microvascular perfusion. Important to note, microcir-
culation is a conserved, yet locally auto-regulated sys-
tem by various mediators. Therefore, heterogeneity is 
not unexpected, thereby presenting a challenge to inter-
pret findings from the sublingual region and correlate 
it to the organ state. Of note, microcirculatory altera-
tions may occur as early as on or immediately after CPB 
[39]. However, in our study we focused on postoperative 
measurements in the ICU, and thus may have missed 
intraoperative alterations. However, as we found differ-
ences in lactate levels in our patients, either some micro-
circulatory heterogeneity or a degree of impaired lactate 
kinetics may have been present.

We employed various statistical techniques to account 
for potential confounders. The advantage of our dataset 
is that it was curated longitudinally with up to 31 con-
secutive measurements for individual patients in the 
ICU. By employing GEE, we were able to account for the 
edema dynamics, enabling us to reference it to respec-
tive changes in Ang-2. Hence, conclusions from multiple 
timepoints measured in the same patients are possible. 
Moreover, controlling for common risk factors for edema 
formation after cardiac surgery (like a reduced LVEF, 
CKD, or diastolic dysfunction) did not alter the associa-
tion of Ang-2 and ECW. To account for confounders in 
our secondary analyses, GEE, Cox proportional hazard, 
and logistic regression models were used. We were able 
to identify statistically significant associations for Ang-2 
with the development of AKI, dependence on vasoactive 

drugs, as well as a prolonged time to extubation (with a 
trend to reduced oxygenation index and length of stay in 
the ICU related to high Ang-2). Overall mortality was not 
different in our adjusted models despite a trend in uni-
variate analyses. To further boost the predictive capa-
bilities, we complemented our multivariable statistical 
approach with methods of machine learning. The results 
show that common risk factors failed to accurately pre-
dict complications after cardiac surgery. By adding CLS 
to the risk assessment, the predictive capabilities for the 
respective complications were improved (e.g., ROC-AUC 
for AKI from 0.6 to 0.7), thus enabling a more robust 
classification system. Our results clearly stress the impor-
tance to diagnose CLS and demonstrate its relevance for 
complications. In general, ML models can help to pre-
dict the individual patient course, and its utility may be 
further envisioned by automatic data computation from 
EMR. Although the ML model is mathematically more 
complex than the applied statistics, it is qualitatively dif-
ferent by allowing for predictions that have not been con-
sidered during model training. Thereby, the algorithm 
prototypes a novel system that could inform future auto-
mated clinical decision making and to triage patients. Of 
note, ML models have previously been published to pre-
dict the need for ECMO dependence after cardiac sur-
gery [41]. In particular, some of these models merely rely 
on patients’ EMR data, and thus not requiring additional 
input from BIA or serum measurements. In our study, we 
were able to further refine the performance of our models 
with additional input from BIA, highlighting the impor-
tance of the fluid homeostasis for the patient’s prognosis. 
Importantly, the efforts needed for BIA may be compa-
rable to an electrocardiogram with non-invasive applica-
tion of electrodes to the patients’ skin to perform short 
measurements while the utility of this technique may 
reach beyond mere volume status assessment [12].

As an important differentiation to capillary leak, we 
postulate that vasoplegic syndrome should be viewed as a 
different entity. The pathomechanism of vasoplegia after 
cardiac surgery is thought to be related to an inflamma-
tion-related vasodilation, leading to a decrease in sys-
temic vascular resistance. This state should be treated 
with vasoactive medication instead of fluid adminis-
tration [42]. In contrast, CLS refers to a microvascular 
injury leading to leaky blood vessels, resulting in loss of 
fluid to third spaces. A reduction in venous return seen 
in vasoplegia may mimic the picture of fluid loss by pool-
ing blood volume in intravascular, yet recruitable spaces. 
Of note, in our study we used advanced hemodynamic 
monitoring to differentiate states of low systemic vascu-
lar resistance, reduced contractility, and hypovolemia to 
allow for targeted treatment. The fact that an increase 
in Ang-2 was also associated with a higher chance of 
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vasopressor requirement in our study may be the result 
of systemic inflammation which could have triggered 
not only the vascular leak but also caused vasodilata-
tion in these patients. Interestingly, a recent study by 
Joffre et  al. indicated that commonly used catechola-
minergic drugs used to treat vasoplegia may also reduce 
inflammatory endothelial permeability in-vitro [43] in 
its cAMP-dependent downstream signaling comparable 
to experimental approaches used for CLS [44]. Despite 
marked differences, the complex interaction of the two 
pathological states deserves further attention.

The strength of our study is that we were able to fol-
low our patients throughout their hospital course. We 
obtained pre- and postoperative, daily ICU, and a 7-day 
follow-up measurement in a large cohort. We were able 
to draw conclusions on the dynamics of fluid extravasa-
tion and its resolution throughout the patients’ hospi-
tal stay. Furthermore, we employed multiple techniques 
of non-invasive assessment related to microvascular 
physiology as well as extensive statistical modelling. The 
reported rate of complications (e.g., a 40% rate of AKI) 
in our patients depicts a sick, yet typical cardiac sur-
gery cohort. Certain limitations should be considered 
when interpreting our data. First, vascular permeability 
presents a continuum of health and disease. A certain, 
yet often unknown degree of permeability is essential 
to maintain homeostasis, enabling exchange processes 
across the vascular barrier. However, it remains challeng-
ing to determine an individual cut-off for permeability 
to be considered a pathological state. Second, vascular 
permeability is typically assessed by surrogate markers. 
We are not aware of an easy, non-invasive, reliable and 
well-established visualization of fluid extravasation in 
patients. Therefore, we included multiple metrics of vas-
cular permeability and edema formation, comprising 
ECW, the phase angle as a means for membrane integ-
rity, ultrasound measurements, sublingual microscopy 
as well as inflammatory and endothelial biomarkers. The 
studied biomarkers confirmed the etiology CLS with its 
hallmarks of glycocalyx shedding (i.e., increase in serum 
syndecan-1), inflammation (i.e., IL-6), mediators of vas-
cular permeability (i.e., Ang-2), as well as an increase in 
cleaved inter-endothelial junction proteins in the serum 
(i.e., sVE-Cadherin, ICAM-1).

Conclusions
With our study, we can draw conclusions from the rela-
tionship of biomarkers, edema formation, and complica-
tions after cardiac surgery. Our results suggest a strong 
relationship of Ang-2 with perioperative CLS and show a 
robust link to postoperative complications like AKI. With 
the expanding knowledge on CLS, interventional studies 
may be conceptualized for targeted interventions in the 

Ang-2 axis, thereby intending to minimize complications 
after cardiac surgery.

Abbreviations
ACEi	� Angiotensin converting enzyme inhibitors
AKI	� Acute kidney injury
ALF	� Acute liver failure
Ang-2	� Angiopoietin-2
ARB	� AT1-receptor blockers
AU	� Arbitrary units
AUC​	� Area under the curve
AV	� Aortic valve
CABG	� Coronary artery bypass grafting
CLS	� Capillary Leak Syndrome
CKD	� Chronic kidney disease
CPB	� Cardiopulmonary bypass
DHCA	� Deep hypothermic cardiac arrest
ECMO	� Extracorporeal membrane oxygenation
ECW	� Extracellular water
ELISA	� Enzyme-linked immunosorbent assay
EMR	� Electronic medical record
FU7	� Follow-up at day seven
GEE	� Generalized estimating equations
ICU	� Intensive Care Unit
IL	� Interleukin
KDIGO	� Kidney disease improving global outcomes
LCOS	� Low cardiac output syndrome
LOS	� Length of stay
LVAD	� Left ventricular assist device
LVEF	� Left ventricular ejection fraction
ML	� Machine Learning
MFI	� Microvascular flow index
MV	� Mitral valve
NPV	� Negative predictive value
OHT	� Orthotopic heart transplant
P-F ratio	� PaO2 / FiO2 ratio
POD	� Postoperative day
PPV	� Proportion of perfused vessels
PRBC	� Packed red blood cells
ROC	� Receiver operating characteristics
SOFA	� Sequential organ failure assessment
TNF	� Tumor necrosis factor

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13613-​023-​01165-2.

Additional file 1. Additional methods.

Additional file 2: Table S1. Past medical history and medications.

Additional file 3: Table S2. Perioperative echocardiographic metrics.

Additional file 4: Table S3. Uni- and multivariable Cox proportional haz‑
ards models for time to extubation. Common risk factors were controlled 
for in the multivariable model.

Additional file 5: Table S4. Uni- and multivariable models for ICU LOS. 
A Cox proportional hazards model was used to control for common risk 
factors for delayed discharge from ICU level of care.

Additional file 6: Table S5. Uni- and multivariable logistic regression 
models for postoperative dependence on vasoactive drugs. The multivari‑
able model was used to control for risk factors for postoperative depend‑
ence on vasoactive drugs.

Additional file 7: Table S6. Uni- and multivariable models for the associa‑
tion of Ang-2 and the P-F-ratio. Generalized estimating equations (GEE) 
were used to model this association by accounting for repeated measure‑
ments on patients. Established confounders were controlled for. In case, 

https://doi.org/10.1186/s13613-023-01165-2
https://doi.org/10.1186/s13613-023-01165-2


Page 15 of 16Wollborn et al. Annals of Intensive Care           (2023) 13:70 	

patients were not treated invasively, FiO2 was estimated according to the 
estimated deliverable fraction of oxygen using non-invasive devices.

Additional file 8: Fig S1. Performances of different ML models showing 
the basic feature set (only containing accepted risk factors for the respec‑
tive complication) in grey with its comparison to an augmented feature 
set in red, taking the diagnosis capillary leak into account. Significant 
improvements of all metrics were observed on models trained using the 
augmented feature sets.

Additional file 9: Fig. S2. a Standard cross validation, b leave-one-
patient-out cross validation, c leave-one-surgery out cross validation.

Acknowledgements
We are grateful for skillful technical assistance by Andrea Duarte-Dos-Santos, 
Heide Marniga and Ilona Sutter. We thank the administrative, medical and 
nursing team from the participating ICUs “Anaesthesiologische Intensivthera‑
piestation, AIT” and “Herzchirurgische Intensivtherapiestation, HIT” for their 
continuous support throughout the study.

Author contributions
All authors contributed to the study conception and design. Data were col‑
lected by JW, JG, MG, CH, FS, KW, JLF, and HFS. Analyses were performed by 
JW, ZZ, SJ, DR, RRB, SB, JOF, JDM, UG and FU. The study was supervised by JW, 
MT, MM, HB, GT, UG and FU. The first draft of the manuscript was written by 
JW, UG and FU, and all authors commented on the following versions of the 
manuscript. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was 
supported by departmental funds.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All procedures performed involving human participants were in accordance 
with the ethical standards of the institutional and national research committee 
(Medical Center—University of Freiburg, EK-Nr. 405/18) and with the 1964 Hel‑
sinki declaration and its later amendments or comparable ethical standards. 
Written adult consent was obtained in all patients prior to participation in the 
study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflicts of interest.

Author details
1 Department of Anesthesiology, Perioperative and Pain Medicine, Brigham 
and Women’s Hospital, Harvard Medical School, 75 Francis Street, Boston, MA 
02115, USA. 2 Department of Anesthesiology and Critical Care, Medical Center, 
University of Freiburg, Breisgau, Germany. 3 Department of Biomedical Engi‑
neering, Duke University, Durham, NC, USA. 4 Department of Cardiovascular 
Surgery, Medical Center, University of Freiburg, Freiburg, Germany. 5 Depart‑
ment of Cardiology, Pulmonology and Vascular Medicine, Medical Faculty, 
Heinrich-Heine-University Duesseldorf, University Hospital Duesseldorf, 
Duesseldorf, Germany. 6 Department of Anesthesiology, Critical Care and Pain 
Medicine, Boston Children’s Hospital, Harvard Medical School, Boston, USA. 
7 Department of Anesthesiology and Critical Care, St. Franziskus-Hospital, 
Muenster, Germany. 8 Faculty of Medicine, University of Freiburg, Freiburg, 
Germany. 

Received: 31 January 2023   Accepted: 20 July 2023

References
	1.	 Crawford TC, Magruder JT, Grimm JC, Suarez-Pierre A, Sciortino CM, 

Mandal K, et al. Complications after cardiac operations: all are not created 
equal. Ann Thorac Surg. 2017;103:32–40.

	2.	 Warltier DC, Laffey JG, Boylan JF, Cheng DCH. The systemic inflammatory 
response to cardiac surgery. Anesthesiology. 2002;97:215–52.

	3.	 Vermette D, Hu P, Canarie MF, Funaro M, Glover J, Pierce RW. Tight junc‑
tion structure, function, and assessment in the critically ill: a systematic 
review. Intensive Care Medicine Exp. 2018;6:37.

	4.	 Wollborn J, Hassenzahl LO, Reker D, Staehle HF, Omlor AM, Baar W, et al. 
Diagnosing capillary leak in critically ill patients: development of an 
innovative scoring instrument for non-invasive detection. Ann Intensive 
Care. 2021;11:175.

	5.	 Nakamura T, Murata T. Regulation of vascular permeability in anaphylaxis. 
Brit J Pharmacol. 2018;175:2538–42.

	6.	 Pitt RM, Parker JC, Jurkovich GJ, Taylor AE, Curreri PW. Analysis of altered 
capillary pressure and permeability after thermal injury. J Surg Res. 
1987;42:693–702.

	7.	 Sablotzki A, Mann V, Simm A, Czeslick E. Veränderungen des Zytokin-Net‑
zwerkes bei eskalierendem SIRS nach herzchirurgischen Operationen*. 
Ains. 2001;36:552–9.

	8.	 Dimopoulou I, Orfanos S, Kotanidou A, Livaditi O, Giamarellos-Bourboulis 
E, Athanasiou C, et al. Plasma pro- and anti-inflammatory cytokine levels 
and outcome prediction in unselected critically ill patients. Cytokine. 
2008;41:263–7.

	9.	 Stein A, de Souza LV, Belettini CR, Menegazzo WR, Viégas JR, Pereira EMC, 
et al. Fluid overload and changes in serum creatinine after cardiac sur‑
gery: predictors of mortality and longer intensive care stay. A prospective 
cohort study. Critical Care Lond Engl. 2012;16:R99.

	10.	 Hilbert T, Duerr GD, Hamiko M, Frede S, Rogers L, Baumgarten G, et al. 
Endothelial permeability following coronary artery bypass grafting: an 
observational study on the possible role of angiopoietin imbalance. Crit 
Care (London, England). 2016;20:51.

	11.	 Vandenbroucke JP, von Elm E, Altman DG, Gøtzsche PC, Mulrow CD, 
Pocock SJ, et al. Strengthening the reporting of observational stud‑
ies in epidemiology (STROBE): explanation and elaboration. Int J Surg. 
2014;12:1500–24.

	12.	 Moonen HPFX, Zanten ARHV. Bioelectric impedance analysis for body 
composition measurement and other potential clinical applications in 
critical illness. Curr Opin Crit Care. 2021;27:344–53.

	13.	 Ince C, Boerma EC, Cecconi M, Backer DD, Shapiro NI, Duranteau J, et al. 
Second consensus on the assessment of sublingual microcirculation in 
critically ill patients: results from a task force of the European Society of 
Intensive Care Medicine. Intensive Care Med. 2018;44:281–99.

	14.	 Wang Y, Xue S, Zhu H. Risk factors for postoperative hypoxemia in 
patients undergoing Stanford A aortic dissection surgery. J Cardiothorac 
Surg. 2013;8:118.

	15.	 Ramos KA, Dias CB. Acute kidney injury after cardiac surgery in patients 
without chronic kidney disease. Braz J Cardiovasc Surg. 2018;33:454–61.

	16.	 Zhang X, Zhang W, Lou H, Luo C, Du Q, Meng Y, et al. Risk factors for 
prolonged intensive care unit stays in patients after cardiac surgery with 
cardiopulmonary bypass: a retrospective observational study. Int J Nurs 
Sci. 2021;8:388–93.

	17.	 Suematsu Y, Sato H, Ohtsuka T, Kotsuka Y, Araki S, Takamoto S. Predictive 
risk factors for delayed extubation in patients undergoing coronary artery 
bypass grafting. Heart Vessels. 2000;15:214–20.

	18.	 Schlegel N, Baumer Y, Drenckhahn D, Waschke J. Lipopolysaccharide-
induced endothelial barrier breakdown is cyclic adenosine monophos‑
phate dependent in vivo and in vitro*. Crit Care Med. 2009;37:1735–43.

	19.	 Lee WL, Slutsky AS. Sepsis and endothelial permeability. N Engl J Med. 
2010;363:689–91.

	20.	 Wollborn J, Siemering S, Steiger C, Buerkle H, Goebel U, Schick MA. 
Phosphodiesterase-4 inhibition reduces ECLS-induced vascular perme‑
ability and improves microcirculation in a rodent model of extracorporeal 
resuscitation. Am J Physiol Heart Circ Physiol. 2019;316:H751–61.

	21.	 Flemming S, Burkard N, Renschler M, Vielmuth F, Meir M, Schick MA, 
et al. Soluble VE-cadherin is involved in endothelial barrier breakdown in 
systemic inflammation and sepsis. Cardiovasc Res. 2015;107:32–44.

	22.	 Rehm M, Bruegger D, Christ F, Conzen P, Thiel M, Jacob M, et al. Shedding 
of the endothelial glycocalyx in patients undergoing major vascular sur‑
gery with global and regional ischemia. Circulation. 2007;116:1896–906.



Page 16 of 16Wollborn et al. Annals of Intensive Care           (2023) 13:70 

	23.	 Fiedler U, Scharpfenecker M, Koidl S, Hegen A, Grunow V, Schmidt JM, 
et al. The Tie-2 ligand Angiopoietin-2 is stored in and rapidly released 
upon stimulation from endothelial cell Weibel-Palade bodies. Blood. 
2004;103:4150–6.

	24.	 Fiedler U, Krissl T, Koidl S, Weiss C, Koblizek T, Deutsch U, et al. Angiopoi‑
etin-1 and angiopoietin-2 share the same binding domains in the tie-2 
receptor involving the first Ig-like loop and the epidermal growth factor-
like repeats. J Biol Chem. 2003;278:1721–7.

	25.	 Scharpfenecker M, Fiedler U, Reiss Y, Augustin HG. The Tie-2 ligand 
angiopoietin-2 destabilizes quiescent endothelium through an internal 
autocrine loop mechanism. J Cell Sci. 2005;118:771–80.

	26.	 Clajus C, Lukasz A, David S, Hertel B, Lichtinghagen R, Parikh SM, et al. 
Angiopoietin-2 is a potential mediator of endothelial barrier dysfunction 
following cardiopulmonary bypass. Cytokine. 2012;60:352–9.

	27.	 Marx G, Vangerow B, Burczyk C, Gratz KF, Maassen N, Meyer MC, et al. 
Evaluation of noninvasive determinants for capillary leakage syndrome in 
septic shock patients. Intensive Care Med. 2000;26:1252–8.

	28.	 Malbrain MLNG, Huygh J, Dabrowski W, Waele JJD, Staelens A, Wauters J. 
The use of bio-electrical impedance analysis (BIA) to guide fluid manage‑
ment, resuscitation and deresuscitation in critically ill patients: a bench-
to-bedside review. Anaesthesiol Intensiv Ther. 2014;46:381–91.

	29.	 Parikh SM, Mammoto T, Schultz A, Yuan H-T, Christiani D, Karumanchi 
SA, et al. Excess circulating angiopoietin-2 may contribute to pulmonary 
vascular leak in sepsis in humans. Plos Med. 2006;3: e46.

	30.	 van der Heijden M, van Amerongen GPN, Koolwijk P, van Hinsbergh VWM, 
Groeneveld ABJ. Angiopoietin-2, permeability oedema, occurrence and 
severity of ALI/ARDS in septic and non-septic critically ill patients. Thorax. 
2008;63:903–9.

	31.	 Jongman RM, van Klarenbosch J, Molema G, Zijlstra JG, de Vries AJ, van 
Meurs M. Angiopoietin/Tie2 dysbalance is associated with acute kidney 
injury after cardiac surgery assisted by cardiopulmonary bypass. PLoS 
ONE. 2015;10: e0136205.

	32.	 Watkins KJ, Geisler S, Doman T, Orringer MJ, Tracy P, Yu S, et al. Rise in 
angiopoietin-2 following neonatal cardiac surgery is associated with 
adverse clinical outcomes. Pediatr Crit Care Me. 2020;21:e827–33.

	33.	 Peng K, McIlroy DR, Bollen BA, Billings FT, Zarbock A, Popescu WM, et al. 
Society of cardiovascular anesthesiologists clinical practice update for 
management of acute kidney injury associated with cardiac surgery. 
Anesth Anal. 2022; Publish Ahead of Print.

	34.	 Kara A, Akin S, Miranda DDR, Struijs A, Caliskan K, van Thiel RJ, et al. Micro‑
circulatory assessment of patients under VA-ECMO. Crit Care (London, 
England). 2016;20:344.

	35.	 Greenwood JC, Jang DH, Hallisey SD, Gutsche JT, Horak J, Acker MA, 
et al. Severe impairment of microcirculatory perfused vessel density is 
associated with postoperative lactate and acute organ injury after cardiac 
surgery. J Cardiothorac Vasc Anesthesia. 2021;35:106–15.

	36.	 Greenwood JC, Talebi FM, Jang DH, Spelde AE, Tonna JE, Gutsche JT, et al. 
Topical nitroglycerin to detect reversible microcirculatory dysfunction in 
patients with circulatory shock after cardiovascular surgery: an observa‑
tional study. Sci Rep. 2022;12:15257.

	37.	 Greenwood JC, Jang DH, Spelde AE, Gutsche JT, Horak J, Acker MA, et al. 
Low microcirculatory perfused vessel density and high heterogeneity are 
associated with increased intensity and duration of lactic acidosis after 
cardiac surgery with cardiopulmonary bypass. Shock. 2021;56:245–54.

	38.	 Dekker NAM, van Leeuwen ALI, van Strien WWJ, Majolée J, Szulcek 
R, Vonk ABA, et al. Microcirculatory perfusion disturbances following 
cardiac surgery with cardiopulmonary bypass are associated with in vitro 
endothelial hyperpermeability and increased angiopoietin-2 levels. Criti‑
cal Care Lond Engl. 2019;23:117.

	39.	 Wu Q, Gao W, Zhou J, He G, Ye J, Fang F, et al. Correlation between acute 
degradation of the endothelial glycocalyx and microcirculation dysfunc‑
tion during cardiopulmonary bypass in cardiac surgery. Microvasc Res. 
2019;124:37–42.

	40.	 Wadowski PP, Steinlechner B, Zimpfer D, Schlöglhofer T, Schima H, 
Hülsmann M, et al. Functional capillary impairment in patients with 
ventricular assist devices. Sci Rep. 2019;9:5909.

	41.	 Morisson L, Duceau B, Rego HD, Lancelot A, Hariri G, Charfeddine A, 
et al. A new machine learning algorithm to predict veno-arterial ECMO 
implantation after post-cardiotomy low cardiac output syndrome. 
Anaesth Crit Care Pain Med. 2023;42: 101172.

	42.	 Busse LW, Barker N, Petersen C. Vasoplegic syndrome following cardio‑
thoracic surgery-review of pathophysiology and update of treatment 
options. Critical Care Lond Engl. 2020;24:36.

	43.	 Joffre J, Lloyd E, Wong E, Chung-Yeh C, Nguyen N, Xu F, et al. Catecho‑
laminergic vasopressors reduce toll-like receptor agonist-induced 
microvascular endothelial cell permeability but not cytokine production. 
Crit Care Med. 2021;49:e315–26.

	44.	 Schick MA, Wunder C, Wollborn J, Roewer N, Waschke J, Germer C-T, et al. 
Phosphodiesterase-4 inhibition as a therapeutic approach to treat capil‑
lary leakage in systemic inflammation. J Physiol. 2012;590:2693–708.

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


	Angiopoietin-2 is associated with capillary leak and predicts complications after cardiac surgery
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Design and setting
	Study population
	Clinical care
	Study measurements
	Statistical analysis
	Machine learning

	Results
	Discussion
	Conclusions
	Anchor 18
	Acknowledgements
	References


