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Abstract Purpose: Endothelial
activation has emerged as an early
event in the pathogenesis of micro-
circulatory dysfunction, capillary
leakage and multi-organ dysfunction
syndrome (MODS). Angiopoietin-2
(Ang-2), a circulating antagonistic
ligand of the endothelial-specific Tie2
receptor, has been identified as a non-
redundant gatekeeper of endothelial
activation. On the basis of our previ-
ous report demonstrating release of
Ang-2 in endotoxemia and sepsis, we
aimed to study the utility of Ang-2 to
serve as an outcome-specific bio-
marker in patients requiring renal
replacement therapy (RRT) in the
intensive care unit (ICU). Meth-

ods: We measured circulating Ang-
2 by ELISA in 117 critically ill
patients with AKI at inception of
RRT in the ICU. Mortality, length of
stay and renal recovery were pro-
spectively assessed during a study
period of 28 days after the inception

of RRT. Results: Circulating Ang-2
levels were significantly higher in
AKI patients with RIFLE category-
Injury or -Failure, compared to
patients with RIFLE category-Risk.
Elevated levels of circulating Ang-2
correlated with impaired oxygena-
tion, low mean arterial pressure,
vasopressor dose and the sequential
organ failure assessment (SOFA)
score. Ang-2 concentrations were
significantly higher in non-survivors
than in survivors at day 0 and day 14
after initiation of RRT. Multivariate
Cox regression and decision tree
analyses confirmed a strong indepen-
dent prognostic impact of elevated
Ang-2 as a predictor of 28-day sur-
vival. Conclusions: The results
from this study indicate that circu-
lating Ang-2 is as a strong and
independent predictor of mortality in
ICU patients with dialysis-dependent
AKIL
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Introduction

Acute kidney injury (AKI) requiring renal replacement
therapy (RRT) affects approximately 6% of critically ill
patients and results in a hospital mortality of 50-60% [1,
2]. Outcome prediction in this selected high-risk collec-
tive is challenging due to the lack of appropriate
biomarkers and the limited value of severity-of-illness
scoring systems [3—6]. Thus, the identification of out-
come-specific biomarkers in this patient population would
be of great value for ICU physicians.

Recently, the endothelial-specific angiopoietin—Tie
ligand-receptor system has emerged as a non-redundant
key regulator of endothelial activation [7, 8]. Angio-
poietin-1 (Ang-1) and angiopoietin-1 (Ang-2), ligands of
the vascular-specific Tie2 receptor [9-11], have gained
attention as a novel class of biomarkers in critically ill
patients [8]. Constitutive Ang-1/Tie2 signaling maintains
vessel integrity, inhibits vascular leakage, suppresses
inflammatory gene expression, and prevents recruitment
and transmigration of leukocytes [12—-14]. In contrast,
binding of Ang-2 disrupts protective Ang-1/Tie2 signal-
ing and facilitates endothelial activation and inflammation
[7, 15, 16]. In experimental human endotoxemia [17],
systemic inflammatory response syndrome (SIRS) and
sepsis [18, 19], Ang-2 is rapidly released from endothelial
Weibel-Palade bodies (WPB) [20], enters the circulation
and becomes accessible for quantification [8].

On the basis of our previous report demonstrating Ang-
2 as an independent marker of mortality in medical ICU
patients [21], we set out to investigate the ability of serum
Ang-2 to serve as an outcome-specific biomarker in high-
risk patients with severe AKI requiring RRT in the ICU.

Methods
Patients and study design

The present investigation is a sub-study from the Han-
nover Dialysis Outcome Trial (HANDOUT), a single-
center randomized controlled trial comparing standard
and intensified extended dialysis therapy in patients with
AKI at seven ICUs of our tertiary care center at the
Hannover Medical School between 2003 and 2006.
Twenty-nine apparently healthy volunteers [16 males; age
58 (25-73 years)] served as controls.

The protocol and main results of the HANDOUT trial
have been published elsewhere [22]. Serum samples for
quantification of Ang-2 were available from 117 of 156
patients enrolled (Table 1). All patients underwent
extended dialysis using the GENIUS™ dialysis system
[23] (Fresenius Medical Care, Bad Homburg, Germany)
with high-flux polysulphone dialyzers (F60S, 1.3 m>,
Fresenius Medical Care, Bad Homburg, Germany).

Inclusion criteria were AKI with RRT dependence
indicated by a loss of kidney function of >30% calculated
eGFR with either the MDRD or Cockroft-Gault equation
or cystatin C GFR within 48 h prior to inclusion and
oliguria/anuria (<30 ml/h for >6 h prior to inclusion or
hyperkalaemia >6.5 mmol/l) or severe acidosis with
pH <7.15. Urine output was determined under optimized
conditions (corrected volume status, adequate titration of
vasopressors and after an unavailing trial of loop diuretics).
Exclusion criteria were pre-existing chronic kidney disease
as defined by an MDRD eGFR <50 ml/min or a plasma
creatinine concentration >1.7 mg/dl (>150 pmol/l) more
than 10 days prior to initiation of the first RRT.

In the current study, AKI at initiation of RRT was
classified post-HOC by means of the RIFLE criteria using
changes in serum creatinine (see above) and urinary
output [24]. Since urinary output was not tracked at 6-h
intervals, but only for 24 h, one cannot distinguish
between the subgroups of RIFLE-Risk and RIFLE-Injury.
Thus, all patients with urinary output <0.5 ml/kg/h were
assigned RIFLE-Injury [25].

Physiological parameters, including Sequential Organ
Failure Assessment (SOFA) score [26] and Acute Physi-
ology and Chronic Health Evaluation II (APACHE II)
score [27], and the presence of sepsis (SCCM/ESICM/
ACCP/ATS/SIS International Sepsis Definitions [28])
were obtained for each patient immediately before initi-
ation of RRT.

Sampling and quantification of angiopoietin-2

Serum samples were obtained immediately before initia-
tion of RRT. Ang-2 was quantified in a blinded fashion by
in-house Enzyme Linked Immuno Sorbent Assay as
described previously [29].

Outcome definitions

e Mortality from the day of first dialysis in the ICU
(study entry) to death from any cause during a study
period of 28 days was the primary outcome studied.
Patients who survived to day 28 were censored at day
28.

e In-hospital mortality was defined as death in the
hospital versus the patient being discharged from the
hospital alive.

e Ventilator-free days (VFDs) were defined as the
number of days between successful weaning from
mechanical ventilation and day 28 after study enroll-
ment. VFDs were 0 if the patient died before day 28 or
required mechanical ventilation for >28 days.

e [CU-free days were defined as the number of days
between successful transfer to a normal ward and
day 28 after study enrollment. ICU-free days were O if
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Table 1 Demographic, clinical and laboratory characteristics of patients with AKI at initiation of RRT

Variable Total RIFLE-Risk RIFLE-Injury RIFLE-Failure p-value
Number of patients [1n (%)] 117 (100) 9 (7.7) 15 (12.8) 93 (79.5)

Age [median (IQR)] 52 (40-62) 47 (39-61) 52 (45-74) 52 (40-62) 0.834
Female sex [n (%)] 47 (40.2) 6 (66.7) 6 (40) 35 (37.6) 0.237
Surgical department [n (%)] 49 (41.9) 4 (45.4) 7 (46.6) 41 (40.9) 0.902
Sepsis® [n (%)] 11 (9.4) 1(11.1) 1(6.7) 9(9.7) 0.918
Septic shock® [1 (%)] 36 (30.8) 2(22.2) 6 (40.0) 28 (30.1) 0.629
Use of vasopressors [n (%)] 82 (70.1) 5 (55.6) 9 (60.0) 68 (73.1) 0.360
Mechanical ventilation [n (%)] 104 (88.9) 8 (88.9) 13 (86.7) 83 (89.2) 0.957
SOFA [median (IQR)] 14 (11-16) 13 (11-16) 12 (9-14) 15 (12-17) 0.040
SOFA without renal variable [median (IQR)] 11 (9-13) 10 (10-14) 10 (7-12) 12 (9-13) 0.309
Indication for RRT

eGFR loss >30% [n (%)] 107 (91.5) 8 (88.9) 15 (100) 84 (90.3) 0.443
Oliguria [n (%)] 84 (71.8) 4 (44.4) 6 (40) 74 (79.6) <0.001
Severe acidosis [n (%)] 11 9.4) 2 (22.2) 1(6.7) 8 (8.6) 0.379
Hyperkalemia [n (%)] 6 (5.1) 0 (0) 0 (0) 6 (6.5) 0.027
Days in ICU before RRT [median (IQR)] 2 (1-6) 5 (2-8) 5 (3-14) 2 (1-4) 0.018
Ang-2 [median (IQR)] 13.5 (6.6-29.4) 4.4 (3.1-6.6) 15.3 (7.8-36.8) 14.4 (8.0-29.4) 0.007

IQR inter-quartile range, APACHE II score Acute Physiology and
Chronic Health Evaluation score, RRT renal replacement therapy,
ICU intensive care unit, SOFA Sequential Organ Failure Assess-
ment score, eGFR estimated glomerular filtration rate

the patient died before day 28 or stayed in the ICU for
28 days or more.

e Renal recovery was defined as no need for RRT at
day 28 after study enrollment.

Statistical analysis

Continuous variables are expressed as medians with cor-
responding 25th and 75th percentiles (IQR) and were
compared by using the Mann—Whitney rank sum test or
the Kruskal-Wallis one-way analysis of variance fol-
lowed by Dunn’s multiple comparisons test. Categorical
variables were compared using the X test. Correlations
between variables were assessed by the Pearson correla-
tion coefficient. Standardized mortality ratios with 95%
confidence intervals were calculated by dividing the
number of observed deaths per group by the mean number
of expected deaths per group (based on the APACHE II
score) (www.sph.emory.edu/ ~ cdckms/exact-midP-SMR.
html). To identify predictors of mortality, Cox’s propor-
tional hazards regression analysis was performed using
backward elimination (Wald’s test). Linear regression and
binary logistic regression models were used to identify
predictors of VFDs, ICU-free days and renal recovery,
respectively. To fulfill the assumptions needed for Person
correlation and regression analyses, logarithmic (In)
transformation of SOFA score, APACHE II score and
Ang-2 was performed. The distribution of the time-to-
event variables was estimated using the Kaplan—Meier
method with log-rank testing (SPSS package, SPSS Inc.,
Chicago, IL). Recursive partitioning/decision tree analy-
sis (R package version 3.1-24, www.stats.ox.ac.uk/

The diagnosis of sepsis® does not include septic shock® and vice
versa

~ripley/) and receiver—operator characteristic (ROC)
curves were used to detect optimal cutoff values for Ang-
2 [30]. The validity of the decision tree model was con-
trolled by minimizing the ten-fold cross-validated relative
error. All tests were two-sided, and significance was
accepted at p < 0.05.

Results

Patient characteristics

Patients were grouped according to RIFLE category-Risk,
-Injury or -Failure, respectively (Table 1). Patient groups
were comparable with respect to baseline demographics
and clinical characteristics, except for the median SOFA
score, which was highest in RIFLE-Failure (p = 0.04).
Interestingly, the SOFA score without the renal variable
was not different between groups (p = 0.3). As expected,
oliguria and hyperkalemia were more frequently observed
in patients with RIFLE-Failure. RRT was started (i.e.,
Day 0) after a median (IQR) stay of 2 (1-6) days in the
ICU (n = 117). Primary and secondary outcomes were
not different between RIFLE category-Risk, -Injury or -
Failure, respectively (Table 2).

Ang-2 levels, AKI and MODS at initiation of RRT

Critically ill patients had significantly higher Ang-2 levels
at initiation of RRT than healthy controls [13.5 (6.6—
29.4) ng/ml vs. 0.9 (0.8-1.3) ng/ml; p < 0.0001]. Patients
with RIFLE category-Risk [4.4 (3.1-6.6) ng/ml] had
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Table 2 Primary and secondary outcomes

Variable Total RIFLE-Risk RIFLE-Injury RIFLE-Failure p-value
Number of patients [n (%)] 117 (100) 9 (7.7) 15 (12.8) 93 (79.5)

Observed outcomes

28-day mortality® [n (%)] 45 (38.5) 1 (11.1) 7 (46.7) 37 (39.8) 0.188
In-hospital mortality [n (%)] 60 (51.3) 4 (44.4) 8 (53.3) 48 (51.6) 0.906
VEDs® (mean + SD) 7.6 £ 10.4 10.3 £+ 10.6 7.7 £ 104 7.3 £ 10.5 0.436
ICU-free days® (mean + SD) 52 +83 57+£7.1 47 £ 8.5 52 +£85 0.704
Renal recoveryCI at day 28 [n (%)] 47 (69.1) 5(71.4) 6 (75.0) 36 (67.9) 0.913
Renal recoveryd at hospital discharge [n (%)] 55 (96.5) 5 (100) 7 (100) 43 (95.6) 0.759
Predicted mortality at initiation of RRT

APACHE 1I score [median (IQR)] 33 (26-36) 24 (23-34) 31 (27-37) 33 (27-36) 0.338
Mean predicted mortality [n (%)] 82.2 (70.1) 5.4 (60.1) 10.5 (69.9) 66.1 (71.1) 0.338
Standardized mortality ratio (95% CI) 0.73 (0.56-0.94) 0.74 (0.24-1.79) 0.76 (0.35-1.15) 0.72 (0.54-0.95)
Predicted mortality at ICU admission

APACHE 1I score [median (IQR)] 29 (24-33) 25 (17-29) 28 (22-32) 29 (24-34) 0.132
Mean predicted mortality [n (%)] 72.2 (61.7) 4.4 (49.2) 8.8 (58.7) 59.0 (63.4) 0.157

Standardized mortality ratio (95% CI) 0.83 (0.64-1.06)

0.90 (0.29-2.19) 0.91 (0.42-1.75)  0.81 (0.60-1.07)

CI confidence interval, SD standard deviation, VFDs ventilator-free
days

* The 28-day mortality was calculated from the first day of RRT to
death from any cause

® VEDs were defined as the number of days between successful
weaning from mechanical ventilation and day 28 after start of RRT

much lower Ang-2 levels than the category-Injury [15.3
(7.8-36.8) ng/ml; p = 0.009] and the category-Failure
[14.4 (8.0-29.4) ng/ml; p = 0.002], respectively. No
difference was detected between RIFLE-Injury and -
Failure (p = 0.89) (Fig. 1; Table 1). Consistently, there
was no linear correlation between Ang-2 levels and serum
creatinine (r = 0.14, p = 0.13) or loss of eGFR at initi-
ation of RRT (r = 0.8, p = 0.37).

p=0.002

p=0.009 p=0.89
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Fig. 1 Correlation of Ang-2 serum levels with AKI. Box and
whisker plots showing Ang-2 levels of critically ill patients with
AKI at inception of RRT (n = 117) stratified by RIFLE categories
Risk (n = 9), Injury (n = 15) and Failure (n = 93). Horizontal
bars indicate median values; whiskers indicate 1.5 times the
interquartile distance; dots indicate outliers

¢ ICU-free days were defined as the number of days between
successful transfer to a normal ward and day 28 after start of RRT
4 Renal recovery was defined as no need for RRT at the end of the
study period

Ang-2 showed a very weak correlation with unfavor-
able hemodynamic and pulmonary parameters, such as
mean arterial pressure (r = —0.29, p = 0.002), nor-
adrenaline dose (r = 0.36, p < 0.0001) and the alveolar
partial oxygen pressure (P,0,)/fraction of inspired oxygen
(F;0,) ratio (r = —0.19, p = 0.037). Consistently, Ang-2
concentrations related positively to the SOFA score
(r =0.31, p <0.001) (Supplementary Material 1). The
same was true for the SOFA score without the renal
variable (r = 0.28, p = 0.003). However, Ang-2 levels
were not related to the APACHE II score (r = 0.18,
p = 0.058).

Ang-2 levels did not differ between individual ICUs
(Kruskal-Wallis test: p = 0.47) or between patients from
medical [16.9 (7.5-36.8) ng/ml] or surgical departments
[12.1 (5.9-25.7) ng/ml; p = 0.09], respectively. Ang-2
concentrations were moderately higher in patients with
sepsis compared to patients without sepsis [18.8 (10.2—
36.8) vs. 11.4 (5.6-26.2) ng/ml); p = 0.012].

Additional data on Ang-2 levels during follow-up and
with regard to the effect of RRT are given in Supple-
mentary Material 2.

Predictors of 28-day mortality at inception of RRT

Ang-2 levels were higher in non-survivors [18.8 (12.7-
33.9) ng/ml] compared to survivors [9.7 (4.9-22.1) ng/ml;
p = 0.0004]. To test whether pre-RRT levels of Ang-2
predict 28-day mortality, we initially performed univari-
ate Cox proportional hazards analyses, incorporating
multiple demographic, clinical and laboratory variables
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Table 3 Uni- and multivariate Cox proportional hazards regression analyses of 28-day mortality

Variables Univariate Multivariate

HR 95% CI p-value HR 95% CI p-value
Age 0.995 0.976-1.015 0.617
Female sex 0.763 0.414-1.404 0.383
Surgical department 0.664 0.370-1.192 0.170
Sepsis/septic shock 2.425 1.1241-4.388 0.003* 1.910 1.038-3.516 0.038%**
SOFA score 1.167 1.064-1.280 <0.001* 1.117 1.014-1.229 0.024*%*
APACHE 1II score 1.046 1.005-1.088 0.028* 1.015 0.972-1.059 0.512
RIFLE category (at start of RRT) 1.411 0.797-2.499 0.238
S-creatinine (at start of RRT) 0.998 0.995-1.000 0.095* 0.999 0.006-1.002 0.496
Oliguria (<30 mL/h >6 h) 1.126 0.599-2.117 0.712
eGFR loss of >30 ml/min/m? in <48 h 1.372 0.541-3.479 0.504
Ang-2* 3.420 1.688-6.928 <0.001* 2.194 1.017-4.733 0.045%%*
Ang-2 (> vs < 8.78 ng/ml)* ° 9.197 2.846-29.718 <0.0001* 6.761 2.041-22.40 0.002%*

APACHE II score Acute Physiology and Chronic Health Evaluation
score, SOFA Sequential Organ Failure Assessment score

* Variables found to be statistically significant at a p-value of <0.1
in the univariate analysis were included into the multivariate model
using stepwise backward elimination

(Table 3). All variables found to be statistically signifi-
cant at a 10% level in the univariate analysis (sepsis/
septic shock, SOFA score, APACHE II score, serum
creatinine at the start of RRT, and circulating Ang-2)
were subjected to multivariate Cox regression analysis.
As a result, the presence of sepsis/septic shock
(p = 0.038), the SOFA score (p = 0.024) and circulating
Ang-2 (p = 0.045) were identified as independent pre-
dictors of 28-day mortality. Essentially the same results
were obtained in an adjusted model incorporating treat-
ment intensity of RRT (standard vs. intensified extended
dialysis in the original HANDOUT trial).

Interestingly, when visualized by Kaplan-Meier
curves, 28-day survival was good in the low Ang-2 tertile,
but poor in the middle and high tertiles, respectively (log-
rank test: p = 0.0003) (Fig. 2). In contrast, mortality
steadily increased among SOFA tertiles (p = 0.014),
whereas APACHE 1I tertiles did not allow for identifi-
cation of clearly distinguishable risk groups (p = 0.118)
(Supplementary Material 3).

Secondary outcomes

Consistently, Ang-2 [Odds ratio (OR) 1.63 (95% CI 1.04-
2.55); p = 0.033] and the presence of sepsis/septic shock
[OR 2.94 (95% CI 1.29-6.72); p = 0.011], but not the
SOFA score predicted in-hospital mortality in a multiple
binary logistic regression model. Further, Ang-2 predicted
the number of VFDs (f 2.26; p = 0.026) in the simple
(but not in the multiple) linear logistic regression analysis.
In contrast, Ang-2 was not associated with renal recovery
at day 28 [OR 1.3 (95% CI 0.77-2.25); p = 0.25] or at
hospital discharge [OR 1.5 (95% CI 0.35-6.30)],

** A two-sided p-value of <0.05 was considered statistically sig-
nificant in the multivariate model

? Tested in individual models

® An optimal Ang-2 cutoff was identified by recursive partitioning

Survival [%]

p=0.0003
40 T T T 1

Ang-2 >22.0 ng/mL

0 7 14 21 28
Time (days)

Fig. 2 Predictors of 28-day mortality. Kaplan—-Meier curves of 28-
day survival stratified to circulating angiopoietin-2 tertiles
[p = 0.0003 by log-rank test (Mantel Cox)] at inception of renal
replacement therapy in 117 critically ill patients with acute kidney
injury

respectively. The same was true for the number of ICU-
free days (f 0.16; p = 0.098), respectively.

Identification of Ang-2 cutoff values and risk
stratification by decision tree analysis

Finally, all variables incorporated in the multivariate Cox
model were concurrently subjected to regression tree
analysis to recursively identify best predictors and patient
subgroups with different prognosis for 28-day mortality.
Most notably, the optimal recursively identified variable
in this model was an Ang-2 cutoff value of 8.78 ng/ml
(close to the lower Ang-2 tertile of <9.2 ng/ml).



467

Consistently, the Ang-2 cutoff value of 8.78 ng/ml proved
to be statistically significant when tested by multivariate
Cox regression (p < 0.001) (Table 3) or log-rank test
(p < 0.0001), respectively (Supplementary Material 3).

When visualized by a ROC procedure, the area under
the curve (AUC) was 0.70 & 0.05 (95% CI 0.60-0.79;
p < 0.001) (Fig. 3a). An Ang-2 value of >8.78 ng/ml
predicted death with a sensitivity of 93% (95% CI 84-98)
and a specificity of 49% (95% CI 43-51) (chi-square
test: p < 0.0001). The positive predictive value for
28-day mortality was 53%. In contrast, a serum
Ang-2 < 8.78 ng/ml had a negative predictive value for
mortality of 92%. The 28-day mortality of patients among
the high Ang-2 group was 53.8%, whereas it was only
10.3% in the low Ang-2 group (Fig. 3b).

Discussion

The present clinical investigation is a validation study on
the prognostic utility of circulating Ang-2 as an outcome-
specific biomarker in a high-risk cohort of critically ill
patients with AKI treated with RRT. Ang-2 was identified
as a valuable predictor of 28-day and in-hospital mortal-
ity, respectively.

The ability to measure Ang-2 in human serum and
plasma samples has provided the foundation for investi-
gations centered on Ang-2 as a biomarker in intensive
care medicine [8, 29]. Early experimental and recent
clinical studies suggested that Ang-2 might constitute a
specific marker/mediator of pulmonary vascular perme-
ability and injury, leading to acute lung injury (ALI)/acute
respiratory distress syndrome (ARDS) [19, 31-33]. In
accordance with previous studies, we observed a very
weak albeit significant association between circulating
Ang-2 and pulmonary dysfunction (P,0,/F;O, index).
Moreover, Ang-2 predicted VFDs in our cohort.

However, it is likely that the pulmonary and systemic
vascular endothelium is simultaneously activated, since
both are exposed to circulating inflammatory mediators.
This hypothesis is reinforced by several aspects of the
present study: First, we observed a significant association
between elevated Ang-2 levels with inadequate MAP and
hyporesponsiveness to vasopressors. Although this
observation does not prove causality, it is in line with a
close correlation between circulating Ang-2 and the heart
rate/mean arterial pressure index as a surrogate marker for
hemodynamic compromise during human endotoxemia
[17]. Second, circulating Ang-2 levels were significantly
higher in patients with the RIFLE categories Injury and
Failure compared to patients with the RIFLE category
Risk. Third, consistent with previous reports [18, 21, 29],
Ang-2 levels correlated with the SOFA score (with or
without the renal variable), suggesting an association of
Ang-2 with the extent of MODS. It is thus conceivable to

A 100
8.78 ng/mL

80
S
> 60
=
2
=
7]
5 40
n

20 AUC 0.7

p<0.001
0 T T T T
0 20 40 60 80 100
100% - Specificity%
B 80
N=79
1 (37 non-survivors)
Mortality OR=13.2

60+ 95% Cl = 4.0-43.7
< J
oy
E 40
1
2 1 N=38

(3 non-survivors)
20 Mortality OR=0.1
95% CI = 0.02-0.25

<8.78
Circulating Angiopoietin-2 [ng/mL]

> 8.78

Fig. 3 Identification of Ang-2 cutoff values and risk stratification
by decision tree analysis. a Receiver-operator characteristic (ROC)
curve showing the prognostic sensitivity and specificity of circu-
lating Ang-2 at initiation of RRT with regard to 28-day mortality
[AUC: 0.70 £ 0.05 (95% CI 0.60-0.79); p < 0.001]. A cuboid
indicates the recursively identified Ang-2 cutoff value in this model
(8.78 ng/ml). This Ang-2 cutoff value of 8.78 ng/ml predicted 28-
day mortality with a sensitivity of 93% (95% CI 84-98) and a
specificity of 49% (95% CI 43-51), respectively (chi-square test:
p < 0.0001). b A recursively identified Ang-2 cutoff value of
8.78 ng/ml (at the inception of renal replacement therapy) segre-
gates critically ill patients with acute kidney injury into two
significantly different risk groups for 28-day mortality (» < 0.0001
by chi-square test) (CI confidence interval). The positive predictive
value for 28-day mortality was 53%, whereas the predictive value
for mortality was 92%

assume that Ang-2 is not an exclusive marker of ALI/
ARDS (or AKI), but that elevated Ang-2 actually reflects
excessive endothelial activation and barrier dysfunction
throughout the entire vascular tree.

It is not clear whether elevated circulating Ang-2 is just
a marker of endothelial activation or if it actively
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contributes to endothelial pathology in humans. At least in
pre-clinical models, there is compelling evidence for a
mediator function of (circulating) Ang-2 [19, 34]. Intrigu-
ingly, the renal vasculature might be a rich source of Ang-2.
There is preclinical evidence that AKI causes a rise in
systemic levels of circulating Ang-2 and vWF (co-stored in
WPB) [35, 36]. In addition, elevated Ang-2 levels in
patients with active ANCA-associated vasculitis [37] and
systemic lupus erythematosus [38] have been linked to
renal involvement. However, the absence of Ang-2
(~55 kDa as a monomer) from the urine of apparently
healthy persons almost excludes glomerular filtration or
tubular secretion as physiological routes of Ang-2 clear-
ance from the circulation [37]. In line with this, extended
dialysis did not affect circulating Ang-2 levels in the
present study.

As a prepackaged constituent of WPB, it is not sur-
prising that Ang-2 levels on ICU admission are increased
in response to early endothelial activation in critically ill
patients [21, 32, 39-42]. However, the predictive utility of
Ang-2 throughout the course of critically illness is poorly
characterized and has not been tested specifically in AKI
patients at the initiation of RRT. As in our previous study
on Ang-2 admission levels in medical ICU patients [21],
we could identify elevated Ang-2 (measured at initiation
of RRT) as an independent predictor of 28-day mortality
in a multivariate Cox model. Moreover, non-survivors not
only presented with higher Ang-2 levels at initiation of
RRT, but also showed elevated Ang-2 levels at day 14
compared to survivors, respectively. Interestingly, we
recently detected a very similar predictive Ang-2 pattern
during a 72-h time course in septic patients [17].

In addition to the classical Cox’s regression approach
[30], recursive partitioning identified a distinctive Ang-2
cutoff value (8.78 ng/ml) that best segregates survivors
from non-survivors. However, due to a rather poor positive
predictive value of only 53%, a serum Ang-2 level of
>8.78 ng/ml does not serve as a robust biomarker for
predicting mortality, at least in this cohort of patients.
Importantly, however, a serum Ang-2 level <8.78 ng/ml
may have the potential to predict survival with a negative
predictive value of 92%. In other words, the observed
mortality was only 10.3% in patients with an Ang-2 level
<8.78 ng/ml, despite a predicted average hospital mor-
tality of 55% according to the APACHE II score. These
data indicate an important limitation for Ang-2 as an

outcome-specific biomarker: low Ang-2 is an excellent
indicator of survival, but elevated Ang-2 is not necessarily
associated with high mortality in an individual patient.

Several limitations of the current study deserve dis-
cussion. First, the robustness of RIFLE for outcome
prediction has been demonstrated by several large
observational studies [25, 43]. However, RIFLE did not
predict mortality or secondary outcomes in the current
study. Second, standardized mortality ratios at either ICU
admission or initiation of RRT were much lower than
expected from severity of disease scorings and did not
increase with RIFLE classes. Both findings may be
explained by substantial differences in study design. Of
note, our study population consisted exclusively of
patients requiring RRT. Hence, the robustness of RIFLE
is hampered by low numbers of subjects with RIFLE-Risk
and -Injury, and the absence of non-AKI patients. In
addition, patients were classified by RIFLE at initiation of
RRT, whereas most investigators have used other time
points (e.g., worst RIFLE during the study period) [43].
However, our results are in accordance with a study by
Maccariello et al. [5], who reported that RIFLE was not
associated with outcome in critically ill patients requiring
RRT. Finally, it must also be pointed out that our study
population was more critically ill than those described by
previous studies on AKI [5, 25, 43], as evidenced by high
average APACHE II scores, both at initiation of RRT and
ICU admission (33 and 29 points). This fact might also
explain the unusually low ratios of observed to predicted
mortality. In future studies, we will compare the predic-
tive ability of circulating Ang-2 with additional AKI
scores (e.g., Cleveland clinic score) and urinary bio-
markers of AKI (e.g., NGAL) in a longitudinal fashion.

In summary, the results from this study indicate that
circulating Ang-2 is as a strong and independent predictor
of mortality in ICU patients with dialysis-dependent AKI.
Given the limited value of severity-of-illness scoring,
circulating Ang-2 may serve as a valuable biomarker in
critical care nephrology.
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