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Abstract
Introduction The risk for renal complications from hydroxyethyl starch 130/0.42 (HES) impacts treatment decisions in 
patients after cardiac surgery.
Objective The objective of this study was to determine the impact of postoperatively administered HES on renal function 
and 90-day mortality compared to sole crystalloid administration in patients after elective cardiac surgery.
Methods Using electronic health records from a university hospital, confounding-adjusted models analyzed the associations 
between postoperative HES administration and the occurrence of postoperative acute kidney injury. In addition, 90-day 
mortality was evaluated. The impact of HES dosage and timing on renal function on trajectories of estimated glomerular 
filtration rates over the postoperative period was investigated using linear mixed-effects models.
Results Overall 1009 patients (45.0%) experienced acute kidney injury. Less acute kidney injury occurred in patients receiv-
ing HES compared with patients receiving only crystalloids for fluid resuscitation (43.7% vs 51.2%, p = 0.008). In multi-
variate acute kidney injury models, HES had a protective association (odds ratio: 0.89; 95% confidence interval 0.82–0.96). 
Crystalloids were not as protective as HES (odds ratio: 0.98; 95% confidence interval 0.95–1.00). There was no association 
between HES and 90-day mortality (odds ratio: 1.05; 95% confidence interval 0.88–1.25). Renal function trajectories were 
dose dependent and biphasic, HES appeared to slow down the late postoperative decline.
Conclusions This study showed no association between HES and the postoperative occurrence of acute kidney injury and 
thus further closes the evidence gap on HES safety in cardiac surgery patients. Although this was a retrospective cohort 
study, the results indicated that HES might be safely administered to cardiac surgery patients with regard to renal outcomes, 
especially if it was administered early and dosed appropriately.
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Key Points 

In this retrospective analysis, postoperative administra-
tion of hydroxyethyl starch 130/0.42 did not increase 
the risk for acute kidney injury or 90-day mortality in 
patients after elective coronary artery bypass grafting, 
aortic valve replacement, or a combination of both.

Early administration of hydroxyethyl starch 130/0.42 
in a low dosage showed the potential to slow down the 
postoperative decline of the renal function after cardiac 
surgery.

When transferring and extrapolating renal safety data, 
patient populations and clinical settings might be of par-
ticular importance and might modulate the effects.

1 Introduction

After weaning patients from cardiopulmonary bypass (CPB), 
it is essential to stabilize hemodynamics with intravenous 
fluids [1–3]. Among the possible therapeutic options, 
hydroxyethyl starch (HES) has favorable hemodynamic 
properties (e.g., long intravascular half-life); it is used post-
operatively especially for fluid resuscitation when crystal-
loid solutions are not effective enough. Several prospec-
tive trials in other settings have reported adverse outcomes 
for different HES products [1, 4–7]. However, these trials, 
conducted in patients experiencing septic shock or similar 
conditions, concluded HES can induce severe renal failure, 
bleeding complications, and increase mortality compared 
with crystalloids alone [8–10]. Consequently, the European 
Medicines Agency considered the market withdrawal and 
eventually restricted HES administration to patients with 
hemorrhagic hypovolemia [11]. The debate on the benefit 
that HES spurred was additionally affected by issues beyond 
science, such as litigation, research misconduct, and even 
criminality [12–16].

However, from a research perspective, these points should 
not preclude a scientific debate and research on HES safety 
in special patient cohorts and settings. Although there are 
no prospective trials investigating HES safety in cardiac 
surgery patients, HES is still used in concordance with cur-
rent guidelines. There is an unmet and urgent need for this 
evidence in the cardiac surgery realm, especially in view of 
recent results of HES administration in abdominal surgery 
patients [17].

In a pharmacoepidemiologic approach using 
data from electronic health records, we performed a 

confounding-adjusted retrospective cohort analysis of 
consecutive patients undergoing elective cardiac surgery. 
The incidence of postoperative acute kidney injury (AKI) 
and 90-day mortality were investigated with respect to the 
amount and timing of postoperative HES fluid resuscitation.

2  Methods

2.1  Source of Data

All data were extracted from different sources within the 
hospital digital infrastructure. Data from the intensive care 
unit (ICU) [e.g., prescribed medication, dosages and tim-
ing of administration, or urine output] were extracted from 
the electronic patient charts  (COPRA®, COPRA GmbH). 
Moreover, data on sociodemographics, comorbidities, sur-
gery process parameters (e.g., duration of surgery), and 
follow-up data (e.g., 90-day mortality) were taken from 
the electronic health record (i.s.h.-med®, SAP). Finally, all 
laboratory parameters were extracted from the laboratory 
software  (LAURIS®, nexus|swisslab). All parameters and 
laboratory values were measured during the clinical rou-
tine, at the bedside, or within the in-house laboratory. For 
longitudinal variables extracted at specific time points or 
time intervals, the time of a patient’s admission to the ICU 
was defined as time zero (Table S1 in the Electronic Sup-
plementary Material [ESM]).

2.2  Study Design

In our main analysis, a retrospective cohort study was per-
formed to investigate how early postoperative administra-
tion of HES 130/0.42 affects adverse outcomes in elective 
patients undergoing coronary artery bypass grafting, elective 
aortic valve replacement, or a combination of both. Further-
more, a sensitivity analysis was applied to a retrospective, 
propensity score-matched cohort design.

The primary study endpoint was to determine the impact 
of postoperatively administered HES on the incidence 
of postoperative AKI, as defined by the Kidney Disease 
Improving Global Outcomes (KDIGO) criteria. Secondary 
endpoints were mortality within 90 days of follow-up and to 
analyze how renal function changes over time depending on 
the HES dosage and administration times. The ‘strengthen-
ing the reporting of observational studies in epidemiology’ 
(STROBE) statement was used and the checklist is provided 
(Table S2 in the ESM) [18].

2.3  Study Cohort

The study cohort included all patients aged > 18 years 
undergoing elective coronary artery bypass grafting, aortic 
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valve replacement, or combined coronary artery bypass 
grafting plus aortic valve replacement surgery, for whom 
an electronic health record was available. The recruiting 
period was from March 2015 to January 2019 (before 
the restricted market access program). Patients undergo-
ing emergency surgery, aged < 18 years, or patients with 
planned cardiac surgeries other than the aforementioned 
procedures were not considered eligible for analysis and 
therefore excluded. Balanced crystalloids (i.e., ringer, 
ringer plus lactate) are usually preferred both intra-
operatively and postoperatively. During surgery, the flu-
ids commonly used are blood products and crystalloids; 
mostly no albumin is used during surgery. After surgery 
and at admission to the ICU, different goals as surrogates 
for volume resuscitation are achieved: mean arterial pres-
sure > 65 mmHg, central venous pressure ~10 mmHg, 
adequate stroke volume (70 mL), cardiac index > 2.1 l/
min/m2, hemoglobin ~10  g/dL, mixed venous satura-
tion > 65%, and noradrenaline not exceeding 0.05 mg/
kg/kg. Intraoperative transfusion triggers are accord-
ing to international standards: hemoglobin < 8 g/dL and 
hematocrit < 0.24 l/l in non-bleeding patients [19, 20]. In 
patients with massive bleeding, transfusion is guided by 
fluid resuscitation principles and is usually in equal parts 
erythrocyte concentrate:fresh frozen plasma:thrombocyte 
concentrate in a ratio of 1:1:1. The transfusion of other 
blood products is guided mostly by a rotational thromboe-
lastometry assessment to reduce unnecessary transfusions 
[21]. For initial fluid substitution, balanced crystalloids 
are used but if patients do not respond adequately (e.g., 
lactate levels rise, mean arterial pressure decreases under 
65 mmHg, central venous saturation falls below 60%, or 
vasopressor administration needs to be intensified), HES 
might be administered in the ICU according to the attend-
ing physician’s choice. As there was no standardized pro-
tocol for fluid therapy, the intensivist defines the therapy 
according to the previously described surrogates and trig-
gers for fluid therapy.

2.4  Study Outcomes

In two cross-sectional models, the associations between 
HES administration with occurrence of postoperative AKI 
(as defined by the KDIGO criteria) and with 90-day mor-
tality were investigated [22]. Applying these criteria to 
derive AKI stages in the postoperative follow-up, aver-
ages of serum creatinine levels within 12-h time intervals 
and cumulative urine output measurements in 6-h time 
intervals were obtained during the ICU stay. Longitudinal 
trajectories of renal function status were based on the post-
operative estimated glomerular filtration rate (eGFR) and 
calculated in 12-h intervals with the formula introduced 

by the Chronic Kidney Disease Epidemiology Collabora-
tion [23].

2.5  Exposure

Exposure to HES was available as the absolute amount in 
milliliters, representing a continuous variable. Based on this, 
different operationalizations were considered for the analy-
ses: overall administration (yes/no), dosage (mL), and timing 
of administration. Total cumulative dosages were calculated 
and thereafter divided into categories: low (< 1000 mL), 
middle (1000–2000 mL), and high (> 2000 mL). Timing 
of administration was also split into the following catego-
ries: early (< 24 h postoperative), middle (24–72 h postop-
erative), and late (> 72 h postoperative). As there was no 
standardized protocol for volume therapy, the intensivist was 
responsible for the chosen therapy, in accordance with the 
current clinical situation.

2.6  Potential Confounders

Co-variates at the patient level (operationalization shown 
in parentheses, see also Table S1 in the ESM) were age and 
sex (male/female). Included comorbidities were considered 
as binary indicators, i.e., diabetes mellitus as type 1 or 2 
diabetes including diabetes treated with dietary measures, 
and atrial fibrillation consisting of intermittent and persistent 
atrial fibrillation. Left ventricular ejection fraction was avail-
able at pre-defined categories in the electronic health record 
(left ventricular ejection fraction > 50%, 31–50%, 21–30%, 
and ≤ 20%). The logistic EuroSCORE was included as a 
measure of mortality risk [24]. The body mass index was 
calculated using the patients’ admission weight and height.

With respect to surgery, the following parameters were 
considered: aortic cross clamp time, (time from the clamping 
start to release of the aorta [minutes]), surgery time (from 
skin incision until suture [minutes]), CPB time (from start 
to wean [minutes]), and cumulative intraoperative volume 
of blood transfusion (mL) represented all packed red blood 
cells transfused during surgery. With regard to the ICU stay, 
ventilation time was defined as the total duration the patient 
was ventilated (minutes), the postoperatively administered 
platelet and packed red blood cells were available as the total 
amount (mL), and drain losses as the cumulative volume 
lost over indwelling drains (mL). Pre-operative serum cre-
atinine (mg/dL) was measured at hospital admission. Post-
operatively, serum creatinine (mg/dL) and blood urea (mg/
dL) were extracted in 12-hour intervals over the hospital 
stay. Hemodynamic parameters were mean arterial pressure 
(mmHg) and systolic arterial blood pressure (mmHg) in 
12-h time intervals as measured at the bedside and reported 
in the electronic patient chart.
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In terms of medication and fluid management, the admin-
istration of crystalloids was available as cumulative volume 
(mL) and based thereupon also as a binary (yes/no) indicator. 
Drugs with a reported nephrotoxic potential (vancomycin, 
gentamicin, tobramycin, amikacin, piperacillin/tazobactam, 
colistin, cotrimoxazol, lithium, acyclovir, tacrolimus, ciclo-
sporin, etoricoxib, diclofenac, and ibuprofen) were grouped 
into the binary indicator named ‘nephrotoxic drugs’ [25–27]. 
Likewise, the administration of diuretics (e.g., mannitol, 
furosemide) and catecholamines (noradrenaline, adrenaline, 
dobutamine) was considered as binary indicator variables.

2.7  Missing Data

In total, 58 values were missing in five of the considered 
variables for modeling. This missing data pattern was con-
sidered as acceptable to avoid imputation [28]. Laboratory 
values were complete, to the extent that all measured values 
were available.

2.8  Statistical Methods

The retrospective cohort was described by statistics sum-
marizing their distributional location parameters or their 
proportions, in the case of either continuous or categorical 
variables, respectively. Inferential tests providing descriptive 
p values were chosen according to the variable scale and 
variable distribution.

Cross-sectional models were based on multivariate logis-
tic regression models. In order to evaluate the robustness of 
a chosen approach, we additionally estimated odds ratios 
(ORs) for AKI with HES treatment in sensitivity analyses 
applying weighted and matched propensity score adjustment 
(Tables S3 and S4 in the ESM). Acknowledging that the 
decision for HES treatment is not regularly a binary choice, 
but rather a question of dose, timing, and combination with 
crystalloids (Fig. S1 in the ESM), we chose multivariate 
models comprehensively adjusted for confounding as the 
main analysis. Covariates in logistic regression models were 
empirically determined by the preceding variable selec-
tion based on the ‘Least Absolute Shrinkage and Selection 
Operator’ (LASSO) [29–31]. The mandatory variables of 
age, pre-operative serum creatinine, administration of HES, 
and crystalloid solutions were left unregularized and thus 
included in any model. Further candidate predictors were 
logistic EuroSCORE, left ventricular function, atrial fibrilla-
tion, diabetes, administration of catecholamines, nephrotoxic 
drugs, furosemide, mannitol, drain losses, mean arterial 
pressure, systolic pressure, intraoperative blood substitution, 
postoperative blood substitution, and duration of surgery. 
Exploring potential non-linear relationships with adminis-
tered amounts of HES, generalized additive models were 

fitted with spline functions for HES with linear adjustment 
for the remaining covariates of the structural model [32].

Longitudinal models for eGFR trajectories over time 
were based on linear mixed-effects models [33]. A ran-
dom intercept for the patient and a random slope for time 
accounted for intra-individual variability. The influence of 
HES administration in time intervals of 24 h was modeled 
as an interaction term between cumulative HES adminis-
tration and time. The ‘nlimb’ optimization algorithm was 
applied to achieve well-converging models with a set of 
clinically justified covariates for confounding adjustment 
[31, 34]. Inferential tests on parameter estimates were 
based on t-tests using Satterthwaite’s method [35]. In gen-
eral, statistical tests were two-sided, and 95% confidence 
intervals were calculated according to an alpha level of 
0.05. All analyses were conducted using the R software 
environment in version 3.6.1 (R Foundation for Statistical 
Computing, Vienna, Austria).

3  Results

3.1  Participants

Overall, 2245 patients were screened and all 2245 patients 
were included in the analysis. Of these, 371 patients (16.5%) 
received only balanced crystalloids for fluid resuscitation 
and 1874 patients (83.5%) received a combination of bal-
anced crystalloids and HES early after ICU admission. The 
baseline characteristics showed minor differences (Table 1). 
As expected, patients in the HES group had a slightly better 
renal function at ICU admission. Detailed information on 
vasopressor therapy and volume status surrogates in the ICU 
is available in the ESM (Figs. S2 and S3).

All patients received on average 3202 ± 1291 mL of crys-
talloids in the first postoperative 12 h in the ICU, exclud-
ing crystalloids administered during surgery. Additional 
data on the association between the dose of administered 
crystalloids and HES, as well as the overall timing of the 
administration of crystalloids and HES, are available (Fig. 
S1 in the ESM). Patients who thereafter did not show ade-
quate volume resuscitation with crystalloids after significant 
blood loss during surgery (n = 1874) received on average 
1091 ± 649 mL of HES (Table S5 in the ESM). Bleedings 
and reoperations were numerically higher in the HES cohort 
(3.2 % and 3.4% compared with 2.1% and 1.1% in the non-
HES group, respectively), but no association between the 
amount of administered HES and these events was found 
after multivariate adjustment (Table  S6 in the ESM). 
Acute kidney injury (any KDIGO stage) and these events 
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Table 1  Baseline patient 
characteristics at admission to 
the intensive care unit (ICU) 
and during the ICU stay

The p-values relate to the unbalanced nature of both groups and describe the extent to which a tabulated 
characteristic was associated with allocation to one group or the other
eGFR estimated glomerular filtration rate, FFP fresh frozen plasma, HES hydroxyethyl starch 130/0.42, 
LVEF left ventricular ejection fraction, min minutes, PAD peripheral arterial disease

Characteristics No HES (n = 371) HES (n = 1874) P value

Age (years) 69.7 ± 10.3 69.0 ± 9.6 0.216
Male, n (%) 269 (72.5) 1449 (77.3) 0.046
Atrial fibrillation, n (%) < 0.001
 Intermittent 56 (15.1) 185 (9.9)
 Persistent 29 (7.8) 88 (4.7)
 Chronic 9 (2.43) 49 (2.62)

Current or previous smoking, n (%) 154 (41.5) 783 (42.8) 0.922
Diabetes mellitus, n (%) 141 (38.0) 645 (34.4) 0.186
Hypertension, n (%) 336 (90.6) 1665 (88.9) 0.332
Logistic EUROscore 7.1 ± 3.6 6.4 ± 3.1 < 0.001
LVEF, n (%) 0.058
 LVEF > 50% 225 (60.7) 1241 (66.2)
 LVEF 31–50% 115 (31.0) 510 (27.2)
 LVEF 21–30% 25 (6.7) 110 (5.9)
 LVEF < 20% 6 (1.6) 10 (0.5)

Systolic arterial pressure (mmHg) 155 ± 31 158 ± 32 0.069
PAD, n (%) 66 (17.8) 240 (12.8) 0.011
Laboratory
 eGFR at ICU admission (mL/min/1.73  m2) 69.3 ± 27.2 80.3 ± 19.8 < 0.001
 Hemoglobin (g/dL) 11.2 ± 1.1 11.0 ± 1.1 0.006
 Lactate (mg/dL) 15.7 ± 11.7 15.8 ± 9.3 0.874
 Leucocytes (/nl) 12.2 ± 5.2 10.8 ± 3.7 < 0.001
 Maximum creatinine in ICU (mg/dL) 1.39 ± 1.42 1.03 ± 0.71 < 0.001
 Preoperative creatinine (mg/dL) 1.09 ± 0.5 0.95 ± 0.33 < 0.001
 Thrombocytes (/nl) 178 ± 64 163 ± 60 < 0.001
 Urea (mg/dL) 49 ± 30 39 ± 19 < 0.001

Surgical parameters
 Aortic clamp time (min) 45 ± 32 58 ± 26 < 0.001
 Bypass time (min) 73 ± 50 96 ± 45 < 0.001
 Surgery time (min) 198 ± 65 224 ± 63 < 0.001
 Total blood substitution (mL) 321 ± 478 362 ± 504 0.144
 Total FFP substitution (mL) 14 ± 125 22 ± 152 0.341
 Total thrombocyte substitution (mL) 54 ± 214 80 ± 280 0.091

ICU parameters/medication
 Ventilation time (min) 988 ± 1231 1553 ± 3241 < 0.001
 Catecholamine yes, n (%) 237 (63.9) 1455 (77.6) < 0.001
 Total dose of crystalloids (mL) 5093 ± 1940 6586 ± 2381 < 0.001
 Nephrotoxic drugs yes, n (%) 26 (7.0) 159 (8.5) 0.345
 Mannitol yes, n (%) 2 (0.5) 5 (0.3) 0.399
 Total blood substitution (mL) 239 ± 552 365 ± 755 0.002
 Total FFP substitution (mL) 33 ± 330 49 ± 387 0.462
 Total thrombocyte substitution (mL) 58 ± 236 85 ± 0.076
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were not correlated and independent of each other (PChi-
square(bleeding) = 1, PChi-square(reoperation) = 0.111).

3.2  Cross‑Sectional AKI and Mortality Models

Postoperatively, a total of 1009 patients (45.0%) developed 
AKI. However, significantly less AKI of any KDIGO stage 
was noted in the HES group (43.7%) compared with the 
crystalloid group (51.2 %) (Table 2). In detail, the AKI 
occurrence mainly differed significantly at KDIGO stages I 
and II, whereas there was no difference at stage III. There 
was no difference in 90-day mortality between the groups 
(3.4 % vs 3.8 %) (Table 2).

In the multivariate AKI model, the selected co-variates 
showed clinically expected associations with the occur-
rence of AKI (Fig. 1, Table S7 in the ESM). Particularly, 
fluid administration showed a marginally negative associa-
tion per every 500 mL of administered crystalloid (OR 0.98 
[0.95–1.00]) and a stronger effect per every 500 mL of HES 
(OR 0.89 [0.82–0.96]). The results were in line with the pro-
pensity score-adjusted sensitivity analysis (Table S4 in the 
ESM). Regarding timing of HES administration, administra-
tion within < 24 h after surgery was seen to have a signifi-
cant negative association (p = 0.0277) that was not present 
for administration between 24 and 72 h, and > 72 h. In the 
co-variate-adjusted model for 90-day mortality, a borderline 
increased risk was observed for every additionally adminis-
tered 500 mL of crystalloids (OR 1.06 [1.00–1.11]), while 
the administration of HES was not associated with mortality 
(OR 1.05 [0.88–1.25]) (Fig. 2; Table S8 in the ESM).

3.3  Longitudinal eGFR Trajectories After HES 
Administration

A linear mixed-effects model successfully described the 
impact of HES administration on the longitudinal eGFR 

trajectory and allowed the prediction of trajectories for vir-
tual patients. As such, we chose virtual patients with median 
values in the independent variables and different doses of 
HES at different administration times (Fig. 3; Table S9 in 
the ESM). Overall, renal function declined after cardiac 
surgery independent of the chosen fluid regimen. However, 
in contrast to the near linear decline after sole crystalloid 
administration, HES showed a biphasic decline pattern due 
to the significant interaction with time after surgery. This 
resulted in dose-dependent drops of eGFR estimates. The 
eGFR decline gradually slowed down in all HES-treated 
patients, and eGFR even slightly improved compared with 
patients receiving crystalloid therapy (Fig. 3). For further 
exploration, we provide an online calculator (https:// hydro 
xyeth ylsta rch- cardi acsur gery. shiny apps. io/ shiny/).

Table 2  Number of patients who experienced renal failure after sur-
gery or died during the follow-up

AKI acute kidney injury, HES hydroxyethyl starch 130/0.42, KDIGO 
Kidney Disease: Improving Global Outcomes

Endpoint No HES HES P value

No AKI, n (%) 181 (48.8) 1055 (56.3) Reference for 
each 2 × 2 
table

KDIGO stage I, n (%) 72 (19.4) 274 (14.6) 0.007
KDIGO stage II, n (%) 59 (15.9) 219 (11.7) 0.009
KDIGO stage III, n (%) 59 (15.9) 326 (17.4) 0.81
KDIGO any stage, n (%) 190 (51.2) 819 (43.7) 0.009
Death up to day 90, n (%) 14 (3.8) 63 (3.4) 0.691

Fig. 1  Association of hydroxyethyl starch administration by 500 mL 
with the occurrence of an acute kidney injury indicated by any Kid-
ney Disease: Improving Global Outcomes (KDIGO) stage after sur-
gery. Among all selected covariates (Table  S7 of ESM), only those 
reaching statistical significance are shown (*p  <  0.05, **p  <  0.01, 
***p < 0.001). 57|56 observations were deleted because of missing-
ness

https://hydroxyethylstarch-cardiacsurgery.shinyapps.io/shiny/
https://hydroxyethylstarch-cardiacsurgery.shinyapps.io/shiny/
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4  Discussion

In this study evaluating consecutive data of a large real-
world patient cohort that underwent open cardiac surgery, 
exhaustively adjusted analyses could not detect any negative 
effect of HES administration on kidney function and mortal-
ity. Moreover, unexpected significant ‘protective’ associa-
tions of (especially early and low-dosed) HES administration 
were present and also evident from modeled postoperative 
eGFR trajectories. Overall, the reported incidence of AKI 
after cardiac surgery is heterogenic and reported to be 
between 5 and 43% depending on the centers and used diag-
nostic criteria [36, 37]. The incidence of this study appears 
to be in the upper range. Patients who experienced bleeding 
or needed reoperation consequently needed higher amounts 
of fluids especially HES for hemodynamic stabilization. This 
explains the numerically higher number of patients experi-
encing bleeding or reoperation in the HES cohort. Moreover, 
we know that bleeding or reoperation results in a higher 
incidence of AKI [38]. Taking this together, the HES cohort 
might have had an even higher risk for AKI.

These main findings do not concur with the actual rec-
ommendations for administration of HES and should be 
regarded with caution [8–10]. However, with regard to this 
study, the question might be raised whether findings col-
lected in septic and renally insufficient patients can be gen-
erally extrapolated to postoperative cardiac surgery patients 
[39]. Potentially, adverse outcomes after HES administration 

Fig. 2  Association of hydroxyethyl starch administration by 500 mL 
with death within 90 days of the follow-up after surgery. Among all 
selected covariates (Table S8 of the ESM), only those reaching statis-
tical significance are shown (*p < 0.05, **p < 0.01, ***p < 0.001). 
57|56 observations were deleted because of missingness

Fig. 3  Predicted estimated glomerular filtration rate (eGFR) trajec-
tory (mL/min/1.73   m2) every 24  h after surgery for a situation of a 
patient with median values in each covariate (Table S9 of the ESM). 
Different administration schemes are projected in scenarios with no 

hydroxyethyl starch 130/0.42 (HES) [black solid line], 500  mL of 
HES on day 1 (dark gray dashed line), 2000  mL of HES on day 1 
(medium gray dotted line), and each 500  mL of HES on days 1–4 
(light gray dot-dashed line)
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differ between settings and patient populations, as do the 
physiologic processes in these patient populations.

After cardiac surgery, patients experience hemodynamic 
instability due to fluid shifts and a systemic inflamma-
tory response syndrome triggered by the CPB, resulting in 
endothelial leakage [40–43]. Consequently, these patients 
require increased vasopressor and fluid substitution because, 
as in hemorrhagic shock, fast and effective fluid resuscita-
tion is the key to reducing low cardiac output and vaso-
pressor dependency [40–43]. Although the duration of the 
inflammatory response varies, it is seldom as long as seen in 
patients experiencing septic shock or sepsis, where it might 
last for days (not hours) [42–45]. Additionally, HES admin-
istration after cardiac surgery may be driven by the lack of 
therapeutic alternatives. Multiple administrations of crys-
talloid infusions make the patient prone to fluid overload, 
which is also a reported risk factor of AKI after cardiac 
surgery. Furthermore, unnecessary transfusion of blood in 
patients with sufficient hemoglobin is well known to be asso-
ciated with adverse outcomes [36, 46–49].

In addition to these physiologic and therapeutic consid-
erations, a prior retrospective exploratory analysis and a pro-
spective randomized controlled trial report similar results 
in cardiac surgery patients [50, 51]. In these studies, the 
administration of HES was considered to be similar to fluid 
resuscitation with albumin with regard to adverse kidney 
outcomes [51]. Moreover, an earlier major prospective study 
concerning fluid management in the ICU also reported a 
lower mortality rate in patients when initial fluid resuscita-
tion was achieved by the use of colloids (including HES) 
[52]. Unfortunately, different colloids were used in different 
study centers, thus no definite conclusions can be drawn 
regarding the use of HES in particular [52]. Another pro-
spective study in abdominal surgery revealed no significant 
difference between the administration of crystalloids and 
colloids. However, the risk for AKI was slightly higher in 
the HES group [17].

In summary, the existing evidence is conflicting. Different 
independent studies could not detect an increased risk for 
adverse outcomes after postoperative administration of HES 
in surgery patients in the absence of septic shock including 
cardiac surgery patients [17, 50–54]. Nonetheless, one has 
to keep in mind that the absence of harm after HES admin-
istration in our study does not reflect a benefit or superior-
ity of HES over crystalloids, which needs to be evaluated 
in prospective randomized controlled trials. These findings 
however underline that distinct patient populations and set-
tings might need to be taken into account more thoroughly 
when evaluating adverse renal outcomes after HES adminis-
tration, rather than generalizing data conclusions about one 
population and setting for another [55]. With this real-world 
analysis, we further expand the safety data with respect to 

administered doses, the dosage timing, and the correspond-
ing impact on renal function.

The study has several limitations. First, we performed a 
retrospective single-center analysis of an elective patient 
population. While our patient population was highly 
restricted to obtain robust conclusions from a homogene-
ous population, it is of great interest for future studies 
to examine other populations as well (e.g., mitral valve 
replacement, aortic valve reconstruction, TAVI, heart 
transplantation, and assist device implantation). Because 
fluid management potentially differs between centers 
and is defined by local guidelines and clinical experi-
ence, transferability of the data might be restricted. For 
example, our data source did not include the information 
on which surgeon performed the surgery, thus the cor-
relation within the surgeons could not be accounted for. 
However, this missing information can be considered neg-
ligible because no outcome changes have been reported 
between hospitals and different surgeons [56]. Moreover, 
we reported the institutional approach to fluid management 
while strictly defining and accounting for a large number 
of thoroughly reported patient parameters. Although the 
limitation of HES use by the European Medicines Agency 
warning in 2013 affected only patients with septic shock 
or burns, this notification may nevertheless have influ-
enced (directly or indirectly) the prescribing behavior. 
Our entire study period covered the period thereafter, 
thus selection bias during the study was to be ruled out, 
but the overall situation must be considered interpreta-
tively. Although retrospective studies often have a risk of 
confounding by indication, the risk in this study appears 
to be relatively low. The decision to prescribe HES was 
made directly after surgery within the first 24 h in the ICU 
because fluid dependency due to endothelial leakage post-
pump is highest during this period. This is also reflected 
in Table S5 in the ESM: 1839 (98%) of the patients in the 
HES cohort received HES within < 24 h after surgery. 
As a result of the early administration, negative effects 
would develop after HES was given to stabilize the patient 
hemodynamically.

A second limitation relates to unmeasured and thus unad-
justed confounders, which can never be ruled out. Consider-
ing available information, the analysis was fully adjusted and 
successfully accounted for imbalances between (baseline) 
variables, which was confirmed by the propensity score-
adjusted sensitivity analysis. We did not consider the lat-
ter as the main analysis, as the administration of HES is 
not binary, but rather a series of complex questions such 
as dosage, timing, and a combination with crystalloids. 
Thus, crystalloids and starches had to be operationalized 
as non-exclusive options, for which covariate adjustment 
appears most appropriate, but the concurring results based 
on propensity scores are reassuring. Both approaches can 
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effectively control for (measured) confounders. For exam-
ple, baseline creatinine values differed, as expected because 
HES is contraindicated in renal impairment and therefore 
was not prescribed. Additionally, other parameters differed, 
for example, surgery time and aortic cross-clamp time, with 
longer times in patients treated with HES. As prolonged 
surgery and CPB time are associated with hemodynamic 
instability, this might be an indicator for complicated and 
insufficient fluid substitution. Furthermore, longer surgical 
time and higher fluid substitution make the patient prone for 
AKI, thereby increasing the risk in the other direction [36].

Another limitation relates to the short follow-up period 
concerning AKI. However, because even mild postopera-
tive AKI is linked to long-lasting adverse effects, it appears 
reasonable to choose immediate postoperative AKI as a valid 
outcome that was defined by the current gold standard, the 
KDIGO criteria [36, 57]. The longitudinal eGFR trajectory 
must be interpreted against the backdrop of the short follow-
up, as well. Modeling eGFR is subject to time dependency 
and delayed effects, especially in the early postoperative 
period with unstable creatinine measurements. Therefore, 
the onset of AKI cannot be estimated minutely. However, 
because other more sensitive biomarkers (e.g., interleu-
kin-18) are not measured in routine care, serum creatinine 
is still used as a standard in different diagnostic criteria. One 
must be aware of these inherent limitations, and we consider 
our eGFR modeling as exploratory evidence adding context 
to the AKI and mortality models, but not as the primary 
source of (confirmatory) evidence. Ultimately, it must be 
considered that drawn conclusions from our models repre-
sent a global perspective averaged over all patients. Indi-
vidual treatment decisions and dosages in particular require 
an individualized approach including many clinical (prog-
nostic) factors. In this respect, no (individualized) treatment 
recommendation can be based solely on our results.

5  Conclusions

The analysis of real-world data of a large cohort of consecu-
tive postoperative cardiac patients did not show an increased 
risk for adverse kidney outcomes associated with HES. The 
time-dependent eGFR models of this analysis suggest that 
administering low HES doses early after surgery might even 
delay the steady GFR decrease in patients after cardiac sur-
gery. Generalizing safety signals among strongly different 
populations (e.g., septic patients or elective cardiac surgery 
patients) appears questionable in the light of our findings. 
Although this was a retrospective cohort study, the results 
indicated that HES might be safely administered to cardiac 
surgery patients with regard to renal outcomes, especially if 
it is administered early and dosed appropriately.
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