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ClInICal sCenarIo:

A 76-year old patient with bowel cancer was seen at the outpatient anesthesia clinic 
two weeks before bowel surgery. Medical history revealed high blood pressure, diabetes 
and a heart attack three years earlier. Besides occasional shortness of breath, his cardiac 
condition was stable and the diabetes well-regulated. Medications used included as-
pirin and drugs for lowering blood pressure, glucose and cholesterol (statin therapy). 
On physical examination blood pressure was 142/91 mmHg (mean arterial pressure 108 
mmHg), heart rate 65 beats per minute, length 1.74 meters and weight 98 kilograms 
(body mass index 33 kg/m2).

After the start of general anesthesia the mean arterial pressure dropped to 50 mmHg 
for five minutes and increased to 73 mmHg as surgery began. During the procedure sev-
eral other three to five minute periods of a mean arterial pressure of 45 mmHg occurred. 
After the procedure the patient was woken up from anesthesia and transferred to the 
Intensive Care Unit for postoperative care. The attending anesthesiologist-intensivist 
continued the aspirin therapy, but the statin therapy was withheld until the 3rd post-
operative day. Eight hours after surgery the Intensive Care Unit nurse drew attention 
to the following patients’ vital signs: temperature was 38.5ºC, heart rate 102 beats per 
minute and respiratory rate 26 breaths per minute. Physical examination did not reveal 
additional abnormalities. Blood cultures were drawn, which later turned out to be nega-
tive. The following day laboratory tests showed increased inflammatory markers and 
a decline in kidney function: a leucocyte count of 13 109/L, a C-reactive protein of 115 
mg/L and an elevated serum creatinine of 109 µmol. The patient was transferred to the 
surgical ward. On the fourth postoperative day he complained of upper abdominal pain 
and shortness of breath. His temperature was 38.3ºC, heart rate 110 beats per minute, 
respiratory rate 31 breaths per minute and oxygen saturation of 89% with oxygen 
delivered by a nasal cannula at a rate of 4 L/min. Physical examination revealed right 
upper abdominal pain and crackles were heard in the lower lungs. Laboratory tests 
showed a worsening of results: a leucocyte count of 22 109/L, a C-reactive protein of 280 
mg/L and a serum creatinine of 173 µmol. The anesthesiologist-intensivist was asked 
for re-admission to the Intensive Care Unit. On suspicion of bowel leakage, a computed 
tomographic (CT) scan was performed. This revealed no clear signs of bowel leakage 
but abnormalities in the right lower lung consistent with pneumonia. The patient was 
re-admitted to the Intensive Care Unit, treated with antibiotics and high flow oxygen 
therapy. His clinical condition improved over the following days and the kidney function 
recovered. On the seventh postoperative day he was dismissed from the Intensive Care 
Unit and fourteen days after surgery he was discharged home.
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Each year over 1.4 million surgical procedures are performed in the Netherlands.1 In 
general, surgery is considered safe by doctors and their patients, which is confirmed by 
an average mortality risk less than one percent for many surgical procedures.2 However, 
postoperative outcome can vary greatly between different types of surgery. In patients 
undergoing minor, day-care procedures complications as reoperation and readmission 
occur both in 0.004% and 30-day mortality is 0.0004%.3 These results are in contrast 
to the adverse event rates in patients undergoing major surgical procedures, such as 
abdominal or cardiac procedures. For example, for colorectal surgery the incidence 
of reoperation and infection is 4.7% and 14.2%, respectively and 30-day mortality is 
2.9%.4 The disability free-survival, a patient-centered outcome parameter considered 
increasingly important, is approximately 76% at six months after surgery.5 For cardiac 
surgery myocardial infarction and infection are reported in 4.1% and 8.8% of patients, 
respectively and 30-day mortality is 3.1%.6, 7 In addition, the disability free-survival at six 
months is approximately 85%.5

Anesthesiologists play an important role in the care for surgical patients. For example, 
the patient described earlier was first evaluated for risk assessment and optimisation 
at the outpatient anesthesia clinic before surgery. The anesthetic plan tailored to the 
patient was provided during surgery, including pain management and hemodynamic 
and respiratory support. After the procedure, the deteriorating physical status of the 
patient required assessment of an ICU physician (which is often an anesthesiologist) 
for treatment at a higher level of care. Sometimes, anesthesiologists take part on ward 
rounds in high risk surgical patients. The expanded role of anesthesiologists described 
here is particularly present in Western Europe. Currently this model of perioperative 
care is adopted in the United States where it is referred to as ‘the Perioperative Surgical 
Home’.8

Thus, anesthesiologists are frequently involved in the prevention and treatment of 
postoperative complications. To further improve perioperative care, it is fundamental to 
identify determinants of adverse outcome after surgery and to early recognize patients 
at (increased) risk for postoperative complications. Our patient suffered from low blood 
pressure during surgery (i.e. intraoperative hypotension), had symptoms of systemic 
inflammation after surgery and had his statin therapy discontinued at the Intensive 
Care Unit. It can be questioned whether inflammation after surgery contributed to his 
outcome, in how far intraoperative hypotension played a role in the development of 
acute kidney injury and whether the continuation of statin therapy would have been of 
any benefit.
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InflammaTIon In surgICal PaTIenTs

After incision, macrophages, monocytes and neutrophils are attracted to the surgi-
cal site and trigger the production of cytokines.9 These cytokines include the pro-
inflammatory cytokines tumor necrosis factor-α, interleukin-6 and interleukin-8, who in 
their turn stimulate the liver to produce acute phase proteins (e.g. C-reactive protein). 
Inflammation in response to surgery is essential. It provides host defence by amplifying 
immune cell activation, proliferation and differentiation, increasing the production of 
antimicrobial products and by supporting homeostasis and wound healing. However, an 
overwhelming release of pro-inflammatory mediators can, among other things, lead to 
endothelium dysfunction. The subsequent overproduction of nitric oxide interacts with 
mitochondrial function by adenosine triphosphate depletion and causes mitochondrial 
anergy and cell apoptosis. Thus, when the inflammatory response is inadequate (i.e. 
uncontrolled), a local useful inflammatory reaction can change to a clinical syndrome 
of systemic inflammation and possibly organ dysfunction.9 The clinical syndrome of 
systemic inflammation is called the systemic inflammatory response syndrome. The 
systemic inflammatory response syndrome is present if two or more of the following 
variables are abnormal; heart rate, temperature, leukocyte count and respiratory rate.10 
Individual systemic inflammatory response syndrome criteria, such as heart rate and 
respiratory rate, may be affected by non-inflammatory states. For example, a patient suf-
fering from pain after surgery with tachypnea and tachycardia meets the criteria of the 
systemic inflammatory response syndrome but without any real systemic inflammation. 
The systemic inflammatory response syndrome is therefore less specific for systemic 
inflammation than inflammatory biomarkers, as cytokines.

Surgery may trigger systemic inflammation in several ways. Most commonly, inflam-
mation occurs as a result of tissue trauma. Besides surgical trauma other causes for 
increased inflammation may be involved. For example, the use of cardiopulmonary 
bypass to temporarily replace the function of heart and lungs during cardiac procedures 
affects the inflammatory response. Exposure of blood to the non-physiological circuit 
of cardiopulmonary bypass triggers an immune response by inducing the complement 
and contact system.11 Another cause of systemic inflammation after surgery is ischemia/
reperfusion injury. Reperfusion after a period of tissue ischemia activates inflammatory 
and prothrombogenic cascades and cytokine release.12 Ischemia/reperfusion injury can 
occur in any type of surgery as a result of a low cardiac output state, intraoperative 
hypotension or (un)intentional interrupted blood flow (e.g. aortic cross clamping).

Studies in patients undergoing cardiac surgery showed that increased systemic in-
flammation after surgery affects outcome negatively.13, 14 However, cardiac surgery is 
characterized by a unique combination of large tissue injury, use of cardiopulmonary 
bypass and ischemia/reperfusion injury. All these factors greatly contribute to systemic 
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inflammation. It is not completely clear whether and why systemic inflammation is also 
present after other types of surgery. And, if present, whether the severity of systemic 
inflammation results in adverse outcome. For example, aortic valve replacement with 
transcatheter aortic valve implantation does not require the use of cardiopulmonary 
bypass. In addition, the surgical induced tissue injury is far more limited than with con-
ventional aortic valve replacement. Transcatheter aortic valve implantation may result 
in less systemic inflammation compared to conventional aortic valve replacement and 
improved outcome.15

Finally, several small studies suggested that postoperative systemic inflammation 
may affect outcome after major abdominal surgery.16, 17 Interestingly, a recent retrospec-
tive study showed that intraoperative administration of steroids was associated with 
improved outcome after surgery for pancreatic carcinoma.18 This seems to indicate that 
systemic inflammation is present and important after major abdominal procedures.

Postoperative infectious complications are commonly seen after surgery. Examples 
are surgical wound infection, pneumonia and urinary tract infection. After cardiac sur-
gery, the incidence of infections is five to twenty percent despite the use of antibiotic 
prophylaxis.19, 20 Postoperative infections are associated with increased morbidity and 
mortality, emphasizing the need for therapies that reduce these numbers.21

Statins are widely prescribed for the primary and secondary prevention of cardiovas-
cular diseases and known for their pleiotropic effects.22 This includes immunomodula-
tory and anti-inflammatory properties, which may decrease infectious complications 
after surgery. Previous studies investigating the effect of preoperative statin therapy 
on postoperative infections have shown conflicting results. For example, Mohammed 
et al. studied patients after cardiac surgery and found that the incidence of infections 
was similar in patients with and without statin use (8.1% vs. 8.4%).23 However, pneu-
monia was not scored and this may have influenced the results. In contrast, in another 
retrospective cohort study in patients undergoing cardiac surgery, statin therapy was 
associated 33% reduced risk of infections.24

InTraoPeraTIve hyPoTensIon

Intraoperative hypotension is common during surgery and often a side effect of 
anesthesia.25 General anesthetics cause intraoperative hypotension by a dose depen-
dent decrease in cardiac output and systemic vascular resistance. In addition, neuraxial 
techniques such as epidural anesthesia block thoracic and lumbar sympathetic outflow 
resulting in vasodilatation, relative hypovolemia and intraoperative hypotension. Other 
non-anesthetic causes include blood loss, myocardial stunning (e.g. after cardiopulmo-
nary bypass), and hypovolemia (due to fasting, vomiting or diarrhea). Frequently used 
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definitions of intraoperative hypotension include a systolic blood pressure of less than 
80 mmHg, a mean arterial pressure of less than 55 mmHg and a decrease in systolic 
blood pressure of 20% from baseline. As a result of these different definitions, the re-
ported incidence ranges from 5% to 99%.25

Intraoperative hypotension may contribute to the development of adverse outcome. 
For example, a reduced renal blood flow due to intraoperative hypotension could lead 
to postoperative acute kidney injury. Normally, renal blood flow is guaranteed by renal 
autoregulation; within certain levels of blood pressure renal blood flow is constant.26 
Outside these levels blood flow is pressure dependent and renal blood flow decreases 
when hypotension is present. If this period is long enough renal ischemia and cell death 
occurs. Recently, two large retrospective studies showed that intraoperative hypoten-
sion defined as a mean arterial pressure less than 55 mmHg was associated with an 
increased risk of acute kidney injury after non-cardiac surgery.27, 28 However, due to the 
study design of both investigations and methodological issues such as information bias, 
these results can be questioned.

The role of intraoperative hypotension in the development of acute kidney injury after 
cardiac surgery may differ from non-cardiac surgery for several reasons. Most impor-
tantly, the strong inflammatory response associated with cardiac surgery contributes 
to the risk of acute kidney injury.29 Also, perioperative anemia caused by hemodilution 
during cardiopulmonary bypass may induce renal ischemia and acute kidney injury. 
Interestingly, systemic inflammation and anemia may contribute to intraoperative hy-
potension as welI.

At the same time, the use of cardiopulmonary bypass enables the preservation of a 
desired cardiac index and organ blood flow which can be adjusted if deemed appropri-
ate. Thus, renal blood flow may be ensured despite the occurrence of intraoperative 
hypotension. Whether intraoperative hypotension during on-pump cardiac surgery is 
associated with postoperative acute kidney injury is not clear yet.30, 31

aIm of ThIs ThesIs

In this thesis the focus is on two important issues in the perioperative care of patients 
undergoing major surgery. The first part of this thesis concentrates on perioperative 
inflammation. This part describes the relation between increased systemic inflammation 
after transcatheter aortic valve implantation and adverse outcome (chapter 2), and the 
inflammatory (biomarker) response after transcatheter aortic valve implantation (chap-
ter 3). In chapter 4 the association between statin therapy and infectious complications 
after cardiac surgery was studied. The predictive value of inflammatory biomarkers in 
patients undergoing major abdominal surgery is presented in chapter 5.
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The second part of this thesis addresses the relation between intraoperative hypo-
tension and renal function among patients who underwent major abdominal surgery 
(chapter 6) and among coronary artery bypass grafting patients (chapter 7).
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absTraCT

objective: Despite the minimally invasive nature of transcatheter aortic valve implanta-
tion (TAVI), the incidence of acute kidney injury (AKI) and mortality is of major concern. 
Several studies showed that outcome was influenced by the systemic inflammatory 
response syndrome (SIRS) in patients undergoing percutaneous TAVI. The purpose of 
this study was to investigate whether SIRS after transapical TAVI was associated with 
short-term outcome.
Design: Retrospective analysis of prospectively collected data.
setting: Intensive care unit in a tertiary-care hospital.
Participants and measurements: In 121 patients undergoing transapical TAVI for se-
vere aortic stenosis between March 2010 and October 2013 the incidence of SIRS during 
the first 48 hours was studied. We investigated the relation between the occurrence of 
SIRS and any adverse event during hospital stay. Any adverse event was defined as the 
composite of mortality, AKI, infection, stroke, myocardial infarction and bleeding.
results: Sixty-five (53.7%) patients developed SIRS during 48 hours following transapi-
cal TAVI. The occurrence of SIRS was independently associated with an increased risk of 
any adverse event (Adjusted odds ratio 4.0, 95% CI: 1.6 - 9.6; P = 0.002), which was mainly 
an increased risk of death (Odds ratio 5.5, 95% CI: 1.1 - 25.9; P = 0.031). Patients with SIRS 
had a longer median duration of Intensive Care Unit stay compared to patients without 
SIRS (2 vs. 1 day; P < 0.001).
Conclusions: SIRS predicts short-term outcome in patients undergoing transapical TAVI.
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InTroDuCTIon

Since the introduction in 2007, every year approximately 9000 patients in Europe 
undergo transcatheter aortic valve implantation (TAVI) for symptomatic severe aortic 
stenosis.1 This treatment modality is reserved for high-risk cardiac patients not suitable 
for conventional open-heart surgery. An important difference between surgical and 
transcatheter aortic valve replacement is that in the latter cardiopulmonary bypass, 
known for inducing an inflammatory response and subsequent organ failure, is not 
used.2 Despite the less invasive nature of TAVI, postprocedural mortality and morbidity 
rates are high.3,4 A pilot study in 40 patients showed that patients undergoing transapi-
cal TAVI had a higher level of high-sensitive C-reactive protein and a higher leucocyte 
count compared to patients undergoing transfemoral TAVI.5 Few studies examined the 
relation between postprocedural systemic inflammatory response syndrome (SIRS) and 
outcome in patients undergoing percutaneous TAVI.6, 7 The impact of SIRS on short-term 
outcome after transapical TAVI has yet to be determined. Our objective was to determine 
the incidence of SIRS after transapical TAVI and its effect on short-term outcome.

meThoDs

Patients and procedure

The local Medical Ethics Committee (Research and Development Department, St. Anto-
nius Hospital) approved the study and waived the need for informed consent.

From March 2010 until October 2013 a total of 127 consecutive patients with severe 
symptomatic aortic stenosis underwent elective transapical TAVI under general anes-
thesia. Operative risk was considered high for all patients and a transfemoral approach 
was not feasible due inaccessible femoral arteries. Detailed information about the 
transapical TAVI procedure has been described before.8,9 In short, a small anterolateral 
mini-thoracotomy was used in the fifth intercostal space, followed by puncture of the 
left ventricular apex after obtaining adequate ACT (≥ 250 seconds) with heparin. Then, 
under fluoroscopic guidance, balloon valvuloplasty of the native aortic valve was per-
formed using a short run of rapid ventricular pacing (180 beats per minute), followed by 
positioning of the prosthesis using a second rapid pacing run when indicated. Several 
types of valves were used; Edwards SAPIEN (Edwards Lifesciences, Irvine, California), 
JenaValve (JenaValve Technology GmbH, Munich) or Medtronic Engager (Medtronic, 
Minneapolis, Minnesota). Afterwards all patients were admitted to the Intensive Care 
Unit (ICU). Patients were extubated at the ICU immediately after arrival or, if necessary, 
after rewarming until core temperature exceeded 36.5°C. If a temporary cardiac pace-
maker was necessary, the pacing rate did not exceed 90 beats per minute. None of the 
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patients received beta-blockers during the procedure or during the first 48 hours after 
TAVI. Patients in whom the inflammatory response after transapical TAVI was affected by 
confounding variables (reoperation within 48 hours and use of cardiopulmonary bypass 
during TAVI) or when the inflammatory response could not be studied (death within 48 
hours of surgery) were excluded. All patients were followed up until hospital discharge. 
Periprocedural data were routinely prospectively gathered in a computerized medical 
system and subsequently analyzed. Since the operative procedure time could not be 
retrieved in all patients, we used fluoroscopy time as a surrogate for operative procedure 
time.

Clinical course

The systemic inflammatory response syndrome was defined according to existed guide-
lines as fulfilling at least two of the following criteria for 1 hour or more: temperature 
<36.0 or >38.0°C, heart rate >90 beats/minute, respiratory rate >20 breaths/minute or 
PaCO2 <32 mmHg, leucocyte count <4 or >12 (109/L).10

The outcome parameters were acute kidney injury (AKI), stroke, postprocedural 
infectious complication, bleeding complication, myocardial infarction and in-hospital 
mortality and were scored after the inclusion period of SIRS. A postprocedural infectious 
complication was defined as clinical evidence of infection (e.g. new infiltrate on chest 
x-ray, fever, productive cough) that required antibiotic treatment. The other parameters 
were defined as stated by the updated Valve Academic Research Consortium (VARC) 
consensus report.11 We determined the effect of SIRS on any adverse event, a composite 
of all outcome parameters previously mentioned. Other study parameters were length 
of ICU stay, length of hospital stay, in-hospital mortality and the highest sequential or-
gan failure assessment (SOFA) score (total and for each organ system separately) during 
the first 72 hours of ICU admission. The total SOFA score consists of the score of 6 organ 
systems (respiratory, central nervous, cardiovascular, liver, renal and coagulation) and 
assesses the degree of organ failure.12 This score was calculated daily during ICU stay. 
T.R. collected all preprocedural data and outcome parameters. P.G. or S.R. determined in 
each patient if SIRS occurred.

laboratory methods

Serum creatinine level, leucocyte count and C-reactive protein (CRP) were measured the 
day prior to the procedure and on postprocedural day 1, 2 and 3. Acute kidney injury 
was defined as an increase in serum creatinine to 150% or more (1.5 fold compared to 
baseline) or an increase of >26 µmol/L within 72 hours after TAVI.11 Chronic renal failure 
was defined as an estimated glomerular filtration rate (eGFR) calculated by the simpli-
fied Modification of Diet in Renal Disease formula < 60 ml/min/1.73m2.13
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statistical analysis

Continuous data are presented as the mean ± standard deviation (sd) or median and 
interquartile range (IQR) as appropriate. The Kolmogorov-Smirnov test was used to test for 
normal distribution. To compare variables between groups, the chi square-test was used 
for dichotomous variables and Student’s t-test or Mann-Whitney U test was used for con-
tinuous variables, where appropriate. Univariate analyses were performed to examine the 
crude associations of periprocedural characteristics and SIRS and outcome parameters. 
Multivariate analysis was performed to examine the adjusted association of SIRS and any 
adverse event. To do so, a multivariable logistic regression model was constructed consid-
ering all variables that were imbalanced between the arms (P ≤ 0.10) as depicted in Table 1, 
2 and 3. A variable was retained in the model as a confounder if it changed the odds ratio 
(OR) of SIRS and any adverse event by more than 10%. P-values of < 0.05 were considered 
significant in all analyses. Data were analyzed using IBM SPSS Statistics 22.0 software.

We performed a power analysis to determine optimal sample size. Based on prior 
literature reports we estimated the incidence of SIRS and any adverse event at least 30% 
and 7% respectively.7 Based on the assumption that patients with SIRS have a three-
fold risk of any adverse event compared to patients without SIRS the number of study 
patients needed was 88 (power = 80%, α = 0.05). The sample size is not adequate to 
detect risks less than three-fold with adequate power. Individual outcome parameters 
were not powered to detect risk increases.

resulTs

Of the 127 studied patients 6 were excluded (4 patients underwent sternotomy or 
rethoracotomy within 48 hours after the procedure, 1 patient died within 24 hour of ad-
mission due to periprocedural dissection of the left main coronary artery and 1 patient 
was on cardiopulmonary bypass during TAVI). The final study population consisted of 
121 patients.

During the first 48 hours following TAVI, SIRS occurred in 65 (53.7%) patients. The use 
of preprocedural β-blocker therapy, steroids or statins did not influence the incidence 
of SIRS (Table 1). Potential risk factors for the development of SIRS such as red blood cell 
transfusion (23.1% vs. 19.6%; P = 0.647), number of rapid ventricular pacing runs (3 vs. 3; 
P = 0.670), valve-in-valve implantation (4.6% vs. 3.6%; P = 1.000), post-dilatation of the 
valve prosthesis (26.2% vs. 30.9%; P = 0.565) and fluoroscopy time (30 vs. 24 minutes; P = 
0.145) were comparable in patients with and without SIRS. The valve type used was not 
associated with the occurrence of SIRS. Fourty-eight (39.7%) patients suffered from any 
adverse event. Baseline and periprocedural characteristics of patients with and without 
any adverse event are presented in Table 2 and 3.
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Table 1: baseline characteristics according to the occurrence of sIrs

variable sIrs (n=48) no sIrs (n=73) p-value
 Male gender [n (%)] 30 (46.2) 28 (50.0) 0.673

 Age (years) 80.1±6.7 79.5±6.5 0.651

 BMI [kg/m2 (%)] 26.2±5.0 26.8±4.5 0.454

Comorbidity
 Diabetes [n (%)] 17 (26.2) 16 (28.6) 0.766

 COPD [n (%)] 28 (43.1) 19 (33.9) 0.303

 Hypertension [n (%)] 63 (96.9) 52 (92.9) 0.414

 Coronary artery disease [n (%)] 55 (84.6) 47 (83.9) 0.918

 Congestive heart failure [n (%)]

 - NYHA ≤2 28 (43.1) 19 (33.9) 0.303

 - NYHA >2 37 (56.9) 37 (66.1)

 Atrial fibrillation [n (%)] 22 (33.8) 17 (30.4) 0.682

 Previous myocardial infarction [n %)] 18 (27.7) 18 (32.1) 0.593

 Previous PCI [n (%)] 24 (36.9) 22 (39.3) 0.790

 Previous cardiac surgery [n (%)] 21 (32.3) 28 (50.0) 0.048

 Previous stroke [n (%)] 14 (21.5) 13 (23.2) 0.825

 Peripheral artery disease [n (%)] 27 (41.5) 19 (33.9) 0.390

 Chronic renal failure [n (%)] 27 (41.5) 24 (42.9) 0.884

 Pulmonary hypertension [n (%)] 22 (33.8) 17 (30.4) 0.682

 Additive EuroSCORE 10 (9-11) 10 (8-11) 0.842

 Normal LVEF 24 (36.9) 22 (39.3) 0.790

Preoperative medication use
 β-blocker 17 (26.2) 20 (35.7) 0.255

 Statin [n (%)] 47 (72.3) 35 (62.5) 0.250

 Steroids [n (%)] 4 (6.2) 6 (10.7) 0.511

BMI indicates body mass index; COPD, chronic obstructive pulmonary disease; NYHA, New York Heart Asso-
ciation class; PCI, percutaneous coronary intervention; EuroSCORE, European System for Cardiac Operative 
Risk Evaluation score; LVEF, left ventricular ejection fraction.

Table 2: baseline characteristics according to the occurrence of any adverse event

variable adverse event (n=48) no event (n=73) p-value

Male gender [n (%)] 26 (54.2) 32 (43.8) 0.266

 Age (years) 79.4±6.4 80.1±6.7 0.592

 BMI [kg/m2 (%)] 25.9±4.4 27.2±5.1 0.154

Comorbidity

 Diabetes [n (%)] 23 (47.9) 10 (13.7) <0.001

 COPD [n (%)] 18 (37.5) 29 (39.7) 0.806

 Hypertension [n (%)] 48 (100) 67 (91.8) 0.080

 Coronary artery disease [n (%)] 40 (83.3) 62 (84.9) 0.813

 Congestive heart failure [n (%)]

 - NYHA ≤2 14 (29.2) 33 (45.2) 0.077

 - NYHA >2 34 (70.8) 40 (54.8)
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Table 3: Periprocedural characteristics

variable adverse event (n=48) no event (n=73) p-value

Procedural characteristics

Rapid pacing runs [n] 3 (3-3) 3 (3-3) 0.281

Valve-in-valve [n (%)] 4 (8.3) 1 (1.4) 0.080

Post-dilatation [n (%)] 13 (27.7) 21 (28.8) 0.895

Fluoroscopy time (min) 30±23 24±10 0.145

Red blood cell transfusion [n (%)] 11 (22.9) 15 (20.5) 0.756

valve type

- Edwards SAPIEN 40 (83.3) 54 (74.0) 0.470

- JenaValve 6 (12.5) 15 (20.5)

- Medtronic Engager 2 (4.2) 4 (5.5)

Prosthetic valve performance

Aortic insufficiency [n (%)] 26 (54.2) 40 (54.8) 0.946

- Grade 1 13 (27.1) 25 (34.2) 0.773

- Grade 2 11 (22.9) 12 (16.4)

- Grade 3 2 (4.2) 3 (4.1)

Postoperative medication use

Statin [n (%)] 20 (41.7) 19 (26.0) 0.072

Steroids [n (%)] 4 (8.3) 7 (9.6) 1.000

Table 2: baseline characteristics according to the occurrence of any adverse event (continued)

variable adverse event (n=48) no event (n=73) p-value

 Atrial fibrillation [n (%)] 17 (35.4) 22 (30.1) 0.543

 Previous myocardial infarction [n %)] 19 (39.6) 17 (23.3) 0.055

 Previous PCI [n (%)] 17 (35.4) 29 (39.7) 0.633

 Previous cardiac surgery [n (%)] 20 (41.7) 29 (39.7) 0.832

 Previous stroke [n (%)] 11 (22.9) 16 (21.9) 0.897

 Peripheral artery disease [n (%)] 19 (39.6) 27 (37.0) 0.773

 Chronic renal failure [n (%)] 26 (54.2) 25 (34.2) 0.030

 Pulmonary hypertension [n (%)] 19 (39.6) 20 (27.4) 0.161

 Additive EuroSCORE 10 (9-11) 10 (8-11) 0.496

 Normal LVEF 25 (52.1) 50 (68.5) 0.069

Preoperative medication use

 β-blocker 18 (37.5) 19 (26) 0.180

 Statin [n (%)] 33 (68.8) 49 (67.1) 0.851

 Steroids [n (%)] 5 (10.4) 5 (6.8) 0.515

BMI indicates body mass index; COPD, chronic obstructive pulmonary disease; NYHA, New York Heart Asso-
ciation class; PCI, percutaneous coronary intervention; EuroSCORE, European System for Cardiac Operative 
Risk Evaluation score; LVEF, left ventricular ejection fraction.
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The development of SIRS was associated with a greater degree of postprocedural or-
gan failure as assessed by total SOFA score (4, IQR 3-6 vs. 3, IQR 2-4.75, Figure 1). Patients 
with SIRS had an almost 3-fold increased risk of any adverse event compared to patients 
without SIRS (OR 2.8, 95% CI: 1.3 - 6.1; P = 0.007, Table 4). Patients with SIRS were more 
likely to experience postprocedural bleeding (OR 3.6, 95% CI: 1.0 - 13.6) or death (OR 5.5, 
95% CI: 1.1 - 25.9). The rate of postprocedural infections was 18.5% in patients with SIRS 
and 10.7% in patients without SIRS (P = 0.232). In multivariate regression analyses the 
occurrence of SIRS was independently associated with an increased risk of any adverse 
event (Adjusted odds ratio (AOR) 4.0, 95% CI: 1.6 - 9.6; P = 0.002, Table 5). Total median 
length of hospital stay was similar in both groups (7 days in patients with SIRS vs. 6 days 
in patients without SIRS, P = 0.518), while SIRS did aff ect the median length of ICU stay 
(2 vs. 1 day; P < 0.001, Figure 2).
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Table 4: Clinical outcomes for the occurrence of sIrs

sIrs (n=65) no sIrs (n=56) p-value

Mortality [n (%)] 11 (16.9) 2 (3.6) 0.018

AKI [n (%)] 16 (24.6) 10 (17.9) 0.367

Stroke [n (%)] 1 (1.5) 0 (0.0) 1.000

Infection [n (%)] 12 (18.5) 6 (10.7) 0.232

Bleeding [n (%)] 11 (16.9) 3 (5.4) 0.047

Myocardial infarction [n (%)] 4 (6.2) 0 (0.0) 0.123

Any adverse event [n (%)] 33 (50.8) 15 (26.8) 0.007

All p-values are nominal
Individual outcomes, except for any adverse event, were not powered to show diff erences
SIRS, systemic infl ammatory response syndrome; AKI, acute kidney injury



SIRS after TAVI 29

DIsCussIon

Our results demonstrate that SIRS after transapical TAVI is common and that SIRS is in-
dependently associated with worse short-term outcome, including an increased risk of 
in-hospital mortality. Sinning et al. performed a prospective study investigating the rela-
tion between SIRS and outcome in 152 patients undergoing percutaneous TAVI.7 In that 
study, postprocedural SIRS occurred in 40.1% of all patients and this was independently 
associated with an increased 1-year mortality risk (HR 4.0; 95% CI: 1.8 - 9.2; P = 0.001). In 
another paper the same author studied the influence of periprocedural renal function 
on outcome after percutaneous TAVI.6 Systemic inflammatory response syndrome after 
TAVI was present in 60% of all patients and closely related to AKI (60% in patients with 
SIRS vs. 21% in patients without SIRS, P = 0.002). Furthermore, patients with SIRS were at 
increased risk for 1-year mortality (OR 2.5; 95% CI: 1.0 - 6.2; P = 0.04). Although preproce-
dural impaired renal function and AKI were associated with mortality in our study cohort, 
we did not observe different numbers of AKI in patients with or without SIRS (24.6% and 

Table 5: multivariate logistic regression analysis for predictors of any adverse event

univariate analysis multivariate analysis

or (95% CI) p-value or (95% CI) p-value

SIRS 2.8 (1.3 – 6.1) 0.008 SIRS 4.0 (1.6 – 9.6) 0.002

Diabetes 5.8 (2.4 – 13.9) <0.001 Diabetes 6.9 (2.6 – 18.1) <0.001

Previous MI 2.2 (0.9 – 4.7) 0.057 Previous MI 2.2 (0.9 – 5.5) 0.089

Decreased LVEF 2.0 (0.9 – 4.2) 0.220

eGFR < 60 ml/
min

2.6 (1.4 – 5.0) 0.003

Valve-in-valve 6.6 (0.7 – 60.5) 0.098

MI, myocardial infarction; eGFR, estimated glomerular filtration rate; other abbreviations as in Table 1
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17.9%, P = 0.367, respectively). Our results confirm that SIRS is independently associated 
with outcome after TAVI and that this association is also present in patients undergoing 
a transapical approach. In contrast to the previously mentioned studies reporting an 
independent association of SIRS and 1-year mortality, we observed that SIRS was associ-
ated with short-term outcome. This difference might resemble the fact that, in general, 
patients undergoing transapical TAVI are less healthy and potentially more susceptible 
to postoperative insults, e.g. SIRS, than patients undergoing transfemoral TAVI.

It is not clear whether SIRS is actually related to specific procedure related factors, 
except for surgery on itself. In our study, no risk factors for the occurrence of SIRS were 
identified. The question is whether SIRS occurs by chance or whether we simply did not 
identify all possible risk factors. Sinning et al. showed that an increased number of rapid 
ventricular pacing runs, a surrogate for low cardiac output, predicted the development 
of SIRS after percutaneous TAVI (OR 1.8; 95% CI: 1.1 - 2.8; P = 0.025).7 These periods of 
low cardiac output are likely to induce ischemic injury to organs and initiate a systemic 
inflammatory response.14,15 Balloon valvuloplasty of the native aortic valve, dilatation 
of the prosthesis and arrhytmias may also contribute to a low cardiac output state. In 
addition, the impact of low cardiac output may be aggravated by pre-existing vascular 
insufficiency, which is often present in patients undergoing TAVI (38% of our patients 
suffered from peripheral artery disease). Consequently, SIRS related mortality might 
be a result of multiple organ injury due to procedure related tissue hypoperfusion. The 
numbers of rapid ventricular pacing runs in patients with and without SIRS were similar 
in our study, but it is possible that patient with SIRS suffered from worse hypotension 
induced by rapid ventricular pacing runs than patients without SIRS. Unfortunately we 
could not obtain data regarding perioperative blood pressure in all patients.

Numerous studies showed that excessive inflammation after cardiac and non-cardiac 
surgery was associated with an increased risk of mortality and morbidity.16-21 Why in-
flammation may lead to worse outcome after surgery is not straightforward. The exact 
mechanism is beyond the scope of this article, but involves tissue damage triggering the 
innate immune system.22 In short, the innate immune system initiates the production 
of pro-inflammatory mediators and biomarkers. Inflammatory mediators (chemokines, 
cytokines, plasma cascades and nitrogen and reactive oxygen species) reduce the pro-
duction of nitric oxide, which may lead to mitochondrial dysfunction, the development 
of multi organ failure (MOF) and ultimately death.10 In this light, it is interesting that 
prophylactic corticosteroids led to a reduced incidence of respiratory failure and pneu-
monia and a reduced length of ICU and hospital stay in a recent randomized controlled 
trial in patients undergoing cardiac surgery.23

The systemic inflammatory response syndrome may emerge after a wide variety of 
non-infectious insults. Pancreatitis, trauma, tissue injury, surgery, ischemia, haemor-
rhagic shock and burns may lead to SIRS. The definition of SIRS relies on vital signs and 
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laboratory values that may be, but are not exclusively related to a generalized inflam-
matory response. For example, heart rate and respiratory rate are also influenced by 
non-inflammatory factors, e.g. pain or stress. We acknowledge that the individual SIRS 
criteria are non-specific. The addition of inflammatory biomarkers such as interleukin-6 
(IL-6) or tumour necrosis factor- α (TNF-α) would have advanced the argument that 
postprocedural systemic inflammation was indeed present. Nonetheless, prior studies 
showed that patients with SIRS have higher levels of IL-6, IL-8, procalcitonin and TNF-α 
compared to patients without SIRS, confirming that SIRS is an expression of systemic 
inflammation.7,24-27

A second limitation is that patient data was routinely prospectively gathered in a 
computerized database. Although this database contains specific periprocedural data, 
we faced some of its limitations. For example, we could not obtain detailed informa-
tion about the length and duration of periprocedural hypotension in all patients, which 
is a possible confounder for the development of SIRS and mortality. Third, we used a 
composite endpoint and all established limitations apply. However, postoperative 
inflammation has it influence on many different outcome parameters that have no 
individual relationship and therefore it would be incorrect not to study outcome in 
general.23 Also, individual outcomes are rare and statistical power may not be sufficient 
for each individual outcome parameter. And fourth, we studied the incidence of SIRS 
after transapical TAVI, but we did not clarify the pathophysiological mechanism.

SIRS following transapical TAVI is common and associated with short-term outcome. 
Future work studying outcome in TAVI patients should focus on the cause of SIRS.
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absTraCT

aims: To investigate the relation between ischemia/reperfusion injury and systemic 
inflammatory response syndrome (SIRS) after transcatheter aortic valve implantation 
(TAVI).
methods and results: Levels of interleukin (IL)-6, IL-8, tumor necrosis factor-α, intes-
tinal fatty acid bind protein (IFABP), C-reactive protein (CRP) and leukocyte count were 
prospectively investigated in patients undergoing TAVI. Rapid ventricular pacing (RVP) 
runs, mean arterial pressure and cerebral oxygenation during RVP and levels of IFABP 
were used as markers for tissue hypoperfusion. SIRS occurred in 18 (46%) of the 39 
patients included and was characterized by increased leucocyte count and levels of CRP 
and IL-6. The total duration of RVP was 16 seconds (IQR 13-23) versus 13 seconds (IQR 
10-14, P = 0.81) in patients with and without SIRS, respectively. Overall, levels of IFABP 
peaked at three hours after TAVI (1169 [IQR 906-1483] pg/mL) and decreased 44% below 
baseline two days after TAVI (410 (IQR 284-538) pg/mL on day two vs. 728 (IQR 520-927) 
pg/mL at baseline, P < 0.01). The correlation between absolute increase in IFABP and IL-6 
levels was 0.331 (P = 0.04).
Conclusions: A rise and fall of IFABP levels shortly after TAVI may suggest that intestinal 
I/R injury contributes to systemic inflammation.



Role of I/R injury in the inflammatory response after TAVI 37

InTroDuCTIon

Until recently the cornerstone of severe aortic stenosis treatment in symptomatic patients 
was surgical aortic valve replacement.1 Nowadays, high risk surgical patients are candidates 
for the less invasive transcatheter aortic valve implantation (TAVI) procedure. These patients 
are typically frail, elderly and suffering from multiple comorbidities. As a result, mortality is 
still approximately 9% and 24% at 30 days and one year after TAVI, respectively.2, 3

One of the factors influencing outcome after TAVI is the occurrence of the systemic in-
flammatory response syndrome (SIRS). Several studies showed that increased systemic 
inflammation after TAVI is associated with a higher risk of morbidity and mortality.4-6 The 
pathogenesis of SIRS after TAVI is not clear yet. In one study patients with SIRS had more 
rapid ventricular pacing (RVP) runs and higher postoperative lactate levels compared 
to patients without SIRS.4 RVP and other characteristics of the TAVI procedure, such 
as balloon-valvuloplasty and post-dilatation of the native aortic valve, interfere with 
normal cardiac function. The subsequent low cardiac output state may lead to tissue 
hypoperfusion, ischemia/reperfusion (I/R) injury and systemic inflammation. Moreover, 
SIRS in non-surgical patients with cardiogenic shock has been linked to I/R injury and 
bacterial translocation due to intestinal injury.7

The aim of this exploratory study was to investigate the inflammatory response after 
TAVI and to assess the potential relation with procedure related I/R injury.

meThoDs

study population and design

The patients included in this prospective observational study took part in the randomized 
controlled Antiplatelet Therapy for Patients Undergoing Transcatheter Aortic Valve Implan-
tation (POPular-TAVI) trial (ClinicalTrials.gov Identifier NCT02247128). Patients undergoing 
TAVI in the POPular-TAVI trial were randomized to three months of additional postprocedural 
clopidogrel versus monotherapy with aspirin (cohort A) or oral anticoagulation therapy 
(cohort B). Patients were eligible for inclusion if they required aortic valve replacement but 
were inoperable or considered at high-risk for complications according to the heart team. 
Exclusion criteria were the need for long-term anticoagulation (cohort A), implantation of 
a drug eluting stent within three months of TAVI, implantation of a bare-metal stent within 
one month of TAVI and allergy or intolerance to aspirin (cohort A) or clopidogrel. A more 
detailed description of the POPular-TAVI study has been previously described.8

In the current study we investigated the inflammatory response after TAVI and the 
relation with procedure related tissue hypoperfusion. Additional exclusion criteria were 
(suspected) infection prior to TAVI and reoperation within 48 hours. The study was ap-
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proved by the local Medical Research Ethics Committee (trial number NL45668.100.13, 
R13.030) and has been performed in accordance with the ethical standards laid down 
in the 1964 Declaration of Helsinki and its later amendments. Informed consent was 
obtained for this specific study in all patients.

TavI procedure and anesthetic management

Before the TAVI procedure, each patient was discussed for TAVI, valve type and access 
site in a dedicated heart team composed by a cardiologist and cardiac surgeon. The TAVI 
procedure and the different approaches have been described in detail in prior reports.9, 10 
RVP was performed depending on patient characteristics, and the type of valve used. 
The pacing rate was 180 beats per minute. V.N. recorded the number and duration of 
RVP runs. Various types of valves were used during the study period: Medtronic Engager 
(Medtronic, Minneapolis, Minnesota), Medtronic Corevalve (Medtronic, Minneapolis, 
Minnesota), Edwards SAPIEN (Edwards Lifesciences, Irvine, California), Direct Flow 
Medical (Direct Flow Medical GmbH, Gieβen), JenaValve (JenaValve Technology GmbH, 
Munich) and Lotus (Boston Scientific, Marlborough, Massachusetts).

All TAVI procedures were performed under general anesthesia. Patients were treated 
according to a standardized anesthesia protocol, which included placement of an arterial 
line, a central venous line and a transvenous cardiac pacing wire in the right ventricle. 
Near-infrared spectroscopy (NIRS) electrodes were applied to the forehead (NIRO-200, 
Hamamatsu, Japan) to measure cerebral oxygen saturation. Cerebral oxygen saturation 
and the mean arterial pressure (MAP) were noted at the start of RVP and every minute 
for five minutes thereafter. After the procedure, patients who underwent transapical TAVI 
were admitted to the Intensive Care Unit for at least 24 hours. Patients who underwent 
transfemoral TAVI were admitted to the Intensive Care Unit for at least six hours and af-
terwards the Coronary Care Unit. None of the patients received beta-blocker therapy and 
non-steroidal anti-inflammatory drugs for at least 48 hours after TAVI. The use of steroids 
was left to the discretion of the treating physicians. Medication administered in context of 
the POPular-TAVI trial was not considered to affect the inflammatory response after TAVI.

Inflammatory response

The occurrence of SIRS was defined as the development of two or more of the following 
symptoms during the first 48 hours after TAVI and that lasted for one hour or more: 
leukocyte count >12 or <4 (109/L), respiratory rate >20 breaths/minute or PaCO2 <32 
mmHg, temperature <36.0 or >38.0°C, heart rate >90 beats/minute.11

To further characterize the inflammatory response after TAVI blood samples were drawn 
on the day of TAVI immediately after induction of anesthesia and after one, three, six, 24 
and 48 hours to measure levels of interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-α and 
intestinal fatty acid bind protein (IFABP). C-reactive protein and leukocyte count were de-
termined on the day of TAVI after induction of anesthesia and after six, 24, 48 and 72 hours.
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Supernatantia were divided in 1-mL aliquots and stored at -80°C until assay. Blood was 
collected in EDTA tubes, centrifuged, and aliquoted plasma samples were stored at -80°C 
until assay. IL-6, IL-8 and TNF-α concentrations were determined using multiplex assays 
and executed according to instructions from each manufacturer (Milliplex Human Sen-
sitivity Cytokine kit, Merck Millipore, Darmstadt, Germany and ProcartaPlex, Bio-Techne, 
Abingdon, United Kingdom) and acquired on a BioPlex100 apparatus (BioRad, Hercules, 
United States). IFABP concentrations were determined by ELISA and executed according 
to instructions provided by manufacturer (Hycult Biotech, Uden, The Netherlands).

markers of tissue hypoperfusion

Together with levels of IFABP, the MAP and cerebral oxygenation during RVP and the 
number and total duration of RVP runs were used as markers for tissue hypoperfusion. 
Several studies showed that IFABP is a reliable early marker for diagnosing intestinal 
ischemia.12, 13 Cerebral blood flow changes can be monitored by measuring cerebral 
oxygen saturation with NIRS.14

statistical analysis

Baseline and periprocedural characteristics were compared for patients with and with-
out SIRS. Continuous data are described as the mean and standard deviation (SD) or 
median and interquartile range (IQR) for normally and non-normally distributed data, 
respectively. Categorical data are presented by numbers and percentages. The chi-
square test or Fisher’s exact test were used to compare dichotomous variables between 
patients with and without SIRS. The Student’s t-test and the Mann-Whitney U test were 
used to compare independent continuous normally and non-normally distributed data 
between patients with and without SIRS and patients with and without RVP. The paired 
samples t-test was used for dependent continuous normally distributed data and the 
Wilcoxon Signed Rank test for non-normally distributed data for each separate time 
interval. We used the mean cerebral oxygen saturation of the left and right hemisphere 
combined to compare cerebral oxygenation in patients with and without SIRS groups in 
whom rapid pacing was performed. Correlation between the absolute increase in IFABP 
and IL-6 levels was tested using the Spearman’s ranks correlation coefficient. A P-value of 
< 0.05 was considered significant. For statistical analysis IBM SPSS version 22 was used.

resulTs

During the study period 40 patients were eligible for analysis. One patient required ster-
notomy due to excessive bleeding within 24 hours of TAVI and was excluded. The final study 
population consisted of 39 patients. The mean age was 81±6 years and 64% were males. 
The median length of hospital stay was six days (IQR 5-9) and 30-day mortality was 10%.
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sIrs and inflammatory biomarkers

Eighteen patients (46%) developed SIRS; fourteen patients within 24 hours and four 
patients in the following 24 hours. SIRS was mostly characterized by a temperature 
of <36.0 or >38.0°C (Figure 1). The baseline and periprocedural variables in relation to 
whether or not SIRS occurred are presented in Table 1 and 2.

Before TAVI, leukocyte count and levels of IL-6, IL-8, TNF-α, and CRP were similar in 
patients with and without SIRS. The courses of the inflammatory biomarkers after TAVI 
are shown in Figure 2.
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figure 1. Individual SIRS criteria according to the occurrence of SIRS

Table 1: baseline characteristics

variable all (n=39) sIrs (n=18) no sIrs (n=21) p-value
Male  [n (%)] 25 (64.1) 13 (72.2) 12 (57.1) 0.33

Age (years) 81±6 79±7 83±5 0.07

BMI [kg/m2 (%)] 25.7±3.9 26.7±3.9 24.8±3.7 0.13

Comorbidity
Diabetes [n (%)] 14 (35.9) 7 (38.9) 7 (33.3) 0.72

COPD [n (%)] 8 (20.5) 4 (22.2) 4 (19.0) 1.00

Hypertension [n (%)] 23 (59.0) 8 (44.4) 15 (71.4) 0.09

Coronary artery disease [n (%)] 20 (51.3) 9 (50.0) 11 (52.4) 0.88

Atrial fibrillation [n (%)] 21 (53.8) 11 (61.1) 10 (47.6) 0.40

Previous myocardial infarction [n %)] 8 (20.5) 6 (33.3) 2 (9.5) 0.11

Previous cardiac surgery [n (%)] 19 (48.7) 8 (44.4) 11 (52.4) 0.62

Previous stroke [n (%)] 6 (15.4) 4 (22.2) 2 (9.5) 0.39

Peripheral artery disease [n (%)] 5 (12.8) 2 (11.1) 3 (14.3) 1.00

Chronic renal failure [n (%)] 13 (33.3) 5 (27.8) 8 (38.1) 0.50

Pulmonary hypertension [n (%)] 13 (33.3) 6 (33.3) 7 (33.3) 1.00

EuroSCORE 18 (11-32) 18 (11-32) 18 (13-32) 0.84

STS score 5.6 (3.7-8.6) 4.6 (3.2-9.9) 5.9 (4.6-8.6) 0.55

Normal LVEF [n (%)] 17 (43.6)  5 (27.8) 12 (57.1) 0.07

Hemoglobin (mmol/L) 8.0±1.0 8.0±1.1 8.0±0.9 0.95

Creatinine (μmol/L) 102 (80-128) 104 (83-120) 97 (77-131) 0.81
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Table 1: baseline characteristics (continued)
variable all (n=39) sIrs (n=18) no sIrs (n=21) p-value
medication use
Preoperative

-   Statin [n (%)] 20 (51.3) 8 (44.4) 12 (57.1) 0.43

-   Steroids [n (%)] 11 (28.2) 8 (44.4) 3 (14.3) 0.04

-   B-blocker [n (%)] 24 (61.5) 11 (61.1) 13 (61.9) 0.96

-   Aspirin [n (%)] 16 (41.0) 8 (44.4) 8 (38.1) 0.69

Postoperative

-   Statin [n (%)] 19 (48.7) 7 (38.9) 12 (57.1) 0.26

-   Steroids [n (%)] 10 (25.6) 7 (38.9) 3 (14.3) 0.14

-   Aspirin [n (%)] 13 (33.3) 5 (27.8) 8 (38.1) 0.50

BMI indicates body mass index; COPD, chronic obstructive pulmonary disease; STS, Society of Thoracic Sur-
geons; LVEF, left ventricular ejection fraction

Table 2: Periprocedural characteristics

variable all (n=39) sIrs (n=18) no sIrs (n=21) p-value
approach
-   Transfemoral [n (%)] 29 (74.4) 11 (61.1) 18 (62.1) 0.14

-   Apical [n (%)] 10 (25.6) 7 (38.9) 3 (14.3)

Procedural characteristics
Rapid pacing used [n (%)] 25 (64.1) 11 (61.1) 14 (66.7) 0.72

Rapid pacing runs [n] 1 (0-2) 1 (0-2) 1 (0-3) 0.79

Total pacing duration (sec) 13 (0-37) 18 (0-40) 13 (0-34) 0.81

Pre-dilatation [n (%)] 20 (51.3) 8 (44.4) 12 (57.1) 0.43

Post-dilatation [n (%)] 9 (23.1) 6 (33.3) 3 (14.3) 0.26

Intervention time (min) 106±50 97±24 114±64 0.31

PRBC transfusion [n (%)] 3 (7.7) 2 (11.1) 1 (4.8) 0.59

Number of PRBC [n] 0 (0-0) 0 (0-0) 0 (0-0) 0.73

Contrast (ml) 79 (60-126) 80 (57-120) 70 (60-138) 0.84

Vasopressor use [n (%)] 10 (25.6) 6 (33.3) 4 (19.0) 0.47

Inotropic use [n (%)] 10 (25.6) 3 (16.7) 7 (33.3) 0.29

Postprocedural hemoglobin 6.9±1.1 6.9±1.1 6.9±1.1 0.92

Prosthetic valve type
- Self expandable [n (%)] 21 (53.8) 12 (66.7) 9 (42.9) 0.20

- Non-self expandable [n (%)] 18 (46.2) 6 (33.3) 12 (57.1)

outcome
AKI [n (%)] 5 (12.8) 4 (22.2) 1 (4.8) 0.16

Length of hospital stay (days) 6 (5-9) 8 (6-12) 6 (5-9) 0.20

30-day mortality [n (%)] 4 (10.3) 4 (22.2) 0 0.04

PRBC indicates packed red blood cell (during the first 48 hours after TAVI)
Acute kidney injury (AKI) was defined as an increase of >26 µmol or an increase in serum creatinine of 50% 
or more within 72 hours after TAVI
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I/r injury and systemic infl ammation

RVP was used in 25 (64%) patients. Leukocyte count and levels of IL-6, IL-8 and CRP in 
patients with and without RVP are shown in Figure 3. The number and the total duration 
of RVP runs were 1 (IQR 0-2) versus 1 (IQR 0-3, P = 0.79) and 16 seconds (IQR 13-23) versus 
13 seconds (IQR 10-14, P = 0.81) in patients with and without SIRS, respectively.

In general, the mean MAP and the mean cerebral oxygen saturation at the start of RVP 
were 57±14 mmHg and 61±11%, respectively. During the fi ve minutes after the start of 
RVP the MAP was 56±12, 59±11, 62±12, 62±13 and 62±15 mmHg and the mean cerebral 
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figure 2. Infl ammatory biomarkers according to the occurrence of SIRS (values are median and IQR)
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oxygen saturation 62±10, 62±10, 61±10, 61±10 and 63±11%. The MAP and cerebral 
oxygenation at the start and during the fi ve minutes after the start of RVP in patients 
with and without SIRS are presented in Figure 4.
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In the overall group, IFABP level was 728 (IQR 520-927) pg/mL at baseline and peaked 
at three hours after TAVI (1169 [IQR 906-1483] pg/mL, P < 0.01 compared to baseline). 
Levels of IFABP declined below baseline on day two (410 [IQR 284-538] pg/mL, P < 0.01 
compared to baseline) with a median decrease of 44%. Levels of IFABP peaked before 
levels of IL-6 (Figure 5A) and the correlation between the absolute increase in IFABP and 
IL-6 levels was 0.331 (P = 0.04). IFABP levels in patients with and without SIRS are shown 
in Figure 5B.
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DIsCussIon

This exploratory observational study confirms that the incidence of SIRS after TAVI is 
high and that SIRS is characterized by increased inflammatory biomarkers. We did not 
observe an association between procedure related tissue hypoperfusion markers and 
SIRS after TAVI. The typical pattern of a rise and fall of IFABP levels shortly after TAVI may 
suggest that intestinal I/R injury contributes to systemic inflammation after TAVI.

In recent years, several studies showed that SIRS after TAVI is common and associated 
with adverse outcome.4, 5, 15 It is unclear whether there is a specific cause for SIRS after 
TAVI. In one study repeated RVP was independently associated with SIRS (adjusted odds 
ratio 1.8, 95% confidence interval: 1.1 - 2.8, P = 0.025).4 Given the deleterious impact 
of RVP on cardiac output this may suggest that tissue hypoperfusion and subsequent 
I/R injury is the catalyst for systemic inflammation and organ dysfunction after TAVI. It 
seems evident that RVP causes tissue hypoperfusion. This was confirmed in a study of 
42 patients undergoing TAVI with assessment of sublingual microvascular tissue perfu-
sion during RVP using Sidestream-Darkfield imaging.16 The mean duration of RVP was 
14 seconds (range 6-29) and this was associated with a time-dependent decrease of 
tissue perfusion in small and large vessels. Twelve seconds after the end of RVP tissue 
perfusion was largely recovered and the MAP returned to baseline.

The question remains whether the compromised microcirculation during RVP is suf-
ficiently important to cause I/R injury, systemic inflammation and subsequent adverse 
outcome. In general, the duration of RVP is short with an average length of 10 to 20 
seconds. In agreement with the findings of Selle et al, we observed that 1 minute after 
the start of RVP, the MAP was comparable to the baseline MAP.16 In our study population, 
we did not observe a relation between RVP and the development of SIRS or increased 
inflammatory biomarkers. Also, other markers for tissue hypoperfusion, such as cerebral 
oxygenation, MAP and IFABP levels, were similar in patients with and without SIRS.

Levels of IFABP were high at baseline and decreased more than 40% after TAVI. This 
may indicate that patients scheduled for TAVI suffer from asymptomatic intestinal injury. 
Patients with severe aortic stenosis are unable to increase cardiac output when needed 
and, in addition, often have hypertension and concomitant peripheral artery disease, 
potentially leading to intestinal oxygen supply-demand mismatch. Previous studies 
showed that the chronic venous congestion associated with chronic heart failure causes 
increased endotoxin levels.17 TAVI restores the aortic valve area, leading to improved 
hemodynamics within 48 hours of TAVI.17, 18 This could result in enhanced intestinal 
perfusion and lower IFABP levels. Therefore levels of IFABP could be interpreted as a 
surrogate for TAVI success.

At the same time restoration of intestinal perfusion could cause harm. Intestinal I/R in-
jury induces inflammation, either by leakage of damage-associated molecular patterns 
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(DAMPs) from intestinal cells or by bacterial translocation. A study in a human intesti-
nal I/R model showed that levels of IFABP increased during the initiation of intestinal 
ischemia and decreased to baseline during reperfusion, while levels of inflammatory 
biomarkers, such as IL-6, increased during the reperfusion period.19 In our study cohort 
the absolute increase in IFABP and IL-6 levels were correlated. Although speculative, this 
may suggest that the inflammatory response after TAVI is at least partly explained by 
intestinal I/R injury.

Other causes of SIRS after TAVI remain to be elucidated. It is possible that systemic 
inflammation after TAVI is not a consequence of procedure related characteristics but 
explained by genetic variability. For example, the observation that polymorphisms in 
genes encoding for proinflammatory biomarkers are involved in the biological response 
to bacteria may also apply to the immune response after surgical trauma.20

This study has several limitations. First, the results of this study are clearly exploratory 
due to its small sample size. For example, we found that levels of IFABP decreased after 
TAVI. To our knowledge, this is not reported before. Although this finding may be the 
logical result of restored cardiac output, this could also be attributed to bias. Small stud-
ies are less precise and more likely to report false positive results. And second, we used 
cerebral oxygen saturation and levels of IFABP as surrogates for tissue hypoperfusion. 
Assessment of tissue perfusion (for example, using transcranial Doppler ultrasonogra-
phy or Sidestream-Darkfield imaging) could have strengthened our conclusions.

In summary, SIRS after TAVI is characterized by increased inflammatory biomarkers. 
We did not observe a relation between tissue hypoperfusion biomarkers and SIRS after 
TAVI. The decrease in IFABP levels may suggest that intestinal I/R injury plays a role in the 
inflammatory response after TAVI and deserves further study.
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absTraCT

objective: To assess the association of systemic inflammation and outcome after major 
abdominal surgery.
background: Major abdominal surgery carries a high postoperative morbidity and mor-
tality rate. Studies suggest that inflammation is associated with unfavorable outcome.
methods: Levels of C-reactive protein (CRP), interleukin-6 (IL-6), tumour necrosis factor-α 
and the systemic inflammatory response syndrome (SIRS) were assessed in 137 patients 
undergoing major abdominal surgery. Blood samples were drawn on day 0, 1, 3 and 7 
and SIRS was scored during 48 hours after surgery. Primary outcome was a composite 
of mortality, pneumonia, sepsis, anastomotic dehiscence, wound infection, non-cardiac 
respiratory failure, atrial fibrillation, congestive heart failure, myocardial infarction and 
reoperation within 30 days of surgery.
results: An IL-6 level >432 pg/ml on day 1 was associated with an increased risk of 
complications (adjusted odds ratio 3.3, 95% CI: 1.3 - 8.5) and a longer median length 
of hospital stay (7 vs. 12 days, P < 0.001). As a single test, an IL-6 cut-off level of 432 
pg/ml on day 1 yielded a specificity of 70% and a sensitivity of 64% for the prediction 
of complications (area under the curve (AUC): 0.67, 95% CI: 0.56 - 0.77). Levels of CRP 
started to discriminate from day 3 onwards with a specificity of 87% and a sensitivity of 
58% for a cut-off level of 203 mg/l (AUC: 0.73, 95% CI: 0.63 - 0.83).
Conclusion: A high IL-6 level on day 1 is associated with postoperative complications. 
Levels of IL-6 distinguish between patients at low and high risk for complications prior 
to levels of CRP.
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InTroDuCTIon

Abdominal surgery is one of the most commonly performed non-day case proce-
dures.1 Up to 28% of patients undergoing major abdominal surgery suffer from post-
operative complications, including wound infection, sepsis, anastomotic dehiscence, 
pneumonia, cardiovascular or respiratory events and mortality.2-4 Early identification of 
patients at high risk for developing such complications may aid clinical decision-making 
and possibly improve outcome.

Several studies suggest that systemic inflammation after surgery has a negative im-
pact on outcome.5-7 The magnitude of this inflammatory response varies widely between 
individuals and depends on, for example, the type, duration and extent of surgery, type 
of anesthesia and perioperative blood transfusion.8-11 Interestingly, polymorphisms in 
genes encoding for interleukin-6 (IL-6) and tumour necrosis factor-α (TNF-α) are associ-
ated with the development of postoperative complications after lung resection.12, 13 Also, 
perioperative use of dexamethasone is associated with improved outcome in patients 
undergoing cancer resection, suggesting that systemic inflammation is related to ad-
verse outcome.14 However, most of these studies were performed in patients undergo-
ing cardiothoracic surgery, included few patients, defined outcome parameters vaguely 
or had data collected retrospectively which may have influenced data quality. Whether 
systemic inflammation after major abdominal surgery is associated with unfavorable 
outcome remains to be elucidated.15-17

The aim of this study was to investigate the inflammatory response after major ab-
dominal surgery and its association with outcome.

meThoDs

study population and design

This prospective single centre cohort study is a substudy of the Myocardial Injury and 
Complications after major abdominal surgery (MICOLON) study (ClinicalTrials.gov Iden-
tifier NCT02150486). In short, the MICOLON study investigated the association between 
high-sensitive cardiac troponin T levels and non-cardiac complications after major 
abdominal surgery in patients at risk for coronary artery disease. Inclusion criteria were 
elective major (defined as an expected 30-day mortality rate >3%1 abdominal surgery, 
age >45 and presence of 1 or more major cardiovascular (CV) risk factors: congestive 
heart failure, peripheral artery disease (intermittent claudication or history of vascular 
surgery), diabetes mellitus, coronary artery disease (history of myocardial infarction, 
angina pectoris, history of ischemia or coronary artery disease on cardiac tests), cere-
brovascular accident, renal insufficiency (serum creatinine >150 umol/l), aortic valve 
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stenosis (valve area <1 cm2), atrial fibrillation, decreased left ventricular function (<55%) 
or 2 or more minor CV risk factors: age >70, hypertension, hypercholesterolemia, low 
functional capacity (4 metabolic equivalents or less), transient ischemic attack, chronic 
obstructive pulmonary disease) A more elaborate description of study methodology has 
been previously described.18 The study was approved by the local Medical Ethics Com-
mittee (Research and Development Department, St. Antonius Hospital) and informed 
consent was obtained in all patients. In this substudy we investigated the systemic 
inflammatory response and its association with outcome in the first 137 patients in-
cluded in the MICOLON study. To do so, we determined the occurrence of the systemic 
inflammatory response syndrome (SIRS) within 48 hours of surgery and evaluated peri-
operative leucocyte count and levels of IL-6, TNF-α and C-reactive protein (CRP). Blood 
samples were collected at the day of surgery after induction of general anesthesia 
(baseline) and on the 1st, 3rd and 7th postoperative day during the routine blood drawing 
round in the morning. Systemic inflammatory response syndrome was considered pres-
ent if at least two of the following clinical findings were present: temperature <36.0 or 
>38.0°C, heart rate >90 beats/minute, respiratory rate >20 breaths/minute or PaCO2 <32 
mmHg, leucocyte count <4 or >12 (109/L).19 Patients on antibiotic therapy prior to sur-
gery were excluded. Perioperative antimicrobial prophylaxis was routinely administered 
in all patients. Patients were operated under general anesthesia or general anesthesia 
combined with epidural anesthesia. Perioperative anesthetic management was at the 
discretion of the attending anesthesiologist.

Primary study parameter was a composite of 30-day mortality (death of any cause), 
pneumonia (purulent sputum, positive sputum or blood culture and clinical symptoms, 
e.g. cough, fever or consolidation on chest radiograph), sepsis (SIRS with suspected or 
proven infection), anastomotic dehiscence (luminal contents through drain or wound 
site or leak detected on imaging studies), wound infection (purulent drainage from 
superficial incision or deliberate opening of superficial incision by surgeon and pain, 
tenderness, swelling or redness), reoperation, respiratory insufficiency (hypoxia or hy-
percapnia leading to ICU (re) admission), atrial fibrillation (new-onset atrial fibrillation), 
congestive heart failure (pleural effusion or pulmonary edema requiring diuretic thera-
py) and myocardial infarction (elevated cardiac biomarkers in combination with clinical 
symptoms or electrocardiography changes). Length of hospital stay was recorded. Each 
individual study parameter was assessed after careful review of medical charts and 
during patient visits performed by research personnel blinded to laboratory results. At 
thirty days after surgery a follow-up telephone interview was performed if patients were 
discharged from the hospital at that time. Patients were asked if a medical complication 
had occurred since their discharge from the hospital. If so, medical details were retrieved 
from their treating physicians. Information from routine postoperative clinic visits was 
used if patients could not be reached by telephone. An event committee consisting of 
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two independent medical doctors judged every individual study parameter and, if no 
consensus was reached, a third specialist was consulted.

biochemical analyses

After blood samples were drawn and centrifuged, samples were stored in frozen aliquots 
at -80° C. After inclusion of all patients samples were shipped to laboratory HaemoScan 
(Groningen, the Netherlands) for batch analyses. Tumour necrosis factor-α and IL-6 were 
determined by means of a solid-phase ELISA, with capture and peroxidase labelled 
tracer antibody (Biolegend, San Diego, CA, USA). The oxidase converts phenyldiamine-
dihydrochloride to a yellow colour, which is proportional to the concentration of TNF-α 
or IL-6. A microtiter plate reader measured the colour at 490 nm. Leucocyte count and 
levels of CRP were part of routine perioperative laboratory tests and were retrieved from 
computerized medical charts.

Clinical characteristics

Each patient visited the outpatient preoperative anesthesia clinic. During this visit medi-
cal history and preoperative medicine use (e.g. steroids, statins, aspirin) were recorded. 
Information regarding duration of surgery, operative blood loss, packed red blood cell 
transfusion (during the first 48 hours after surgery), type of anesthesia and postopera-
tive temperature, heart and respiratory rate were collected from computerized medical 
records.

statistical analysis

For statistical analysis IBM SPSS version 22 was used. A two-tailed P-value of < 0.05 was 
considered statistically significant in all tests. Continuous data are presented as mean 
and standard deviation (SD) if normally distributed and as median and interquartile 
range (IQR) if not normally distributed. The Kolmogorov-Smirnov test was used to test 
for normality. To compare independent continuous variables between groups a Student 
t-test or Mann-Whitney-U test was performed where appropriate. Categorical variables 
are given as frequencies and percentages. To compare dichotomous variables between 
groups a χ2-test or Fishers exact test was used. A receiver operator characteristics (ROC) 
curve was created to determine the optimal cut off point for continuous variables. The 
goodness of fit for the multivariable predictive model was quantified by the c-statistic. 
The length of hospital stay in patients with and without postoperative complications was 
presented using a Kaplan-Meier curve together with the logrank test. For multivariable 
analysis we used binary logistic regression. All variables that were imbalanced between 
the two groups (P ≤ 0.10) as depicted in Table 1 were considered potential confounders 
of the association between inflammatory state and the occurrence of postoperative 
complications. In addition, variables known for their immunomodulatory effects, such as 
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anti-inflammatory drug use, packed red blood cell transfusion, malignancy and diabetes 
mellitus were also considered. A variable was retained in the final model as a confounder 
if it changed the odds ratio (OR) of the inflammatory marker of interest and the outcome 
by more than 10%.

resulTs

Patient characteristics and outcome

One hundred and thirty-seven patients were included. Two patients had a more than 
4000-fold increased baseline IL-6 level compared to the average baseline IL-6 level and 
were excluded from analysis. The final study population consisted of 135 patients. Mean 
age was 68 years and 59% of all patients were male. Forty patients (30%) had an ASA 
physical status of 3 or more. Most commonly performed abdominal procedures were 
colorectal surgery, gastric-esophageal surgery and pancreatic surgery in 50%, 22% 
and 10% of patients respectively. Two-thirds of the procedures (67%) were performed 
to treat malignant tumours. Medications that suppress inflammation, such as statins, 
aspirin and steroids, were used by 49%, 34% and 5% of all patients, respectively. Other 
baseline characteristics are shown in Table 1.

Thirty-nine patients (29%) suffered from at least 1 postoperative complication (Table 
2). The median time between surgery and a complication was 5 days (IQR 3-8). Intra-
operative characteristics such as an increased duration of surgery and blood loss were 
associated with adverse outcome. Preoperative statin (P = 0.723), aspirin (P = 0.488) or 
steroid use (P = 1.000) was not related to the occurrence of a complication.

Inflammatory markers in patients with and without complications

Before surgery levels of IL-6, TNF-α, CRP and leucocyte count were similar in patients with 
and without a postoperative complication (Figure 1). After surgery the inflammatory 
marker levels between patients with and without complications were most pronounced 
for IL-6: 596 [219-989] pg/ml vs. 303 [127-501] pg/ml (P < 0.01) on day 1, 128 [61-342] 
pg/ml vs. 69 [30-115] pg/ml, (P < 0.01) on day 3, and 76 [20-175] pg/ml vs. 27 [11-48] 
pg/ml (P = 0.02) on day 7 (Figure 1a). C-reactive protein level was similar in both groups 
on day 1 (90 [62-119] mg/l vs. 78 [53-109] mg/l, P = 0.131), but diverged on day 3 (223 
[145-316] vs. 131 [87-189], P < 0.001) to day 7 (131 [65-178] mg/l vs. 63 [33-84] mg/l, P < 
0.001) (Figure 1b). Tumour necrosis factor-α level was different only on day 7 between 
patients with and without a postoperative complication (0.5 [0-1.8] pg/ml vs. 0 [0-0.4] 
pg/ml, P < 0.01) (Figure 1c). Postoperative leucocyte count was similar in both groups on 
all sample days (Figure 1d).
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Table 1: baseline characteristics according to the occurrence of a postoperative complication

variable Complication (n=39)
no complication 

(n=96)
p-value

 Male gender [n (%)] 27 (69.2) 53 (55.2) 0.133

 Age (years) 69±10 67±11 0.425

 BMI [kg/m2] 27.1±5.2 28.9±8.3 0.218

Comorbidity

 Diabetes [n (%)] 13 (33.3) 31 (32.3) 0.907

 Current smoking [n (%)] 4 (10.3) 19 (19.8) 0.182

 COPD [n (%)] 8 (20.5) 29 (30.2) 0.252

 Hypertension [n (%)] 32 (82.1) 74 (77.1) 0.524

 Coronary artery disease [n (%)] 9 (23.1) 20 (20.8) 0.774

 Atrial fibrillation [n (%)] 10 (25.6) 5 (5.2) 0.001

 Previous stroke [n (%)] 12 (30.8) 13 (13.5) 0.020

 Surgery for malignancy [n (%)] 28 (71.8) 62 (64.6) 0.420

 ASA physical status ≥III [n (%)] 12 (30.8) 28 (29.2) 0.853

 POSSUM 6.0 (1.9-13.0) 4.5 (1.9-10.6) 0.189

medication use

 Aspirin [n (%)] 11 (28.2) 33 (34.4) 0.488

 Statin [n (%)] 20 (51.3) 46 (47.9) 0.723

 RAAS inhibitors [n (%)] 24 (61.5) 31 (32.3) 0.002

 Other antihypertensive drugs [n (%)] 30 (76.9) 69 (61.5) 0.086

 Steroids [n (%)] 2 (5.1) 5 (5.2) 1.000

Type of surgery

 Colorectal [n (%)] 19 (48.7) 48 (50.0) 0.893

 Gastric-esophageal [n (%)] 14 (35.9) 15 (15.6) 0.009

 Pancreatic [n (%)] 5 (12.8) 9 (9.4) 0.545

 Gastric bypass [n (%)] 1 (2.6) 13 (13.5) 0.067

 Hepatic [n (%)] 1 (2.6) 8 (8.3) 0.446

 Other [n (%)] 2 (5.1) 4 (4.2) 1.000

Type of anesthesia

 TIVA [n (%)] 29 (74.4) 53 (55.2) 0.039

 Epidural anesthesia [n (%)] 30 (76.9) 58 (60.4) 0.068

Duration of surgery (min) 154 (120-240) 120 (75-180) 0.028

Blood loss (ml) 200 (58-400) 100 (20-300) 0.037

RBC transfusion [n (%)] 12 (30.8) 11 (11.5) 0.007

Data are presented as mean (SD), median with interquartile range or absolute numbers.
BMI: body mass index, COPD: chronic obstructive pulmonary disease, ASA: American Association of Anes-
thesiologists physical status classification system, POSSUM: Physiological and Operative Severity Score for 
the enUmeration of Mortality and Morbidity, RAAS: renin-angiotensin-aldosterone system inhibitors, TIVA: 
total intravenous anesthesia, RBC: red blood cell transfusion.
Stroke is the composite of patients with a history of transient ischemic attack or cerebrovascular accident



Table 2: Clinical outcomes according to Il-6 levels on day 1

high§ Il-6
(n=52)

low# Il-6
(n=80)

p-value

Sepsis [n (%)] 11 (21.2) 4 (5.0) 0.004

Reoperation [n (%)] 9 (17.3) 4 (5.0) 0.020

Anastomotic dehiscence [n (%)] 9 (17.3) 2 (2.5) 0.007

Atrial fi brillation [n (%)] 7 (13.5) 5 (6.3) 0.216

Respiratory insuffi  ciency [n (%)] 7 (13.5) 1 (1.3) 0.006

Pneumonia [n (%)] 5 (9.6) 3 (3.8) 0.263

Wound infection [n (%)] 6 (11.5) 3 (3.8) 0.154

Congestive heart failure [n (%)] 4 (7.7) 3 (3.8) 0.433

Myocardial infarction [n (%)] 0 0

Mortality [n (%)] 3 (5.8) 0 (0.0) 0.059

Any event [n (%)] 23 (44.2) 13 (16.3) 0.000

In 3 patients levels of IL-6 on day 1 was not available.
Patients could suff er from more than one complication.
§ High IL-6 > 432pg/ml
# Low IL-6: ≤ 432pg/ml
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figure 1. Infl ammatory markers before surgery and on day 1, 3 and 7 depending on the occurrence of a 
postoperative complication.
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Predictive value of inflammatory markers

Using a ROC curve the ideal cut-off point for IL-6 on day 1 for the prediction of a postop-
erative complication was set at 432 pg/ml. This yielded a specificity of 70%, a sensitivity 
of 64%, a positive predictive value of 44%, a negative predictive value 84% and area 
under the curve of 67% (95% CI: 56% - 77%). Patients with an IL-6 level of >432 pg/ml 
(‘high’ group) on day 1 had an increased length of hospital stay compared to patients 
with an IL-6 level of ≤432 pg/ml (‘low’ group) (12 days (IQR 7-22) vs. 7 days (IQR 4-9), P 
< 0.001) (Figure 2). In multivariable regression analysis a high IL-6 level on day 1 was 
independently associated with a postoperative complication (AOR 3.3, 95% CI: 1.3 - 8.5; 
P < 0.02) (Table 3). The c-statistic of the model including a high IL-6 level on day 1, atrial 
fibrillation, gastric esophageal-surgery and the preoperative use of renin-angiotensin-
aldosterone-system (RAAS) inhibitors was 0.83 (95% CI: 75% - 91%; P < 0.001) (Figure 3).
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figure 2. Median length of hospital stay depen-
dent on high (>432 pg/ml) or low (≤432 pg/ml) 
IL-6 level.

Table 3. uni- and multivariate logistic regression analysis for predictors of a postoperative complication

univariate analysis multivariate analysis

or (95% CI) p-value or (95% CI) p-value

‘High’ IL-6 level§ on day 1 4.1 (1.8 - 9.2) 0.001
‘High’ IL-6 level on 
day 1

3.3 (1.3 – 8.5) 0.016

Atrial fibrillation 6.3 (2.0 - 19.9) 0.002 Atrial fibrillation 10.6 (2.4 - 47.7) 0.002

RAAS inhibitor 3.4 (1.6 - 7.3) 0.002 RAAS inhibitor 9.0 (3.0 - 27.2) 0.000

Gastric-esophageal 
surgery

3.0 (1.3 – 7.1) 0.011
Gastric-esophageal 
surgery

4.9 (1.6 - 14.9) 0.005

SIRS 3.3 (1.4 – 7.5) 0.005

Previous stroke 2.8 (1.2 – 7.0) 0.023

RBC transfusion 3.4 (1.4 – 8.7) 0.009

TIVA 2.4 (1.0 – 5.4) 0.042

Duration of surgery 
(min)

1.0 (1.0 – 1.0) 0.099

Blood loss (ml) 1.0 (1.0 – 1.0) 0.182

SIRS: systemic inflammatory response syndrome, other abbreviations as in Table 1
§ High IL-6 > 432pg/ml
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Using a ROC curve the ideal cut-off point for CRP on day 3 for the prediction of a 
complication was set at 203 mg/l. This yielded a specificity of 87%, a sensitivity of 58%, 
a positive predictive value of 65%, a negative predictive value 82% and area under the 
curve of 73% (95% CI: 63% - 83%). Patients with a CRP level of >203mg/l on day 3 were 
at increased risk of a postoperative complication (OR 8.8, 95% CI: 3.6 - 21.5; P < 0.001). 
When levels of CRP on day 3 were added to the multivariable model including a high IL-6 
level on day 1, atrial fibrillation, gastric-esophageal surgery and the preoperative use of 
RAAS inhibitors, the c-statistic increased to 0.87 (95% CI: 0.80 - 0.93; P < 0.001) (Figure 
3). The combination of IL-6 level on day 1 and CRP level on day 3 yielded a specificity of 
93%, a sensitivity of 39%, a positive predictive value of 67% and a negative predictive 
value of 80%.

Seventy-four patients (55%) developed SIRS during the first 48 hours after surgery. 
Patients with SIRS had higher levels of IL-6 (418 [219-775] pg/ml vs. 260 [83-456] pg/ml, 
P < 0.01) and CRP (90 [61-120] mg/l vs. 72 [51-101] mg/l, P < 0.02) on day 1 and day 3 (95 
[52-214] pg/ml vs. 53 [17-117] pg/ml, P < 0.01, and 182 [115-226] mg/l vs. 123 [78-176] 
mg/l, P < 0.01 respectively) compared to patients without SIRS. The development of SIRS 
was associated with an increased risk of a postoperative complication (OR 3.3, 95% CI: 
1.4 - 7.5; P < 0.01), but this relation was lost in multivariable analysis. The specificity, 
sensitivity, positive predictive value and negative predictive value of SIRS for the pre-
diction of postoperative complications were 53%, 74%, 39% and 84% respectively. The 
addition of SIRS criteria to levels of IL-6 did not improve the prediction of postoperative 
complications.
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figure 3. Receiver operating characteristic (ROC) 
curve to determine the goodness of fit for the 
multivariable predictive model. Interleukin-6 
day 1 represents the model that includes a high 
(>432 pg/ml) IL-6 level on day 1, atrial fibrillation, 
gastric-esophageal surgery and the preoperative 
use of RAAS inhibitors. Interleukin-6 day 1 and 
CRP day 3 represents the same model with the 
addition of a high (>203mg/l) CRP level on day 3.
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DIsCussIon

Our results show that patients with a high IL-6 level on the first postoperative day had a 
3-fold increased risk of a postoperative complication and an increased length of hospital 
stay. Levels of IL-6 distinguished between patients at low and high risk for postoperative 
complications in an earlier stage than levels of CRP. As a single test, both high IL-6 levels 
on day 1 and high CRP levels on day 3 showed low diagnostic accuracy for predicting 
complications. The diagnostic value of IL-6 levels on day 1 in predicting postoperative 
complications improved when combined with CRP levels on day 3.

Few studies investigated the diagnostic value of IL-6 in predicting complications after 
major abdominal surgery. Szczepanik et al. prospectively studied 99 patients undergo-
ing subtotal or total gastrectomy for malignancy.4 Twenty-eight (28%) patients devel-
oped a postoperative complication within 30 days of surgery. Patients were divided into 
2 groups: high (>279 ng/l) vs. low (≤279 pg/l) IL-6 level on the first postoperative day. A 
high IL-6 level was independently associated with an increased risk of a postoperative 
complication (Hazard ratio 3.6, 95% CI: 1.2 - 11.0), which is similar with our results (AOR 
3.3, 95% CI: 1.3 - 8.5). In another study 50 patients undergoing major gastrointestinal 
and gynaecological tumour resection were studied.17 Levels of IL-6, CRP and procalci-
tonin were evaluated on the first postoperative day as early markers for postoperative 
sepsis. Patients who developed sepsis within 5 days of surgery had higher levels of IL-6 
on the first postoperative day compared to patients without sepsis (741 pg/ml vs. 276 
pg/ml, P < 0.01). The accuracy of IL-6 in predicting postoperative sepsis was highest with 
the cut-off point set at 310 pg/ml. A multivariable analysis of levels of IL-6 and sepsis was 
not reported.

There is no specific IL-6 cut-off level known in literature to distinguish patients at 
increased risk for postoperative complications. Sczepanik et al. used the 90th percentile 
(279 pg/l), while the optimal cut-off level in the study of Mokart et al. was 310 pg/ml as 
assessed using a ROC curve.4, 17 In our patient group the accuracy of IL-6 on day 1 was 
highest with a cut-off level of 432 pg/l, suggesting that the optimal cut-off level for the 
prediction of complications in major abdominal surgery is somewhere between 300 to 
400 pg/l.

Major abdominal surgery is a commonly performed procedure and associated with a 
high complication rate. It is plausible that early recognition of postoperative complica-
tions optimizes the chance of better outcome. One way to enhance early detection of 
complications is using inflammatory markers as predictors of outcome.20 Usually levels of 
CRP are used to monitor the condition of a patient over time after surgery. For example, 
high levels may support the decision to perform a reoperation when anastomotic dehis-
cence is suspected. However, inflammatory biomarkers, such as a CRP, are only useful as 
predictors for such complications when their diagnostic accuracy is sufficient enough to 
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identify patients at increased risk of complications well in advance of clinical symptoms. 
In a recent meta-analysis levels of CRP for the prediction of postoperative complications 
were assessed.21 In this study 1832 patients undergoing colorectal surgery were included 
and levels of CRP were evaluated during the first 5 postoperative days. The diagnostic 
performance of CRP to predict postoperative infectious complications was worst on day 
1 (area under the curve 0.64) and highest on day 4 (area under the curve 0.81). The 
time between surgery and complications was not provided. In our study population, 
levels of CRP on day 1 were similar in patients with and without a complication and the 
median time from surgery to a complication was 5 days (IQR 3-8). That means that a 
substantial part of the patients is diagnosed with a postoperative complication before 
CRP is even able to identify patients at increased risk of complications. Our results show 
that levels of IL-6 on the first postoperative day could be helpful to distinguish between 
patients with and without complications. We recognize that high levels of IL-6 showed 
poor accuracy for predicting postoperative complications. Interestingly, the accuracy of 
IL-6 was in accordance with the accuracy of CRP, an inflammatory marker that is com-
monly used for the detection of postoperative complications. The diagnostic value of 
IL-6 level on day 1 in our study population was also similar to the accuracy of CRP level 
in the meta-analysis previously mentioned.21 Furthermore, the accuracy of CT scanning 
for anastomotic dehiscence after colorectal surgery matched the accuracy of IL-6 level 
on day 1 in the present study.22

Patients who developed SIRS had higher levels of IL-6 and CRP on day 1 and 3, confirm-
ing that the combination of relatively unspecific clinical symptoms such as tachycardia, 
high respiratory rate and fever are an expression of inflammation.5, 23 However, in mul-
tivariable analysis the association of SIRS and outcome was lost, indicating that IL-6 is a 
more specific marker for inflammation. Also, SIRS did not contribute to the prediction of 
postoperative complications in contrast to results previously mentioned.17 This might be 
explained by the difference in endpoints studied.

Why outcome is influenced by postoperative systemic inflammation is not straight-
forward. In short, tissue damage induces the proliferation of immune competent cells, 
such as monocytes, macrophages, dendritic cells, lymphocytes and neutrophils.24 This 
in turn triggers the production of cytokines and chemokines. As a result, the endo-
thelium produces nitric oxide (NO) to maintain normal homeostasis. However, altered 
concentrations of NO inhibit the function of mitochondria, which may lead to adenosine 
triphosphate (ATP) depletion. Excessive depletion of ATP results in cell necrosis and 
ultimately induces organ failure.25

Our study has several limitations. First, we used a composite endpoint including infec-
tious and non-infectious complications. At the start of the study we considered to study 
individual outcomes (e.g. anastomotic dehiscence), but since these outcomes are rare, 
statistical power is often insufficient. Moreover, the effect of postoperative inflamma-
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tion is not confined to infectious complications alone, but to many different types of 
complications.26 Second, we only investigated inflammatory biomarkers prior to surgery, 
on day 1, 3 and 7. Levels of CRP peak after 48 hours, and a CRP level on day 2 could have 
resulted in a higher accuracy of predicting complications, although this is not seen in 
previous studies.21 Also, it may be that levels of IL-6 on day 2 have better discriminative 
power than IL-6 levels on day 1 for the prediction of postoperative complications. Third, 
time between surgery and the collection of blood samples on day 1 was somewhat 
variable between patients due to variations in surgical starting times. Considering the 
vivid dynamics of levels of IL-6 during the early phase of inflammation, this may have 
introduced variation in IL-6 levels outside the development of postoperative complica-
tions. On the other hand, measuring IL-6 levels in the morning on the first postoperative 
day is more suitable in clinical practice than individualising the exact sampling moment 
for every patient. Besides this, other studies that investigated inflammatory markers 
after surgery had a similar study approach, what allowed us to compare our results with 
previous work. And fourth, this is a single-centre observational study in a relative small 
cohort of patients.

In conclusion, a high IL-6 level on the first postoperative day after major abdominal 
surgery is independently associated with the occurrence of postoperative complications. 
The diagnostic accuracy of IL-6 on day 1 for predicting postoperative complications is 
similar to the accuracy of CRP on day 3. Interleukin-6 levels can have added value in early 
clinical decision-making.
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absTraCT

aim: To assess whether preoperative statin therapy is associated with the risk of postop-
erative infection in patients undergoing cardiac surgery.
methods: 520 patients undergoing cardiac surgery in 2010 were retrospectively exam-
ined. Data regarding statin and antibiotic use prior to and after surgery were available 
from the hospital pharmacy information system. Cultures and clinical data of patients 
on postoperative antibiotics other than standard prophylactic therapy were studied to 
identify postoperative infections up to 30 days from day of surgery.
results: 370 (71.2%) patients were on preoperative statin therapy. Overall, 82 patients 
(15.8%) suffered from postoperative infection of which 11 were surgical site infections. 
In multivariable regression analysis, statin therapy was associated with a reduced risk of 
postoperative infection (adjusted odds ratio 0.33, 95%: CI 0.19 - 0.57; P < 0.001).
Conclusions: Preoperative statin use was associated with a considerable reduced risk 
of postoperative infections following cardiac surgery. Randomised controlled trials are 
required to clarify the role of statin therapy in the prevention of postoperative infections.
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InTroDuCTIon

Annually, approximately 16,000 patients are scheduled for cardiothoracic surgery in 
the Netherlands.1 Postoperative infections are important causes of increased length of 
hospital stay and mortality. Despite prophylactic antibiotic therapy, the incidence of 
postoperative infectious complications is 5 to 21%.2-4

In a search for additional ways to decrease the postoperative infection rate, statin 
therapy is gaining increasing attention. In addition to cholesterol-lowering characteris-
tics, statins have anti-inflammatory, immunomodulatory, antioxidant and antiapoptotic 
effects that could alter the response to infections.5 Whether statins have a beneficial 
effect on postoperative infectious complications in patients undergoing cardiac surgery 
is unknown, as prior studies have shown conflicting results.6-8

This study aims to assess whether preoperative statin therapy is associated with the 
risk of postoperative infection in patients undergoing cardiac surgery.

meThoDs

study population

The total population of 1868 adult patients who had undergone cardiac surgery in the 
St. Antonius Hospital, Nieuwegein, the Netherlands in 2010 was the target population 
for this study. From this population we selected all patients with data on preoperative 
drug use in the hospital pharmacy information system. This means that only patients 
who were hospitalised more than 24 hours before the day of surgery could be stud-
ied (n=593), as these are the patients with reviewed preoperative medication profiles 
available in the hospital pharmacy information system. Additionally, 73 patients were 
excluded as they were on antimicrobial therapy prior to their surgical procedure outside 
the routine antimicrobial prophylaxis (cefazolin 2 gram intravenously before skin inci-
sion followed by additional cefazolin every four hours for the duration of the procedure 
and continued up to 48 hours for patients with valve or aortic surgery with exogenous 
materials). Finally, all patients with a statin in the preoperative medication profile were 
considered exposed at the time of surgery and all other patients were classified as con-
trols. The local Medical Ethics Committee (Research and Development Department, St. 
Antonius Hospital) approved the study.

outcome assessment

The primary outcome was postoperative infection within 30 days of surgery. We used 
the following approach to determine if a postoperative infection was present: first, 
all patients on postoperative antibiotic therapy, aside from perioperative antibiotic 
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prophylaxis, were identified. Secondly, N.H. and T.R. independently examined the medi-
cal records of these patients to determine if clinical data (e.g. fever, white cell count) 
supported the diagnosis of infection. When N.H. and T.R. agreed that a postoperative 
infection was present, it was classified as a surgical site or non-surgical site infection. 
Subsequently, M.S. and T.R. used microbiological data to identify the microbial aetiol-
ogy. When N.H., T.R. and M.S. could not reach an agreement on whether an infection 
was present or on the site of infection, P.N. was consulted. For all patients, in-hospital 
mortality was noted.

Potential confounders

To be able to control for potential confounding, medical information was obtained on 
risk factors for infection that could potentially confound the association between statin 
treatment and outcome. For each patient we evaluated the presence of the following 
comorbidities as potential confounders: diabetes, chronic obstructive pulmonary 
disease (COPD, graded according to the GOLD classification where all smokers were 
considered class I unless otherwise stated)9, peripheral artery disease, three-vessel 
coronary artery disease, renal insufficiency (defined as serum creatinine >120 μmol/l), 
heart failure (according to New York Heart Association functional classification), prior 
myocardial infarction, and history of cardiac surgery. In addition, the following surgery-
related parameters were assessed: type of surgery (coronary artery bypass graft (CABG), 
valve surgery, aortic surgery or other), urgent procedure (patients not electively admit-
ted for operation who require surgery before hospital discharge), perfusion time, aortic 
clamp time and whether rethoracotomy has taken place. Aspirin, antidiabetic agents, 
beta-blockers, angiotensin-converting enzyme (ACE) inhibitors, proton pump inhibitors 
(PPIs) and prednisone were examined as possible confounding drugs. A patient was 
considered exposed to a drug if it was listed in the preoperative medication profile. 
Furthermore, we calculated the body mass index and European System for Cardiac Op-
erative Risk Evaluation (EURO) score as proxy for overall health status and complication 
risk. During the study period, glucose values were standardly targeted at 4.5-8 mmol/l 
during surgery and ICU admission, and 4.5-10 mmol/l on the surgical ward in all patients.

statistical analysis

Data were analysed using International Business Machines Statistical Package for the 
Social Science (IBM SPSS) Statistics 19.0 software. Univariate analysis by c2 tests and 
Student’s t tests was used to test for significant differences in characteristics between 
statin users and non-users and patients with and without postoperative infections. 
Multivariable logistic regression analysis was used to estimate the strength of the asso-
ciation between statin treatment and the risk of postoperative infection and expressed 
as odds ratios (OR) with 95% confidence intervals (CI). First, we included all potential 
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confounders and age and gender in a multivariable model if a variable was imbalanced 
(P < 0.10) related to either statin use or occurrence of infection. Second, a final model 
was obtained after stepwise backward elimination of potential confounders if they did 
not alter the OR by more than 10%. Stratified analyses were conducted to detect possible 
differences in effects related to timing of statin exposure (continued use, commenced 
use or discontinued use). For all tests, a P-value of 0.05 was considered significant.

resulTs

A total of 370 (71.2%) patients received statin treatment until the day of surgery, while 
150 (28.8%) patients did not. Patients receiving statin treatment were more likely to be 
male, and suffering from COPD, diabetes, peripheral artery disease, and three-vessel 
coronary artery disease. Furthermore, they experienced more myocardial infarction and 
isolated CABG surgery and received more frequent other cardiovascular drug therapies, 
such as aspirin, beta-blockers and ACE-inhibitors. Compared with non-users, patients on 
statin therapy had shorter perfusion times and aortic clamp times. Baseline characteris-
tics are shown in Table 1.

Overall, 82 (15.8%) patients suffered from postoperative infection. Of the patients with 
an infectious complication, 87% had a non-surgical site infection. The occurrence of a 
surgical site infection was less common and was present in 13% of patients with post-
operative infection. Pneumonia was the most common infection and accounted for 59% 
of all infectious complications. In 59 (72%) patients with a postoperative infection, one 
or more microorganisms were detected. Characteristics of patients with and without 
postoperative infection are shown in Table 2.

Patients on preoperative statin therapy suffered less frequently from postoperative in-
fection compared with non-users (12.2% versus 24.7%, respectively; adjusted odds ratio 
(AOR) 0.33, 95% CI: 0.19 - 0.57; P < 0.001; Table 3). Statin users had fewer non-surgical site 
infections compared with non-users (AOR 0.25, 95% CI: 0.14 - 0.45; P < 0.001). This was 
mainly caused by a reduction in postoperative pneumonia and urinary tract infection 
(Table 4). A surgical site infection occurred in 11 (3%) patients on statin therapy, whereas 
non-users did not develop any. Overall, in-hospital mortality was 4.4%; 3.2% in patients 
on preoperative statin therapy and 7.3% in non-users (P = 0.041).

After surgery, statin therapy was initiated in 37 (7.1%) patients who did not use statins 
prior to surgery. Postoperative initiation of statin therapy was not associated with a 
reduced risk of infection (AOR 0.68, 95% CI: 0.26 - 1.75; P = 0.422).
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Table 1: Patient characteristics according to the use of statins

variable statin group 
(n=370)

Control group (n=150) p-value

Patient characteristics

Sex (male) 260 (70.3) 87 (58.0) 0.007

Age (yr) 68.3±10.0 69.5±13.7 0.277

BMI (kg/m2) 27.7±4.5 26.7±4.9 0.037

COPD 206 (55.7) 70 (46.7) 0.062

Diabetes 112 (30.3) 27 (18.0) 0.004

Congestive heart failure 140 (37.8) 75 (50.0) 0.011

Renal failure 56 (15.1) 28 (18.7) 0.322

Peripheral artery disease 79 (21.4) 19 (12.7) 0.018

Three-vessel coronary artery disease 209 (56.5) 30 (20.0) <0.001

EURO-score 5.2±3.7 5.7±3.3 0.106

Previous myocardial infarction 180 (48.6) 24 (16.0) <0.001

Previous cardiac surgery 39 (10.5) 23 (15.3) 0.127

Preoperative medication

Beta-blocker 293 (79.2) 91 (60.7) <0.001

ACE-inhibitor 163 (44.1) 47 (31.3) 0.007

Prednisone 43 (11.6) 16 (10.7) 0.756

Proton pump inhibitor 161 (43.5) 60 (40.0) 0.463

Aspirin 150 (40.5) 23 (15.3) <0.001

Postoperative medication

Statin 349 (94.3) 37 (24.7) <0.001

Beta-blocker 301 (81.4) 110 (73.3) 0.056

ACE-inhibitor 168 (45.4) 68 (45.3) 0.968

Prednisone 35 (9.5) 21 (14.0) 0.126

Proton pump inhibitor 272 (73.5) 103 (68.7) 0.291

Type of surgery

CABG 219 (59.2) 25 (16.7) <0.001

Major procedure (other or in addition to 
CABG)

152 (41.1) 124 (82.7) <0.001

 Valve surgery 110 (29.7) 90 (60.0) <0.001

 Aortic surgery 22 (5.9) 28 (18.7) <0.001

 Other cardiac surgery 9 (2.4) 19 (12.7) <0.001

Perioperative characteristics

Perfusion time (min) 88.6±55.6 126.8±415.5 0.084

Aortic clamp time (min) 60.0±37.9 59.2±55.4 0.836

Off pump 12 (3.2) 3 (2.0) 0.443

Urgent surgery 33 (8.9) 9 (6.0) 0.268

Rethoracotomy 29 (7.8) 20 (13.3) 0.053

Dichotomous variables are shown as number (%) and continuous variables are presented as mean ± sd.
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Table 2: Patient characteristics according to the occurrence of postoperative infection

variable Infection group 
(n=82)

Control group 
(n=438)

p-value

Patient characteristics

Sex (male) 56 (68.3) 291 (66.4) 0.744

Age (yr) 70.2±12.0 68.4±11.0 0.189

BMI (kg/m2) 27.8±4.9 27.3±4.6 0.393

COPD 57 (69.5) 219 (50.0) 0.001

Diabetes 21 (25.6) 118 (26.9) 0.803

Congestive heart failure 41 (50.0) 174 (39.7) 0.083

Renal failure 20 (24.4) 64 (14.6) 0.027

Peripheral artery disease 18 (22.0) 80 (18.3) 0.389

Three-vessel coronary artery disease 40 (48.8) 199 (45.4) 0.494

EURO-score 6.0±3.5 5.2±3.6 0.074

Previous myocardial infarction 27 (32.9) 177 (40.4) 0.197

Previous cardiac surgery 9 (11.0) 53 (12.1) 0.773

Preoperative medication

Statin 45 (54.9) 325 (74.2) 0.000

Beta-blocker 58 (70.7) 326 (74.4) 0.484

ACE-inhibitor 31 (37.8) 179 (40.9) 0.604

Prednisone 15 (18.3) 44 (10.0) 0.031

Proton pump inhibitor 34 (41.5) 187 (42.7) 0.836

Aspirin 26 (31.7) 147 (33.6) 0.744

Postoperative medication

Statin 45 (54.9) 341 (77.9) 0.000

Beta-blocker 60 (73.2) 351 (80.1) 0.143

ACE-inhibitor 36 (43.9) 200 (45.8) 0.756

Prednisone 13 (15.9) 43 (9.8) 0.109

Proton pump inhibitor 53 (64.6) 322 (73.9) 0.087

Type of surgery

CABG 34 (41.5) 210 (47.9) 0.280

Major procedure (other or in addition to 
CABG)

47 (57.3) 229 (52.3) 0.402

 Valve surgery 32 (39.0) 168 (38.4) 0.909

 Aortic surgery 9 (11.0) 41 (9.4) 0.649

 Other cardiac surgery 4 (4.9) 24 (5.5) 0.825

Perioperative characteristics

Perfusion time (min) 106.1±72.8 98.4±246.9 0.781

Aortic clamp time (min) 65.6±50.8 58.7±42.1 0.185

Off pump 0 (0.0) 15 (3.4) 0.089

Urgent surgery 8 (9.8) 34 (7.8) 0.543

Rethoracotomy 11 (13.4) 38 (8.7) 0.180

Dichotomous variables are shown as number (%) and continuous variables are presented as mean ± sd.
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DIsCussIon

In this cohort of 520 patients undergoing cardiac surgery, preoperative statin therapy 
was associated with a 67% reduced risk of a postoperative infectious complication. The 
reduction in postoperative infection by preoperative statin use was mainly caused by a 
reduction in non-surgical site infections, in particular less pneumonia and urinary tract 
infections.

Recently two meta-analyses studied the relationship between statins and outcome 
in patients undergoing high-risk cardiac procedures (e.g. CABG, valve replacement, 

Table 3: results of multivariate analysis for the effect of statin therapy on postoperative infection 
rate

or (95% CI) p-value

Unadjusted 0.42 (0.26-0.69) 0.001

Adjusted for sex 0.41 (0.25-0.67) <0.001

Adjusted for sex and age 0.42 (0.26-0.68) <0.001

Adjusted for sex, age and three-vessel coronary artery disease 0.35 (0.20-0.60) <0.001

Adjusted for sex, age, three-vessel coronary artery disease and 
COPD

0.32 (0,18-0.55) <0.001

Adjusted for sex, age, three-vessel coronary artery disease, COPD 
and aortic clamp time more than 90 minutes

0.33 (0.19-0.58) <0.001

COPD indicates chronic obstructive pulmonary disease

Table 4. Incidence of study endpoints in statin and control group

statin group
no. (%)

Control group
no. (%)

p-value

All 370 (100) 150 (100)

Postoperative infection 45 (12.2) 37 (24.7) 0.001

Surgical site infection 11 (3.0) 0 (0.0) n.a.*

 Mediastinitis 6 (1.6) 0 (0.0)

 Wound infection 5 (1.4) 0 (0.0)

Non-surgical site infection 34 (9.2) 37 (24.7) <0.001

 Pneumonia 28 (7.6) 20 (13.3)

 Urinary tract infection 2 (0.5) 11 (7.3)

 Sepsis 3 (0.8) 5 (3.3)

 Other 1 (0.3)§ 1 (0.3)¶

In-hospital mortality 12 (3.2) 11 (7.3) 0.041

*n.a.: not available
§prostatitis
¶unknown
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percutaneous coronary intervention). Guay et al. included 29 randomised controlled 
trials in which statin therapy was compared with placebo.10 Statin therapy reduced the 
risk of myocardial infarction (risk ratio (RR) 0.48; 95% CI 0.38 - 0.61; P < 0.001) and there 
was a trend towards lower mortality (RR 0.26; 95% CI 0.06 - 1.02; P = 0.053). Another 
meta-analysis showed that preoperative statin therapy was associated with improved 
outcome after CABG, but not after aortic valve replacement.11 However, postoperative 
infections were not studied in either studies. Papers investigating the effect of statins 
on postoperative infection in cardiac surgery patients have shown variable results. In a 
retrospective cohort study of 1934 patients undergoing CABG and/or valve surgery, 151 
(7.8%) patients developed an infection.6 Preoperative statin use was associated with a risk 
reduction of 33% (P = 0.04) for postoperative infection. The odds ratios for a non-surgical 
site infection such as pneumonia (OR 0.67; 95% CI: 0.43 - 1.04), urinary tract infection (OR 
0.65; 95% CI: 0.31 - 1.39) or bacteraemia (OR 0.71; 95% CI: 0.32 - 1.58) tended to be less 
in patients on statins but did not reach statistical significance. Another retrospective co-
hort study from Kayani et al. in 6253 patients who underwent CABG showed statin use as 
being associated with a 26% reduction in the postoperative infection rate (OR 0.74; 95% 
CI: 0.60 - 0.90).12 In contrast, Mohamed et al. studied 7733 patients undergoing cardiac 
surgery and in that study statin users had similar infection rates to nonusers: 8.1% versus 
8.4%, respectively (AOR 1.08; 95% CI: 0.89 - 1.31).8 The incidence of any specific infection 
was similar in both groups, except for deep sternal/organ space infection (16 (0.6%) 
statin users versus 54 (1.1%) nonusers; P = 0.04). Importantly, postoperative pneumonia 
was not scored; considering the fact that pneumonia was diagnosed in 62% of all infec-
tions in the study by Coleman et al. and 59% in our study, excluding pneumonia could 
have influenced the results in the study by Mohamed et al.

We noticed a significant difference in infection type between statin users and nonus-
ers. Patients on statin therapy had fewer non-surgical site infections, mainly caused by a 
reduced incidence of postoperative pneumonia and urinary tract infection. This finding 
is consistent with the results of previous studies. Using the United Kingdom (UK) Gen-
eral Practice Research Database, Schlienger et al. performed a retrospective case-control 
study in non-surgical patients and showed that statin therapy was associated with fewer 
cases of pneumonia, in particular, fatal pneumonia (OR 0.47, 95% CI: 0.25 - 0.88).13 Van 
de Garde et al. showed that in patients with a history of diabetes only, statin users had 
a significantly reduced risk of pneumonia (OR 0.49, 95% CI: 0.35 - 0.69).14 In contrast, in 
our study, surgical site infections occurred more often in patients on statin therapy than 
nonusers. This finding has not been described before. Known risk factors for surgical site 
infections, e.g. diabetes, obesity, prolonged operation time, did not appear to be more 
common in patients on statins in our study. Unfortunately, due to the small numbers we 
were not able to further investigate these effects with multivariable analysis. The same 
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applies for potential effects of statins on mortality. Crude significant reduced in-hospital 
mortality could be observed in our study.

If statin therapy is associated with less postoperative non-surgical site infections, 
is there a reasonable explanation? It is known that statins suppress the expression of 
various cytokines, chemokines and adhesion molecules and modulate coagulation 
toward a less prothrombotic state, but is there a direct effect on bacterial growth?5 In 
an experimental study, mice pretreated with low-dose simvastatin and challenged with 
Staphylococcus aureus intratracheally or intravenously had lower lung bacterial burden 
compared with mice that were pretreated with placebo.15 Bacterial killing was enhanced 
in simvastatin-pretreated mice, while mortality was decreased. Catron et al. studied 
mice pretreated with lovastatin and intraperitoneally infected with Samonella enterica.16 
Intracellular proliferation of Salmonella enterica was inhibited 6- to 10-fold by lovastatin. 
In summary, in animals, statins seem to be bactericidal and decrease bacterial prolifera-
tion. However, well-conducted human studies remain lacking.

During hospitalisation, a patient’s drug treatment is modified frequently. For example, 
statin therapy can be initiated after surgery or discontinued for the remainder of the 
postoperative period. In a recent randomised controlled trial in patients admitted with 
severe sepsis, patients were randomised to atorvastatin treatment or placebo.17 Patients 
in whom statin treatment was continued showed improved survival, while new-onset 
statin treatment did not result in improved outcome. Our study revealed that statin 
therapy was initiated in 37 (7%) patients following surgery. Newly initiated statin 
therapy, however, was not associated with a reduced chance of developing an infec-
tion. These results may imply that the possible protective effect of statin therapy on 
postoperative infection is not immediately reached after the start of therapy, but that it 
may take weeks before a beneficial effect is apparent.

Compared with other reports, postoperative infection and mortality rates appeared 
to be relatively high in our study population. The most plausible explanation for this 
could be the fact that we applied a broad definition for postoperative infection and 
that we studied patients who were hospitalised more than one day before surgery. One 
could hypothesise that these patients represent unstable cases and that these patient 
have a prolonged risk of nosocomial infections. Unfortunately, we were not able to test 
this hypothesis in depth because of lacking information on outcomes and antibiotic 
exposure for the excluded patients. Nevertheless, the final population in the present 
study represents the population that could benefit from interventions such as initiating 
statins in hospital before surgery if proven beneficial.

Our study has several limitations. First, the results of our study are limited because the 
data were derived in a retrospective manner. Second, compared with similar studies, 
our study population is relatively small. And third, we did not have specific information 
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on the length of statin therapy prior to surgery, which prevented additional analysis on 
timing of statin exposure.

In conclusion, this study describes a protective association between preoperative 
statin therapy and postoperative infectious complications in a high-risk cardiac surgi-
cal cohort. Randomised controlled trials are required to further clarify the role of statin 
therapy in preventing postoperative infections in cardiac surgery.
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absTraCT

background: Approximately 7% of patients who undergo non-cardiac surgery suffer 
from acute kidney injury. The exact role of intraoperative hypotension (IOH) in postop-
erative decreased renal function is not clear.
objective: To determine whether IOH is associated with a postoperative change in 
estimated glomerular filtration rate (eGFR) in patients undergoing major abdominal 
surgery.
Design: A secondary analysis of a prospective observational study.
setting: Tertiary care hospital.
Patients: Two hundred two patients undergoing elective major abdominal surgery
Intervention: None.
main outcome measures: IOH was defined according to several absolute and relative 
mean arterial pressure (MAP) threshold values and expressed as the area under the curve 
for several MAP thresholds. The eGFR was determined immediately before surgery and 
on the 1st, 3rd and 7th postoperative day using the Modification of Diet in Renal Disease 4 
equation. The primary outcome variable was a change in eGFR expressed as a percent-
age of baseline eGFR. The association was investigated using linear regression analysis, 
both before and after adjustment for potential confounders.
results: One hundred thirty patients (64%) in the study had a postoperative decline 
in eGFR (mean change -8±20%). In univariable analysis, IOH defined as a MAP below 
75 mmHg and a decrease in MAP of 20% and 25% from baseline were all related to 
a similar change in eGFR of -0.05% (99% CI: -0.09% to -0.01%) per minute below the 
IOH threshold. After adjustment for confounders none of the investigated IOH threshold 
values were associated with a change in eGFR.
Conclusion: We did not observe an association between IOH and change in eGFR after 
major abdominal surgery. The different results between previous analyses and our study 
merits further investigation.
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InTroDuCTIon

Every year, 200 million patients worldwide undergo major non-cardiac surgery, 7% of 
which are complicated by acute kidney injury (AKI).1-3 Although AKI does not involve 
clinical signs or symptoms in the majority of patients, even full recovery from a small 
change in serum creatinine is associated with the development of chronic kidney dis-
ease and short and long-term mortality.3, 4

One of the many possible factors that may contribute to postoperative AKI is a reduced 
renal blood flow due to intraoperative hypotension (IOH). In healthy patients renal 
autoregulation ensures that renal blood flow remains constant within certain levels of 
blood pressure.5 Outside these levels, renal blood flow is pressure dependent and blood 
flow changes proportional to changes in blood pressure. Thus, when blood pressure 
decreases below the lower limit of autoregulation, renal blood flow decreases and renal 
ischemia and AKI may occur.6

Recently, two large retrospective cohort studies investigated the relation between 
IOH and AKI after non-cardiac surgery.2, 7 Both studies showed that IOH, defined as a 
mean arterial pressure (MAP) below 55 mmHg, was associated with an increased risk 
of AKI. Pre- and postoperative serum creatinine values were not routinely measured in 
these studies, however, and this may have introduced bias. It is not unlikely that the 
number of postoperative serum creatinine measurements was unevenly distributed 
among patients with and without IOH, possibly obscuring the relation between IOH 
and AKI. Also, although serum creatinine is widely used as a marker of renal function, it 
may not reflect the actual degree of renal function. The estimated glomerular filtration 
(eGFR) rate is an alternative measure to estimate renal function and provides a more 
accurate assessment of the glomerular filtration rate than serum creatinine.8

We therefore conducted a prospective observational study in which serum creatinine 
was routinely measured. The aim was to determine whether IOH is associated with a 
postoperative change in eGFR in patients undergoing major abdominal surgery.

meThoDs

study population and design

Approval for this study was provided by the local Medical Research Ethics Committee 
(Research and Development Department, St. Antonius Hospital, Nieuwegein, trial num-
ber W15.032, Chairperson Prof D.H. Biesma) on 29 June 2015.

This study is a secondary analysis of the prospective observational Myocardial Injury 
and Complications after major abdominal surgery (MICOLON) study (ClinicalTrials.gov 
Identifier NCT02150486). In the MICOLON study the association between high-sensitive 
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cardiac troponin T levels and non-cardiac complications after major abdominal surgery 
was investigated in patients at risk for coronary artery disease. Eligible patients had elec-
tive major abdominal surgery (defined as an expected 30-day mortality rate >3%9 were 
aged 45 years or older and had one or more major cardiovascular (CV) risk factors: diabe-
tes, coronary artery disease (history of myocardial infarction, angina pectoris, history of 
ischemia or coronary artery disease on cardiac tests), congestive heart failure, peripheral 
artery disease (intermittent claudication or history of vascular surgery), atrial fibrillation, 
cerebrovascular accident, renal insufficiency (serum creatinine >150 μmol/l), decreased 
left ventricular function (<55%), aortic valve stenosis (valve area <1 cm2) or 2 or more 
minor CV risk factors: age >70, hypertension, hypercholesterolemia, transient ischemic 
attack, low functional capacity (4 metabolic equivalents or less), chronic obstructive pul-
monary disease. A more detailed description of the study has been previously described.10

The current analysis investigated the association of IOH with a postoperative change 
in eGFR. All patients that were included in the MICOLON study were eligible for inclusion 
in this study, except for patients on dialysis prior to surgery, patients without an available 
preoperative serum creatinine, and patients without at least one available postoperative 
serum creatinine.

renal function and outcome variable

In the MICOLON study serum creatinine was routinely measured at the day of surgery im-
mediately after induction of anaesthesia but before surgical incision, and on the 1st, 3rd and 
7th postoperative day. Creatinine batch analysis was performed every three weeks with the 
use of an enzymatic method on an automated platform (Roche Diagnostics, Germany). In 
our analyses we only used creatinine values collected for this study; hence, if creatinine was 
not available in study-context, we did not use any creatinine values obtained from routine 
postoperative blood-drawings. Physicians treating study patients were blinded for creati-
nine values that were determined in study-context. Estimated glomerular filtration fraction 
was calculated using the Modification of Diet in Renal Disease 4 (MDRD-4) equation.8

The primary outcome was the change in eGFR, which was defined as the difference be-
tween the baseline eGFR and the lowest postoperative eGFR expressed as a percentage 
of the baseline eGFR value. We chose this way to define renal injury for several reasons. 
First, a continuous outcome variable results in less loss of information when compared 
with dichotomization of a continuous variable. Second, it allowed us to detect a graded 
toxicity (i.e. a progressive decrease in eGFR as a function of IOH). Third, eGFR represents 
renal function better than serum creatinine.8 And fourth, the use of percentage change 
incorporates both change and baseline eGFR.

In a sensitivity analysis we used change in creatinine, defined as the difference 
between baseline creatinine and the highest postoperative creatinine expressed as a 
percentage of baseline creatinine, as outcome variable.
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blood pressure and intraoperative hypotension

At the outpatient preanaesthesia evaluation clinic blood pressure was measured using 
the Omron M6 device (Omron HEM-737 Intellisense, Omron Healthcare Inc., Illinois, US). 
The resulting MAP served as the baseline MAP in our analyses.

Intraoperative blood pressure was routinely collected in the electronic medical record 
system (MetaVision Suite, iMDsoft, Massachusetts US). In the case of invasive blood 
pressure monitoring MAP was recorded every minute and in the case of non-invasive 
blood pressure monitoring MAP was recorded every 1 to 3 minutes. In each patient the 
electronic medical record was manually checked for artefacts in MAP registration (by 
E.V. and T.R.). A MAP that was unlikely low (e.g. 25 mmHg), high (e.g. 180 mmHg) or 
deviant (e.g. twice as high compared to the previous and the next MAP) was considered 
as an artefact. In the case of an artefact or when MAP was not measured (between two 
non-invasive blood pressure measurements), the prior MAP was carried forward to the 
next (nonartifact) MAP measurement.

IOH was defined as several absolute and relative MAP threshold values and the area 
under the curve for several MAP threshold values. In each patient we calculated the total 
number of minutes spent below absolute (<45, <50, <55, <60, <65, <70 and <75 mmHg) 
and relative thresholds (>20%, >25%, >30%, >35%, >40%, >45% and >50% decrease 
from baseline). To combine depth and duration of hypotension the area under the curve 
(AUC) for absolute MAP threshold values (<40, <45, <50, <55, <60 and <65 mmHg) was 
calculated in addition (Figure 1). This variable was defined as (MAP threshold value - 
MAP measured) multiplied by time (minutes) spent under the MAP threshold value.

Perioperative anaesthetic management, in particular specific MAP or haematocrit 
goals and the use of vasopressors, was left to discretion of the attending anaesthesiolo-
gist.
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Potential confounding variables

Potential confounders for the association of IOH and a change in eGFR were selected 
based on previous literature and biological plausibility and included: age, sex, use of 
drugs that inhibit the renin-angiotensin-aldosterone system, congestive heart failure, 
ASA classification, type of surgery, duration of surgery and blood loss (defined as the 
estimated intraoperative blood loss).2, 3

statistical analysis

Continuous data are presented as mean and standard deviation (SD) or median and in-
terquartile range (IQR) for normally and non-normally distributed data. Categorical data 
are described by numbers and percentages. In the univariable analysis, for categorical 
variables differences in change in eGFR were tested using Student’s t-test (categorical 
variables with two categories) or Kruskal-Wallis test (for variables with more than two 
categories). For continuous variables the association with change in eGFR was tested 
using the Spearman’s ranks correlation coefficient or Pearson correlation coefficient 
for non-normally and normally distributed data. Linear regression analysis was used 
to assess the relation of IOH with change in eGFR. These analyses were repeated for 
all aforementioned IOH thresholds, both as crude estimates and after adjustment for 
the potential confounders. We verified whether the assumptions underlying the linear 
regression model were met. To assess potential non-linearity of the association between 
IOH and change in eGFR we investigated models where the duration of IOH was included 
as a continuous variable directly, after square root and log transformation, and using 
restricted cubic splines. As log likelihood of the models did not improve significantly us-
ing the transformations, IOH was included in all subsequent modelling as a continuous 
variable. Effect estimates are expressed as unstandardized coefficients (betas) with their 
accompanying 99% confidence interval.

As use of vasopressors is possibly part of the causal pathway from IOH to postop-
erative change in eGFR, strictly speaking it cannot be a confounder. In addition, one 
would rather expect vasopressors to reduce the association of IOH on change in eGFR, 
if anything. However, as there is considerable discussion in the literature, we conducted 
a sensitivity analysis in which we additionally included vasopressor use as a potential 
confounder.6, 11

To adjust for multiple testing, we used a more stringent level of significance of P < 0.01 
and hence present effect estimates with 99% confidence intervals. For statistical analysis 
IBM SPSS version 22 was used.
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resulTs

Two hundred ten patients were eligible for inclusion. Eight patients were excluded from 
the analysis: in three patients surgery was cancelled or aborted prematurely, in four 
patients blood samples were not collected due to logistic reasons and one patient had a 
more than fourfold increased duration of surgery compared to the average duration of 
surgery. The final study population consisted of 202 patients.

Mean age was 68 years and 63% of patients were male (Table 1). The majority of pa-
tients underwent colorectal or gastric-oesophageal surgery (Table 2). Sixty-one patients 
(30%) required intraoperative vasopressor support and 32 patients (16%) had one or 
more packed red blood cells transfused during the first 48 hours after surgery. Median 
length of postoperative hospital stay was 8 days (IQR 5-13 days) and in-hospital mortal-
ity was 4% (8/202).

estimated glomerular filtration rate

Serum creatinine was available in all 202 patients at baseline, and in 99% (201/202), 96% 
(181/188), and 88% (106/121) of hospitalized patients on the 1st, 3rd and 7th postopera-
tive day, respectively. Before surgery, the average creatinine was 76±29 μmol/L and the 
average eGFR was 94±29 ml/min (Table 3). After surgery, the mean creatinine increase 
was 14±32% and the decrease in mean eGFR 8±20%. One hundred thirty (64%) patients 
had a reduced postoperative eGFR and in this group of patients eGFR decreased on aver-
age with 19±15%. One patient required renal replacement therapy due to kidney failure.

mean arterial pressure

Mean baseline MAP was 99±14 mmHg. During surgery, invasive blood pressure monitor-
ing was performed in 120 patients (59%). In total 29.532 intraoperative MAP measure-
ments were available for analysis. The duration of time spent under absolute and relative 
IOH threshold values are presented in Table 4. Intraoperative hypotension defined as a 
MAP below 55 mmHg was present in 93% of the patients with a median duration of 20 
minutes (IQR 8-35). All but one patient experienced IOH defined as a decrease in MAP of 
20% from baseline.

relationship between maP and change in egfr

The association of IOH with change in eGFR is presented in Figure 2. After accounting for 
multiple testing, IOH defined as a MAP below 75 mmHg was associated with a change 
in eGFR (eGFR decreased with 0.05% for each minute spent below a MAP of 75 mmHg, 
99% CI: -0.09 – -0.00, P = 0.009) in univariable analysis (Figure 2A). A similar association 
was observed for IOH defined as a decrease in MAP of 20% (-0.05%, 99% CI: -0.10 – -0.01, 
P = 0.004) and 25% from baseline (-0.05%, 99% CI: -0.09 – -0.01, P = 0.004, Figure 2B). 
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The AUC for IOH thresholds was not associated with a change in eGFR (Figure 2C). After 
accounting for potential confounders none of the investigated IOH definitions were 
associated with change in eGFR (Figure 2D-F).

Table 1. baseline characteristics and association with change in egfr

variable all (n=202) Change in egfr

for categorical variables:
mean ± sD

for continuous variables: 
correlation

variable 
present

variable not 
present

Age (years) 68±11 -0.034

BMI [kg/m2 (%)] 28.4±7.3 -0.052

Baseline MAP (mmHg) 99±14 -0.012

Male gender [n (%)] 127 (62.9) -7.8±20.3 -8.3±19.9

Comorbidity

Diabetes [n (%)] 59 (29.2) -9.8±19.8 -7.3±20.2

COPD [n (%)] 66 (32.7) -7.6±18.6 -8.2±20.9

Hypertension [n (%)] 147 (72.8) -8.2±20.0 -7.5±20.5

Hypercholesterolemia [n (%)] 94 (46.5) -6.7±18.7 -9.0±21.3

Congestive heart failure [n (%)] 15 (7.4) -11.5±19.6 -7.7±20.2

Coronary artery disease [n (%)] 48 (23.8) -7.5±23.0 -8.1±19.2

Peripheral artery disease [n (%)] 14 (6.9) -3.2±17.4 -8.3±20.3

Stroke [n (%)] 28 (13.9) -12.2±18.6 -7.3±20.3

Atrial fibrillation [n (%)] 28 (13.9) -6.4±26.4 -8.2±19.0

Malignancy [n (%)] 136 (67.3) -7.0±18.8 -10.0±22.5

medication use

Platelet inhibitor [n (%)] 60 (29.7) -7.4±20.3 -8.2±20.1

Statin [n (%)] 93 (46.0) -8.8±20.4 -7.3±19.9

β-blocker [n (%)] 80 (29.7) -6.8±19.4 -8.7±20.6

Calcium antagonist [n (%)] 31 (15.3) -7.5±18.8 -8.1±20.4

RAAS inhibitor [n (%)] 86 (42.6) -9.0±20.8 -7.3±19.7

risk scores

ASA ≥3 (%) 56  (27.7) -9.2±19.0 -7.5±20.6

RCRI ≥3 (%) 29 (14.4) -12.0±25.2 -7.5±19.3

POSSUM† 5 (2–11) -0.075

eGFR, estimated glomerular filtration rate; BMI, body mass index; MAP, mean arterial pressure; COPD, chron-
ic obstructive pulmonary disease; RAAS, renin-angiontensin-aldosterone system; ASA, American Associa-
tion of Anesthesiologists physical status classification system; RCRI, Revised Cardiac Risk Index; POSSUM, 
Physiological and Operative Severity Score for the enUmeration of Mortality and Morbidity. Coronary artery 
disease is the composite of patients with angina pectoris or a history of myocardial infarction, coronary 
artery bypass grafting or percutaneous coronary angioplasty.
† estimated operative mortality according to POSSUM.



Intraoperative hypotension and postoperative renal function 91

Table 2. Perioperative characteristics and association with change in egfr

variable all (=202) Change in egfr

for categorical variables:
mean ± sD

for continuous 
variables: correlation

variable 
present

variable not 
present

Type of surgery [n (%)]

 Colorectal 103 (51.0) -6.0±19.4 -10.1±20.7

 Gastric-oesophageal 43 (21.3) -7.6±19.3 -8.1±20.4

 Pancreatic 21 (10.4) -20.1±22.9 -6.6±19.3

 Gastric bypass 19 (9.4) -7.8±22.5 -8.0±19.9

 Hepatic 9 (4.5) -9.4±18.4 -7.9±20.2

 Other 7 (10.4) -11.3±9.5 -7.9±20.3

Epidural anaesthesia [n (%)] 138 (68.3) -9.7±18.4 -4.4±23.0

Vasopressor support during 
surgery [n (%)]

61 (30.2) -11.9±28.8 -6.3±18.1

PRBC transfusion [n (%)] 32 (15.8) -9.1±22.7 -7.8±19.6

Blood loss (L)
0.10

(0.03–0.26)
-0.186

Fluid balance after surgery (L) 1.9 (1.3–2.9) -0.139

Duration of surgery (min) 135 (90–180) -0.157

Preoperative hemoglobin 
(mmol/L)

7.9±1.2 -0.096

n.a. not applicable; PRBC, packed red blood cell; other abbreviations as in Table 1

Table 3. Perioperative kidney function data

variable value

Preoperative creatinine (μmol/L) 76±29

Peak postoperative creatinine (μmol/L) 86±40

Δ creatinine (μmol/L) 10±25

% Δ creatinine (%) 14±32

Preoperative eGFR (ml/min) 94±29

Nadir eGFR (ml/min) 86±30

Δ eGFR (ml/min) -9±18

% Δ eGFR  (%) -8±20

Postoperative dialysis 1 (0.5)

Δ creatinine, defined as the difference between peak postoperative and preoperative creatinine; % Δ cre-
atinine, defined as peak postoperative creatinine fractional change; eGFR, estimated glomerular filtration 
rate calculated using the Modification of Diet in Renal Disease 4 (MDRD-4) equation; Δ eGFR, defined as the 
difference between nadir postoperative and preoperative eGFR; % Δ eGFR defined as nadir postoperative 
eGFR fractional change; abbreviations as in Tables 1 and 2.
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We performed two sensitivity analyses. In the first analysis, the addition of vasopressor 
use to the multivariable model decreased the effect of all absolute and relative IOH defi-
nitions on change in eGFR with increased levels of significance (Figure 3). The effect of 
IOH defined as AUC for MAP thresholds was also decreased with similar increased levels 
of significance, except AUC for MAP 65, 60 and 55 mmHg. In the other sensitivity analysis 
with change in creatinine instead of change in eGFR as outcome variable, univariable 
analysis showed that several IOH definitions were associated with change in creatinine 
but this was not observed in multivariable analysis (Figure 4).

Table 4. Time (minutes) spent under absolute and relative maP thresholds

Threshold median IQr
Patients without time spent under 

threshold (%)

Absolute (mmHg)

<75 120 74-173 1 (0.5)

<70 98 58-142 1 (0.5)

<65 65 39-103 3 (1.5)

<60 37 20-68 9 (4.5)

<55 20 8-35 14 (6.9)

<50 8 3-18 30 (14.9)

<45 2 0-6 72 (35.6)

Relative (%)

<20 121 71-174 1 (0.5)

<25 98 58-158 1 (0.5)

<30 74 36-135 3 (1.5)

<35 51 23-108 8 (4.0)

<40 28 9-75 21 (10.4)

<45 15 3-43 34 (16.8)

<50 6 0-21 60 (29.7)

MAP, mean arterial pressure; IQR, interquartile range
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figure 2. Uni- (A-C) and multivariable (D-F) analysis of absolute and relative MAP threshold values and AUC 
for MAP thresholds and change in eGFR
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figure 3. Multivariable analysis of absolute and relative MAP threshold values and AUC for MAP thresholds 
and change in eGFR with the addition of vasopressor use as a potential confounder
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figure 4. Uni- (A-C) and multivariable (D-F) analysis of absolute and relative MAP threshold values and AUC 
for MAP thresholds and change in creatinine
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DIsCussIon

The eGFR decreased in approximately two-thirds of patients undergoing major abdomi-
nal surgery with on average 8%. In this analysis, IOH was not associated with a statisti-
cally significant change in eGFR after surgery.

The potential influence of intraoperative arterial perfusion pressure on organ function 
preservation is an ongoing debate, but IOH during surgery may be one of the possible 
causes of postoperative AKI. Recently, Walsh et al. and Sun et al. investigated the as-
sociation between IOH and AKI in patients undergoing non-cardiac surgery.2, 7 Both 
retrospective cohort studies found that in multivariable analysis IOH, defined as a MAP 
below 55 mmHg, was associated with an increased risk of AKI. This risk escalated with 
an increasing duration of time spent under this threshold. The results of these stud-
ies were reinforced by their large sample size. Our study differs in several ways from 
these analyses. As we were able to prospectively investigate the relation of IOH with 
a change in eGFR after surgery, we had highly detailed information on perioperative 
renal function available for all study patients. Instead of using creatinine values that 
were determined by treating physicians depending on medical indication (resulting in 
an increased risk of confounding by indication), we systematically performed creatinine 
measurements immediately prior to surgery and on the 1st, 3rd and 7th postoperative day. 
In contrast to prior studies, creatinine measurements were available in the vast major-
ity of the patients on all days. We used eGFR as a primary outcome variable because it 
represents renal function better than creatinine, which is generally used.8 Traditionally, 
a postoperative decline in renal function is dichotomized at a creatinine level of 1.5 - 1.9 
times baseline or an increase ≥ 0.3 mg/dl (≥ 26.5 μmol/l).12 Although categorisation of 
continuous variables is often done to simplify statistical analysis, in reality the change 
renal function is not a binary variable. Dichotomizing a continuous variable increases 
the chance of a type 1 error (‘false positive’) and may result in finding an association 
that is actually not there.13, 14 The use of a continuous variable as outcome measure al-
lowed us to detect a graded toxicity of IOH on change in eGFR. Another difference with 
the previous analysis is that we used a stricter level of significance to adjust for testing 
multiple IOH thresholds.

Vasopressors were administered in approximately 30% of patients during surgery. 
When we included vasopressor use in our multivariable model, the effect of IOH on 
change in eGFR decreased. In statistical terms, after the addition of vasopressor use, 
change in eGFR for all investigated IOH thresholds in the primary analysis (eGFR de-
creased but without statistical significance) was distributed among the ‘individual’ vari-
ables IOH and vasopressor use. Although we are cautious in drawing conclusions from 
this observation, this may support the idea that the use of vasopressors may contribute 
to a decrease in eGFR. In a study of Kheterpal et al. predictors of renal failure after non-
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cardiac surgery were identified and vasopressor use during surgery was an independent 
predictor of postoperative AKI.15 However, since well-designed trials on this topic are 
lacking, it is unclear if this relationship implies correlation or causality.

Several limitations of this study need to be discussed. First, we did not observe an 
association between IOH and change in eGFR, but this does not necessarily exclude the 
presence of a relation between these two. A closer investigation of the effect estimates 
may suggest a general trend toward renal injury as blood pressure declines. Although 
we used a continuous outcome variable that typically increases power, a larger sample 
size would have resulted in a more precise effect estimate and possibly statistically 
significant association between IOH and change in eGFR. However, the effect estimates 
of change in eGFR per minute IOH had not been studied before and could lead to a 
more reasonable understanding of the strength of the association between IOH and 
change in eGFR. Our results could serve as a basis for power analyses and sample size 
calculations in future studies. A second limitation of this study lies in the fact that the 
eGFR is not validated for patients with unstable creatinine values as in the periopera-
tive setting.16 Nevertheless, the perioperative use of eGFR is recommended by others 
and our results did not change when we used change in creatinine instead of change 
in eGFR as primary outcome variable.17 Third, the mean change in creatinine and eGFR 
were relatively small and in most cases well below the AKI threshold according to the 
RIFLE and AKIN criteria.12 Previous prognostic studies however, showed the clinical 
importance of creatinine changes less than these criteria. Any increase in creatinine 
after surgery is associated with an increased risk of mortality compared to patients with 
stable of decreased postoperative creatine values.18, 19 And fourth, we cannot comment 
on the association of change in eGFR and IOH threshold values lower than the ones we 
studied.

In the current analysis, a decrease in eGFR occurred in the majority of patients un-
dergoing major abdominal surgery. We did not observe an association between IOH 
and change in eGFR, although we cannot exclude that our study was underpowered to 
detect a statistically significant relation. The different results between previous literature 
and our study merits further investigation.
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absTraCT

objective: The aim of this study was to investigate whether AKI after coronary artery 
bypass grafting (CABG) can be attributed to intraoperative hypotension during cardio-
pulmonary bypass (IOH-CPB).
Design: Retrospective analysis.
setting: Tertiary-care hospital.
Participants: Patients undergoing on-pump coronary artery bypass grafting (CABG) 
from June 2011 until January 2014.
Interventions: None.
measurements and main results: IOH-CPB was defined as blood pressure below sev-
eral absolute and relative mean arterial pressure (MAP) thresholds and as the area under 
the curve (AUC) for absolute MAP thresholds. AKI was defined as an absolute increase in 
serum creatinine of ≥ 26 µmol/L within 48 hours or an increase to 150% or more within 
7 days of surgery. Poisson regression with robust standard errors both before and after 
adjustment for confounders was used.
Of the 1891 included patients, 386 (20%) developed AKI. In univariable analysis all 
IOH-CPB thresholds defined as a MAP of 50 mmHg or less and as a decrease in MAP of 
60% from baseline were associated with a 1.07 to 1.11 times increased risk of AKI per 
10 minutes of IOH-CPB (P < 0.01). After adjustment for potential confounders, IOH-CPB, 
irrespective of the definition chosen, was not associated with an increased risk of AKI.
Conclusions: In our study population, univariable analysis showed an association of 
IOH-CPB with AKI in patients undergoing isolated CABG, but this relationship disap-
peared after correction for well-known risk factors for AKI.
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InTroDuCTIon

Each year over one million coronary artery bypass graft (CABG) procedures are performed 
in Europe and the United States alone.1 A major determinant of outcome after CABG is 
the development of postoperative acute kidney injury (AKI), which occurs in up to 30% 
of the patients.2, 3 A recently published report showed that the occurrence of AKI after 
cardiac surgery increased in the past decade.4 Although this effect is at least partially 
explained by better coding practices, these data also indicate that the pathophysiologi-
cal mechanisms of AKI after cardiac surgery are still not fully understood, which hampers 
development and use of preventive or treatment strategies.

The use of cardiopulmonary bypass (CPB) is a well-recognized cause of AKI after car-
diac surgery.5 Exposure of blood to the CPB circuit and the surgical trauma itself induces 
a systemic inflammatory response and may lead to a reduced glomerular filtration rate 
through, for example, glomerular fibrin deposition.6 Also, oxygen delivery to the renal 
medulla may be compromised by severe hemodilution during CPB.7 The role of intraop-
erative hypotension during CPB (IOH-CPB) in the development of postoperative AKI is 
unclear.

A randomized controlled trial in 300 patients undergoing cardiac surgery compared a 
mean arterial pressure (MAP) of 75-85 mmHg with 50-60 mmHg during CBP and reported 
similar AKI rates in both groups.8 In a comparable study performed in the early nineties, 
248 patients randomized to a MAP of 80-100 mmHg during CPB seemed to have fewer 
cardiac and neurologic complications compared to patients randomized to a MAP of 
50-60 mmHg, but the incidence of AKI was not assessed.9 From these few studies, with a 
limited number of patients, it cannot be concluded whether IOH-CPB is involved in the 
pathophysiology of AKI after cardiac surgery.10 In addition, the MAP targeted in these 
studies is higher than in daily practice and other than absolute IOH thresholds, such as a 
decrease in MAP from baseline or the area under the curve (AUC) below IOH thresholds 
were not investigated. The aim of this study was to determine whether IOH-CPB was 
associated with the development of AKI using various definitions of IOH-CPB in a large 
cohort of patients undergoing CABG.

meThoDs

study population and design

All patients who underwent a CABG procedure from June 2011 until January 2014 in the 
St. Antonius Hospital, Nieuwegein, The Netherlands, with an available serum creatinine 
within seven days prior to surgery and at least one available serum creatinine within 
seven days after surgery were eligible for inclusion in this observational retrospective 
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study. Exclusion criteria were renal replacement therapy prior to surgery, unavailable 
perioperative blood pressure values, off-pump or concomitant open chamber surgery 
and postoperative extracorporeal membrane oxygenation.

The local Medical Research Ethics Committee approved the study and waived the need 
for informed consent (Research and Development Department, St. Antonius Hospital, 
trial number W15.024).

anesthetic and surgical management

Routine perioperative care included induction of anesthesia with propofol, midazolam, 
fentanyl and pancuronium and maintenance of anesthesia with propofol and fentanyl or 
remifentanil. All patients received antimicrobial prophylaxis (cefazolin) at induction of 
anesthesia followed by additional cefazolin every four hours for the duration of surgery. 
After sternotomy heparin was intravenously administered and at the end of surgery 
neutralized by protamine. For CPB nonpulsatile perfusion was used with a flow of 2.0 
to 2.4 L/min/m2. After aortic cross-clamping, cardiac arrest was initiated using a cold 
crystalloid (Bleese) or blood (in case of minimal extracorporeal circulation) cardioplegic 
solution. Patients were cooled to a nasopharyngeal temperature of 32°C to 35°C. Before 
separation from CPB patients were rewarmed to a nasopharyngeal temperature of at 
least 35.5°C.

Intraoperative management targeted a hematocrit of 22% and a SvO2 of 65%. The 
MAP during CPB was left to discretion of the attending anesthesiologist and was de-
pendent on the medical history (e.g. hypertension, stroke). In general, a MAP of 45 to 50 
mmHg was targeted during CPB. Red blood cell transfusion trigger was a hematocrit of 
20% during CPB and a hematocrit of 25% after separation from CPB. After the surgical 
procedure all patients were admitted at the Intensive Care Unit for at least 24 hours.

acute kidney injury

Serum creatinine was routinely measured as part of standard postoperative laboratory 
tests on postoperative day one, two and five. In some patients, additional creatinine 
measurements were available if ordered by the treating physician, and these were also 
included in our analyses. Creatinine analysis was performed with the use of an enzymatic 
method on an automated platform (Roche Diagnostics, Germany).

The primary outcome was development of postoperative AKI. Acute kidney injury 
was defined according to the 2011 Kidney Disease Improving Global Outcomes (KDIGO) 
Clinical Practice Guideline for Acute Kidney Injury: an absolute increase in serum creati-
nine of ≥ 26 μmol/L within 48 hours or an increase in serum creatinine to 150% or more 
within 7 days.11
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blood pressure and Ioh-CPb

Preoperatively, blood pressure was measured using the Omron M6 (Omron HEM-737 
Intellisense, Omron Healthcare Inc., Illinois, US) at the outpatient preanesthesia evalua-
tion clinic. Blood pressure was measured in the sitting position with the cuff on the up-
per arm. The MAP resulting from this measurement served as the baseline MAP used in 
clinical practice and in our analyses. During surgery, the MAP was invasively monitored 
and recorded every minute in the electronic medical record system (MetaVision Suite, 
iMDsoft, Massachusetts US). IOH-CPB was defined according to several absolute and 
relative MAP threshold values. We calculated the time spent below absolute (<40, <45, 
<50, <55, <60 and <65 mmHg) and relative MAP thresholds (>35%, >40%, >45%, >50%, 
>55% and >60% decrease from baseline) in each patient. In addition, we calculated the 
area under the curve (AUC) for absolute MAP threshold values (<40, <45, <50, <55, <60 
and <65 mmHg). The area under the curve was defined as the sum of each blood pres-
sure (MAP threshold value - MAP measured) multiplied by time (minutes) spent under 
the MAP threshold value.

Data collection and confounder selection

Medical history and preoperative drug therapy were registered at the outpatient 
preanesthesia evaluation clinic. Intra- and postoperative data were routinely collected 
in the electronic medical record system. Potential confounders for the association of 
IOH-CPB and postoperative AKI were selected based on previous literature and biologi-
cal plausibility and included: age, sex, diabetes (+type), hypertension, left ventricular 
ejection fraction (LVEF), preoperative hemoglobin, preoperative creatinine, EuroSCORE, 
critical preoperative state (defined as ventricular tachycardia or fibrillation or aborted 
sudden death, preoperative cardiac massage, preoperative ventilation before arrival 
in the operating room, preoperative inotropic support or intra-aortic balloon counter 
pulsation), allogeneic red blood cell (RBC) transfusion during surgery, autologous RBC 
transfusion during surgery and duration of CPB.12, 13

missing data

Omitting patients with missing data from the analyses (so-called complete case analysis) 
can result in biased effect estimates, as missing data typically does not occur completely 
at random, but are associated with patient characteristics. To overcome this problem, we 
conducted multiple imputation analysis, a well-accepted statistical technique to model 
the values that are missing and incorporate these into the analyses in the appropriate 
way. We used ten imputation sets;  analyses were conducted in each of the imputation 
sets, and resulting estimates from each of these sets were pooled and adjusted standard 
errors were calculated using Rubin’s rule.14-16
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statistical analysis

Baseline and perioperative characteristics were compared for patients with and without 
AKI. Continuous data are presented as mean and standard deviation (SD) or median and 
interquartile range (IQR) for normally and non-normally distributed data. Categorical data 
are described as numbers and percentages. The Student’s t-test and the Mann-Whitney 
U test were used to compare independent continuous variables between patient with 
and without AKI for normally and non-normally distributed variables respectively. The 
Fisher’s exact test and the Pearson chi-squared test were used to compare categorical 
variables between patients with and without AKI when appropriate.

Subsequently we assessed the association between IOH-CPB and AKI using regression 
analysis. We conducted Poisson regression analysis with robust standard errors and pres-
ent resulting effect estimates as risk ratios (RR) with accompanying confidence intervals.17 
These analyses were conducted using only IOH-CB within the models (crude estimate) 
and after adjustment for the aforementioned potential confounders. We included IOH-
CPB in the analyses as a continuous variable. To assess potential non-linearity of the 
association between IOH-CPB and AKI we investigated models where duration of IOH-
CPB was included as a continuous variable, and after square root or log transformation, 
and compared their model fit based on log likelihood of the model. All analyses were 
repeated for all aforementioned IOH-CPB thresholds. To adjust for multiple testing, we 
used a more stringent level of significance of P < 0.01 and hence present effect estimates 
with 99% confidence intervals. For statistical analysis IBM SPSS version 22 was used.

resulTs

During the study period 1983 patients were eligible for analysis. After the exclusion 
of patients requiring renal replacement therapy prior to surgery (n=10), patients who 
underwent off-pump or concomitant open chamber surgery (n=47), patients without 
an available preoperative or without at least one available postoperative creatinine 
(n=24) and patients without perioperative blood pressure values available (n=13) the 
final study population consisted of 1891 patients (95%).

The mean age was 67 years and 79% of the patients were male (Table 1). The most 
common comorbidities were hypertension (60%), diabetes (25%) and prior myocardial 
infarction (25%). Almost a quarter of the patients had a reduced LVEF. The average base-
line MAP was 98±13 mmHg and the mean baseline creatinine was 88±24 μmol/L. During 
CPB the average MAP was 55±9 mmHg. The median EuroSCORE was three (IQR 2-5) and 
151 patients (8%) underwent an emergency procedure (Table 2). The mean duration 
of CPB and aortic cross-clamping was 89±39 and 57±27 minutes, respectively. Two 
hundred thirty three patients (12%) received intraoperative allogeneic RBC transfusion. 
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Baseline and perioperative characteristics according to complete and incomplete cases 
are shown in Supplementary Table 1 and 2.

The times spent below the investigated IOH-CPB thresholds studied are presented in 
Table 3. All but 37 patients (2%) experienced IOH-CPB defined as a MAP below 50 mmHg 
with a median duration of 28 minutes (IQR 13-47). The median duration of IOH-CPB 
defined as a decrease in MAP of 60% from baseline was six minutes (IQR 1-16).

After surgery, 386 patients (20%) suffered from AKI and eight patients (0.4%) required 
renal replacement therapy due to kidney failure. The median length of hospital stay was 
seven (IQR 5-10) and five (IQR 3-6) days in patients with and without AKI, respectively 
(P < 0.001). In-hospital mortality was 3.1% in patients with AKI and 0.4% in patients 
without AKI (P < 0.001).

Table 1. baseline characteristics

variable all (n=1891) aKI (n=386)
no aKI 

(n=1505)
p-value Incomplete

 Male gender [n (%)] 1488 (78.7) 296 (76.7) 1192 (79.2) 0.281 0

 Age (years) 67±10 70±9 66±10 <0.001 0

 BMI [kg/m2 (%)] 27.6±4.4 28.4±4.8 27.3±4.3 <0.001 0

Comorbidity
 COPD [n (%)] 134 (7.1) 40 (10.4) 94 (6.2) 0.005 0

 Diabetes [n (%)] 0

 - Insulin dependent 153 (8.1) 51 (13.2) 102 (6.8) <0.001

 - Non-insulin dependent 317 (16.8) 86 (22.3) 231 (15.3)

 Hypertension [n (%)] 1136 (60.1) 265 (68.7) 871 (57.9) <0.001 0

 Congestive heart failure [n (%)] 29 (1.5) 14 (3.6) 15 (1.0) <0.001 0

 Myocardial infarction [n (%)] 466 (24.6) 107 (27.7) 359 (23.9) 0.116 0

 Peripheral artery disease [n (%)] 184 (10.0) 64 (16.9) 120 (8.2) <0.001 42 (2.2)

 Previous stroke [n (%)] 72 (3.8) 24 (6.2) 48 (3.2) 0.006 0

 Previous cardiac surgery  [n (%)] 54 (2.9) 18 (4.8) 36 (2.4) 0.017 42 (2.2)

 Pulmonary hypertension [n (%)] 3 (0.2) 2 (0.5) 1 (0.1) 0.108 42 (2.2)

 LVEF [n (%)] 2 (0.1)

 - > 50% 1462 (77.4) 263 (68.3) 1199 (79.7) <0.001

 - > 30% and ≤50% 368 (19.5) 95 (24.7) 273 (18.2)

 - ≤ 30% 59 (3.1) 27 (7.0) 32 (2.1)

Baseline MAP (mmHg) 98±13 98±14 98±13 0.977 412 (21.8)

laboratory values
Preoperative creatinine (μmol/L) 88±24 103±34 84±19 <0.001 0

Preoperative hemoglobin (mmol/L) 8.5±0.9 8.1±1.0 8.6±0.8 <0.001 130 (6.9)

Values are mean (standard deviation) or absolute number (percentage). The Student’s T-test was used to 
test for the association of continuous variables and AKI. The Fisher’s exact test and the Pearson chi-squared 
test were used to test for the association of categorical variables and AKI when appropriate.
BMI indicates body mass index; COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection 
fraction; MAP, mean arterial pressure 
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The association between IOH-CPB and AKI is presented in Figure 1. As transformation 
of duration of IOH-CPB did not improve model fit, we included duration of IOH-CPB 
expressed in minutes in all subsequent models. In univariable analysis the risk of AKI 

Table 2. Perioperative characteristics

variable all (n=1891) aKI (n=386)
no aKI 

(n=1505)
p-value Incomplete

operative
Emergency procedure [n (%)] 151 (8.2) 46 (12.2) 105 (7.1) 0.001 42 (2.2)

Critical preoperative state [n (%)] 49 (2.7) 24 (6.3) 25 (1.7) <0.001 42 (2.2)

EuroSCORE 3 (2-5) 5 (3-7) 3 (1-5) <0.001 42 (2.2)

Duration of CPB (min) 89±39 95±64 87±29 0.028 0

Duration of aortic cross-clamping 
(min)

57±27 58±23 57±28 0.838 215 (11.4)

Average MAP during CPB (mmHg) 55±9 55±11 56±9 0.046 0

Intraoperative RBC transfusion 
[n (%)]

233 (12.3) 95 (24.6) 138 (9.2) <0.001 0

outcome
Resternotomy [n (%)] 71 (3.8) 33 (8.5) 38 (2.5) <0.001 0

Length of stay (days) 5 (4-7) 7 (5-10) 5 (3-6) <0.001 14 (0.7)

In-hospital mortality [n (%)] 18 (1.0) 12 (3.1) 6 (0.4) <0.001 10 (0.5)

Values are mean (standard deviation), median (interquartile range) or absolute number (percentage). The 
Student’s T-test and the Mann-Whitney U test were used to test for the association of normally and non-
normally distributed continuous variables and AKI. The Fisher’s exact test and the Pearson chi-squared test 
were used to test for the association of categorical variables and AKI when appropriate.
CPB indicates cardiopulmonary bypass; MAP, mean arterial pressure; RBC transfusion, red blood cell trans-
fusion; AKI, acute kidney injury

Table 3. Time (minutes) spent under absolute and relative maP thresholds according to the occur-
rence of aKI.

Threshold no aKI aKI P value
Absolute (mmHg)

<65 63 (42-83) 68 (47-88) 0.009

<60 53 (31-74) 60 (37-80) <0.001

<55 40 (21-61) 47 (26-70) <0.001

<50 26 (13-46) 34 (16-54) <0.001

<45 15 (6-29) 19 (8-35) <0.001

<40 7 (2-14) 8 (3-17) 0.004

Decrease from baseline (%)

<35 58 (36-81) 65 (43-86) 0.005

<40 48 (26-73) 54 (32-77) 0.010

<45 35 (17-60) 41 (23-66) 0.005

<50 23 (9-45) 26 (11-53) 0.016

<55 12 (4-29) 15 (6-34 0.055

<60 5 (1-15) 6 (2-17) 0.043

Values are median and interquartile range
MAP indicates mean arterial pressure
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increased when the duration of IOH-CPB increased for absolute and relative IOH-CPB 
thresholds (Figure 1A and 1B) or when the AUC for IOH-CPB thresholds increased (Figure 
1C) and this was more pronounced for the lowest IOH-CPB thresholds. For example, for 
IOH-CPB defi ned as a MAP of 65 mmHg the risk of AKI increased by 1.004 (99% confi -
dence interval (CI): 1.000 - 1.007) per minute below this threshold and the risk increased 
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figure 1. Uni- and multivariable analysis of absolute and relative MAP threshold values and AUC for MAP 
thresholds and AKI
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to 1.011 (99% CI: 1.005 - 1.017) per minute for IOH-CPB defined as a MAP of 40 mmHg. 
This means that a patient who has a MAP below 40 mmHg for 10 minutes has a 1.01110 
= 1.12 times higher risk to develop AKI postoperatively when compared to a patient 
whose MAP stays above 40 mmHg. After accounting for potential confounders none of 
the IOH-CPB thresholds were associated with AKI (Figure 1D-F).

DIsCussIon

In this study including 1891 patients undergoing on-pump CABG, the incidence of 
postoperative AKI was 20% and 0.4% of patients required renal replacement therapy. 
IOH-CPB was not associated with an increased risk of postoperative AKI.

Previous studies have shown that AKI or even a slight increase of serum creatinine 
that does not even meet the AKI criteria is associated with morbidity and mortality 
after surgery.18 Whether postoperative AKI results from IOH-CPB is a matter of debate. 
Recently, several large retrospective analyses have addressed this topic in non-cardiac 
surgery and most of the studies carried out point to an association between IOH and 
AKI. For example, Walsh et al. showed that a short duration of IOH defined as a MAP of 55 
mmHg increased the risk of AKI after non-cardiac, non-urological surgery and Sun et al. 
reported similar findings in a smaller but more detailed investigation.19, 20 The question 
is to what extent we can extrapolate these results from non-cardiac surgery to cardiac 
surgery. We performed a large retrospective analysis in patients undergoing on-pump 
CABG in which pre-and postoperative serum creatinine was routinely measured. Our 
results did not show an association between IOH-CPB and AKI. This is in accordance with 
the results of Azau et al.8 They randomized 300 patients undergoing elective cardiac 
surgery to a MAP during CPB of 50-60 mmHg vs. 75-85 mmHg, and did not find an asso-
ciation with postoperative AKI, despite investigating different definitions for AKI. Haase 
et al. retrospectively investigated 920 patients undergoing on-pump cardiac surgery.21 
Twenty percent of the patients developed AKI and this was not dependent on IOH-CPB. 
The combination of severe hypotension (>75th percentile of the AUC for MAP 50 mmHg) 
and severe anemia (<25th percentile of the lowest hemoglobin) did yield an increased 
risk of AKI (adjusted odds ratio 3.4, 95% CI: 1.3 - 8.4, P = 0.010). Interestingly, in another 
retrospective study that included patients undergoing CABG and valve surgery, the 
incidence of AKI was 36% and this was not dependent on IOH-CPB or the combination 
of IOH-CPB and anemia.22

Rather than studying IOH-CPB defined as an absolute MAP threshold as in the previ-
ous studies, Kanji et al. investigated a relative decrease in MAP in 157 patients undergo-
ing on-pump cardiac surgery at high risk for developing AKI.23 Forty one percent of the 
patients developed AKI and the occurrence of IOH-CPB defined as an arbitrarily chosen 
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decrease in MAP of 26% from baseline was independently associated with AKI (odds ra-
tio 2.8, 95% CI: 1.3 - 6.1, P = 0.009). The smallest relative decrease in MAP that we studied 
was 35% and yielded a risk ratio of 1.001 (99% CI: 0.997 - 1.006, P = 0.455) per minute 
below this threshold for the development of AKI. Also, IOH-CPB defined as greater rela-
tive decreases than 35% were not associated with AKI. It is possible that patients at high 
risk for postoperative AKI as in the study of Kanji et al. are more susceptible to IOH-CPB 
than patients at normal risk as in our population.

If IOH is indeed associated with AKI after non-cardiac surgery, why is this relation not 
observed in on-pump cardiac surgery? A possible explanation may be that IOH during 
non-cardiac surgery is often the result of a low cardiac output state caused by general 
anesthesia and a potential sign of reduced organ oxygen delivery, while in on-pump 
cardiac surgery cardiac output and organ oxygen delivery is maintained by CPB. In 
an experimental study in pigs increasing the pump flow rate increased visceral organ 
perfusion, while increasing the MAP with phenylephrine did not, suggesting that for 
preserving renal oxygen delivery the focus should be on cardiac output and to a lesser 
extent IOH-CPB.24 Another animal study showed that the mixed venous oxygen satura-
tion, a sensitive marker for organ hypoperfusion, did not decline during normothermic 
CPB until pump flow rate was reduced to less than 2 L/min/m2 despite a decrease in MAP 
from 71 mmHg to 56 mmHg.25

In our study patients the average MAP during CPB was 55 mmHg and 95.2% experi-
enced IOH-CPB defined as a MAP below 45 mmHg with a median duration of 16 minutes. 
Compared to the MAP during CPB in other studies this is rather low.8, 22 For example, in 
the study of Azau the average MAP during CPB was 60 mmHg in the group randomized 
to a MAP of 50-60 and 79 mmHg in the group randomized to a MAP of 75-85 and in 
the study of Haase et al. the median MAP during CPB was 68 (IQR 64-73). Interestingly, 
despite this difference the incidence of AKI was comparable between the studies (17% 
in the study of Azau et al., 20% in the study of Haase et al. and 20% in our study).

Among the strengths of our study is the large sample size of 1891 patients undergo-
ing on-pump CABG, and the use of multiple imputation to deal with missing values. As 
a result, the number of patients developing AKI was large, which enabled us to adjust 
for many confounders in the multivariable analysis. Also, we investigated multiple IOH-
CPB thresholds values (absolute, relative and the AUC) ranging in severity from mild to 
severe. And finally, we corrected for multiple testing using a level of significance of P < 
0.01, minimizing the risk of a false positive finding (type 1 error).

Several limitations have to be addressed. First, this was a retrospective observa-
tional study and the limitations of this design must be considered. For example, serum 
creatinine was not measured on each postoperative day and information regarding 
postoperative urine output was unavailable. As a result, the incidence of AKI may have 
been underestimated. It is also possible that additional serum creatinine measurements 
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outside the standard postoperative laboratory tests were mainly ordered in patients at 
high risk of AKI. If the targeted MAP during CPB in these patients was increased in an at-
tempt to prevent AKI, a possible effect of IOH-CPB on AKI may have been dampened (so-
called confounding by contra-indication). Another limitation of the design of our study 
concerns the fact that there are many factors influencing the risk of AKI after on-pump 
CABG. Although we adjusted for a large number of potential confounders, we cannot 
exclude the possibility of residual confounding. In that regard, the study design we used 
may be less suitable for studying IOH-CPB as a single phenomenon in the development 
of AKI after CABG. Also, as occurs in non-randomized studies, treatment of IOH may have 
influenced the association between IOH-CPB and AKI. For example, the risk of AKI in a 
patient with a MAP of 50 mmHg while on vasopressor therapy may be different from a 
patient with a MAP of 50 mmHg without treatment, while in our analyses both situations 
are considered similar. Second, IOH-CPB occurred in the vast majority of patients mak-
ing it hard to distinguish patients with and without IOH-CPB for some thresholds. Third, 
we can only comment on the association between IOH-CPB and AKI for the IOH-CPB 
thresholds analyzed. Fourth, we studied the relation between AKI and the MAP during 
CPB and not the MAP before or after the institution of CPB. Patients with IOH-CPB may 
have experienced IOH before and after the use CPB (e.g. due to a low hematocrit) and 
for patients without IOH-CPB the opposite may have been true. In theory this may have 
overestimated the effect of IOH-CPB on AKI. And fifth, our results can only be interpreted 
in the context of AKI. We are not able to draw inferences on the association between 
IOH-CPB and other complications such as stroke.

Altogether, in this large cohort of patients undergoing CABG, we did not observe 
an association between IOH-CPB and AKI when we corrected this association for well-
known confounders. Given the observational design of our study we cannot draw firm 
conclusions on the potential causal association between IOH-CPB and AKI. To this end, 
future studies randomizing patients to various IOH-CPB thresholds for CABG are war-
ranted.
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supplementary table 1. baseline characteristics according to incomplete (one or more missing vari-
ables) and complete (no missing variables) cases

variable
all 

(n=1891)
Incomplete cases 

(n=540)
Complete cases 

(n=1351)
p-value

 Male gender [n (%)] 1488 (78.7) 420 (77.8) 1068 (79.1) 0.541

 Age (years) 67±10 67±10 67±10 0.820

 BMI [kg/m2 (%)] 27.6±4.4 27.7±4.3 27.5±4.5 0.534

Comorbidity

 COPD [n (%)] 134 (7.1) 35 (6.5) 99 (7.3) 0.517

 Diabetes [n (%)]

 - Insulin dependent 153 (8.1) 42 (7.8) 111 (8.2) 0.293

 - Non-insulin dependent 317 (16.8) 102 (18.9) 215 (15.9)

 Hypertension [n (%)] 1136 (60.1) 318 (58.9) 818 (60.5) 0.506

 Congestive heart failure [n (%)] 29 (1.5) 10 (1.9) 19 (1.4) 0.476

 Myocardial infarction [n (%)] 466 (24.6) 73 (13.5) 393 (29.1) <0.001

 Peripheral artery disease [n (%)] 184 (10.0) 33 (6.6) 151 (11.2) 0.004

 Previous stroke [n (%)] 72 (3.8) 23 (4.3) 49 (3.6) 0.516

 Previous cardiac surgery  [n (%)] 54 (2.9) 6 (1.2) 48 (3.6) 0.008

 Pulmonary hypertension [n (%)] 3 (0.2) 1 (0.2) 2 (0.1) 1.000

 LVEF [n (%)]

 - > 50% 1462 (77.4) 406 (75.5) 1056 (78.2) <0.001

 - > 30% and ≤50% 368 (19.5) 111 (20.6) 257 (19.0)

 - ≤ 30% 59 (3.1) 21 (3.9) 38 (2.8)

Baseline MAP (mmHg) 98±13 101±13 98±13 0.018

laboratory values

Preoperative creatinine 88±24 88±24 88±24 0.768

Preoperative hemoglobin (mmol/L) 8.5±0.9 8.4±1.0 8.6±0.9 <0.001

Values are mean (standard deviation) or absolute number (percentage). The Student’s T-test was used to 
test for the association of continuous variables and AKI. The Fisher’s exact test and the Pearson chi-squared 
test were used to test for the association of categorical variables and AKI when appropriate.
BMI indicates body mass index; COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection 
fraction; MAP, mean arterial pressure
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supplementary table 2. Perioperative characteristics according to incomplete (one or more missing 
variables) and complete (no missing variables) cases

variable all (n=1891)
Incomplete cases 

(n=540)
Complete cases 

(n=1351)
p-value

operative

Emergency procedure [n (%)] 151 (8.2) 135 (27.1) 16 (1.2) <0.001

Critical preoperative state [n (%)] 49 (2.7) 40 (8.0) 9 (0.7) <0.001

EuroSCORE 3 (2-5) 4 (2-6) 3 (2-5) <0.001

Duration of CPB (min) 89±39 88±31 89±42 0.505

Duration of aortic cross-clamping (min) 57±27 57±22 58±29 0.485

Average MAP during CPB (mmHg) 55±9 55±10 56±9 0.255

Intraoperative RBC transfusion [n (%)] 233 (12.3) 88 (16.3) 145 (10.7) 0.001

Values are mean (standard deviation), median (interquartile range) or absolute number (percentage). The 
Student’s T-test and the Mann-Whitney U test were used to test for the association of normally and non-
normally distributed continuous variables and AKI. The Fisher’s exact test and the Pearson chi-squared test 
were used to test for the association of categorical variables and AKI when appropriate.
CPB indicates cardiopulmonary bypass; MAP, mean arterial pressure; RBC transfusion, red blood cell trans-
fusion; AKI, acute kidney injury
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Postoperative complications are a major determinant of long-term survival after surgery. 
Complications after major surgery may be even more important than preoperative risk 
factors and type of surgery in determining survival up to five years.1 Efforts should be 
made to prevent these complications to improve long-term surgical outcome. Unfor-
tunately, little is known about the exact reasons why patients develop postoperative 
complications and which patients are at increased risk.

This thesis analyzed two possible determinants of adverse outcome after major ab-
dominal and cardiac surgery. A discussion of the results and potential implications for 
future research are described here. In the first part of this thesis inflammation after major 
surgery was discussed, the second part dealt with the relation between intraoperative 
hypotension (IOH) and postoperative renal function.

PerIoPeraTIve InflammaTIon

Systemic inflammation after major surgery is a well-known phenomenon. Clinicians 
involved in the perioperative care of surgical patients are often confronted with signs of 
systemic inflammation, such as fever and leucocytosis. For example, 90% of the patients 
undergoing aortic valve replacement develop the systemic inflammatory response 
syndrome (SIRS).2, 3 The combination of sternotomy, the use of cardiopulmonary bypass 
(CPB) and ischemia/reperfusion injury (I/R) injury can be held responsible for the high 
incidence of SIRS after aortic valve replacement.4

In 2007 the less invasive transcatheter aortic valve implantation (TAVI) was introduced. 
This technique allows treatment of severe aortic stenosis in patients considered to be 
inoperable due to comorbidities and advanced age.5 An advantage of TAVI is that CPB is 
not required and that the extent of the surgical trauma is limited, potentially leading to 
a less severe inflammatory response.

Chapter 2 and 3 describe the inflammatory response after transapical and percutane-
ous TAVI. SIRS within 48 hours of TAVI occurred in 53% and 46%, respectively, which is 
considerably less than reported after aortic valve replacement. Nevertheless, despite the 
minimally invasive character of TAVI the incidence of SIRS is comparable to the incidence 
observed after major abdominal surgery as shown in previous studies and chapter 4.6, 7 
In that chapter, 137 patients undergoing procedures such as colorectal, pancreatic and 
gastric-esophageal surgery were studied and 55% of all patients developed SIRS. The 
occurrence of SIRS was associated with increased levels of interleuking-6 (IL-6) and C-
reactive protein (CRP) on day one and three.

The question is whether this is an innocent physiological response or negatively 
impacts outcome after major surgery. For example, systemic inflammation after cardiac 
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surgical procedures is associated with adverse outcome. Patients developing SIRS fol-
lowing cardiac surgery are at increased risk of multiple-organ failure and mortality.3 In a 
recent investigation the occurrence of SIRS after percutaneous TAVI was associated with 
one-year mortality.8 Although the study did not give information on the mechanism 
why SIRS affects long-term mortality, the compensatory anti-inflammatory response 
syndrome (CARS) may play a role. Immunoparalysis after, or during SIRS may contribute 
to the development of infections and late mortality. In chapter 2 the relation between 
SIRS after TAVI and worse outcome was confirmed. Patients with SIRS had an almost 
threefold increased risk of any adverse event (odds ratio 2.8, 95% confidence interval 1.3 
- 6.1; P = 0.007). The difference between the previously mentioned analysis and chapter 
2 was that SIRS, apart from its association with mortality, was related to the develop-
ment of complications such as acute kidney injury (AKI) and infection. In addition, SIRS 
after TAVI was associated with short-term outcome.

Whether systemic inflammation after non-cardiac surgery is associated with adverse 
outcome was not clear yet. For this reason, the inflammatory response after major 
abdominal surgery was investigated in chapter 4. Primary outcome was a composite 
of postoperative complications such as sepsis, pneumonia and 30-day mortality. The 
results showed that increased inflammation, as measured by a high IL-6 on day one, 
was independently associated with an increased risk of a postoperative complication 
(adjusted odds ratio 3.3, 95% confidence interval 1.3 - 8.5; P < 0.02). In addition to the 
inflammatory biomarkers used in clinical practice (e.g. CRP, leukocyte count), levels of 
cytokines, such as IL-6 and tumor necrosis factor-α (TNF-α) were determined. The di-
agnostic value of the individual inflammatory biomarkers for predicting postoperative 
complications was moderate. For example, the area under the curve (AUC) for CRP, a 
biomarker that is frequently used to monitor the condition of patients after surgery, 
was 0.73 on the third postoperative day. Interestingly, this was approximately the same 
as the diagnostic value of IL-6 on the first postoperative day (AUC 0.67). This implies 
that, if these findings are validated by others, introducing routine IL-6 measurements 
after major abdominal surgery may improve outcome by earlier detection of patients at 
risk for adverse outcome. For example, a high IL-6 after major surgery may support the 
decision to perform a reoperation instead of a ‘wait and see’ approach in a patient with 
suspected anastomotic leak. It should be noted that the introduction of IL-6 measure-
ments is associated with substantially increased costs. However, this may be recouped 
by the reduction of health care expenditures by decreasing the costs of postoperative 
complications.

The most important cause of postoperative inflammation is the extent of surgery. 
Transapical TAVI may result in increased inflammation compared to percutaneous TAVI 
because it requires a mini-thoracotomy, while the percutaneous approach uses a small 
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incision in the groin or the subclavian region. However, the incidence of SIRS in patients 
undergoing transapical TAVI (chapter 2) was comparable to the incidence after percu-
taneous TAVI in prior studies.8, 9 This may suggest that procedure specific characteristics 
cause similar systemic inflammation after TAVI. Sinning et al. identified rapid ventricular 
pacing as an independent risk factor for the development of SIRS after TAVI.8 Rapid 
ventricular pacing, used in both transfemoral and transapical TAVI approach, causes an 
intentional temporary low cardiac output state. This low output state facilitates balloon 
valvuloplasty, deployment of the aortic valve prosthesis and post-dilation. As a result 
of the compromised hemodynamics induced by rapid ventricular pacing, I/R injury and 
subsequently SIRS may occur.10 Also, bacterial translocation due to intestinal ischemia 
may induce SIRS after periods of low cardiac output.11 In chapter 3 the potential relation 
between procedure related I/R injury and SIRS was addressed in patients undergoing 
TAVI. Procedure related tissue hypoperfusion appeared not associated with systemic 
inflammation. For example, the number and total duration of rapid ventricular pacing 
runs was similar in patients with and without SIRS.

An interesting and hypothesis generating finding of this study was a high intestinal 
fatty acid-binding protein (IFABP) level, a marker for intestinal ischemia, at baseline 
which peaked three hours after TAVI and subsequently decreased 44% below the median 
baseline level on day two. This may suggest that patients undergoing TAVI suffer from 
asymptomatic intestinal ischemia caused by an oxygen delivery-utilization mismatch. In 
general, patients undergoing TAVI are aged above 80 with multiple comorbidities. The 
inability to increase cardiac output when needed, often combined with left ventricu-
lar dysfunction and peripheral artery disease puts these patients at risk for intestinal 
ischemia. To test this hypothesis future studies might repeat measurements of baseline 
levels of IFABP in patients undergoing TAVI. When increased baseline IFABP levels are 
confirmed, baseline levels of bacterial endotoxins should be measured as a surrogate of 
intestinal hypoperfusion.

From the observations in chapter 3 a second hypothesis could be generated. The rise 
and fall of IFABP levels after TAVI may be indicative of intestinal I/R injury. An experi-
mental study showed that reperfusion after intestinal ischemia leads to loss of intestinal 
barrier integrity due to enterocyte damage with increased levels of IFABP.12 This was 
accompanied by translocation of bacterial endotoxins into the circulation and increased 
cytokines levels that peaked at the end of reperfusion. Restauration of the aortic valve 
area increases blood pressure and decreases left ventricular end-diastolic pressure.13 
The enhanced circulation improves intestinal blood flow and may induce I/R injury.14

Chapter 2  and  chapter 4  showed that systemic inflammation was associated with 
adverse outcome after TAVI and major abdominal surgery, respectively. If SIRS is harmful, 
suppression of inflammation may result in better outcome. Recently, two large multi-
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centre randomized controlled trials studied the effect of steroids on inflammation and 
outcome after on-pump cardiac surgery. In the DECS trial patients were randomized to 
a single intraoperative dose of dexamethasone or placebo and in the SIRS trial patients 
were randomized to two intraoperative doses of methylprednisolone or placebo.15, 16 
While inflammation was successfully suppressed in the DECS trial, as measured by levels 
of CRP (these data were not given in the SIRS trial), both trials failed to show an overall 
effect of steroids on mortality or major morbidity. At the present time no other drugs 
are known for their anti-inflammatory effect and, at the same time, beneficial effect on 
outcome in patients with increased inflammation after surgical procedures. As a result, 
the attention of clinicians should focus on the prevention of increased inflammation 
after surgery. For example, if future studies confirm that patients with aortic stenosis 
scheduled for TAVI suffer from asymptomatic intestinal ischemia and show that increased 
bacterial endotoxins are related to worse outcome, periprocedural selective digestive 
tract decontamination (SDD) might be initiated in order to decrease the release of 
bacterial endotoxins in the circulation. SDD, with or without systemic antibiotics, clears 
the gastrointestinal tract from pathogenic bacteria. Studies showed that the application 
of SDD improved outcome in patients with severe sepsis and patients undergoing gas-
trointestinal surgery.17, 18 Another possible way to prevent systemic inflammation might 
be introducing perioperative ischemic preconditioning. Aksoyek et al. showed that I/R 
injury and bacterial translocation after intestinal ischemia can be reduced by intestinal 
ischemic preconditioning in a rat model.19 It would be interesting to investigate whether 
remote ischemic preconditioning (consisting of several cycles of inflation and deflation 
of a blood pressure cuff to one upper arm) protects the intestine against I/R injury in 
patients undergoing TAVI.

Statin therapy may decrease systemic inflammation after major surgery by lower-
ing the number of infections. Prior studies in cardiac surgery showed that statins may 
decrease postoperative infection rate.20, 21 To test this hypothesis, the relation between 
preoperative statin therapy and postoperative infections in patients undergoing cardiac 
surgery was studied in chapter 5. Statin use was associated with a 67% decreased risk 
of infectious complications. In a meta-analysis of Tleyjeh et al. statin therapy was as-
sociated with an odds ratio of 0.81 (confidence interval: 0.64 - 1.01,  P  = 0.06) for the 
occurrence of a postoperative infection.22 The conclusion of this study was that further 
investigation was warranted given the potential benefit of statin therapy. The findings 
of chapter 5 support this conclusion. Currently two studies that investigate the relation 
between statin therapy and postoperative infections are registered in the ClinicaTrials.
gov registry. One is an observational study (STAR-VaS 2 study) in vascular surgery which is 
completed in 2011 but not yet published and the other study is a randomized controlled 
trial (StaRT-CABG) in patients undergoing CABG with wound infections as a secondary 
outcome measure, that is currently recruiting.23, 24 It is doubtful whether randomized 



Discussion 125

controlled trials aimed purely on the effect of statin therapy on infections after cardiac 
surgery will be conducted in the future. The majority of patients undergoing cardiac 
surgery should be on statins, apart from its potential benefit on postoperative infectious 
complications. It would be more rational to investigate the relation between statin use 
and postoperative infections in patient groups that are more likely statin naïve’ and are 
likely to develop postoperative infections. Major abdominal surgery for example, with 
an infection rate of up to 20%, possibly fulfils these criteria.25

In chapter 2,3 and 5 SIRS was used as a study parameter. SIRS is thought to reflect 
biochemical inflammation. However, because the individual SIRS criteria are rather non-
specific, this is not always the case. Consequently, the SIRS criteria may have limited 
validity as a tool to predict outcome. For example, the predictive validity of SIRS for in-
hospital mortality was lower compared to the logistic organ dysfunction system (LODS) 
score and the sequential organ failure assessment (SOFA) score in a recent retrospective 
cohort study.26 Despite its relatively non-specific nature, SIRS may remain a useful concept 
in patients with suspected inflammation for several reasons. First, patients with SIRS had 
increased inflammatory biomarkers (such as IL-6) compared to patients without SIRS. 
This confirms that, on average, inflammation is indeed present in SIRS patients (chapter 
2 and 4). A second reason is that the individual SIRS criteria are easy to obtain in clinical 
practice. Heart rate, temperature and respiratory rate are quickly and easily measured. 
The only laboratory test required is leukocyte count, which is an inexpensive test and 
commonly performed in hospitalized patients. Third, more specific markers for inflam-
mation, such as IL-6, are expensive. In addition, the routine measurement of IL-6 is not 
possible in most hospitals due to logistic reasons. And fourth, chapter 2 and 4 showed 
that the development of SIRS after TAVI and major abdominal surgery is associated with 
outcome. This could make SIRS a possible target for interventions aimed at improving 
postoperative outcome.

InTraoPeraTIve hyPoTensIon

Although IOH is common during surgical procedures as a result of anesthesia, there is 
no clear conclusion on which IOH threshold is harmful and which IOH threshold is safe 
with respect to renal function. Randomized controlled trials comparing different IOH 
thresholds and their effect on renal function after non-cardiac surgery do not exist. As a 
result, targeting specific MAP values during surgery differs between anesthesiologists. 
Instead of targeting an intraoperative MAP derived from clinical trials, most commonly 
medical history and the MAP measured at the preoperative outpatient clinic are used 
to determine which MAP is appropriate with respect to organ perfusion, such as the 
kidney. For example, most anesthesiologists will target a higher intraoperative MAP in 
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an 80-year-old patient with a history of hypertension or stroke, than in a healthy 50-year-
old patient with a normal preoperative blood pressure. This is based on the fact that in 
hypertensive patients the autoregulatory range is shifted to the right, i.e. the MAP range 
in which blood flow remains preserved is higher.27

Recently, two large retrospective analyses showed that IOH defined as a MAP of less 
than 55 mmHg was associated with AKI in non-cardiac surgery.28, 29 The strength of the 
relation between various IOH definitions and renal function after major abdominal 
surgery as measured by change in estimated glomerular filtration fraction (eGFR) was 
assessed in chapter 6. This study is the first to quantify the effect of IOH on postopera-
tive change in eGFR. The results showed that IOH was common during major abdominal 
surgery. For example, IOH defined as a MAP of less than 55 mmHg was present in 93% 
of patients with a median duration of 20 minutes (IQR 8-35). A decrease in MAP of 50% 
from baseline for at least one minute was present in 70% of all patients. Despite the 
fact that the intraoperative MAP’s observed in our study group were often well below 
IOH thresholds that were previously associated with AKI (MAP less than 55 mmHg), the 
postoperative change in eGFR was modest with an average decrease of 8%. More impor-
tantly, none of the investigated IOH thresholds were significantly related to a deteriora-
tion of postoperative renal function. Unfortunately, the number of patients included was 
relatively small, in contrast to the previously mentioned retrospective analyses. A larger 
study group may have resulted in a statistically significant association. If it is assumed 
that a larger sample size would have resulted in a significant association for IOH defined 
as a MAP below 55 mmHg, ten minutes below a MAP of 55 mmHg decreases the eGFR 
with approximately 2% after surgery. This means that, if the observations in  chapter 
6 are confirmed in a larger trial, the clinically relevance of IOH in the development of AKI 
may be limited.

Randomized controlled trials are warranted to clarify the relationship between IOH 
and postoperative renal function. The results of chapter 6 may help with sample size 
calculations for such studies. For example, the change in eGFR observed for IOH defined 
as a MAP of less than 55mmHg would have required inclusion of 876 patients to reach 
statistical significance.

Chapter 7  describes  the relation between  IOH during on-pump CABG and AKI. 
Generally, a MAP of 45-50 mmHg was targeted during CPB in the patients studied. The 
main reason for this relatively low MAP is the believe that ‘flow (i.e. cardiac output) is 
more important than pressure’. Despite the low MAP targeted and a wide definition of 
AKI studied, the incidence of AKI was comparable or even slightly below the average 
incidence of AKI for on-pump CABG reported in other studies.30, 31 Most importantly, 
an association between IOH during CPB and AKI was not observed. These results may 
indicate two things. First, as long as flow is maintained the impact of lower MAPs during 
CPB may be limited. The use of CPB ensures a minimum flow (e.g. cardiac output) that 
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can be adjusted when deemed necessary according to variables as the central venous 
oxygen saturation. And second, the fact that on-pump IOH was not associated with 
AKI may also be the result of non-randomized anesthetic management as occurs in an 
observational study like ours. In other words, IOH causes AKI but anesthesiologists are 
able to determine which patient can tolerate IOH and which not. Patients susceptible 
for organ dysfunction due to IOH may have had a higher MAP targeted during CPB. 
Subsequently, the results of chapter 6 and 7 may indicate that future trials should not 
focus on a ‘one size fits all’ strategy and not apply a similar MAP target during surgery 
to all patients. Intraoperative MAP targets should rather be tailored to the patient. The 
autoregulation may be identified in each patient to determine which IOH threshold is 
safe with respect to organ ischemia for every individual patient. Indeed, Hogue at al. 
showed in several observational studies that only the duration and degree to which 
the MAP was below the lower limit of autoregulation (determined with near-infrared 
spectroscopy) was associated with the development of AKI.32

Altogether, future improvements in perioperative medicine should focus on pre-
vention and early detection of complications after major surgery. Given the fact that 
increased postoperative systemic inflammation is associated with adverse outcome, 
prevention or suppression of inflammation may decrease the occurrence of postopera-
tive complications. Also, pro-inflammatory biomarkers, such as IL-6, might enable clini-
cians to recognize patients prone to complications at an earlier stage.

Whether the prevention and management of IOH improves patient outcome remains 
to be elucidated. The extent to which IOH influences postoperative renal function loss 
after non-cardiac surgery seems limited. And IOH during on-pump cardiac surgery 
was also not associated with the development of AKI. Future studies investigating IOH 
should probably focus on individually targeted MAP during surgery.
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Despite advances in surgical and anesthetic techniques in the past decades, com-
plications are common after major surgery. The negative impact of postoperative 
complications on outcome is of significant concern to patients and their clinicians. The 
pathophysiological mechanisms of complications after surgery, however, are largely un-
known. This thesis described the relation between two possible determinants of adverse 
events after major surgery: perioperative inflammation and hypotension.

PerIoPeraTIve InflammaTIon

Increased inflammation, as reflected by the occurrence of the systemic inflammatory 
response syndrome (SIRS), is frequently observed after major surgery. In chapter 2 the 
relation between SIRS and any adverse event (defined as the composite of acute kidney 
injury (AKI), infection, stroke, bleeding and mortality) after transapical transcatheter 
aortic valve implantation (TAVI) was investigated. SIRS was present in 53.7% of patients 
within 48 hours after the TAVI procedure. The development of SIRS was associated with 
an independently increased risk of any adverse event (adjusted odds ratio (AOR) 4.0, 95% 
confidence interval (CI); 1.6 - 9.6). In addition, patients with SIRS had a longer median 
duration of Intensive Care Unit stay (2 days versus 1 day in patients with and without 
SIRS, respectively, P < 0.001).

The exact pathogenesis of SIRS after TAVI is not clear yet. Therefore, the potential role 
of ischemia/reperfusion (I/R) injury in the development of SIRS after TAVI was assessed 
in an exploratory analysis in chapter 3. Levels of intestinal fatty acid-binding protein 
(IFABP, a marker of intestinal ischemia), the mean arterial pressure (MAP) and cerebral 
oxygenation during rapid ventricular pacing (RVP) and the number and total duration 
of RVP runs were used as markers for tissue hypoperfusion in 39 patients undergoing 
TAVI. An association between these markers and SIRS was not observed. In general, the 
median total pacing duration was short with 13 seconds (interquartile range (IQR) 0-37) 
and probably such short decrease in cardiac output does not result in significant tissue 
hypoperfusion and I/R injury. Interestingly, levels of IFABP were high at baseline, peaked 
at three hours and decreased more than 40% two days after TAVI. This finding may sug-
gest that intestinal I/R injury, independent from RVP, plays a role in the inflammatory 
response after TAVI.

In chapter 4 the relation between systemic inflammation and complications was 
investigated in 135 patients undergoing major abdominal surgery. Systemic inflam-
mation was assessed by levels of inflammatory biomarkers (i.e. levels of interleukin-6 
(IL-6), C-reactive protein (CRP) and tumour necrosis factor-α) and the occurrence of SIRS. 
Thirty-nine patients (29%) suffered from at least one postoperative complication. An 
IL-6 level of >432 pg/ml was an independent predictor of postoperative complications 
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(AOR 3.3, 95% CI; 1.3 - 8.5). The diagnostic accuracy of IL-6 levels on postoperative day 
one for predicting complications, as measured by a receiver operating characteristic 
(ROC) curve, was 0.67, compared to 0.73 for CRP on day three. The findings of chapter 4 
suggest that using levels of IL-6 after major abdominal surgery may help in early clinical 
decision-making and improve the detection of postoperative complications.

Statin therapy may mitigate postoperative inflammation by decreasing the post-
operative infection rate. In chapter 5 the possible protective effect of statins against 
infectious complications after cardiac surgery was investigated in 520 patients. 71.2% 
of all patients were on preoperative statin therapy and 15.8% developed a postopera-
tive infection. Statin therapy prior to surgery was associated with a 67% reduced risk 
of infectious complications (AOR 0.3, 95% CI; 0.2 - 0.6). This result is in line with several 
other observational studies in patients undergoing cardiac surgery. Whether initiation 
of statin therapy before surgery prevents postoperative infections needs to be evalu-
ated in future trials.

InTraoPeraTIve hyPoTensIon

Depending on the definition used intraoperative hypotension (IOH) occurs in up to 99% 
of patients undergoing surgery. Whether IOH influences postoperative renal function 
was analysed in chapter 6 and 7.

In chapter 6 the association of IOH and postoperative renal function was studied in 
202 patients undergoing major abdominal surgery. Creatinine measurements were rou-
tinely performed on the day of surgery and on 1st, 3rd and 7th postoperative day. Instead of 
using a binary outcome parameter (i.e. AKI or no AKI) primary outcome was the change 
in the estimated glomerular filtration rate (eGFR) allowing to quantify the strength of 
the effect of IOH on postoperative renal function. On average the eGFR decreased with 
8±20%. None of the investigated IOH definitions (i.e. several absolute and relative MAP 
thresholds and the AUC below several absolute MAP thresholds) were associated with 
a change in the eGFR. These results were in contrast with previous analysis and can be 
caused by insufficient statistical power to detect a relationship. Nevertheless, based on 
the results of chapter 6 the impact of IOH on change in eGFR in patients undergoing 
major abdominal surgery may be limited.

In chapter 7 the relation between IOH during cardiopulmonary bypass (CPB) and AKI 
after coronary artery bypass grafting (CABG) was investigated. The study population con-
sisted of 1891 patients and 20% developed AKI according to the Kidney Disease Improv-
ing Global Outcomes (KDIGO) Clinical Practice Guideline for Acute Kidney Injury criteria. 
IOH was defined according to several absolute and relative MAP threshold values and to 
the area under the curve (AUC) for several absolute MAP threshold values. IOH defined 
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as a MAP below 50 mmHg was present in 98% of patients with a median duration of 28 
minutes (IQR 13-47). In multivariable analysis, none of the IOH definitions investigated 
were associated with AKI. These results indicate that IOH during CPB, according to the 
definitions used in chapter 7, is not harmful with respect to the development of AKI in 
patients undergoing CABG. The use of CPB may ensure sufficient oxygen delivery to the 
kidneys by maintaining organ flow despite IOH.
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Ondanks de vooruitgang van chirurgische en anesthesiologische technieken in de 
afgelopen decennia komen complicaties na grote chirurgie frequent voor. De negatieve 
invloed van postoperatieve complicaties op uitkomst is een grote zorg voor patiënten 
en hun artsen.

De pathofysiologische van complicaties na chirurgie zijn grotendeels onbekend. Dit 
proefschrift beschrijft de relatie tussen twee mogelijke determinanten van ongunstige 
uitkomst na grote chirurgie: perioperatieve inflammatie en hypotensie.

PerIoPeraTIeve InflammaTIe

Toegenomen inflammatie, tot uitdrukking komend in het ‘systemic inflammatory re-
sponse syndrome’ (SIRS), komt vaak voor na grote chirurgie. In hoofdstuk 2 is de relatie 
tussen SIRS en elke ongewenste gebeurtenis (gedefinieerd als de combinatie van ‘acute 
kidney injury’ (AKI), infectie, cerebrovasculair accident, bloeding en mortaliteit) na 
‘transapical transcatheter aortic valve implantation’ (TAVI) onderzocht. SIRS binnen 48 
uur na de operatie kwam voor in 53.7% van de patiënten. De ontwikkeling van SIRS was 
geassocieerd met een onafhankelijk verhoogd risico op elke ongewenste gebeurtenis 
(adjusted odds ratio (AOR) 4.0, 95% confidence interval (CI); 1.6 - 9.6). Bovendien hadden 
patiënten met SIRS een langere Intensive Care opnameduur (2 dagen versus 1 dag in 
patiënten met en zonder SIRS, respectievelijk, P < 0.001).

The precieze pathogenese van SIRS na TAVI is nog onduidelijk. Daarom is de poten-
tiële rol van ischemie/reperfusie (I/R) schade in het ontstaan van SIRS na TAVI onder-
zocht in een verkennende analyse in hoofdstuk 3. De concentratie van ‘intestinal fatty 
acid-binding protein’ (IFABP, een marker voor darmischemie), de ‘mean arterial pressure’ 
(MAP) en de cerebrale oxygenatie tijdens ‘rapid ventriculair pacing’ (RVP) runs en het 
aantal en de totale duur van de RVP runs werden gebruikt als surrogaat markers voor 
weefselhypoperfusie in 39 patiënten die een TAVI procedure ondergingen. Er werd geen 
relatie gezien tussen deze markers en SIRS. In het algemeen was de totale RVP duur kort 
met een mediane duur van 13 seconden (interquartile range (IQR) 0-37) en waarschijnlijk 
onvoldoende lang om relevante weefselhypoperfusie en I/R schade te veroorzaken. Een 
interessante bevinding was dat de waardes van IFABP hoog waren bij aanvang van TAVI, 
na drie uur piekte en twee dagen na TAVI met meer dan 40% daalde. Dit kan betekenen 
dat intestinale I/R schade, onafhankelijk van RVP, een rol speelt in het ontstaan in de 
inflammatoire respons na TAVI.

In hoofdstuk 4 is de relatie tussen systemische inflammatie en complicaties onder-
zocht in 135 patiënten die grote abdominale chirurgie ondergingen. Systemische 
inflammatie werd geëvalueerd door het meten van inflammatoire biomarkers (IL-6 
(IL-6), C-reactive protein (CRP), en tumor necrose factor-α) en het vòòrkomen van SIRS. 
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Negenendertig patiënten (29%) kregen een of meerdere complicaties. Een IL-6 waarde 
van >432 pg/ml was een onafhankelijke voorspeller voor een postoperatieve complica-
tie (AOR 3.3, 95% CI; 1.3 - 8.5). De diagnostische nauwkeurigheid van IL-6 voor het voor-
spellen van complicaties op de eerste postoperatieve dag, gemeten met een ‘receiver 
operating characteristic’ (ROC) curve, was 0.67, vergeleken met 0.73 voor CRP op dag 
drie. De bevindingen van hoofdstuk 4 suggereren dat het bepalen van IL-6 waardes na 
grote abdominale chirurgie kan helpen in het maken van vroege klinische beslissingen 
en de detectie van postoperatieve complicaties kan verbeteren.

Statines kunnen postoperatieve inflammatie beperken door het aantal postoperatieve 
infecties te verlagen. In hoofdstuk 5 is de mogelijke protectieve werking van statines 
op het ontstaan van infectieuze complicaties na cardiale chirurgie bekeken in 520 
patiënten. 71.2% van alle patiënten gebruikte een statine voor de operatie en 15.8% 
ontwikkelde een postoperatieve infectie. Statine gebruik voor chirurgie was geasso-
cieerd met een 67% gereduceerd risico op het ontstaan van een infectieuze complicatie 
(AOR 0.3, 95% CI; 0.2 - 0.6). Deze bevinding komt overeen met de resultaten van verschil-
lende andere observationele studies in patiënten die cardiale chirurgie ondergingen. Of 
het preoperatief starten van een statine infecties voorkomt moet uitgezocht worden in 
toekomstige studies.

InTraoPeraTIeve hyPoTensIe

Afhankelijk van de gebruikte definitie komt ‘intraoperative hypotension’ (IOH) voor in tot 
99% van de patiënten die chirurgie ondergaan. Of IOH invloed heeft op de postopera-
tieve nierfunctie is onderzocht in hoofdstuk 6 en 7.

In hoofdstuk 6 is de relatie tussen IOH en de postoperatieve nierfunctie bestudeerd 
in 202 patiënten die grote abdominale chirurgie ondergingen. Het creatinine werd 
routinematig bepaald op de dag van chirurgie en op de eerste, derde en zevende 
postoperatieve dag. In plaats van een binaire uitkomst variabele te gebruiken (wel of 
geen AKI) was de primaire uitkomstmaat de verandering in de ‘estimated glomerular 
filtration rate’ (eGFR) wat het mogelijk maakt om de sterkte van de relatie tussen IOH 
en postoperatieve nierfunctie te kwantificeren. Gemiddeld daalde de eGFR met 8±20%. 
Geen van de geanalyseerde IOH definities (verschillende absolute en relatieve MAP 
grenzen en de ‘area under the curve’ (AUC) onder verschillende absolute MAP grenzen) 
waren geassocieerd met een verandering van de postoperatieve eGFR. Deze bevinding 
is in tegenstelling tot de resultaten in eerdere studies en kan komen doordat de studie 
onvoldoende statistische power had om een relatie aan te tonen. Niettemin lijkt op basis 
van de resultaten in hoofdstuk 6 de impact van IOH op de verandering van de eGFR in 
patiënten die grote abdominale chirurgie ondergaan gering.
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In hoofdstuk 7 is de associatie tussen IOH tijdens het gebruik van de hart-longma-
chine en AKI na ‘coronary artery bypass grafting’ (CABG) onderzocht. De studie populatie 
bestond uit 1891 patiënten en 20% hiervan ontwikkelde AKI volgens Kidney Disease 
Improving Global Outcomes (KDIGO) Clinical Practice Guideline for Acute Kidney Injury 
criteria. IOH werd gedefinieerd volgens verschillende absolute en relatieve MAP grenzen 
en volgens de AUC onder verschillende absolute MAP grenzen. IOH gedefinieerd als een 
MAP onder de 50 mmHg kwam voor in 98% van de patiënten met een mediane duur 
van 28 minuten (IQR 13-47). In multivariabele analyse was geen van de onderzochte 
IOH definities gerelateerd aan AKI. Deze resultaten wijzen erop dat IOH (overeenkomstig 
met de definities die onderzocht zijn) tijdens het gebruik van de hart-longmachine niet 
schadelijk is met betrekking tot het ontwikkelen van AKI in patiënten die een CABG 
ondergaan. Het gebruik van de hart-longmachine kan ervoor zorgen dat er voldoende 
zuurstofaanbod is aan de nieren door het preserveren van de bloeddoorstroming on-
danks IOH.
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