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A B S T R A C T

Objective: Studies have suggested that inflammation contributes to the pathogenesis of postoperative delirium, but previous results on the proinflammatory cytokine IL-
8 in plasma are contradictory. Additionally, a significant fraction of IL-8 is bound to erythrocytes, but the relevance of whole blood IL-8 in delirium has not been
studied. In this work, we analyzed the association of postoperative delirium with levels of unbound IL-8 in plasma and levels of IL-8 in whole blood in patients from
two studies which were conducted in our department and have not been presented previously. We assessed the prognostic value of whole blood IL-8.
Methods: Plasma/whole blood IL-8 was measured at least once in N ¼ 504 patients preoperatively, on day one (d1) and/or three months after surgery in the BioCog
observational study. Whole blood IL-8 was measured in N ¼ 64 patients from the PHYDELIO trial preoperatively, on d1 and d7 after surgery. For the determination of
whole blood IL-8, EDTA-preserved blood samples underwent lysis by adding Triton-X100 surfactant. Plasma and whole blood IL-8 levels were assessed with two
different immunoassay kits. Delirium was appraised systematically for seven postoperative days according to DSM criteria using two comparable protocols consisting
of validated screening tools.
Results: Delirium occurred in 25% of BioCog and 14% of PHYDELIO patients. In BioCog, IL-8 was elevated on d1 and in delirious patients. A steeper postoperative
increase in delirium was confounded by surgery-related factors. A crescendo-decrescendo pattern of whole blood IL-8 levels was observed in non-delirious patients
with a peak on d1. This pattern was more distinct in delirious BioCog patients, but inverted in delirious PHYDELIO patients. Preoperative whole blood IL-8>318.4 pg/
mL (reference <150 pg/mL) had adequate sensitivity (0.79/0.78) and specificity (0.53/0.67) for delirium in both samples.
Conclusion: Our results contribute to an inflammatory hypothesis of postoperative delirium.
1. Introduction

Delirium is an acute onset fluctuating state of mental confusion
associated with disturbances in attention, awareness and cognition
which may also be accompanied with changes in psychomotor behavior
and the individual's emotional state (American Psychiatric Association,
2013). Postoperative delirium (POD) is a common complication in older
patients, with incidence of up to 21% in patients over 65 years of age, and
even 33% in those older than 85 years (Kotfis et al., 2018).

The pathogenesis of postoperative delirium is of multiple etiologies.
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Along with neuronal mechanisms, inflammation has been discussed
(Androsova et al., 2015). It has been shown peripheral inflammationmay
lead to neuroinflammation and subsequent brain tissue damage (Qin
et al., 2007; Waage et al., 1989). Vice versa, animal studies have shown
that neuroinflammation is capable of triggering delirium, especially
when neuronal damage is preexisting (Field et al., 2012).

Interleukin 8 (IL-8, CXCL8) is an ubiquitously produced cytokine. As a
chemoattractant, one of its main functions is to guide neutrophils to the
site of inflammation (Leonard and Yoshimura, 1990). Subclinical
inflammation, including increased peripheral IL-8 levels, has been
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observed in patients with Alzheimer's disease, schizophrenia and major
depressive disorder (Çakici et al., 2020; Qin et al., 2016). Preoperative
cognitive impairment, depressive and other psychopathological symp-
toms as well as low-grade peripheral inflammation have been found to be
risk factors for postoperative delirium. Beyond neuronal damage, dis-
oriented inflammatory responses couldmediate susceptibility to delirium
in patients with neuropsychiatric diseases. (Dasgupta and Dumbrell,
2006; Knaak et al., 2019). Increased IL-8 has been associated with poorer
cognitive function in healthy elderly (Baune et al., 2008). The research
team hypothesized that peripheral IL-8 passing the blood-brain barrier
might trigger an neuroinflammatory response and interfere with neuro-
transmitters (Baune et al., 2008; Narita et al., 2005).

Previous studies analyzing IL-8 in delirium yielded contradictory re-
sults. De Rooij and colleagues analyzed cytokine pattern in 185 patients
�65 years with all-cause admission to the emergency department (ED)
and found increased IL-8 in delirious patients (de Rooij et al., 2007). The
authors suggested that peripheral cytokines passing the blood-brain
barrier may interact with neuronal signaling, leading to cognitive dete-
rioration. Van Munster and colleagues reproduced the result in 98 pa-
tients admitted for hip fracture from the same study and reported peak
IL-8 values before delirium onset (Munster et al., 2008). McNeil and
colleagues analyzed plasma IL-8 levels in 156 non-demented surgical and
non-surgical patients�65 years at emergency department admission, but
found no association with delirium duration (McNeil et al., 2019). Khan
and colleagues analyzed 321 delirious ICU patients and found IL-8
plasma levels at delirium onset to be associated with duration and
severity, though they did not include patients without delirium (Khan
et al., 2020). The above-mentioned studies investigated ED patients in
whom delirium may have already occurred before surgery or had infec-
tious etiology.

Two studies measured IL-8 in plasma of 101 patients �60 years un-
dergoing elective hip arthroplasty and 71 patients undergoing esoph-
agectomy, but found no association with delirium independent of
diseases severity (Cerejeira et al., 2012; Khan et al., 2021). Another
group of researchers analyzed plasma IL-8 and postoperative delirium in
a sample merged from two cohort studies (Ballweg et al., 2021; Casey
et al., 2020). Both studies reported that no preoperative, but a periop-
erative increase in IL-8, was associated with delirium. Likewise, they
observed an association of IL-8 values and neuronal damage. Plasma IL-8
levels on the first postoperative day held prognostic value for delirium.

IL-8 binds to the Duffy antigen on erythrocytes and only a minor
fraction of the total circulating IL-8 can be measured in the blood plasma
(Darbonne et al., 1991). This mechanism might prevent high levels of
free chemokines in plasma which would result in disorientation of acti-
vated leukocytes (Springer, 1995). On the other hand, erythrocytes might
pose as a vehicle or reservoir for IL-8 through which it may be dissemi-
nated systemically and exert effects on the central nervous system
(Minten et al., 2014; Narita et al., 2005; Pruenster et al., 2009). Free IL-8
can be measured in plasma, however methods to assess whole blood IL-8,
including erythrocyte-bound IL-8 after cell lysis, have been established as
well (Friebe and Volk, 2008). Previous studies have not investigated of
whole blood IL8 association with delirium, even though erythrocyte
binding might impact the systemic effects of IL-8.

Preoperative anemia and intraoperative blood loss are known to in-
crease the risk for POD and IL-8 binding could be one factor by which
anemia facilitates delirium (Joosten et al., 2006; Marcantonio et al.,
1998). One previous study suggested hematocrit to affect plasma IL-8
measurements (Neunhoeffer et al., 2011). Perioperative anemia could
be a relevant confounding factor in studies on IL-8 and delirium.

At this juncture, our study group intended to add to the research field
by investigating the association between perioperative IL-8 and delirium
in two independent cohorts of older surgery patients. These samples have
been recruited in our department and have not been previously pre-
sented. The analysis of two datasets allows for replication of our findings
on the prognostic value of IL-8 in an independent sample. This facilitates
an evaluation on how the study design affects the findings of IL-8 in
2

postoperative delirium.
We hypothesized that IL-8 levels would be increased in patients with

POD during the perioperative course. We further presumed that results
would differ depending on the assessment method and the relevance of
erythrocyte-bound IL-8 in delirium. To assess the independence of this
association from confounding factors, we adjusted the analysis for
several surrogate parameters for the extent of surgical trauma and
assessed the relevance of perioperative hemoglobin levels as a con-
founding factor. In addition, the prognostic values of perioperative IL-8
levels from whole blood in POD risk prediction was appraised.

2. Methods

2.1. Study design and procedures

2.1.1. BioCog
The BioCog project (Biomarker Development for Postoperative

Cognitive Impairment in the Elderly study, www.biocog.eu) is a pro-
spective multicenter cohort study with the aim to develop a biomarker-
based algorithm for risk prediction of post-operative delirium and
cognitive dysfunction. Patients �65 years of European descent present-
ing for elective surgery with an expected duration>60min were included
after giving informed consent. Exclusion criteria were MMSE score �23
points in the screening, neuropsychiatric morbidity and sensory impair-
ment interfering with neurocognitive testing, centrally acting medica-
tion, homelessness or expected unavailability for a follow-up assessment,
participation in another clinical intervention study during hospital stay,
accommodation in an institution due to official or judicial order
(Winterer et al., 2018).

The study was conducted in line with the declaration of Helsinki. All
procedures were approved by the local medical ethics committees of the
study centers in Berlin, Germany (EA2/092/14) and Utrecht,
Netherlands (14–469). The study was registered at clinicaltrials.gov
(NCT02832193). Recruitment took place between November 2014 and
April 2017.

2.1.2. PHYDELIO
PHYDELIO (Perioperative PHYsostigmine prophylaxis for liver

resection patients at risk for DELIrium and postOperative cognitive
dysfunction) is a single center, double blinded, two-armed, randomized
placebo-controlled phase IV trial: Patients were randomized either to
receive physostigmine or placebo starting after induction of anesthesia
for 24 h. Patients 18 years or older scheduled for liver resection were
included after giving informed consent. Exclusion criteria were lactation
or pregnancy, accommodation in an institution due to official or judicial
order, staff member of the Charit�e-Universit€atsmedizin Berlin, lack of
German language proficiency or illiteracy, scheduled non-anatomic liver
or wedge resection, ASA-PS � IV, preoperative delirium, MMSE �23,
relevant visual and hearing impairment, regular intake of psychotropic
drugs (including sleeping medication and benzodiazepines) or estab-
lished psychiatric disease and contraindications to physostigmine appli-
cation (see supplement) (Spies et al., 2021).

After baseline assessment and consent, patients were pseudonymised
and stratified by ASA score </� III and type of liver resection (right/left
hepatectomy and extended hepatectomy/trisegmentectomy). Physostig-
mine (Anticholium®, K€ohler comp, Germany) was administrated in a
dose of 0.02 mg/kg body weight as bolus and 0.01 mg/kg body weight
per hour intravenously or placebo with identical appearance for 24 h
after induction of anesthesia.

The study was conducted in line with the declaration of Helsinki. It
was approved by the “Landesamt für Gesundheit und Soziales Berlin”
(Berlin, Germany) ethics committee on January 15, 2009, and a written
informed consent was obtained from all participants. The study is
registered, number ISRCTN18978802 and EudraCT 2008-007237-47.
Recruitment took place between August 2009 and September 2016 at
the Charit�e- Universit€atsmedizin Berlin in Germany.

http://www.biocog.eu
http://clinicaltrials.gov
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2.1.3. Delirium assessment
Independently from routine hospital procedures, POD assessments

were conducted during the first seven days after surgery. For this pur-
pose, POD was defined according to DSM-IV-TR (PHYDELIO) and DSM-5
(BioCog) criteria (American Psychiatric Association, 2002, 2013).

The screening for delirium was initiated post-surgery and repeated
twice per day at 8:00am and 7:00pm (�1 h) up to seven days after sur-
gery. All study visits were either made by study physicians, or by trained
study nurses and study assistants under supervision of a study physician.

In the BioCog study, patients were considered delirious if they pre-
sented with:

� �2 cumulative points on the Nursing Delirium Screening Scale (Nu-
DESC) (Gaudreau et al., 2005) and/or

� a positive Confusion Assessment Method (CAM) score on a peripheral
ward (Inouye et al., 1990) and/or

� a positive CAM for the Intensive Care Unit (CAM-ICU) score on an
intensive care unit (Ely et al., 2001) and/or

� patient's chart review showing descriptions of delirium (e.g.
confused, agitated, drowsy, disorientated, delirious, received anti-
psychotic therapy) (Saczynski et al., 2014).

In the PHYDELIO study, patients were considered delirious if they
presented with:

� �2 cumulative points on the Nu-DESC in the recovery room and/or
� a positive CAM score on the peripheral ward and/or
� a positive CAM-ICU score on an intensive care unit and/or
� a positive Delirium Detection Score in the ICU (Radtke et al., 2010)
and/or

� a positive Intensive Care and Delirium Screening Checklist in the ICU
(Bergeron et al., 2001) and/or

� Delirium Rating Scale �18, and/or NuDesc on the peripheral ward
(Trzepacz, 1999) and/or

� patient chart review showing signs of delirium.

2.2. IL-8 measurement

Total IL-8 content was determined by lysis of 100 μl EDTA whole
blood with 100 μl 1% Triton-X100 in RPMI medium. IL-8 in the resulting
blood lysate was measured with the IMMULITE® IL-8 immunoassay
(DPC Biermann, Germany). The reference range for IL-8 in whole blood
samples of healthy adults is < 150 pg/mL (Reinsberg et al., 2000).

IL-8 was measured using a commercially available assay (Procarta-
Plex Multiplex Immunoassay kit, Thermo Fisher Scientific Inc, Carlsbad,
CA, USA) in plasma samples from the BioCog study.

For the BioCog study, blood samples were collected immediately
before surgery, on the first postoperative day, as well as three months
after surgery. Blood was collected in supine position by trained clinic
staff according to a standard operating procedure. Plasma samples were
immediately sent to laboratories adjacent to the respective hospital site
for analysis of hemoglobin. Additional plasma samples and whole blood
samples were frozen at �80 �C for later analysis of IL-8. Apart from IL-8,
several other inflammatory parameters were assessed on genome, tran-
scriptome and proteome levels, but research into these subjects will
published elsewhere.

In the PHYDELIO study, blood samples were obtained immediately
before surgery, as well as on the first and seventh days post-surgery.
Apart from IL-8, C-reactive protein and procalcitonin have been
assessed, but preliminary results were negative and these biomarkers
have not been considered for this work (Spies et al., 2021).

2.3. Statistical analysis

As a first step, IL-8 levels from all available sample were analyzed using
simple non-parametric tests. Then, patients with serial IL-8 measurements
3

were included in mixed-effects linear model analysis. Finally, IL-8 levels
were analyzed as predictors of delirium in ROC analyses.

Each analysis was conducted including data from as many blood
samplings as possible, though samplings from the BioCog dataset were
incomplete. The number of included samples will be stated with the
respective result.

Since they give additional information on the certainty of a point
estimate (e.g., regression coefficient), confidence intervals (CI) were re-
ported in addition to p-values. Especially for the small PHYDELIO sam-
ple, significance may result from a large effect size even in the presence of
considerable uncertainty (wide confidence intervals). This may indicate
that results from an identical replication study could yield different point
estimates.

CIs were calculated from 50 000 bootstrapped samples. Statistical
analysis was conducted using the boot, Hmisc, lme4, ROCit and
DescTools packages for R 4.0.

2.3.1. Unadjusted analyses
Correlations of plasma and whole blood IL-8 levels were assessed

using Spearman's ρ. In order to compare IL-8 levels at three different
sampling time points between patients with postoperative delirium and
without delirium, the Wilcoxon rank sum test for independent samples
was applied. These statistical methods were chosen since IL-8 levels were
not normally distributed. The level of significance p < 0.05 was adjusted
for six independent test (two sample types at measured at three time
points: 0.05/6 � 0.008) in the BioCog study and three independent tests
(one sample type measured at three time points: 0.05/3 � 0.016) in the
PHYDELIO study. Wilcoxon's signed rank test was also used to test for
statistically differences in IL-8 levels between patients with different
perioperative medication (Supplementary Tables S6 and S7).

2.3.2. Mixed-effects models of perioperative IL-8 trajectories
To adjust for confounding factors in serial measurements, we applied

linear mixed-effects models with subject as a random effect and IL-8
levels as the dependent variable. Plasma IL-8 data were square-root
transformed and, similarly, whole blood IL-8 data were log-
transformed before analysis to approximate normal distribution based
on histogram inspection. (For illustrative purposes, regression co-
efficients were re-transformed to a natural scale for a female 72-year-old
patient in BioCog and a female 59-year-old patient in PHYDELIO.)

Basic mixed-effects models included delirium incidence, a linear and
quadratic term for time as well as the interaction thereof as the inde-
pendent variables of interest. Age and sex were included as covariates.

The conjunction of perioperative factors with IL-8 levels before and
one day after surgery was analyzed in the BioCog sample. As additional
confounding factors the following were considered: type of surgery (non-
peripheral with opening of body cavities vs. peripheral), duration of
anesthesia (>4 h), preoperative ASA physical status (ASA-PS � III) and
hemoglobin levels. Interactions were dropped from the model when they
were not significant. Explicitly, the following models were analyzed:

Model 1 and 2: Whole blood IL-8 levels from all three assessment
points in the BioCog and PHYDELIO studies, adjusted for sex and age.

Model 3 and 4: Whole blood and plasma IL-8 levels from the first two
assessment points of the BioCog study, adjusted for sex and age.

Model 5 and 6: Whole blood and plasma IL-8 levels from the first two
assessment points of the BioCog study, adjusted for sex and age, surgery
type, ASA-PS, anesthesia duration and hemoglobin levels.

There were not sufficient patients from the BioCog study with com-
plete plasma IL-8 samplings from all three assessment time points (N ¼
29) for modeling trajectories until the third assessment at follow-up after
three months. PHYDELIO data have not been adjusted for treatment
group (physostigmine or placebo), since neither did treatment influence
delirium incidence, nor did IL-8 levels differ significantly between
treatment groups (Spies et al., 2021).

For mixed-effects regression models, the regression coefficients (β)
have been reported with 95% CI. In order to adjust for measurement of



Table 1
BioCog sample characteristics in N ¼ 504 patients with at least one IL-8 mea-
surement. See also Supplementary Table S5.

Median Interquartile
range

Minimum-
maximum range

Age (y) 72 69–73 65–91
ASA-PS score II II-III I-III
Duration of anesthesia (min) 223 147–345 10–1669
Length of ICU stay (d) 0 0–1 0–54
Length of hospital stay (d) 8 5–13 1–131
Preoperative Hb (g/dL) 12.9 11.5–14.0 6.7–17.00
Hb on postoperative day 1 (g/dL) 11.1 9.5–12.4 5.8–15.6
Hb at follow-up (g/dL) 13.5 12.5–14.4 9.4–16.6

N Frequency
Sex (female) 223 44%
Non-peripheral surgery 258 51%
Regional anesthesia only 18 4%
Combined general and regional
anesthesia

132 26%

Preoperative intake of
benzodiazepines

105 21%

Benzodiazepine for
premedication

56 12%

Anticholinergic medication
before surgery

134 27%

Anticholinergic medication on
day of surgery

222 67%

Anticholinergic medication on
the first postoperative day

299 62%

ASA-PS - American Society of Anesthesiologists physical status, d - days, g/dL -
gram per deciliter, Hb - hemoglobin min - minutes, y - years.

Table 3
Whole blood and plasma IL-8 levels from the BioCog and PHYDELIO studies.
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both plasma and whole blood IL-8 in the same sample from the BioCog
study, 95% CIs were adjusted to 97.5% CIs (two measurements, accepted
α-error ¼ 0.05, 1–0.05/2 ¼ 0.975).

2.3.3. Receiver operating curves for whole blood IL-8
To determine potential cut-off values for preoperative IL-8 levels in

whole blood as well as the postoperative increase in the BioCog study,
empirical receiver operating curves (ROC) were employed. Postoperative
IL-8 increase was defined as the difference in IL-8 concentrations (Δc)
between the first postoperative day (cd1) and the baseline measurement
(cd0): Δc(IL-8) ¼ cd1(IL-8)-cd0(IL-8). Since two prognostic markers were
assessed, 95% CIs were adjusted to 97.5% CIs. Cut-off values were chosen
according to Youden's index. Test performance metrics (sensitivity,
specificity, accuracy, negative and positive predictive value) were
calculated for the proposed cut-off values in the BioCog study. In an
Table 2
PHYDELIO sample characteristics in all N ¼ 64 patients.

Median Interquartile
range

Minimum-
maximum range

Age (y) 59 52–66 27–80
ASA-PS score II II-II I-III
Duration of surgery (min) 281 219–358 60–559
Length of ICU stay (d) 1 1–3 1–42
Length of hospital stay (d) 14 9–24 6–98
Preoperative Hb (g/dL) 12.1 11.2–13.0 7.7–16.0
Hb at the end of surgery (g/
dL)

10.5 9.3–11.9 5.8–14.2

N Frequency
Sex (female) 25 39%
Intraoperative Pringle
maneuver

25 40%

Intraoperative
methylprednisolone

51 80%

Received packed blood cells 15 23%
Received fresh frozen plasma 39 61%
Received packed
thrombocytes

1 2%

Abbreviations: ASA-PS - American Society of Anesthesiologists physical status, d -
days, g/dL - gram per deciliter, Hb-hemoglobin min - minutes, y - years.
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independent replication procedure, those same test metrics were deter-
mined for whole blood IL-8 in the PHYDELIO study. Since plasma IL-8
was not measured in PHYDELIO and thus validation was not possible,
the prognostic value for plasma IL-8 has not been analyzed in this
instance.

3. Results

3.1. Description of study samples

In the BioCog study, N ¼ 504 patients were at least once assessed for
IL-8 level, regardless of time point or measurement method. Of those,
25% (n ¼ 125) developed delirium. A full description of the PHYDELIO
sample has been published previously (Spies et al., 2021). Of N ¼ 64
patients included in the PHYDELIO study, N ¼ 32 (50%) participated in
the intervention arm of the trial and N ¼ 9 (14%) developed delirium.
Tables 1 and 2 and Supplementary Table S4 describe the BioCog and
PHYDELIO study samples. Hemoglobin levels were significantly lower in
delirious patients from the BioCog study at any time point (see Supple-
mentary Table S5).

3.2. Unadjusted analyses

Table 3 depicts IL-8 levels for all three sampling time points in both
studies, including data distribution and correlation between plasma and
whole blood IL-8 levels in the BioCog study. Plasma and whole blood IL-8
levels showed moderate to high correlations before surgery and on
postoperative day 1. No statistically significant differences in IL-8 levels
could be detected between PHYDELIO treatment arms (Supplementary
Table S7).

Wilcoxon's signed-rank test indicated significant higher IL-8 levels at
baseline in whole blood samples from delirious patients in the BioCog (W
¼ 2219, p< 0.001) and PHYDELIO (W¼ 121, p¼ 0.015) studies. On the
first postoperative day, IL-8 was significantly higher in both plasma (W¼
9911, p ¼ 0.008) and whole blood (W ¼ 1867, p < 0.001) samples from
delirious patients in the BioCog study. Beyond this day, no significant
differences between patients with and without delirium could be iden-
tified (see Supplementary Figs. S1–S3).
Preoperative Postoperative
day 1

Follow-up

BioCog
Whole
blood
(pg/mL)

Median
(IQR)

346
(227–567)

748
(410–1806)

295 (184–418)

Min.-Max.
(N)

65-4368 (N ¼
178)

125-17524 (N
¼ 159)

92-736 (N ¼
54)

Plasma
(pg/mL)

Median
(IQR)

376
(267–606)

652
(334–1253)

305 (247–678)

Min.-Max.
(N)

3-3939 (N ¼
178)

4-18049 (N ¼
367)

3-2654 (N ¼
72)

Spearman's
ρ

0.47 0.56 <0.01

p-value (N) 0.0002* (N ¼
59)

<0.0001* (N ¼
90)

>0.99 (N ¼ 9)

PHYDELIO
Preoperative Postoperative

day 1
Postoperative
day 7

Whole
blood
(pg/mL)

Median
(IQR)

221
(122–472)

763
(411–1095)

363 (198–811)

Min.-Max.
(N)

33-12640 (N
¼ 64)

140.4–6320 (N
¼ 64)

33-12640 (N ¼
64)

Abbreviations: IQR - interquartile range, pg/mL – picogram per milliliter.
* p-values are significant after adjusting for three independent tests
(pad.<0.017).



Fig. 1. Whole blood IL8 in 45 patients with
complete sampling at three assessment time
points in the BioCog study and all 64 patients
from the PHYDELIO study. Individual IL-8
trajectories in the perioperative course are
shown on an log-transformed scale. Both
studies show a temporary postoperative IL-8
increase in patients without delirium, with
visible regredience at the seventh post-
operative day. Patients with delirium have
more individual pattern in the short term
postoperative period (PHYDELIO) and a
delayed decline of IL-8 (BioCog).
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3.3. Mixed-effects models of whole blood IL-8 trajectories until follow-up

Using mixed effects models including a quadratic term for time
(model 1 and 2), we analyzed the perioperative course of IL-8 at all three
Fig. 2. IL-8 trajectories in serial whole blood measurements of N ¼ 157 patients an
dividual perioperative IL-8 trajectories are shown on a log-transformed scale for wh

5

time points in N ¼ 45 patients (n ¼ 12 with delirium) with whole blood
IL-8 samples at each assessment time point from the BioCog study and the
complete sample from the PHYDELIO study. There was a significant
negative quadratic effect of time in both BioCog (β ¼ �0.96 [�1.10;
d serial plasma measurements in N ¼ 127 patients from the BioCog study. In-
ole blood measurements and a square root-transformed scale for plasma values.
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�0.82], p < 0.001) and PHYDELIO (β ¼ �0.55 [�0.87; �0.24], p ¼
0.001) data, implying a crescendo-decrescendo development of IL-8 in
the perioperative period. Additionally, a significant time-dependent
linear decrease of IL-8 (β ¼ �0.11 [�0.21; �0.003], p ¼ 0.044) was
found in the BioCog dataset. The expected IL-8 trajectory for a non-
delirious patient in the BioCog study was 414 pg/mL at baseline, 854
pg/mL on the first postoperative day and 406 pg/mL at follow up after
three months. In PHYDELIO, the expected trajectory was 205 pg/mL at
baseline, 784 pg/mL on the first, and 346 pg/mL on the seventh post-
operative day. We found a significant main effect of delirium (β ¼ 0.62
[0.37; 0.87], p < 0.001) on IL-8 concentrations and a steeper crescendo-
decrescendo pattern in delirious patients in the BioCog study
(βtime

2
⋅delirium¼�0.45 [�0.72;�0.17], p¼ 0.002). Expected IL-8 levels of

a delirious patient were higher by þ307 pg/mL and þ1311 pg/mL at
baseline and on the first postoperative day compared to non-delirious
patients, but slightly lower (�18 pg/mL) at follow-up. There was a sig-
nificant interaction of time and delirium in PHYDELIO, which resulted a
complete inversion of the crescendo-decrescendo pattern observed in
non-delirious patients (βtime

2
⋅delirium ¼ 1.06 [0.44; 1.69], p ¼ 0.001). Ex-

pected IL-8 concentrations in a delirious patient from the PHYDELIO
study were 1755 pg/mL at baseline, 1212 pg/mL on the first and 2321
pg/mL on the seventh postoperative day. Fig. 1 presents the trajectories
of IL-8 in delirious and non-delirious patients from both studies. A
description of the full models is given in Supplementary Table S1.

3.4. Mixed-effects models of whole blood and plasma IL-8 trajectories until
the first postoperative day

Since the majority of IL-8 values was lacking for the follow-up
assessment after three months in the BioCog study, the IL-8 increase
from baseline to the first postoperative day was analyzed separately.
Whole blood IL-8 increase was analyzed in N¼ 157 patients (n¼ 57 with
delirium, model 3) and perioperative plasma IL-8 increase in N ¼ 127
patients (n ¼ 35 with delirium, model 4). IL-8 was significantly higher in
delirious patients (whole blood: β ¼ 0.48 [0.23; 0.74], p < 0.001, þ363
pg/mL, plasma: β ¼ 5.11 [1.33; 8.88], p ¼ 0.002, þ289 pg/mL) and
increased from baseline to the first postoperative day (whole blood: β ¼
0.85 [0.70; 1.00], p < 0.001 þ 657 pg/mL, plasma: β ¼ 9.86 [6.64;
13.18], p < 0.001, þ553 pg/mL). A statistically significant difference in
postoperative IL-8 increase between delirious and non-delirious patients
was only found for plasma samples (β ¼ 8.59 [1.96; 15.25], p ¼ 0.004).
IL-8 concentration were expected to increase by 284 pg/mL in a non-
delirious patient between baseline and the first postoperative day, and
by 865 pg/mL in a delirious patient. Fig. 2 shows the postoperative IL-8
surge for both plasma and whole blood values. Full models descriptions
can be found in Supplementary Table S2. Please note that whole blood
and plasma concentrations underwent different transformations before
analysis, thus limiting the direct comparability of point estimates.

3.5. Mixed-effects models of whole blood and plasma IL-8 trajectories
adjusted for perioperative parameters

We analyzed IL-8 levels with adjustment for perioperative factors
(type of surgery, duration of anesthesia, ASA-PS score and hemoglobin
level) in whole blood samples of N¼ 146 patients (n¼ 56 with delirium,
model 5) and plasma samples of N ¼ 103 patients (n ¼ 32 with delirium,
model 6) from the BioCog study. IL-8 levels in both whole blood (β¼ 0.67
[0.51; 0.84], p < 0.001, þ464 pg/mL) and plasma (β ¼ 7.48 [3.67;
11.36], p < 0.001, þ387 pg/mL) were significantly increased after sur-
gery. Patients with delirium presented significantly higher levels of IL-8
in whole blood (β ¼ 0.30 [0.04; 0.54], þ204 pg/mL), but not in plasma
levels. The interaction between delirium and sampling time point did not
reach statistical significance.

At any measurement time, IL-8 concentrations in whole blood were
found to be higher in patients with non-peripheral surgery (β ¼ 0.34
[0.11; 0.56], p¼ 0.004,þ232 pg/mL) and anesthesia duration>4 h (β¼
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0.32 [0.10; 0.54], p¼ 0.006þ 218 pg/mL). The postoperative increase in
IL-8 concentration was steeper in patients with non-peripheral surgery (β
¼ 0.38 [0.12; 0.64], p ¼ 0.005, postoperative increase þ278 pg/mL in
peripheral and þ713 pg/mL in non-peripheral surgery) and anesthesia
duration >4 h (β ¼ 0.53 [0.27; 0.79], p < 0.001, postoperative increase
þ236 pg/mL after �4 h and þ772 pg/mL after >4 h anesthesia).

IL-8 levels in plasma samples were higher in patients with non-
peripheral surgery at any time (β ¼ 4.54 [1.29; 7.81], p ¼ 0.007,
þ235 pg/mL). Higher hemoglobin levels were associated with lower
plasma IL-8 levels (β¼�1.02 [�1.86;�0.22], p¼ 0.014,�51 pg/mL per
1 g/dL hemoglobin), and this association was found to be stronger on the
first postoperative day (β¼�2.39 [�3.83;�0.97], p¼ 0.001, change per
1 g/dL hemoglobin þ7 pg/mL at baseline and �126 pg/mL on the first
postoperative day). See Supplementary Table S3 for details.

In an exploratory analysis, spurious associations of IL8 levels with
perioperative intake of anticholinergic medication were detected (Sup-
plementary Tables S6 and S7). Adding anticholinergic medication to the
model did not yield any significant main effects or interactions with time.
The relation of delirium and whole blood IL-8 was only slightly dimin-
ished after adding anticholinergic medication to the model (β ¼ 0.22, p
¼ 0.052).

3.6. ROC analysis and prognostic performance

Preoperative IL-8 levels and the IL-8 increase from baseline to the first
postoperative day in whole blood samples predicted postoperative
delirium significantly better than chance. The AUCs of the empirical ROC
were 0.69 (0.59; 0.79) and 0.66 (0.56; 0.77), respectively (Fig. 3).
Youden's index suggested a cut-off value of>318.4 pg/mL (IY ¼ 0.32) for
baseline IL-8 and >600 pg/mL (IY ¼ 0.38) for the perioperative IL-8 rise.

Tables 4 and 5 provide sensitivity, specificity, positive and negative
predictive values as well as accuracy for preoperative IL-8 levels and for
the postoperative increase of IL-8 concentration in whole blood which
were derived from the ROC analysis of the BioCog data. Preoperative IL-8
showed similar predictive performance in both samples. Only the spec-
ificity (0.67 vs. 0.53) tended to be slightly higher in the PHYDELIO data
compared to the test metrics estimated in the BioCog data. Perioperative
IL-8 rise showed considerably lower sensitivity, specificity and accuracy
in PHYDELIO compared to BioCog.

4. Discussion

4.1. IL-8 in postoperative delirium

We found that before and immediately after surgery, patients who
developed postoperative delirium had higher IL-8 concentrations in
plasma samples and whole blood samples. Our results suggest that
particularly IL-8 is involved in the peripheral immune reaction to surgical
trauma in patients with postoperative delirium.

Whole blood IL-8 measurements from two different studies were
included in our analysis. In both samples, IL-8 showed an increase from
baseline to the first postoperative days with a subsequent decline in the
immediate (PHYDELIO) and intermediate (BioCog) postoperative period.
The crescendo-decrescendo pattern was significantly different between
patients with and without delirium. In the BioCog sample, this pattern
was found to be more pronounced in patients with delirium, suggesting a
more severe inflammatory reaction. On the contrary, individual IL-8 level
trajectories in delirious patients from the PHYDELIO study showed more
heterogeneity, which appeared as an IL-8 “dip” on the first postoperative
day in the statistical models. In part, the observed differences in results
from both studies may be accounted for differing follow-up periods in
BioCog (three months) and PHYDELIO (seven days). Consequently, we
conclude that the IL-8 reaction in patients with delirium likely lasts for
several days to weeks and that IL-8 levels normalize in the course of
weeks to months. Furthermore, differences in sample characteristics may
have played are role, since only patients with hepatectomy were included



Fig. 3. Empirical receiver operating curves for predictive performance of pre-
operative IL-8 levels (top, N ¼ 178) and postoperative IL-8 increase (bottom, N
¼ 157 for plasma) with 98.75% CIs. Postoperative increase was defined as the
difference between IL-8 concentrations (Δc) between the first postoperative day
(cd1) and the baseline measurement (cd0): Δc(IL-8) ¼ cd1(IL-8)-cd0(IL-8).

Table 4
Test performance metrics for preoperative whole blood IL-8 concentration
>318.4 pg/mL with 95% confidence intervals.

BioCog (N ¼ 178) Phydelio (N ¼ 64)

Sensitivity 0.79 (0.69; 0.87) 0.78 (0.45; 0.94)
Specificity 0.53 (0.44; 0.62) 0.67 (0.54; 0.78)
PPV 0.47 (0.37; 0.56) 0.28 (0.14; 0.48)
NPV 0.83 (0.73; 0.90) 0.95 (0.83; 0.99)
Accuracy 0.62 (0.54; 0.69) 0.68 (0.57; 0.79)

Abbreviations: PPV - positive predictive value, NPV - negative predictive value.

Table 5
Test performance metrics for perioperative whole blood IL-8 increase >600 pg/
mL with 95% confidence intervals.

BioCog (N ¼ 157) Phydelio (N ¼ 64)

Sensitivity 0.65 (0.52; 0.76) 0.11 (0.02; 0.43)
Specificity 0.73 (0.64; 0.81) 0.60 (0.47; 0.72)
PPV 0.57 (0.46; 0.69) 0.04 (0.01; 0.21)
NPV 0.78 (0.69; 0.86) 0.80 (0.66; 0.90)
Accuracy 0.70 (0.62; 0.77) 0.53 (0.41; 0.65)

Abbreviations: PPV - positive predictive value, NPV - negative predictive value.
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in PHYDELIO. Elevated IL-8 levels have been reported in patients with
hepatocellular carcinoma and chronic liver disease (Pan et al., 2020;
Zimmermann et al., 2011). In these patients, intrahepatic IL-8 synthesis
has been reported and postoperative decrease of IL-8 levels in delirious
patients may reflect the extent of resection rather than an inflammatory
reaction to surgical trauma. Thus, delirium in patients with postoperative
IL-8 dipping in PHYDELIO may be related to postoperative liver
insufficiency.

After adjustment for surgery-related variables and perioperative
changes in hemoglobin levels, the interaction between delirium and
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sampling time was no longer significant in the BioCog data. Hence, the
steeper IL-8 increase in delirious patients after surgery is mainly related
to the extent of the operative intervention rather than individual patient
characteristics. Both plasma and whole blood IL-8 levels were generally
higher in patients with postoperative delirium from the BioCog study, but
the relation was no longer observed in plasma samples after adjustment
for perioperative factors. This may be due to a higher pathophysiological
relevance of whole blood IL-8 including its erythrocyte bound fraction
compared to free IL-8 in plasma, although our observational data do not
proof causality. Notably, different immunoassays have been used for
plasma samples and whole blood samples, introducing considerable bias
into the analyses. We observed lower hemoglobin levels to be associated
with higher IL-8 levels in plasma samples, especially after surgery. Pre-
vious studies suggested that measurements of plasma IL-8 could be
affected by hematocrit (Neunhoeffer et al., 2011). The stronger relation
observed on the postoperative day may be a statistical phenomenon,
explained by the higher variability of IL-8 and hemoglobin levels after
surgery. Higher values of unbound IL-8 might be measured in patients
with low erythrocyte counts, especially after surgery.

Previously, the literature has reported conflicting results with regard
to IL-8 involvement in delirium. Results from the BioCog study agree
with reports of two large observational studies which reported higher
perioperative IL-8 increase in delirious patients, although our results
suggest that the perioperative IL-8 increase is confounded by surgery
characteristics (Ballweg et al., 2021; Casey et al., 2020). Additionally, our
results suggest that delirious patients have increased whole blood IL8
levels throughout the perioperative period.

Some of the previous studies reporting the absence of an independent
association of IL-8 and delirium had significantly shorter follow-up pe-
riods after surgery (Cerejeira et al., 2012; Khan et al., 2021). The half-life
of IL-8 has been reported to be considerably longer compared to other
cytokines (Colditz et al., 1990; DeForge et al., 1992). Thus, associations
of IL-8 levels and delirium may become apparent only after a sufficiently
long follow-up period.

Van Munster already reported increased IL-8 levels in delirious ED
patients with hip fracture, but did not differentiate between delirium at
admission and postoperative delirium, which limits the comparability to
our study. (Munster et al., 2008). Various diseases and disorders may
account for delirium in ED patients, e.g. infection and intoxication, and
hip fracture may likely rather be a consequence of delirium than its
trigger.

Finally, previous studies did not investigate whole blood IL-8 levels
which may have a particular pathophysiological relevance for delirium.
4.2. Prognostic value of IL-8

Our study evidently favors the use of preoperative whole blood IL-8
concentration over the perioperative IL-8 increase to estimate delirium
risk in patients. Generally, we do not recommend using IL-8 as a single
biomarker for delirium performance, due to its moderate efficacy. Never-
theless, we were able to reproduce sensitivity and specificity of baseline
levels in two independent samples. Our results suggest that in patients with
baseline IL-8 >320 ng/mL, which has approximately 80% sensitivity for
delirium, further evaluation of delirium risk factors and preventive
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measures should be considered. Contrasting, we were not able to repro-
duce a high sensitivity for a postoperative IL-8 increase by > 600 ng/mL,
which is in accordance with the heterogeneous IL-8 trajectories observed
in delirious patients from PHYDELIO. The negative predictive value (NPV)
of a postoperative IL-8 increase was acceptable (80%) and may provide a
benefit for a limited group of well-defined patients with an a-priori low risk
for delirium and without significant liver disease. Previous studies sug-
gested IL-8 on the first postoperative day to be relevant for prognosis, but
our findings from the PHDYDELIO study suggest that perioperative IL-8
trajectories depend on the investigated population and may not be use-
ful in some highly selected patient groups (Ballweg et al., 2021).
4.3. Limitations

In our study, IL-8 concentrations have been quantified with two
different methods and we have discussed how the measurement method
may affect the interpretation of results, assuming that whole blood IL-8
includes erythrocyte-bound IL-8, whereas plasma IL-8 does not. Never-
theless, several other parameters could influence the difference between
plasma and whole blood IL-8 values. For instance, different test kits have
been used for plasma and whole blood IL-8 measurements, which con-
founds our results significantly.

It is prudent to acknowledge the differences between the two studies
we analyzed here. In contrast to BioCog, PHYDELIO was not purely
observational, but a randomized controlled trial in a highly selected
population, which limits the generalizability of our results. The BioCog
samples suffers from a large number of missing values, which likely in-
troduces bias. Follow-up times differed significantly between both sam-
ples and limit the comparability of data collected at the third assessment.

The PHYDELIO sample is small and the delirium incidence was low.
Thus, evidence from this study is limited. To reflect uncertainty of results
from this sample, we reported CIs. It is important to note that after log- or
square root-transformation of IL-8 values for regression analyses, the CIs
were distorted and may appear narrower than for data on a natural scale.

Moreover, IL-8 levels reflect only one aspect of a complex inflam-
matory reaction to surgical trauma in delirious patients. Apart from IL-8,
several other inflammatory biomarkers have been assessed in PHYDELIO
and BioCog, but were not analyzed in this study. We considered IL-8 of
particular interest due to preliminary findings from the PHYDELIO study
(Spies et al., 2021). Nevertheless, results of the comprehensive inflam-
matory -omics panel collected in BioCog are pending, but may have
considerable impact on the interpretation of the findings presented here.

5. Conclusions

The current study suggests a significant role for IL-8 in postoperative
delirium. Whole blood IL-8 seems to be more relevant than plasma IL-8,
suggesting that the erythrocyte-bound fraction of IL-8 might have a
pathophysiological role in delirium. IL-8 could be considered as an
additional biomarker in delirium risk evaluation and management
programs.
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