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Abstract

Background: Surgery and anesthesia have been linked to postoperative cognitive disturbance and increased risk
of Alzheimer’s disease. It is not clear by which mechanisms this increased risk for cognitive disease is mediated.
Further, amyloid β production has been suggested to depend on the sleep-wake cycle and neuronal activity. The
aim of the present study was to examine if cerebrospinal fluid (CSF) concentrations of a number of biomarkers for
Alzheimer’s disease-related processes, including amyloid β, neuronal injury, and inflammation, changed over time
during intravenous anesthesia in surgical patients.

Methods: We included patients scheduled for hysterectomy via laparotomy during general anesthesia with
intravenous propofol and remifentanil. CSF samples were obtained before, during, and after surgery (5 h after
induction) and tested for 27 biomarkers. Changes over time were tested with linear mixed effects models.

Results: A total of 22 patients, all females, were included. The mean age was 50 years (± 9 SD). The mean
duration of the anesthesia was 145 min (± 40 SD).
Interleukin (IL)-6, IL-8, monocyte chemoattractant protein 1, and vascular endothelial growth factor A increased
over time. IL-15 and IL-7 decreased slightly over time. Macrophage inflammatory protein 1β and placental growth
factor also changed significantly. There were no significant effects on amyloid β (Aβ) or tau biomarkers.

Conclusions: Surgery and general anesthesia with intravenous propofol and remifentanil induce, during and
in the short term after the procedure, a neuroinflammatory response which is dominated by monocyte attractants,
without biomarker signs of the effects on Alzheimer’s disease pathology or neuronal injury.
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Background
Surgery and anesthesia have been linked to postoperative
cognitive disturbance and to increased risk of future in-
cidence of Alzheimer’s disease (AD) [1]. It is not clear by
which mechanism this possible increased risk for AD is
mediated. AD is believed to be caused by the accumula-
tion of aggregated amyloid β (Aβ) peptides and

phosphorylated tau (P-tau) proteins in the brain, which
is reflected by low cerebrospinal fluid (CSF) levels of
Aβ42 and high levels of total tau (T-tau) and P-tau, re-
spectively [2, 3]. AD is also characterized by other brain
changes, including microglial activation, which is
reflected by altered levels of inflammatory CSF bio-
markers [4].
Both in vitro and animal studies indicate that anes-

thetics might affect the neurochemical pathways of AD
[5], but few studies have tested this in humans, espe-
cially when using intravenous anesthetics. Volatile
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anesthetics increase Aβ levels and P-tau levels in vitro
(cell models) [6], in vivo (animal models) [7, 8], and in
human CSF [5, 9]. Further, Aβ production has been sug-
gested to depend on the sleep-wake cycle [10] and to be
regulated by neuronal activity [11]. Intravenous anes-
thetics have been linked to increased tau phosphoryl-
ation in vitro [12]. One recent small study found an
increase in several biomarkers for inflammation (such as
Interleukin (IL)-6 and IL-8) associated with intravenous
anesthesia and surgery in humans [13].
The studies described above suggest that anesthetics

and surgery may influence neurochemical pathways rele-
vant for AD. However, it is not clear if the neuroinflam-
matory response after anesthesia and surgery is coupled
with effects on neuronal injury, Aβ and tau pathology,
or if these different pathways may be triggered inde-
pendently. We therefore tested a large number of CSF
biomarkers related to neuroinflammation, Aβ, tau, and
neuronal injury in parallel in a longitudinal study of
patients undergoing surgery and anesthesia.

Methods
The aim of the present study was to analyze CSF ana-
lytes related to Aβ and tau metabolism, neuronal injury,
and inflammation before, during, and after intravenous
anesthesia in a patient clientele without known neuro-
logical disease or impairment, to determine which
neurochemical pathways that are preferentially affected
by surgery and intravenous anesthesia.

Study population
We included 22 patients scheduled for hysterectomy via
laparotomy. Exclusion criteria were pre-existing neuro-
logic or psychiatric disease and any contraindications for
spinal anesthesia (including aortic stenosis, coagulopa-
thy, hypovolemia, elevated intracranial pressure, and
local infection).

Study protocol
All patients received routine premedication including
50 mg Diclofenac and 4 mg Betamethasone. Prior to
anesthesia, a spinal catheter was placed and baseline
samples of 5 ml CSF were obtained. The Intralong spinal
catheter system (Pajunk, Geisingen, Germany) with 21 G
Sprotte needle and 25 G spinal catheter was used. No
bacterial filter was used when the samples were collected
since tests prior to the study showed that such filters ad-
sorb Aβ42 (mean concentration of Aβ42 before filtration
was 411 pg/ml and after filtration 226 pg/ml, n = 2).
All patients were given general anesthesia with intraven-

ous propofol and remifentanil infusion using Marsh target
control infusion (TCI) algorithm. Target cerebral concen-
trations were 4 μg/ml for propofol and 8 ng/ml for remi-
fentanil. Patients were monitored with continuous pulse

oximetry, continuous electrocardiography, and non-
invasive blood pressure every 5 min. The nurse anesthetist
documented the saturation, pulse, and blood pressure
every 5 min. Pulse surgical bleeding was estimated from
the amount of blood in the surgical suction device and
blood absorbed in the surgical compresses.
Subsequent sampling of 5 ml of CSF was performed

during general anesthesia (about 2 h after induction) and
when the patients were fully awake (about 5 h after induc-
tion). The catheter was removed after the third sampling.

Biochemical analysis
CSF was sampled in polypropylene tubes, centrifuged
and frozen at −70 °C until analyses. CSF neurofilament
light chain (NFL) was measured using the NF-light®
ELISA kit (UmanDiagnostics AB, Umeå, Sweden). CSF
T-tau and P-tau181 were analyzed using the INNOTEST
hTAU Ag and PHOSPHO-TAU (181p) ELISA methods
(Fujirebio Europe, Ghent, Belgium). CSF neurogranin
was measured using an in-house electrochemilumines-
cence immunoassay on the MSD (Meso Scale Discovery
system; Rockville, MD, USA) platform, as described pre-
viously [14]. CSF YKL-40 was determined by the Human
chitinase-3 quantikine ELISA kit (R&D systems, Inc.,
Minneapolis, MN, USA). CSF Aβ38, Aβ40, and Aβ42
were measured using V-plex Peptide Panel 1 Kits Aβ38,
Aβ40, and Aβ42 (MSD) according to the manufacturer’s
protocol. CSF soluble amyloid precursor protein
(sAPP)α and APPβ were measured using the multiplex
soluble APP assay (MSD).
CSF fibroblast growth factor (FGF), placental growth

factor (PlGF), Fms-related tyrosine kinase (Flt)1, and
vascular endothelial growth factor (VEGF) D were mea-
sured using the Angiogenesis Panel 1 kit. CSF IP-10,
monocyte chemoattractant protein 1 (MCP-1), and
macrophage inflammatory protein (MIP-1β) were mea-
sured using the Chemokine Panel 1 kit. CSF IL-12/
23p40, IL-15, IL-16, IL-7, and VEGF-A were measured
using the Cytokine Panel 1 kit. CSF interferon gamma
(IFN-γ), IL-6, and IL-8 were measured using the Proin-
flammatory Panel 1 kit. CSF C-reactive protein (CRP),
serum amyloid A (SAA), soluble intercellular adhesion
molecule-1 (sICAM-1), and soluble vascular cell adhe-
sion molecule-1 (sVCAM-1) were measured using the
Vascular Panel 2 kit. All these panels were from MSD.
We excluded FGF and IFN-γ from the statistical ana-
lysis since the levels in most samples were below the
detection limit.
All analyses were performed by board-certified labora-

tory technicians who were blinded to clinical informa-
tion. All samples were analyzed according to protocols
approved by the Swedish Board of Accreditation and
Conformity Assessment, using single batches of
reagents.
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Statistical analysis
Biomarker data and demographic data are presented as
mean (± standard deviation (SD)). Changes over time
were tested with linear mixed effects models with bio-
markers as dependent variables (scaled and standardized
to z-scores) and time (hours) as a predictor. The linear
mixed effects models included random slopes and
intercepts.
For each biomarker, we tested two linear mixed effects

models; with or without restricted cubic splines to
model time. Without splines, time was modeled with
one parameter (β) for a linear relationship between time
and the tested biomarker. With splines, time was mod-
eled with two parameters (β1 and β2). This allowed for a
non-linear relationship between time and the tested bio-
marker. The spline models used three knots, placed (by
standard convention) at the 10th percentile, 50th per-
centile, and 90th percentile of the time scale. Note that
with restricted cubic splines, the function is constrained
to be linear in the tails (before the first and after the last
knot). This is an advantage, since standard cubic splines
may behave poorly beyond the knots.
For each biomarker, we calculated the Akaike informa-

tion criterion (AIC) for the two competing models (with
and without splines) to select between the models. A
lower AIC represents a better fit of a statistical model,
with a difference in AIC (ΔAIC) of > 2 representing
some evidence, and > 10 representing very strong evi-
dence, for differences between models (favoring the
smaller AIC). If the spline model reduced the AIC by >
2 units, we therefore selected the spline model; other-
wise, we selected the basic model [15].
P values were corrected for multiple comparisons with

false discovery rate (FDR). Statistical analysis was done
with R (R foundation for statistical computation, Vienna,
Austria, 2016).

Results
A total of 22 patients, all females, were included. The
mean age was 50 years (± 9 SD). The mean duration
of anesthesia was 145 min (± 40 SD). The three CSF
samples were collected at 0 min, 131 ± 44 min, and
312 ± 51 min. The patients had preoperatively the
mean lowest recorded oxygen saturation of 97 ± 5%,
mean lowest recorded pulse of 55 ± 19 beats per mi-
nute, a mean lowest recorded systolic blood pressure
of 81 ± 27 mmHg, and a mean surgical bleeding of
146 ± 137 ml. There were no neurological complica-
tions to the use of the spinal catheter. Catheter mal-
function resulted in incomplete sampling in three
patients (two patients lacked the second sample and
one patient lacked the second and the third samples).
The levels of P-tau were below the detection limit in

six samples (from three patients). The levels of

neurogranin were below the detection limit in 14 sam-
ples (from six patients). The level of VEGF-D was below
the detection limit in one sample. The biomarker levels
are shown in Additional file 1: Table S1.
Additional file 1: Table S1 summarizes effects for all

27 tested CSF biomarkers (for each biomarker, models
with or without splines for time were compared and
AICs were used for model selection, as explained in the
methods). Eleven biomarkers had significant differences
in trajectories over time (P < 0.05), and eight of these
remained significant after FDR-correction for multiple
comparisons (Table 1 and Fig. 1).
Different trajectories were identified among the bio-

markers. The cytokines IL-6 and IL-8 and the chemo-
kine MCP1 had clear monotone increases over time.
VEGF-A also increased, but after an initial delay. MIP1β
had a unique trajectory with an inverted u-shape with a
return to baseline in the third sample. IL-15 and IL-7
decreased slightly over time. PlGF decreased slightly and
stabilized or increased at the last sample. There were no
significant effects on Aβ, tau, or neuronal injury
biomarkers.
In a post-hoc analysis, we tested if baseline levels of T-

tau, P-tau, or Aβ42 (as potential markers for amyloido-
pathy or tauopathy) were related to change in
biomarkers, but we found no such effects that were
significant after correction for multiple comparisons.

Discussion
In this study on CSF biomarkers representing Aβ metab-
olism, tau metabolism, neuronal injury, and inflamma-
tory pathways, we observed dynamic changes over time
after intravenous anesthesia and surgery in specific in-
flammatory biomarkers. IL-8 had the most pronounced
effect, which resonates well with earlier findings in an
open heart, as well as in orthopedic, surgery [16–18].
Other biomarkers with significant effects over time were
PlGF, MCP1, MIP-1β, IL-15, IL-7, VEGF-A, and IL-6.
There were no effects on Aβ, tau, or neuronal injury bio-
markers. Taken together, our findings show that intra-
venous anesthesia and surgery have effects on CNS
inflammation, but we could not show effects on neur-
onal injury biomarkers or biomarkers reflecting the core
AD pathologies Aβ and tau.
The fact that there were no effects on Aβ or tau bio-

markers indicates that anesthesia and surgery do not
have direct effects on Aβ or tau metabolism in the im-
mediate postoperative period. Further, the lack of change
in CSF Aβ levels during anesthesia and after waking up
does not support that the overall Aβ release is strongly
regulated by neuronal activity. The results are slightly in
contrast with a study of intracortical brain surgery,
which found that the levels of tau in CSF increased in
samples analyzed at 10 and 24 h after induction [19],
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but it is possible that the surgery in that study contrib-
uted to the change in levels of CSF tau.
Several of the identified biomarkers have been de-

scribed as proinflammatory, including IL-6, IL-8, and
MCP-1, which all showed similar monotone increases
over time. IL-6 is a potent proinflammatory cytokine
that activates microglia and astrocytes and that has been
described to be increased in CSF in AD [20, 21]. IL-8
has chemotactic functions for endothelial cells, T cells,
neutrophils, and basophils [22] and monocytes [23]. In-
creased CSF levels of IL-8 have been shown to be associ-
ated with delirium in humans [24], but levels are not
consistently increased in AD [25]. Both CSF IL-6 and
IL-8 concentrations increased during an open cardiac
surgery with 3–12-fold higher concentrations 24 h after
the surgery compared with pre-surgery concentrations
[16, 17], and similar changes were seen following ortho-
pedic surgery [18]. MCP-1 (also called CCL2) is a potent
chemotactic factor for monocytes and is increased in the
neurons in patients with AD, especially in the hippocam-
pal, the temporal, and the frontal areas [26]. Studies on
CSF MCP-1 have shown either increased [27] or tenden-
cies of increased levels in AD [28]. VEGF-A also
increased in our patients but after an initial delay.
VEGF-A is also a proinflammatory cytokine, which pro-
motes cell migration and increased vascular permeabil-
ity. AD patients have been shown to have increased CSF
VEGF-A compared to healthy controls [29, 30]. In a rat
model, increased VEGF was associated with hippocam-
pal neurogenesis and improved cognition [31].
The observed rise in MCP-1, IL-6, and IL-8 associ-

ated with surgery and anesthesia confirms earlier ex-
perimental [32] and clinical findings [5, 13]. However,

previous studies regarding surgery and anesthesia and
neuroinflammation have mainly been conducted with
volatile anesthetics. One recent animal study suggests
that surgery and anesthesia is associated with neuroin-
flammation regardless of the type of anesthetics [33].
Hirsch et al. used unreported (but probably low) dose
propofol infusion in combination with spinal anesthesia
during surgery [13]. Although their study was much
smaller (N = 10) than ours, they found similar results to
that of ours that MCP-1, IL-6, and IL-8 increased dur-
ing and after surgery. This may mean that it is primarily
the surgery that induces the neuroinflammatory reac-
tion, or that even a low-dose general anesthetic induces
neuroinflammation.
Other biomarkers showed different trajectories over

time. Among these, PlGF showed an initial decrease and
a later stabilization. PlGF has a similar structure to
VEGF-A and has also been known to increase vascular
permeability and activate and recruit inflammatory cells
[34]. It has been associated with ischemic brain injury,
but to our knowledge not to AD [35]. Interestingly, in
the abovementioned study on neurogenesis in rats, PlGF
had a negative effect on neurogenesis [31].
MIP-1β (also called CCL4) had a unique trajectory

with an initial increase and a later decrease during the
study. MIP-1β is involved in both acute and chronic in-
flammation. It has mainly chemokinetic activity regard-
ing T cells, monocytes, dendritic cells, and NK cells [36],
which has mainly been studied in HIV [37]. There may
be an association between MIP-1β and AD as MIP-1β
could induce gathering of astrocytes and microglia in se-
nile plaques [38]. Interestingly, in both the present study
and a study of Hirsch et al. [13], the levels of MIP-1β

Table 1 Biomarkers over time

Basic model Spline model ΔAIC
favors
spline

Biomarker β P P (FDR) AICbasic β1 P1 P1 (FDR) β2 P2 P2 (FDR) AICspline

PlGF −0.0488 0.0091 0.0320 112.0 −0.13 0.0002 0.0015 0.149 0.0039 0.0355 109.7 True

Log(MCP1) 0.185 0.0001 0.0009 142.1 0.18 0.0029 0.0125 0.00889 0.9090 0.9270 147.4 False

Log(MIP1) 0.151 0.0095 0.0320 176.2 0.488 < 0.0001 < 0.0001 −0.652 < 0.0001 0.0002 160.1 True

IL15 −0.0534 0.0002 0.0015 95.2 −0.0875 0.0017 0.0092 0.0641 0.1330 0.2565 99.5 False

IL-7 −0.062 0.0007 0.0039 100.8 −0.0899 0.0032 0.0125 0.055 0.2300 0.3653 105.7 False

VEGF-A 0.146 0.0045 0.0203 157.9 −0.0588 0.3110 0.3817 0.415 < 0.0001 < 0.0001 143.2 True

Log(IL-6) 0.285 < 0.0001 0.0005 117.8 0.265 0.0003 0.0022 0.0418 0.4850 0.6236 123.1 False

Log(IL-8) 0.362 < 0.0001 < 0.0001 76.3 0.312 0.0000 0.0000 0.102 0.0254 0.0686 77.9 False

Data is from linear mixed effects models for the eight biomarkers that changed over time, after correction for multiple comparisons (see Additional file 1: Table S1
for data on all biomarkers). Biomarkers were used as dependent variables (scaled and standardized to z-scores) and time (hours) was used as predictor. For each
biomarker, we tested two models, with or without restricted cubic splines (using three knots) to model time. Without splines, time is modeled with one parameter
(β), and with splines, times is modeled with two parameters (β1 and β2). For each biomarker, we calculated the Akaike information criterion (AIC) for the two
models. AIC may be used to compare model fits, where a lower AIC is preferable and penalizes models with additional predictors (and thereby protects against
overfitting). For biomarkers with AICbasic-AICspline < 2, we selected the basic model; otherwise we selected the spline model (selected model indicated with green
shading). Data where p values are significant after correction for multiple comparisons [P (FDR)] are shown in italics. For example, for MIP1, the AIC selected the
spline model, and both β1 (the linear component) and β2 (the cubic component) were significant, suggesting that MIP1 increased significantly during the first part
of the study, and then decreased significantly during the second part of the study. In contrast, for IL-8, the AIC selected the non-spline model, and β was
significant, suggesting that IL-8 increased continuously during the entire study duration. See Fig. 1 for visualizations of the significant effects
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increased rapidly and returned within hours to baseline
levels. One could speculate that this is due to the natural
kinetics of MIP-1β after inflammatory stimuli.
Finally, we observed a significant decrease in CSF

levels of IL-7 and IL-15 over time. Bastian et al. reported
the same pattern in postoperative systemic levels of IL-7
and IL-15 [39], although other studies have found them
to be increased more than 24 h after the induction of

inflammation [40, 41]. Both IL-7 and IL-15 affect the
survival and memory cell formation of CD8+ T cells
[42], and both have been linked to AD, although their
function in AD remains unclear [43, 44].
One limitation of this study is the lack of concurrent

blood samples. Previous studies have shown poor or no
correlations between plasma and CSF concentrations of
most inflammatory biomarkers in the perioperative

Fig. 1 Dynamic changes in significant biomarkers. Biomarkers that had significant dynamic changes over time, when adjusted for multiple
comparisons (see also Table 1 and Additional file 1: Table S1). a–h Each panel shows data for all individual subjects, and the average effect from a
linear mixed effects model. For PIGF, MIP-1, and VEGF-A, a comparison of models favored a spline function to model time. For these biomarkers,
β1 (linear parameter) and β2 (spline parameter) coefficients are presented. For the other biomarkers, time was modeled with a single parameter.
P values are corrected for multiple comparisons (see Table 1 for uncorrected data)
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period [13, 18]. The perioperative period is characterized
by rapid changes in inflammatory activity, both in CNS
and systemically. This might explain the poor correlation
of plasma and CSF concentrations of inflammatory
markers in this very specific situation. However, concur-
rent plasma samples would have facilitated the interpret-
ation of our results.
Another limitation is that we cannot distinguish the

effect of surgery from the effect of anesthesia. This is
difficult to overcome since ethical concerns make it
challenging to design studies that differentiate between
effects of anesthesia and surgery. There is also a possibil-
ity that the indwelling spinal catheter may have inflam-
matory effects. To our knowledge, there is no study that
compares indwelling spinal catheters and repeated lum-
bar punctures in this aspect.
Future studies may test if patients with significant in-

flammatory response are at increased risk for future cog-
nitive decline and AD. Although we found significant
effects on several inflammatory changes, the use of pre-
medication with anti-inflammatory drugs might result in
an underestimation of the proinflammatory changes. We
included a wider array of biomarkers than other similar
studies, but we still acknowledge that there may be other
biomarkers that were not tested here and that may be
important in AD, including for example IL-1 [45]. The
fact that the last CSF sample was obtained only 5 h after
induction opens for the possibility that there was no
enough time for some biomarkers (such as Aβ and tau)
to change significantly. However, effective β-secretase
(BACE1) inhibition results in highly significant changes
in CSP levels of Aβ within 3 h of administration [46].
This suggests that if intravenous anesthesia and surgery
would have a direct effect on Aβ metabolism, we would
have observed Aβ level changes in our CSF samples.
Even so, there is a possibility that some CSF biomarkers
may only change after the studied time period. The
study was restricted to females, which was a conse-
quence of the surgical context of hysterectomy. AD is
more common in women than in men [47, 48], and sex-
dependent changes in the immune system has been
implicated in the pathogenesis of AD [49]. However,
several of our main results were similar to those of the
study of Hirsch et al. [13], which included seven men
and three females. We therefore find it unlikely that our
results were significantly biased by the restriction to
female participants. Finally, it is important to note that
the study population had a low risk of AD pathology
since the patients were relatively young, had no symp-
toms of any neurologic decease, and most of them had
normal baseline levels of Aβ and tau. However, we
believe that this age group is relevant to study, since the
first signs of AD pathology and cognitive decline may
occur from around 50–60 years of age [50, 51].

Conclusions
In summary, despite the premedication with a non-
steroidal anti-inflammatory drug and a corticosteroid, we
observed biomarker signs of acute neuroinflammation in
this population of patients undergoing surgery and general
anesthesia. In general, we were able to reproduce, in youn-
ger patients, the neuroinflammatory pattern seen by
Hirsch et al. in their study with low-dose propofol infusion
in combination with spinal anesthesia during orthopedic
surgery; although, they tested a partly different set of in-
flammatory markers. A main finding is that the neuroin-
flammatory response was dominated by IL-6, IL-8, and
MCIP-1, which are potent attractors of monocytes. The
reduction in IL-7 and IL-15, which are primarily involved
in T cell proliferation and memory, may suggest that the
inflammatory pathway does not involve T cells. Further
studies need to be conducted to assess the specific cellular
response in the neuroinflammation associated with
anesthesia and surgery and to assess if these responses are
associated with delirium, cognitive decline, and develop-
ment of AD. Future studies may also include groups with
and without general anesthesia to clarify the specific effect
of anesthesia versus the effect of surgery on
neuroinflammation.

Additional file

Additional file 1: Table S1. Biomarker levels in all samples. Prior to
anesthesia, a spinal catheter was placed and baseline samples of CSF were
obtained. Subsequent sampling of CSF was performed once during general
anesthesia and finally when the patients were fully awake. (DOCX 22 kb)
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