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Postoperative delirium and the dynamics of blood-brain barrier breakdown, central inflammation and lactate

Abstract

Background

Case-control studies have associated delirium with blood—brain barrier (BBB) permeability.
However, this approach cannot determine whether delirium is attributable to high pre-
existing permeability or to perioperative changes. We tested whether perioperative changes in
cerebrospinal fluid/plasma albumin ratio (CPAR) and plasma S100B were associated with
delirium severity.

Methods

Participants were recruited to two prospective cohort studies of non-intracranial surgery
(NCT01980511, NCT03124303, and NCT02926417). Delirium severity was assessed using
the Delirium Rating Scale-98. Delirium incidence was diagnosed with the 3D-Confusion
Assessment Method (3D-CAM) or CAM-ICU (CAM for the ICU). CSF samples from 25
patients and plasma from 78 patients were analysed for albumin and S100B. We tested
associations between change in CPAR (n=11) and S100B (n=61) and delirium, blood loss,
CSF interleukin-6 (IL-6), and CSF lactate.

Results

The perioperative increase in CPAR and S100B correlated with delirium severity (CPAR
p=0.78, P=0.01; S100B p=0.41, P<0.001), delirium incidence (CPAR P=0.012; S100B
P<0.001) and CSF IL-6 (CPAR p=0.66 P=0.04; S100B p=0.75, P=0.025). Linear mixed-
effect analysis also showed that decreased levels of S100B predicted recovery from delirium
symptoms (P=0.001). Linear regression demonstrated that change in plasma S100B was
independently associated with surgical risk, cardiovascular surgery, blood loss, and
hypotension. Blood loss also correlated with CPAR (p=0.64, P=0.04), S100B (p=0.70,
P<0.001), CSF lactate (R=0.81, P=0.01), and peak delirium severity (p=0.36, P=0.01).

Conclusion

Postoperative delirium is associated with a breakdown in the BBB. This increased
permeability is dynamic and associated with a neuroinflammatory and lactate response.
Strategies to mitigate blood loss may protect the BBB.
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INTRODUCTION

Delirium is a disturbance in attention, cognition, and consciousness, an acute physiological
consequence of medical events, such as hospital admission, surgery, sepsis, and
pharmacological intervention.! It is characterised by a sudden onset and fluctuating course
not otherwise explained by a pre-existing neurological disorder or medical condition.??
Common in older adults, it affects up to 50% of those in hospital aged over 65 years with a
healthcare burden estimated at $152 billion per annum in the USA.* Perioperative delirium
has been associated with increased mortality,> comorbidity,®’ functional and neurocognitive
decline,®® hospital readmission,’® and institutionalisation.!! A recent meta-analysis (k=71)
found older inpatients with delirium experienced a mortality risk three times that of those

without delirium.®

The pathogenesis of postoperative delirium likely involves systemic inflammation 22 and
the breakdown of the blood-brain barrier (BBB).1* Prima facie it would appear that these two
processes should be linked but perioperative steroids reduce systemic inflammation without
preventing damage to the blood brain barrier. Understanding the mechanisms of BBB injury
maybe key to preventing delirium as animal studies suggest that the influx of inflammatory

cells and mediators likely drive the change in cognition.®

The BBB is a series of physical and chemical boundaries, or rather interfaces, between the
central nervous system (CNS) and other body systems.'® The BBB is mostly made up of
vascular endothelial cells, joined by intracellular adhesion molecules known as ‘tight
junctions’, as well as ependymal cells lining the ventricles and spinal cord in direct contact
with cerebrospinal fluid.r” However, the heavy metabolic demands of the CNS require the
BBB to be dynamic and permeable to direct blood flow, influx and store energy, and efflux
waste via neurovascular coupling.*® As demonstrated in animal and human studies, the BBB
is selective and adaptive to specific brain regions, physiological functions such as sleep, age,
genetic and environmental factors, such as stress, illness, and injury, while maintaining the

primary CNS functions of cellular signalling and glucose metabolism."°

Despite its role in ionic homeostasis and healthy ageing'®, BBB deterioration or dysfunction
has been implicated in a number of neurological conditions such as Alzheimer’s disease and

other dementias.?° Case-control studies have demonstrated that delirium is associated with a
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breakdown in the BBB.?*?? To our knowledge, there is only one other study demonstrating an
association between cognitive decline and a temporal change in the BBB and this study did
not report on perioperative delirium.?® While inflammation is known to be associated with
BBB disruption, recent data strongly argue that plasmin activation leads to BBB breakdown
though both directs effects on astrocytes®* and exacerbating inflammation?®. Given that blood
loss is associated with delirium?, we sought to understand if blood loss (with the ensuring

fibrinolytic response) was associated with BBB breakdown.

Cerebrospinal fluid (CSF) plasma albumin ratio (CPAR) is the gold-standard measure of
BBB permeability, directly measuring the physical breakdown in the barrier.?” We conducted
parallel investigations using CPAR and S100-beta (S100p), a well validated surrogate
biomarker for BBB that is a calcium-binding protein in glial cells with a role in astrocytic
cytoskeleton morphology. Elevated S100p in biofluids is a proposed marker of neuronal
injury and BBB disruption. It has been shown in a number of neurological conditions,
including traumatic brain injury?®, dementia,?*, and delirium.?® We investigated two
complementary biomarkers as (1) CPAR is the gold standard but hard to obtain, (2) S1008 is
a surrogate but can be measured in plasma and hence can easily be accessed in the
perioperative period facilitating statistical power for analysis of consecutive patients in our
cohort. A priori we decided that convergent associations on delirium and delirium severity
would be required to be confident in our findings and reduce the chance of a false positive
finding (equivalent to a p=0.052), similar to our prior approach with the
electroencephalogram (EEG).%® We also considered that S100p and CPAR should show
similar direction for effects for results to be biologically interpretable and convergence adds

credibility to our work.

Finally, recent case-control studies have also suggested that CSF lactate is associated with
delirium,®>®2 however it is unknown if there are within-subject changes in CSF lactate
paralleling the onset of delirium. This demonstration is required to identify a mechanistic
association that is worth further interrogation. Increases in lactate are consistent with the
metabolic insufficiency hypothesis, that propose that delirium results from impaired oxygen
and glucose delivery.®® An alternative interpretation is that CSF lactate is a marker of the
central inflammatory inhibition whereby aerobic glycolysis generates lactate to induce

localised immunosuppression via hydroxycarboxylic acid receptor 2.3* As an exploratory
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analysis we embarked upon investigation of a working hypothesis, that infiltrating monocytes
through a permeable BBB, provoke a central inflammatory response, but CSF lactate
biofeedback is induced to contain this inflammation. As a byproduct of this process, the
neuroprotective somnogen, PGD2 is produced.® We have concomitantly implicated PGD2 in
the EEG changes of delirium in our recent mouse study, enhancing plausibility for this

relationship.®

To investigate our hypotheses of increased permeability of the BBB with delirium and
systemic inflammation, we address the following research questions in this paper:
1. Change in CSF to plasma albumin ratio, as a fluid biomarker of BBB
permeability, is associated with delirium incidence and severity.
2. Change in S1008, a plasma biomarker of astrocytic injury/activation, is
associated with delirium incidence and severity.
3. These changes are consistent with the change in CSF interleukin-6, a key
biomarker of delirium.*’

4. Change in CSF lactate is associated with inflammation and delirium severity.

METHODS

Study Design

This is an analysis of two ongoing observational, cohort studies of perioperative delirium at
UW Health, Madison Country, Wisconsin, USA. Recruitment commenced in July 2015.
Ethical approvals were obtained from the University of Wisconsin-Madison (UWM)
Institutional Review Board (2015-0374 and 2015-0960) and the trials were registered on
clinicaltrials.gov (NCT01980511, NCT03124303 and NCT02926417). Data are reported in
accordance with the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines.®

Participants

Participants, recruited from clinical lists or information provided in clinics at UW Health, are
eligible aged 21 years or over, and undergoing elective, non-intracranial surgery with

a minimum anticipated hospital stay of two days. Participants are excluded if they have a
documented history of dementia, reside in a nursing home, or are unable to complete

neurocognitive testing due to language, vision, or hearing impairment. Those with
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contraindication to high-density electroencephalography (HD-EEG) are excluded from those

measurements.

Study procedure

Prospects are screened by telephone and, if eligible, meet in-person with researchers to
ensure written, informed consent prior to hospital admission. At baseline, participants
provide demographic and clinical information, a blood sample, and undertake cognitive
assessments and HD-EEG if appropriate. At surgery, researchers collect updated procedure
details from the medical record, perform delirium assessments, and obtain blood and
cerebrospinal fluid (CSF). CSF is only collected if a spinal drain is placed for clinical reasons
for vascular surgery. During hospitalisation days 1-4, researchers perform further delirium
assessments and HD-EEG, if appropriate.

Measurements

For participants in this analysis, researchers assessed delirium postoperatively on
hospitalisation days 0-4 using the 3-minute Diagnostic interview for Confusion Assessment
Method-defined delirium (3D-CAM)3*4% and the Delirium Rating Scale (DRS-98).*! The
DRS has similarly demonstrated validity and specificity for delirium severity, and maximum
(peak) DRS is the primary outcome used in this analysis.*>*® Researchers also collected the
results of the National Surgical Quality Improvement (NSQIP) surgical risk assessment with

procedure details from the medical record.*+4°

Researchers collected biofluid samples using standard venipuncture or indwelling line,
obtaining a maximum of 80ml (8 x 10ml) of blood and 25ml (5 x 5ml) of CSF during the
study. Samples were de-identified, anonymized, labelled, processed and stored at -80°C in a
laboratory at the Clinical Sciences Center, UWM. Researchers obtained HD-EEG data using

a Philips-EGI 256-channel Geodesic Sensor Net. Readings take approximately 30 minutes.

Analysis processing and analysis

Consecutive patient plasma and all available CSF biofluids were analyzed by techniques such
as enzyme-linked immunosorbent assay (ELISA). Albumin concentrations were measured by
immunoturbidimetry on a Cobas instrument (Roche Diagnostics, Penzberg, Germany). Blood
pressure was calculated using area under the curve (AUC) for intraoperative mean arterial

pressures <10% of preoperative levels.
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Data analysis for this paper was conducted in R: a language and environment for statistical
computing.*® Data was inspected, cleaned and data sources consolidated by patient identifier,
timepoint, and consistent batch where available. Postoperatively, day one samples were used
unless unavailable, then the next available inpatient sample was used. All biomarkers were
normalised by logarithm (base 10). Unless otherwise specified, biomarker units are in

picograms per millilitre (pg/ml)

Analysis included summary statistics, plots, and Shapiro-Wilk’s test for normality*’. A Mann
Whitney/Wilcoxon rank sum test with continuity correction was used to differentiate
delirious and non-delirious groups in univariate analysis.*® Correlations used Pearson’s
method or Spearman’s method where not normally distributed.*® Outliers were validated by
Cook’s distance, using a conservative (4 x mean) threshold .>%°! Continuous data are reported
as mean (m) and standard deviation (SD), or median (M) and median absolute deviation
(mad) where not normally distributed. Biomarker analysis used pre-postoperative change

rather than postoperative values. Categorical data are reported as counts (n) and percentage.

Missing data were not imputed and models are based on complete cases. While CSF is a
convenience sample of vascular surgery patients, we conducted power analysis on plasma
S100p. Consistent with previous studies,> we determined a power threshold of 56
participants (a=0.05), based on a 300400 nanogram (mzSD) difference in S100 between
those with/without delirium. We performed linear regression modelling for delirium severity
with maximum (peak) DRS and a Poisson distribution family as confirmed by histogram,
Shapiro-Wilks test (p<0.001) and skewness (1.32). We also conducted a linear mixed model
for delirium severity (peak DRS), fit with random effects maximum likelihood (REML) for

individual patient and time. P-values were calculated using Satterthwaite degrees of freedom.

RESULTS

From a cohort of 179 patients with biofluids, samples of CSF Plasma Albumin ratio (CPAR)
(n=25) and plasma S100p (n=78) were analysed. Missing data were due to the clinical
restrictions on the collection of CSF. As seen in the STROBE diagram at Figure 1, two (2/25,
8%) patients were excluded at from CPAR baseline and three (3/78, 4%) from plasma S100p3
due to no contemporaneous DRS assessments with biofluid sampling. One further patient was
excluded due to delirium assessment while intubated that prevented DRS data being
collected. This resulted in 22 patients with CPAR at surgery, of which 11 (11/22, 50%) had
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pre- and postoperative samples. Seventy-four patients had plasma S1008 samples at either
baseline or surgery. Of these, 63 (63/74, 85%) patients had pre- and postoperative samples
with a further two excluded following Cook’s distance outlier analysis. Demographic

information for the cohorts are summarised in Error! Reference source not found..
Primary Outcome

There were no between-group differences in preoperative levels of CPAR or plasma S1003
between patients who experienced postoperative delirium versus those that did not (p>0.05).
As seen in Figure 2A and 2B, there were greater increases in CPAR and plasma S1008 in
those with delirium (red) compared to those without (blue) postoperatively over time.
Importantly, in our analysis of postoperative change to baseline, Figure 2C and 2D boxplots
show an association of delirium incidence with changes in both CPAR (Wilcoxon p=0.012)
and plasma S1008 (Wilcoxon p=0.001). Similarly, Error! Reference source not found.E
and 2F show that peak delirium severity is correlated with change in CPAR (p=0.78,
p=0.005), plasma S1008 (p=0.41, p<0.001) and CSF Interleukin 6 (CSF IL-6, p=0.75,
p=0.025).Error! Reference source not found.E and 2F show that an established CSF
biomarker of delirium, IL-6, also correlates with CPAR and plasma S100, linking BBB

permeability to central inflammation.

Having seen that plasma S100p rises proportionately with delirium severity, we tested
whether this effect was robust to confounding. In a Poisson regression model, adjusting for
age, sex and baseline cognition (Trail Making Test B), we identified that plasma S10083
predicted delirium severity (Supplementary Table 1). Using a linear mixed effects model,
with random effects for patient/subject and time, we show that S100p levels predicted
delirium severity changes over time (Supplementary Table 2). In summary, S100p changes
correlated with both increases in postoperative delirium severity from baseline and recovery

of delirium symptoms.
Secondary outcome: associations with blood loss

As blood loss is associated with delirium and we hypothesized that plasmin activation was
associated with exacerbated inflammation and blood-brain barrier breakdown,?* we then
tested whether blood loss was associated with markers of: (1) BBB breakdown; and (2)

systemic inflammation. As seen in Error! Reference source not found., blood loss
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correlated with: change in CPAR (p=0.71, p=0.02); change in plasma S1008 (p=0.43,
p<0.001). Blood loss correlated with both delirium severity in peak DRS (p=0.29, p<0.001),
EEG SWA (0z 0.5 - 0.6 Hz, p=0.35, p=0.001) and change in plasma neurofilament light
(NfL, p=0.64, p<0.001). Blood loss also correlated with two cytokine markers of peripheral
inflammation we have previously associated with delirium®3>*: plasma IL-8 (p=0.34,
p<0.001); and plasma IL-10 (p=0.34, p<0.001).

We also investigated clinical predictors of blood-brain barrier breakdown, using the surrogate
of change in plasma S100p, using a linear regression model with factors: age; female gender;
blood loss; NSQIP-D, stroke/transient ischemic attack (TI1A); and surgery type. As seen in
Supplemental Table , blood loss (p=0.04), low blood pressure (p=0.001), surgical risk
(NSQIP-D, p=0.01), were associated with change in plasma S100B (adjusted R?>=0.41, p <
0.001).

Secondary outcome: Associations with CSF Lactate

Finally, we hypothesized that CSF lactate is a biomarker of a central inflammatory response
and hence would be associated with delirium, inflammation and BBB metrics (and hence also
blood loss). Change in CSF lactate was associated with delirium severity (peak DRS, p=0.66,
p=0.038), blood loss (R=0.81, p=0.005), blood brain barrier permeability CPAR (R=0.78,
p=0.008) and central inflammation, CSF IL-10 (R=0.77, p=0.010). It was also associated
with peripheral inflammation, plasma IL-8 (p=0.87, p=0.003) and plasma IL-10 (p=0.76,
p=0.016). However, CSF Lactate did not correlate with plasma S1008 or CSF NfL in this

small sample.
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DISCUSSION

Herein we demonstrate a dynamic breakdown in the blood brain barrier associated with
delirium and delirium severity using both gold standard (CPAR) and surrogate (S100p3)
measures. This dual approach was undertaken to reduce the possibility of false positive
results from a single biomarker. The fact that delirium severity also resolves in parallel to
reducing levels of S100, further argues that there is biological gradient supporting causal
associations between BBB injury and delirium. Our data are consistent with a model,
whereby trauma induces a peripheral inflammatory response and surgical blood loss
exacerbates that response (
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Figure 5). These data are consistent with multiple univariate and multivariable regression
analyses. They are also convergent with many animal studies suggesting that surgery-induced
cognitive dysfunction is associated with an influx of immune cells through a damaged
BBB®>*® and our data showing that BBB breakdown is associated with increases in CSF IL-6
(an established biomarker of delirium). A recent study demonstrated proof of principle for
this in humans? and we extend this concept directly to delirium. Our mechanistic link to
blood loss, as a critical clinical mediator, highlights a potential therapeutic opportunity for
preventing fibrinolysis-plasmin activation in reducing postoperative delirium. For example,
tranexamic acid is reported to be anti-inflammatory and reduce BBB breakdown in animal
models and hence may reduce postoperative delirium. This concept should be tested in
clinical trials and could provide the necessary causal link between delirium and BBB

breakdown.

We extended these findings based on exploratory analyses of CSF lactate. Firstly, we
demonstrated that CSF lactate changes with delirium, this is critical as prior data were based
on case-control studies and could not exclude pre-delirium differences in lactate. Secondly,
we propose an alternative explanation for the rise in CSF lactate, that as an immune
moderating effector. This idea is consistent with both inflammatory models of delirium, and
specifically prostaglandin models, that have gained substantial weight recently¢:57-%,
Increases in prostaglandins have been linked to both cognitive impairment®® and EEG
slowing® in animal models of inflammation. PGD2, a powerful somnogen, is the likely
prostaglandin effector that drives EEG slowing®%°’. Given that PGD2 is also neuroprotective
following stroke®®, the possibility that suppression of brain activity contributes to this effect
needs to be clarified. Our proposed pathway links these different concepts, providing

hypotheses that can be tested in animal models (
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Figure 5). Critically, this interpretation implies that lactate and prostaglandin release may
represent endogenous protective mechanisms, and tinkering with them may lead to

exacerbated inflammation and loss of neuroprotective effects.

By extension, this work suggests that a re-appraisal of inflammatory, metabolic insufficiency
and cognitive disintegration hypotheses. Notably, inflammation, not neuronal injury,
correlated with changes in CSF lactate. If metabolic insufficiency was occurring in the setting
of neuronal injury, we would have expected there to be a correlation of neurofilament light
and CSF lactate. The closer relationship with inflammation highlights the known biological
mechanism of lactate as an anti-inflammatory effector. However, further studies are required
to understand whether lactate in this context reflects metabolic failure or an active response
to dampen inflammation and possibly to dampen neuronal energetic requirements, possibly
via PGD2.

There are several limitations to our work. These data are observational and causality cannot
be ascribed however we have sought multiple ways to test our hypotheses, including stringent
criteria for accepting our primary endpoint. We also included parallel biomarker studies to
ensure that the results are not unique to a single marker. Biological gradients for the effects
support causality and we have proposed an intervention through which we can directly test
the hypothesis (Tranexamic acid). We have also adjusted for confounders where possible.
Nonetheless our sample sizes are small and we would caution about extrapolating our
findings to other clinical situations, in particular where blood loss may be limited. Though
evidence from multiple sources suggest that inflammation, in the absence of blood loss, may

induce similar effects.>®

This analysis confirms a known association between systemic inflammation, blood loss, and
neuronal injury supported by factors such as surgical risk and operating times.* It is
consistent with the one available study on the temporal change of the BBB in response to
perioperative inflammation followed by postoperative cognitive decline.?® Our analysis adds
to this work by demonstrating increasing postoperative permeability of the BBB and its’
association with delirium incidence and severity. Our mechanistic analyses highlight possible
opportunities and pitfalls for delirium science and demonstrate that mechanistic research in

delirium is urgently required.
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TABLES AND FIGURES

Figure 1 - STROBE diagram
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Table 1 - Demographic table

TOTAL CPAR CPAR CPAR TOTA;EC')‘ASMA SO PLASMA S1008 WITHOUT
WITH DELIRIUM WITHOUT DELIRIUM B DELIRIUM
n=2 n=15 n=7 n=74 n=29 M
Variable Mz+mad® (range) n (%) Mz+mad (range) n (%) Mz+mad (range) Mzmad® (range) n (%) Mz+mad (range) n (%) Mz+mad (range)
Age (years) «Gender | 66£8(381082) | 15(68) | 64+8(381078) | 7(32) | 72%9(591082) 71+6 (38 0 85) 29(39) | 69+5(38t077) | 45(61) 73 £ 6 (59 to 85)
Female 70+10(381082) | 8(80) | 70+10(38t078) | 2(20) | 74+ 11 (67 t082) 71+ 4 (38 to 83) 14(52) | 69+6(38t077) | 13(48) 727 (6510 83)
Male 64+7(471078) | 7(58) | 63+4(47t067) | 5(42) | 72+9(59t078) 71+ 6 (47 to 85) 15(32) | 67+6@7t077) | 32(68) 73+ 6 (59 to 85)
NSQIP-D* 4+4(0t033) | 14(70) 5+3 (1 to 33) 6 (30) 2+3(0t08) 2+2(0to15) 29 (40) 4+4(0to 15) 43 (60) 2+2(0t08)
o 456 + 136 532+ 128 295+ 117 295 + 153 408 + 250 267 £ 129
Operating time (min) (18010863) | +°(68) (185 10 863) (2 (180 to 531) (90 t0 863) e (185 to 863) s ) (90 t0 557)
Blood loss (ml)
*Surgery Type
5000 + 3876 6000 + 5646 200 + 886 2500 + 3706
. 14 (19) 7(9) 300 + 445 150 + 204
Cardiac or vascular (7 to 12000) (7 to 12000) (50 to 5000) (0 o 12000) 21 (41) (0 to 12000) 30 (59) (0 t0 5000)
500 £ 371
400 + 408 250 + 326
Other - - - - - (5 t0 3000) 7(32) (250 to 1100) 15 (68) (5 10 3000)
Blood pressure
(log10 AUCS 10%) 5+1(4106) 15 (68) 5+1(4106) 7(32) 540 (4106) 5+1(3106) 28 (38) 5+1(4106) 45 (62) 5+1(3106)
Baseline TMTB 6+ 122‘4()40 © | 6(67) | 76+24(50t0144) | 3(33) | 54+21(40t085) | 72+27(31t0189) | 20(32) | 78+22(361t0143) | 42(68) | 6627 (3L to 189)
Baseline MoCA 23+1(20t026) | 5(62) | 23+0(23t026) | 3(38) | 24+0(20t024) 23+3(131029) | 20(32) | 23+3(19t027) | 42(68) 23 +3 (13 t0 29)
Baseline COWAT 37+10(26t051) | 7(64) | 39+15(24t049) | 4(36) | 33+7(26t051) 37+13(131091) | 23(35) | 40+15(17t058) | 42 (65) 36+ 13 (13 to 91)

2 National Surgical Quality Improvement Program (NSQIP-D) used to assess surgical risk. ® Median (M) and median absolute deviation (mad) are reported as variables are not normally distributed. ¢ Surgery type is
grouped by cardiovascular (CV), and Other (Thoracic, General, Orthopedic, ENT, and Urological). Blood loss data excludes two outliers identified by Cook’s distance.  TMTB and MoCA data exclude baseline
assessments undertaken on the day of surgery. ¢ Blood pressure is reported as baseline area under the curve (AUC) for intraoperative mean arterial pressures <10%.
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Figure 2 — Perioperative time course of CPAR and Plasma S1004, and pre-postoperative change in Delirium
Ever, and Peak DRS
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CSF = Cerebrospinal Fluid. CPAR = CSF Plasma Albumin Ratio. CPAR and plasma S100p were normalised by log10 transformation and
subtracting baseline from postoperative values. Plasma S100p excludes two outliers, and CSF IL-6 excludes one, based on Cook’s distance
(>4*mean). DRS = Delirium Rating Scale-98. Spearman’s correlations were used given peak DRS is not normally distributed (Shapiro-
Wilks’ normality test p < 0.001). Units are picograms per millilitre (pg/ml).
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Figure 3 — Pre-postoperative change in plasma S1004, CPAR and other biomarkers correlated with blood loss
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CPAR = CSF Plasma Albumin Ratio. NfL = Neurofilament Light. SWA = Slow Wave Activity. DRS = Delirium Rating Scale. Two outliers
of blood loss were identified by Cook’s distance (>4*mean) and excluded from all plots. Other outliers also identified by Cook’s distance
analysis for correlation. Blood loss is not normally distributed and Spearman’s correlation method used. Units are picograms per millilitre
(pg/ml) unless otherwise specified. Original unit of blood loss is millilitres (ml) and EEG SWA is reported in hertz (Hz).
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Table 2 - Multiple linear regression for change in plasma S100/ between baseline and perioperative day 1

Cai%iNEDIiNJL\@EA':?{;Ba ESTIMATE ST[zb'f_zf;OR T VALUE P VALUE
(Intercept) 0.453 0.378 1.201 0.237
Blood Loss (ml) 0.000 0.000 2.073 0.044*
Blood Pressure (AUC® 10%) 0.000 0.000 3.479 0.001**
Age (years) -0.004 0.005 -0.715 0.478
Gender - Female -0.034 0.056 -0.616 0.541
NSQIP-D 0.029 0.011 2.691 0.010*
Surgery Type — Cardiovascular® -0.140 0.055 -2.520 0.016*
TIA [ Stroke -0.074 0.097 -0.764 0.449

Observations

50 (10 missing obs. deleted)

Model fit

F(7,42) = 5.853, p < 0.001***

Multiple R? / Adjusted R?

Multiple R%: 0.494 / Adjusted R?: 0.409

NSQIP-D = National Surgical Risk Quality Improvement Protocol — Death. TIA = Transient Ischaemic Attack. 2 Four outliers excluded
from dataset; two each identified by Cook’s distance for change in plasma S100p and blood loss. ® Surgery type is grouped by
cardiovascular (CV), and Other (Thoracic, General, Orthopedic, Ear Nose Throat (ENT), and Urological). Surgery type ‘Other’ used as the
reference group. © Blood pressure is reported as the area under the curve (AUC) for intraoperative mean arterial pressures <10%. ¢ Standard
error of the estimate used ordinary least squares (OLS).
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Figure 4 — Log change in CSF lactate and biomarkers
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CSF = Cerebrospinal Fluid. CPAR = CSF Plasma Albumin Ratio. In addition to one outlier excluded based on Cook’s distance for CSF
Lactate, one outlier was excluded for plasma S100B. Plots use Pearson’s correlation method, except for plasma IL 8 and IL 10 which use
Spearman due to non-normal distribution.
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Figure 5 — Blood brain barrier permeability hypothesis. In this figure we propose a mechanistic pathway
through which peripheral inflammation, exacerbated by plasmin activation, leads to breakdown of the blood
brain barrier. Subsequent inflammatory changes lead to a central anti-inflammatory response, including lactate
induced activation of HCA receptors. The downstream effects on PGD2 lead to delirium though synaptic
suppression. This results in reduced cerebral activity, as demonstrated by EEG slowing.
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SUPPLEMENTAL TABLES AND FIGURES

Supplemental Table 1 — Linear regression for delirium severity (peak DRS) with plasma S1004

Dependent
variable:
Peak DRS
(S100B
dataset)

p

Intercept 3.491

<0.001***

Log10 Chg 2.853
$100B

0.004**

Age (years) 0.001

0.999

Sex Female -0.495

0.621

Log10 Blood
pressure
AUC 10%

NSQIP-D

TMTB 1.546
Baseline?

0.122

Observations

55

Model Fit

¥*(4) =10.176, p = 0.038

Pseudo R?

0.170

(Cragg-
Uhler)

Pseudo R?
(McFadden)

0.033

Supplemental Table 2 - Linear mixed effects model for delirium severity within patient and over time.

DgsEi'T\c/)ATF;Le EST. ST[ZMELRSOR T VALUE P VALUE
(Intercept) -3.635 5.046 -0.720 0.474
Plasma S100p3 4.360 1.292 3.375 0.001**
Time: Postop. day 1-4 -1.042 0.273 -3.820 <0.001***
Age (years) 0.090 0.051 1.768 0.082
Gender — Female 0.966 0.780 1.238 0.221

Observations

166 (Patients 59)

Pseudo-R? (fixed effects)

0.187

Pseudo-R? (total)

0.598

¢ Linear mixed model fit by maximum likelihood estimate (MLE) with random effects for patient and time. ¥ P-values calculated using

Satterthwaite degrees of freedom.
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