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Abstract

Objective—During critical illness, impaired endothelial vascular reactivity predicts prolonged 

acute brain dysfunction, but relationships between endothelial activation, blood-brain barrier 

(BBB)/neurological injury, and acute brain dysfunction, including delirium, remain unexamined. 

We tested the hypothesis that elevated plasma markers of endothelial activation and BBB/

neurological injury are associated with delirium duration during critical illness.

Design—Prospective cohort study.

Setting—Medical and surgical intensive care units in an academic medical center.

Patients—Adults in acute respiratory failure and/or shock.

Interventions—None.
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Measurements and Main Results—No more than 72 hours after organ failure was diagnosed 

in the ICU, we enrolled subjects and measured plasma concentrations of plasminogen activator 

inhibitor-1 (PAI-1), E-selectin, and angiopoietin-2 (Ang-2) as markers of endothelial activation 

and S100B as a marker of BBB/neurological injury in blood collected at enrollment. We assessed 

patients for delirium and coma twice daily after enrollment using the Confusion Assessment 

Method for the ICU and the Richmond Agitation-Sedation Scale. Among 134 patients with a 

median (interquartile) age of 57 years (46–66 years) and Acute Physiology and Chronic Health 

Evaluation II of 26 (19–31), delirium occurred in 94 (70%) patients with a median duration of 2 

days (0–4 days). Higher PAI-1 (p = 0.002), E-selectin (p = 0.02), and S100B (p < 0.001) 

concentrations were associated with fewer delirium/coma-free days after adjusting for age, 

Charlson comorbidity index, modified Sequential Organ Failure Assessment score, and severe 

sepsis. Similarly, higher PAI-1 (p = 0.007) and S100B (p = 0.01) concentrations were associated 

with longer delirium duration in survivors. Adjusting for S100B did not alter PAI-1 and E-selectin 

associations with delirium, suggesting that these associations were not mediated by BBB/

neurological injury.

Conclusions—Elevated plasma markers of endothelial activation and BBB/neurological injury 

during critical illness are associated with prolonged delirium after biomarker measurement. Future 

research is needed to determine whether these processes have pathophysiologic roles in delirium 

and whether therapies targeted at the endothelium or BBB can prevent and/or treat delirium during 

critical illness.
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INTRODUCTION

Delirium is common during critical illness and is associated with increased cost, length of 

stay, functional dependence, long-term cognitive impairment, and mortality (1–7). An 

incomplete understanding of the pathophysiology of delirium, however, currently hinders its 

prevention and treatment. Because endothelial function—a major determinant of 

microvascular blood flow and a key component of the blood-brain barrier (BBB)—is likely 

essential to brain function during critical illness, endothelial dysfunction may lead to 

delirium via perturbations in blood flow, release of biochemical mediators, and increased 

permeability of the BBB. Yet, few studies have examined whether markers of endothelial 

dysfunction and/or injury are associated with delirium.

We recently examined endothelial vascular reactivity in critically ill patients and found that 

impaired vascular reactivity independently predicted acute brain dysfunction (8). In addition 

to vasomotor impairment, the endothelium becomes activated in response to acute illness, 

releasing mediators that modulate the body’s response to disease states. When exaggerated, 

this mediator release creates pathophysiologic changes in the microvasculature and activates 

coagulation (9). In the brain specifically, injury to BBB endothelial cells has been associated 

with increased microvascular permeability and impaired cerebral microcirculation in animal 

and in vitro studies (10–13), and endothelial cell structural changes have been shown to 

correlate with neurological injury in human cortical biopsy specimens (14). Whether 
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endothelial activation and BBB/neurological injury are associated with delirium during 

critical illness, however, remains unclear.

We therefore conducted a prospective cohort study whose objective was to test the 

hypothesis that elevated plasma markers of endothelial activation and BBB/neurological 

injury are associated with delirium duration during critical illness.

MATERIALS AND METHODS

Study Design and Population

We conducted this single-center, prospective cohort study concurrently within the Bringing 

to Light the Risk Factors and Incidence of Neuropsychological Dysfunction in ICU 

Survivors (BRAIN-ICU) study (7) conducted at Vanderbilt University Medical Center, 

which examined critically ill patients for delirium and long-term cognitive impairment. 

From April 2009 to September 2010, we assessed BRAIN-ICU participants for inclusion in 

the current study. Adults admitted to a Vanderbilt University medical or surgical ICU with 

respiratory failure and/or shock were eligible for the BRAIN-ICU study unless they met 

exclusion criteria: severe neurologic disease that prevented independent living prior to 

critical illness; cardiac surgery within the previous 3 months; suspected acute brain injury 

due to overt neurologic insult or cardiopulmonary arrest; active substance abuse, psychotic 

disorder, or residence > 200 miles from Nashville, which would impede long-term follow-

up; blindness, deafness, or inability to speak English, which would prevent delirium 

assessments by study staff; life expectancy <24 hours; substantial recent critical illness (as 

described in detail previously) (7); or lack of informed consent from the participant or an 

authorized surrogate within 72 hours of onset of organ failure. Patients who were comatose 

or delirious at the time of screening were eligible for inclusion. We excluded BRAIN-ICU 

participants from the current study if endothelial vascular reactivity could not be reliably 

measured due to upper extremity injury, arteriovenous fistula, prone positioning, or 

unavailability of equipment/technician within 24 hours of enrollment. The Vanderbilt 

University Institutional Review Board approved the study protocol, and we obtained 

informed consent from patients or authorized surrogates.

Exposures

As shown in Figure S1 (see Supplemental Digital Content), we collected blood immediately 

upon study enrollment, centrifuged it at 3000 × g, removed the supernatants, and then 

labeled and stored the samples in 500 µL aliquots at −80°C until a late date, at which time 

we performed batched analyses in duplicate of plasma marker concentrations using 

commercially available enzyme-linked immunosorbent assays. We measured plasma 

concentrations of plasminogen activator inhibitor-1 (PAI-1), E-selectin, and angiopoietin-2 

(Ang-2) as markers of endothelial activation leading to microvascular thrombosis, cell 

adhesion, and vascular permeability and remodeling, respectively (15). We also measured 

S100B as a specific plasma marker of BBB/neurological injury (16–18).

We assessed endothelial vascular reactivity within 24 hours of study enrollment (Figure S1) 

with a reactive hyperemia method using peripheral artery tonometry to measure the reactive 

Hughes et al. Page 3

Crit Care Med. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hyperemia index, as described previously (8). Specifically, we used the Endo_PAT device 

standardized protocol (Itamar Medical Ltd; Franklin, Massachusetts, USA), which has been 

validated against coronary angiography (19, 20). In an operator-independent manner, the 

Endo_PAT calculates the reactive hyperemia index as the ratio between the magnitude of the 

average post-occlusive pulse wave amplitude and the average baseline pulse wave amplitude, 

corrected to systemic changes. A lower reactive hyperemia index indicates worse endothelial 

vascular reactivity, with values <1.67 considered to represent endothelial dysfunction (19, 

20). The Endo_PAT technician was blinded to the results of research evaluations for delirium 

and coma.

Outcomes

After enrollment, trained research personnel who were blinded to vascular reactivity results 

assessed patients for delirium and coma using the Confusion Assessment Method for the 

ICU (CAM-ICU) (21, 22) and the Richmond Agitation-Sedation Scale (RASS) (23, 24) 

twice daily in the ICU and once daily after ICU discharge (Figure S1). We considered a 

patient delirious if they were not comatose (i.e., had a RASS of −3 or more awake) and were 

CAM-ICU positive on either of the CAM-ICU assessments. Patients with a RASS of −4 

(responsive to physical stimulus only) or −5 (completely unresponsive) were considered 

comatose.

Statistical Analysis

To analyze the associations between plasma markers of endothelial activation and BBB/

neurological injury measured at enrollment and duration of delirium measured after 

enrollment, we used two different, complimentary outcome measures. First, to avoid 

confounding by coma and death—both of which can truncate delirium duration and which 

we hypothesized would be associated with the exposures—we used the number of days alive 

without delirium or coma (i.e., delirium/coma-free days) during the first 14 days after study 

enrollment, a period of analysis chosen because almost all delirium and coma in our cohort 

occurred within 14 days of enrollment. We considered patients who were discharged from 

the hospital prior to study day 14 to be delirium/coma-free. In addition, we used days of 

delirium among survivors over the same 14-day period to focus more specifically on 

delirium. Patients who died in hospital were excluded from this analysis because early death 

curtails delirium duration.

To determine whether PAI-1, E-selectin, Ang-2, or S100B were associated with delirium/

coma-free days or days of delirium among survivors, we used multiple linear regression with 

Huber-White sandwich estimation (25) applied to adjust standard errors of estimates to take 

into account the correlation between data from the same patient. We selected covariates a 

priori based on prior research and clinical judgment and included age, Charlson comorbidity 

index (26), modified (excluding the neurologic component) Sequential Organ Failure 

Assessment (SOFA) at enrollment (27), and severe sepsis at enrollment defined as known or 

suspected infection with two or more systemic inflammatory response syndrome criteria and 

presence of organ dysfunction (mechanical ventilation and/or vasopressor requirement).
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We limited the number of covariates included to avoid overfitting. Given the sample size of 

134 subjects, which was determined by the resources available for endothelial vascular 

reactivity measurements (8), we determined that the minimum degrees of freedom required 

for each regression model was 9 by assuming each degree of freedom required 15 patients to 

reliably fit the model. I.e., a multivariable model with a complexity of 9 degrees of freedom 

requires an effective sample size of 135 (=9 × 15) subjects (28). For all models, biomarkers 

were log transformed to reduce the influence of outliers and improve model fit. We used 

restricted cubic splines to allow continuous variables to have nonlinear relationships with 

outcomes unless there was no evidence that an association was nonlinear (specifically, if the 

p value for nonlinearity was >0.20), in which case we removed the nonlinear terms for 

parsimony.

Because the endothelial biomarkers we measured reflect distinct but related aspects of 

endothelial function, we not only sought to assess their associations with delirium but also 

with each other. Thus, we used Spearman’s rank correlation to determine whether markers 

of endothelial dysfunction (including activation and impaired vascular reactivity) correlated 

with BBB/neurological injury. Further, we included S100B as a covariate in other linear 

regression models to assess whether BBB/neurological injury mediated any associations 

observed between markers of endothelial activation or vascular reactivity and delirium/

coma-free days.

Lastly, because some relationships between microvascular injury and outcomes have been 

shown to be modified by infection in acute lung injury patients (29), we performed post hoc 

analyses to determine whether severe sepsis modified the associations between PAI-1, E-

selectin, Ang-2, S100B, or vascular reactivity and delirium/coma-free days. We examined 

potential interactions by including cross product terms (e.g., sepsis*PAI-1) in the 

aforementioned linear regression models. We used R version 2.15.1 for all statistical 

analyses and considered p<0.05 as statistical significance for independent variables.

RESULTS

Patient characteristics and outcomes from the 134-patient cohort are presented in Table 1; 

details regarding patients screened and excluded were previously reported (8). In general, 

patients had high severity of illness and frequent organ dysfunctions. Delirium was common, 

with 70% of patients being delirious at some point after enrollment during the 14-day study 

period. The median duration of delirium for the entire cohort was 2 days, and the median 

duration of coma was 1 day.

As shown in Table 2, Figure 1, and Figure 2, after adjusting for age, Charlson comorbidity 

index, modified SOFA score, and severe sepsis, baseline plasma concentrations of PAI-1 

were consistently associated with delirium, with higher PAI-1 concentrations associated with 

fewer delirium/coma-free days in the full cohort (p = 0.002) and a longer duration of 

delirium among survivors (p = 0.007). Similarly, S100B concentrations were consistently 

associated with delirium; higher S100B concentrations predicted fewer delirium/coma-free 

days in the full cohort (p < 0.007) and more delirium days among survivors (p = 0.01). 

Severe sepsis marginally modified the associations that PAI-1 (interaction p = 0.10) and 
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S100B (interaction p = 0.06) had with delirium/coma-free days such that the magnitude of 

the associations were slightly larger in severely septic patients but the direction of the 

associations were unchanged (see Supplemental Digital Content).

In contrast to PAI-1 and S100B, Ang-2 was consistently not associated with delirium 

measures after adjusting for covariates (p = 0.64 and 0.57 for delirium/coma-free days and 

delirium duration, respectively; Table 2, Figure 1, and Figure 2). Analyses of E-selectin 

yielded inconsistent results; high E-selectin concentrations were independently associated 

with fewer delirium/coma-free days in the full cohort (p = 0.02) but were not associated with 

delirium duration among survivors (p = 0.12). No significant interactions were found 

between severe sepsis and E-selectin (interaction p = 0.57) or Ang-2 (interaction p = 0.51).

As shown in Table 3, several of the plasma markers studied were significantly but weakly 

correlated with each other, including S100B and PAI-1, and the majority were not collinear. 

None of the plasma markers correlated with vascular reactivity as measured by the reactive 

hyperemia index. When we sought to determine whether S100B mediated the association 

between PAI-1, E-selectin, and vascular reactivity and acute brain dysfunction by including 

S100B as a covariate in models, we found that adjusting for S100B did not alter the 

independent associations between PAI-1, E-selectin, or endothelial vascular reactivity with 

either delirium/coma-free days among all patients or delirium duration among survivors 

(Table 4). These findings indicate that BBB/neurological injury does not mediate the 

associations of endothelial dysfunction (activation and impaired vascular reactivity) with 

acute brain dysfunction outcomes.

DISCUSSION

In this study, we found that higher plasma markers of endothelial activation and BBB/

neurological injury at baseline were associated with increased duration of delirium in 

critically ill patients. Though this observational study cannot prove causation, our results are 

consistent with the hypothesis that perturbations of the endothelium—including activation 

and vascular functional impairment—and the BBB during critical illness are associated with 

prolongation of delirium. Thus, this investigation, the first to our knowledge to examine 

associations between markers of endothelial activation and delirium during critical illness, 

suggests that future research is needed to determine whether endothelial dysfunction and 

BBB/neurological injury have a causal role in the pathogenesis of delirium during critical 

illness.

During critical illness, inflammatory mediators bind to receptors on the endothelium, 

causing alterations in adhesion molecules, signaling pathways, and nitric oxide production 

(30, 31), changes that contribute to endothelial cell detachment and death, mediator release, 

altered vasomotor function and permeability, microvascular injury, and altered organ 

perfusion (9, 32). The various biochemical activities of the endothelium, however, may be 

differentially affected by critical illness. In this heterogeneous cohort with multiple 

diagnoses, elevated markers of microvascular thrombosis (PAI-1) and cell adhesion (E-

selectin) were associated with brain dysfunction, whereas Ang-2, which is involved in cell 

death, permeability, and vascular remodeling, was not associated with outcomes. Overall, 
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our results, which support that biochemical and blood flow alterations from endothelial 

dysfunction may have a pathogenic role in delirium, are complemented by those of previous 

studies showing that endothelial activation is associated with organ dysfunction and 

mortality during sepsis (30, 31, 33). We previously found that impaired endothelial vascular 

reactivity was significantly associated with acute brain dysfunction during critical illness (8). 

In addition, Pfister et al. used transcranial Doppler to measure cerebrovascular 

autoregulation in adults with sepsis and found disturbed cerebral autoregulation was 

associated with sepsis-associated delirium (34). Taken together, these data support that 

microcirculatory blood flow abnormalities from endothelial dysfunction contribute to 

significant organ dysfunction, including brain dysfunction, during critical illness.

In addition to altered blood flow to the brain, endothelial dysfunction may contribute to 

increased BBB permeability and neurological injury given that the BBB is composed of an 

endothelial layer with tight junctions and astrocyte foot processes. Structural and functional 

alterations of BBB endothelial cells have been associated with increased microvascular 

permeability and impaired microcirculation in inflammatory and infectious states, including 

animal models of sepsis (10–12). In animal and in vitro models, endothelial activation was 

associated with BBB leukocyte adhesion and BBB dysfunction (35). Furthermore, plasma 

markers of neurologic injury in traumatic brain injury have been shown to correlate with 

endothelial cell structural changes in cortical biopsy specimens (14). Indeed, we found that 

higher circulating concentrations of S100B, a validated measure of BBB injury (16–18), was 

associated with prolonged periods of delirium. Notably, S100B did not correlate with 

endothelial vascular reactivity nor did it mediate the association between endothelial 

activation or vascular reactivity and delirium, despite being moderately correlated with 

PAI-1. This implies that if BBB injury is involved in delirium during critical illness, 

functional changes in the BBB are not the sole contributor. Instead, endothelial activation 

and changes in the microcirculation are implicated as additional contributors with regard to 

delirium during critical illness.

The gold standards for measuring BBB injury include dynamic contrast-enhanced magnetic 

resonance imaging and CSF-to-serum albumin quotient, both of which are impractical in the 

study of ICU patients. Markers of neurologic injury, which are released into the plasma 

when neurons or the BBB are damaged, provide a more feasible measure of BBB injury. Of 

the markers previously studied, S100B is the one most correlated with BBB injury measured 

by other methods (16–18). S100B is expressed and secreted by astrocytes after CNS injury 

or ischemia and cell death (36), and extracranial sources of S100B do not affect circulating 

concentrations even after trauma (37, 38). Levels of S100B have been associated with the 

development of delirium and cognitive changes after cardiac surgery, neurological 

complications after aortic aneurysm surgery, low consciousness septic encephalopathy, and 

now delirium during critical illness (36, 39). Thus, current evidence suggests that BBB 

injury might contribute to the pathogenesis of brain dysfunction from acute surgical or 

medical insults.

Our investigation was strengthened by enrollment of a heterogeneous cohort that included 

medical and surgical ICU patients with a broad range of diagnoses, which increases 

generalizability of our findings. Additionally, we examined a complimentary array of plasma 
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markers selected to reflect multiple components of endothelial function, and trained research 

personnel carried out twice-daily delirium and coma assessments after blood samples were 

collected. Biomarker measurement, therefore, preceded our assessments of delirium. Finally, 

we used robust multivariable regression analyses designed to minimize the possibility of 

confounding and overfitting.

Notable limitations are that we performed a single measurement of biomarkers at 

enrollment, did not follow biomarkers trends, and did not precisely identify the time of 

delirium onset for all subjects. Though our approach allowed us to determine whether 

biomarkers of endothelial activation and BBB/neurological injury were associated with 

subsequent duration of delirium, we could not assess whether these markers predicted 

delirium onset. An ideal design for future investigations would involve measuring 

biomarkers prior to delirium onset, the timing of which would be clearly defined, and then 

repeating biomarker measurements over time to confirm that the marker(s) in question 

remain elevated during delirium and then resolve in parallel with delirium resolution. Future 

studies are also needed to determine whether relationships between markers of endothelial 

or BBB injury and delirium change over time in response to disease progression and/or 

medical therapy (29). We did not directly assess endothelial activation and BBB injury in the 

brain, but we did rely on well-validated circulating measures of endothelial activation and 

BBB/neurological injury, which previous studies have shown reflect processes in the brain 

(16, 17, 35). Finally, unlike an animal model or an interventional trial (e.g., one examining 

endothelium-directed therapies) that might prove that endothelial injury is causally related to 

delirium, the observational design in this investigation cannot prove causation.

Because we did not coordinate delirium assessments with interruption of sedation, we could 

not distinguish rapidly reversible sedation-related delirium (previously reported to affect 

12% of patients similar to those in our cohort) (40) from other forms of delirium, an 

approach that may have reduced the magnitude of the observed associations if rapidly 

reversible sedation-related delirium is not promoted by endothelial injury. Furthermore, 

some drug-induced forms of delirium are not rapidly reversible, and individual sedatives 

have differential effects on inflammation and bacterial clearance (41–44), potentially leading 

to varied effects on endothelial function. Given that prior studies have shown that delirium 

identified by the CAM-ICU predicts long-term cognitive impairment after critical illness (6, 

7), associations between biomarkers of endothelial injury and long-term cognitive 

impairment should be studied. However, such analyses would be underpowered in the 

current cohort given the high observed mortality during long-term follow-up. Finally, we 

chose a priori not to adjust for multiple comparisons, an approach that may increase the 

likelihood of a type I error but avoid an unnecessary inflation of type II errors. If we had 

used Bonferroni corrections, of note, PAI-1 and S100B would have remained significant 

predictors of delirium.

CONCLUSIONS

In this prospective cohort study of critically ill medical and surgical ICU patients, we found 

that plasma markers of endothelial activation and BBB/neurological injury were 

independently associated with delirium duration. These findings support the hypothesis that 
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dysfunction of the endothelium and BBB is involved in the pathophysiology of delirium 

during critical illness. However, subsequent investigations (e.g., studies examining 

biomarkers serially both before and after delirium onset and trials examining whether 

modulation of endothelial/BBB dysfunction prevents and/or treats delirium) are needed 

before the observed relationships can be fully understood.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Associations between Markers of Endothelial Activation and Blood-Brain Barrier 
Injury and Delirium/Coma-Free Days
Higher PAI-1 (P = 0.002), E-selectin (P = 0.02), and S100B (P < 0.001) plasma 

concentrations were associated with fewer delirium/coma-free days after adjusting for age, 

Charlson comorbidity index (45), modified SOFA score (27), and severe sepsis. The solid 

lines demonstrate the point estimates of the associations between PAI-1, E-selectin, and 

Ang-2 as markers of endothelial activation and S100B as a marker of blood-brain barrier 

injury versus delirium/coma-free days, with the gray ribbons indicating the 95% confidence 

intervals. Abbreviations: Ang-2, angiopoietin-2; PAI-1, plasminogen activator inhibitor-1
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Figure 2. Associations between Markers of Endothelial Activation and Blood-Brain Barrier 
Injury and Delirium Duration
Higher PAI-1 (P = 0.007) and S100B (P = 0.01) plasma concentrations were associated with 

longer duration of delirium in survivors after adjusting for age, Charlson comorbidity index 

(45), modified SOFA score (27), and severe sepsis. The solid lines demonstrate the point 

estimates of the associations between PAI-1, E-selectin, and Ang-2 as markers of endothelial 

activation and S100B as a marker of blood-brain barrier injury versus delirium duration in 

survivors, with the gray ribbons indicating the 95% confidence intervals. Abbreviations: 

Ang-2, angiopoietin-2; PAI-1, plasminogen activator inhibitor-1
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Table 1

Clinical Characteristics of the Study Population

Variablea N=134

Age, years 57 (46, 66)

Male sex (%) 57

Charlson comorbidity index 2 (1,4)

Medical ICU/Surgical ICU (%) 54/46

APACHE II at ICU admission 26 (19, 31)

SOFA score at enrollment 10 (8, 12)

Mechanically ventilated at enrollment (%) 85

Reactive hyperemia index at enrollment 1.51 (1.31, 1.81)

PAI-1 at enrollment, ng/mL 126 (74, 171)

E-selectin at enrollment, ng/mL 18 (8.8, 29.8)

Ang-2 at enrollment, pg/mL 18474 (9639, 26370)

S100B at enrollment, pg/mL 59 (38, 129)

Duration of mechanical ventilation, days 3 (0.9, 7.1)

ICU length of stay, days 4.8 (2.0, 10.8)

Hospital length of stay, days 9 (5.5, 17.0)

Delirium present during study period (%) 70

Delirium duration, days 2 (0, 4)

Coma duration, days 1 (0, 4)

Delirium/coma-free daysb 10.5 (3, 13)

Died within study period (%) 16

a
Median (Interquartile range) unless specified.

b
The number of days alive without delirium or coma during the 14 days after study enrollment.

Abbreviations: Ang-2, angiopoietin-2; APACHE, Acute Physiology and Chronic Health Evaluation (41); ICU, intensive care unit; PAI-1, 
plasminogen activator inhibitor-1; SOFA, Sequential Organ Failure Assessment (27)
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Table 2

Associations between Plasma Markers of Endothelial Activation and Blood-Brain Barrier Injury and Delirium

Percentile Adjusted Differencea

Biomarker 25th 75th Estimate (95% CI) P Value

Associations with delirium/coma-free days among all patients (N=134)

PAI-1(ng/mL) 74.3 171.5 −1.72 (−2.65, −0.79)b 0.002

E-selectin(ng/mL) 9.8 29.8 0.24 (−0.62, 1.10)b 0.02

Ang-2(pg/mL) 9639 26369 −0.25 (−1.32, 0.82) 0.64

S100B(pg/mL) 38.4 128.7 −1.70 (−2.66, −0.74) <0.001

RHI 1.21 1.76 1.09 (0.50, 1.68) <0.001

Associations with delirium days among survivors (N=113)

PAI-1(ng/mL) 74.3 171.5 0.83 (0.25, 1.40)b 0.007

E-selectin(ng/mL) 9.8 29.8 0.28 (−0.26, 0.83)b 0.12

Ang-2(pg/mL) 9639 26369 0.22 (−0.54, 0.99) 0.57

S100B(pg/mL) 38.4 128.7 0.93 (0.23, 1.63) 0.01

RHI 1.21 1.76 −0.63 (−1.15, −0.12) 0.02

a
Results, which were determined using multiple linear regression, show the adjusted difference (and 95% confidence intervals) in delirium/coma-

free days or delirium days when the specified biomarker of endothelial activation or blood-brain barrier injury increased from the 25th percentile 
value to the 75th percentile value. In the delirium/coma-free days models, a negative adjusted difference indicates that higher biomarker 
concentrations were associated with worse cognitive outcomes, i.e., fewer days without delirium or coma. Alternatively, in the delirium duration 
model, a positive adjusted difference indicates that higher biomarker concentrations were associated with worse cognitive outcomes, i.e., more days 
of delirium. Adjusted differences, however, may vary depending on comparators in nonlinear associations and are best represented graphically 
(Figure 1 and 2).

b
Indicates the association was nonlinear.

Abbreviations: Ang-2, angiopoietin-2; PAI-1, plasminogen activator inhibitor-1; RHI, reactive hyperemia index
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