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Abstract

Purpose—Neuron specific enolase (NSE) concentrations are prognostic following traumatic and
anoxic brain injury, and may provide a method to quantify neuronal injury in other populations.
We determined the association of admission plasma NSE concentrations with mortality and
delirium in critically ill septic patients.

Methods—Retrospective analysis of 124 patients from a larger sepsis cohort. Plasma NSE was
measured in the earliest blood draw at intensive care unit (ICU) admission. Primary outcomes
were 30-day mortality and ICU delirium determined by chart review.

Results—Sixty-one patients (49.2%) died within 30 days and delirium developed in 34 (31.5%)
of the 108 patients who survived at least 24 hours and were not persistently comatose. Each
doubling of the NSE concentration was associated with a 7.3% (95% CI 2.5-12.0, p=0.003)
increased risk of 30-day mortality and a 5.2% (95% CI 3.2-7.2, p<0.001) increased risk of
delirium. An NSE concentration > 12.5ug/L was independently associated with a 23.3% (95% ClI
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6.7-39.9, p=0.006) increased risk of 30-day mortality and a 29.3% (95% CI 8.8-49.8, p=0.005)
increased risk of delirium.

Conclusions—Higher plasma NSE concentrations were associated with mortality and delirium
in critically ill septic patients, suggesting NSE may have utility as a marker of neuronal injury in

Sepsis.
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Introduction

Sepsis is one of the most common reasons for hospitalization in the United States and often
leads to organ failure and death [1-3]. Acute brain dysfunction, manifesting as coma and/or
delirium, is one of the most common organ failures in sepsis and is associated with increased
mortality [4-8] as well as long-term cognitive impairment in survivors [7, 9].

Although the pathogenic mechanisms of acute brain dysfunction and subsequent long-term
cognitive impairment are poorly understood, imaging studies comparing intensive care unit
(ICU) survivors to matched controls reveal volume loss in the superior frontal lobes and
hippocampus [10, 11]. The degree of volume loss is linked to the duration of acute brain
dysfunction and severity of post-ICU cognitive impairment [10, 11]. In combination with
animal studies showing neuronal degeneration and apoptosis during sepsis [12], these data
suggest neuron cell death plays an important role in the pathophysiology of acute brain
dysfunction and how it may lead to long-term cognitive impairment.

Early recognition and intervention aimed at limiting organ injury is a major priority for
patients and clinicians; however, prompt detection of brain injury in critically ill patients
with sepsis remains challenging. The frequent need for deep sedation during early critical
illness limits the neurologic exam and may delay delirium recognition [5, 6]. Neuroimaging
during early critical illness is impractical because patients often require respiratory and
cardiovascular support making safe transport difficult [13]. Thus, novel approaches to
identify brain injury during early critical illness are needed. Peripheral blood is easily
accessible and measurement of organ-specific proteins allows for timely recognition of
organ injury, such as measurement of troponin for cardiac injury or transaminases and
bilirubin for hepatic injury [14, 15]. Following brain injury, neuron cell membrane integrity
is compromised allowing brain-specific proteins to leak into the interstitial space, from
which they enter peripheral blood via the brain's glymphatic system [16] or diffusion across
a disrupted blood brain barrier [17].

Neuron specific enolase (NSE) is one of the more promising peripheral blood markers of
neuronal injury because it is a cytosolic enzyme nearly exclusive to neurons and
neuroendocrine cells, and is expressed in high levels in the brain [18]. NSE has proven
useful for determining brain injury severity and aiding early prognosis following traumatic
brain injury [19, 20] and cardiac arrest [21-23]. A prior study demonstrated high serum NSE
concentrations were associated with mortality in sepsis, but found no association with
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sepsis-associated encephalopathy [24]. We sought to further investigate NSE as a marker of
neuronal injury in critical illness by determining the association of plasma NSE
concentration at ICU admission with 30-day mortality and delirium in a cohort of critically
ill patients with sepsis.

Study design

We performed a retrospective analysis of patients enrolled in the Molecular Epidemiology of
Severe Sepsis in the ICU (MESSI) study between January and September 2011 [25, 26]. The
MESSI study is an ongoing prospective cohort of patients admitted to the medical ICU at the
Hospital of the University of Pennsylvania, an urban academic tertiary referral center, with
severe sepsis as defined by the American College of Chest Physicians consensus criteria [2].
Patients were enrolled if they had = 2 systemic inflammatory response syndrome criteria, a
known or strongly suspected infection, and evidence of organ dysfunction or shock [2].
Exclusion criteria included a lack of commitment to life sustaining treatment at the time of
admission, primary reason for admission unrelated to sepsis (i.e. cardiac arrest, head injury),
and previous enrollment. We excluded transfers from outside hospital ICUs given the
objective to evaluate plasma NSE concentrations at initial ICU presentation. We excluded
one patient with neuroendocrine cancer because NSE is a neuroendocrine tumor marker
[27].

This study was approved by the Institutional Review Board of the University of
Pennsylvania with a waiver of timely informed consent. Informed consent was obtained
from patients or their surrogates as soon as feasible, and patients or their surrogates could
withdraw from the study at any time.

Data collection

Research personnel collected data using structured case report forms with standardized
definitions. Demographics and medical history were collected at the time of enrollment. We
collected continuous analgesic and sedative infusion dosages during the ICU stay through
day 15. Opiate dosages were converted into equivalent doses of fentanyl and benzodiazepine
dosages were converted into equivalent doses of lorazepam [7]. We reviewed nursing and
physician documentation during the ICU stay through day 15 to determine delirium status.
During the study period, nurses assessed level of consciousness as part of standard care at
least once per shift using the Richmond Agitation Sedation Scale (RASS) [28]. Patients
were considered persistently comatose if they had a RASS of < -4 throughout the study
period. Nurses assessed for delirium using the Confusion Assessment Method for the ICU
(CAM-ICU) [29], but at the time of this study the CAM-ICU was not performed every shift
as part of our standard care. We defined patients as having delirium if the patient's bedside
nurse documented at least one positive CAM-1CU assessment or if the patient's attending
physician documented a diagnosis of delirium in their daily progress note at least once
during the study period.
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Acute Physiology and Chronic Health Evaluation (APACHE) I11 scores were calculated
based on data within the first 24 hours of ICU admission. Acute kidney injury (AKI) was
defined by Acute Kidney Injury Network creatinine and renal replacement therapy criteria
[30]. Acute respiratory distress syndrome (ARDS) was defined using the Berlin definition
with the added requirement of invasive mechanical ventilation [31].

Plasma biomarker measurement

Residual citrated plasma was collected from the earliest blood draw at or just prior to ICU
admission. This corresponds to the initial blood draw at presentation to the emergency
department for patients directly admitted to the ICU, and to blood drawn during or just after
decompensation for patients transferred to the ICU from the medical ward. Plasma was
collected in citrated vacutainers, centrifuged within 30 minutes for clinical testing, and then
kept at 4°C for 12-48 hours before storage at —80°C until analysis. NSE concentrations were
measured using a commercially available enzyme linked immunosorbent assay (R&D
Systems, Minneapolis MN) with an intra-assay coefficient of variation of 6.1%. The lower
limit of detection for NSE was 0.038 ug/L. Samples with visible evidence of hemolysis were
excluded [32].

Statistical analysis

Comparisons of baseline characteristics were made using Pearson's Chi-square for
categorical data and the Wilcoxon rank-sum test for continuous data. We used multivariable
logistic regression to test the association of the plasma NSE concentration, defined as both a
continuous and a categorical variable, with 30-day mortality and ICU delirium. We
calculated standardized risks and risk differences (RD) using regression risk analysis [33,
34]. We used locally weighted scatterplot smoothing curves to determine if continuous
variables required transformation prior to inclusion in logistic regression models [35]. We
log (base 2) transformed the NSE concentration and therefore report our results when using
NSE as a continuous variable as the risk difference for each two-fold increase in the NSE
concentration. In our analyses using NSE as a categorical variable we defined a high NSE
concentration as a concentration > 12.5 ug/L, which represents the 95 percentile in healthy
subjects [36] and has been used in several prior studies in critically ill patients [19-22, 24].

We adjusted for illness severity using the APACHE I11 score in multivariable mortality
models, and adjusted for APACHE 111 score and treatment with sedative and analgesic
medications as categorical exposures in multivariable delirium models. We also assessed
potential confounding by sedative and analgesic medications in delirium models when
defined as the cumulative and mean daily dose during the study period. Additional potential
confounders were selected a priori based on existing literature and were retained in
multivariable models if they resulted in a = 10% change in the point estimate in bivariate
analysis (see Tables S1-S4 in the data supplement) [37].

In secondary analyses, we performed sensitivity analyses to test whether the association of
NSE with 30-day mortality was driven by early deaths or modified by assumptions about
survival of patients who were lost to follow-up. We also performed sensitivity analyses to
test whether the association of NSE with delirium was modified by early deaths. Given the
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possibility that delirium was underdiagnosed, we assessed potential misclassification of the
delirium outcome using logistic regression with an expectation-maximization algorithm
(Stata logitem command) [38]. This method accounts for potential outcome misclassification
by incorporating the sensitivity and specificity of the outcome measure in the model [38].
We varied the sensitivity of our delirium classification from 0.1 — 1.0 and determined the
sensitivity at which our results would become non-significant. We assumed delirious patients
were correctly classified (specificity 1.0). We also tested the association of the plasma NSE
concentration with coma using multivariable logistic regression and with the number of
coma/delirium-free days using negative binomial regression.

All analyses were performed using Stata version 12.1 (College Station, TX). A two-sided p
value < 0.05 was considered statistically significant.

Patient characteristics

Association

We screened 294 patients admitted to the ICU with sepsis and enrolled 198 into the MESSI
study (Figure 1). One hundred twenty-four patients had available non-hemolyzed plasma
and represent our study population; baseline characteristics are summarized in Table 1.
Patients who underwent NSE measurement were slightly older but had no statistically
significant differences in other baseline characteristics (see Table S5 in the data supplement).
Septic shock occurred in 83 patients (66.9%) and 61 patients (49.2%) died within 30 days of
ICU admission. All patients had detectable NSE at ICU admission and the median plasma
NSE concentration was 6.6 ug/L (interquartile range 4.1-13.8). Thirty-five patients (28.2%)
had high (>12.5 ug/L) plasma NSE concentrations indicative of neuronal injury at ICU
admission. A history of alcohol abuse appeared to be associated with lower plasma NSE
concentrations at ICU admission. The primary source of infection was not associated with
NSE concentration, and we found no association of either AKI or ARDS with NSE
concentration.

of NSE with mortality

Higher plasma NSE concentrations at ICU admission were associated with increased risk of
mortality (Table 2, Figure 2). Each two-fold increase in the plasma NSE concentration was
associated with a 7.3% (95% CI 2.5-12.0, p=0.003) increased risk of 30-day mortality after
adjusting for APACHE 111 score, admission location (medical ward versus emergency
department), race and ARDS. When defined as a categorical variable, a high plasma NSE
concentration at ICU admission was associated with a 23.3% (95% CI 6.7-39.9, p=0.006)
increased risk of 30-day mortality after adjusting for APACHE I11 score and admission
location.

To ensure the association of higher NSE concentrations with mortality was not driven by
early deaths, we excluded 15 patients who died within the first 4 days and the association of
each two-fold increase in NSE with 30-day mortality was similar (RD 6.8%, 95% CI
3.1-10.5, p<0.001). The association of each two-fold increase in NSE was also similar in a
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sensitivity analysis assuming the 3 patients who were lost to follow-up had died (adjusted
RD 7.5%, 95% CI 2.2-12.8, p=0.005).

of NSE with delirium

One hundred eight patients who survived at least 24 hours after ICU admission and were not
persistently comatose during the study period were included in our primary delirium
analyses. Delirium developed in 34 (31.5%) of these 108 patients during the ICU stay.

Higher plasma NSE concentrations at ICU admission were associated with increased risk of
delirium (Table 2, Figure 3). Each two-fold increase in the plasma NSE concentration was
associated with a 5.2% (95% CI 3.2-7.2, p<0.001) increased risk of delirium after adjusting
for APACHE |11 score, and receipt of sedative and analgesic infusions. The results were
similar when adjusting for the cumulative dose of sedative and analgesic infusions (adjusted
RD 5.2%, 95% ClI 3.4-6.9, p<0.001) and when adjusting for the mean daily dose of sedative
and analgesic infusions (adjusted RD 5.1%, 95% CI 3.1-7.2, p<0.001). When defined as a
categorical variable, a high plasma NSE concentration at ICU admission was associated with
a29.3% (95% CI 8.8-49.8, p=0.005) increased risk of delirium after adjustment for
APACHE I11 score and receipt of sedative and analgesic infusions.

The association of each two-fold increase in NSE with delirium was similar in sensitivity
analyses assuming the eight patients who died within the first 24 hours were not delirious
(adjusted RD 4.8%, 95% CI 3.0-6.6, p<0.001) and assuming they were delirious (adjusted
RD 6.2%, 95% CI 4.4-8.0, p<0.001). To assess the robustness of our results to potential
underdiagnosis of delirium, we performed sensitivity analysis varying the sensitivity of our
delirium detection. Only at a sensitivity of < 44%, corresponding to a false-negative rate of =
56%, would the association of NSE with delirium have become non-significant. In
secondary analyses, high NSE levels were associated with coma, but this association was
attenuated after adjusting for APACHE 111 score, and receipt of sedative and analgesic
infusions (see Table S6 in the data supplement). We also found that higher NSE
concentrations at ICU admission were associated with significantly fewer coma/delirium
free days (see Table S7 in the data supplement).

Discussion

Our study demonstrates that high plasma NSE concentrations at ICU admission for sepsis
are independently associated with increased risk of mortality and delirium. These results
support the potential role of neuronal injury in the pathophysiology of delirium in sepsis and
support the need for further research of NSE as a novel early marker of neuronal injury in
sepsis and other similar critical illnesses.

Our finding that high plasma NSE concentrations at ICU admission for sepsis were
associated with 30-day mortality is consistent with the prior study by Nguyen and colleagues
that demonstrated higher NSE concentrations at 24 and 48 hours after ICU admission for
sepsis in patients who died within the first 4 days [24]. Our study extends these findings by
demonstrating that high plasma NSE concentrations can be detected as early as ICU
admission and that these early NSE concentrations are associated with both early and late
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mortality. Our study also demonstrates that the association of high NSE concentrations with
mortality is independent of illness severity and other potential confounders at the time of
presentation. The underlying nature of this association is unclear; however, it may be that
neuronal injury impairs neurologic homeostatic functions resulting in endocrine, metabolic
and autonomic disturbances that could contribute to increased mortality. Further research is
needed to better understand the underlying mechanisms linking neuronal injury and
increased mortality in patients with sepsis.

To our knowledge, our study is the first to demonstrate that high plasma NSE concentrations
at ICU admission are independently associated with risk of delirium in critically ill patients
with sepsis. One study of 60 general ICU patients demonstrated that delirious patients had
higher serum NSE concentrations at the time of ICU admission [39], and a second study of
74 patients demonstrated higher postoperative serum NSE concentrations in patients who
experienced delirium after cardiac surgery with cardiopulmonary bypass [40]. In their study
of sepsis patients, Nguyen and colleagues reported that a high NSE concentration within the
first 4 days of ICU admission was common in patients who developed encephalopathy, but
did not report adjusted analyses and did not assess patients for delirium [24]. In contrast, no
association of NSE with delirium was identified in a study of patients undergoing elective
abdominal surgery or a study in elderly patients admitted with hip fracture [41, 42]. The
varying results across these studies may be explained by different outcome definitions or
differences in pathophysiologic mechanisms leading to delirium in different patient
populations. Sepsis and cardiopulmonary bypass are both characterized by periods of
hypoperfusion, hypoxemia and a robust systemic inflammatory response, which may lead to
neuronal injury and play an important role in the development of delirium. It may be that
these processes are less common following elective abdominal surgery or hip fractures, or
other mechanisms may play more predominant roles in the development of delirium in such
patients.

Our reported association of high plasma NSE concentrations at ICU admission with delirium
in sepsis adds to a growing body of literature suggesting critical illness is associated with
acute neuronal injury and that neuronal injury may be in the causal pathway of delirium.
Future studies are needed to validate our findings and understand more fully the association
of NSE with delirium across different patient populations. Studies should also investigate the
association of NSE with post-ICU cognitive function given the strong association of
delirium with subsequent long-term cognitive impairment [7, 9]. Further validation of NSE
or similar markers could provide a novel method to quantify brain injury early in critical
illness, which could be useful for studies investigating pathogenic mechanisms of delirium
in critical illness. Although our study was not designed to investigate risk factors associated
with NSE concentrations, our results suggest a history of alcohol abuse may be was
associated with lower NSE levels at ICU admission for sepsis. These findings are
hypothesis-generating but may be due to small sample size or potentially be random due to
multiple comparisons. Future studies are needed to better understand risk factors associated
with neuronal injury in sepsis.

Despite more than a dozen clinical trials over the past decade, there are few specific
treatments to prevent or treat delirium in critically ill patients [43, 44]. Failed attempts at
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identifying effective therapies for delirium may be due to late intervention or due to its
heterogeneous nature [45]. NSE or similar markers may have utility in defining
subphenotypes of delirium, which could reduce this heterogeneity. The importance of
reducing heterogeneity is highlighted by a recent study demonstrating different responses to
treatment among subphenotypes of ARDS [46]. NSE or similar markers may also be useful
in combination with clinical variables to improve patient selection for future clinical trials
[47, 48].

Our study has several important limitations. The study was completed at a single center so
generalizability may be limited. Three patients were lost to follow-up after discharge to
home; however, sensitivity analyses demonstrated our results were robust to this potential
misclassification of 30-day mortality. The incidence of delirium in our study was lower than
other studies, possibly due to differences in patient populations. The Bringing to Light the
Risk Factors and Incidence of Neuropyschological Dysfunction in ICU Survivors (BRAIN-
ICU) study, the largest delirium study in critically ill patients, reported an incidence of 74%
[7]. However, the BRAIN-ICU study had a higher rate of mechanical ventilation (91%
versus 63%), as well as more frequent treatment with benzodiazepines (62% versus 16%),
opiates (78% versus 45%) and propofol (52% versus 10%) compared to our study.
Alternatively, a study by Ouimet and colleagues that similarly enrolled patients admitted to
the ICU regardless of the need for mechanical ventilation or presence of shock reported a
delirium incidence of 31.8%, which is consistent with our results [4]. The low incidence of
delirium in our study could also be due to underdiagnosis because we determined delirium
by chart review. To minimize underdiagnosis we reviewed attending physician notes in
addition to routine nursing assessments, which have been shown to have varied sensitivity
[49, 50]. We also performed sensitivity analyses and demonstrated our results were robust to
underdiagnosis of delirium; only when the sensitivity of our delirium classification was <
44%, corresponding to a false-negative rate of = 56%, would the association of NSE with
delirium have become non-significant. Misclassification could also have occurred among the
few patients who died shortly after ICU admission prior to undergoing delirium assessment,
but sensitivity analysis including these patients demonstrated similar results. Finally,
although we considered multiple confounders in our adjusted analyses, unmeasured
confounders could still have affected our results.

Conclusions

Our results demonstrate that higher plasma concentrations of NSE at the time of ICU
admission were independently associated with an increased risk of mortality and delirium in
patients with sepsis. These findings suggest acute neuronal injury is common in early sepsis
and that neuronal injury may play a role in the pathophysiology of delirium. Future research
is needed to validate our findings, and investigate whether NSE or similar plasma markers
are associated with long-term cognitive outcomes, can help elucidate pathogenic
mechanisms of neuronal injury in critical illness, and be used for early identification of
patients to target for novel neuroprotective interventions.
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294 patients with
severe sepsis

Met exclusion criteria (68)
»{ Declined enrollment (20)
Missed enrollment (8)

Y

198 patients
enrolled in MESSI

Plasma not available (60)
»| Hemolyzed plasma (13)
Neuroendocrine malignancy (1)

A 4

124 patients

Outcome at 30-days

63 61
survived*® died
Figure 1.

Flowchart illustrating the enroliment and follow-up of the study population. *Three patients
lost to follow-up after discharge to home were assumed to survive in primary analyses.
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Figure 2.

Adjusted probability of 30-day mortality according to the plasma neuron specific enolase
(NSE) concentration at intensive care unit admission. Points represent the adjusted mortality
risk and vertical error bars represent 95% confidence intervals. The NSE concentration is
plotted on the log base 2 scale. After adjustment for Acute Physiology and Chronic Health
Evaluation I11 score, admission location, race, and acute respiratory distress syndrome each
two-fold increase in the plasma NSE concentration was associated with a 7.3% increased
risk of 30-day mortality (p=0.003).
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Figure 3.
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Admission NSE concentration (Log2 scale)

Adjusted probability of delirium according to plasma neuron specific enolase (NSE)
concentration at intensive care unit admission. Points represent the adjusted delirium risk
and vertical error bars represent 95% confidence intervals. The NSE concentration is plotted
on the log base 2 scale. After adjustment for Acute Physiology and Chronic Health
Evaluation I11 score and receipt of sedative and analgesic infusions, each two-fold increase
in the plasma NSE concentration was associated with a 5.2% increased risk of delirium

(p<0.001).
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Characteristics of the study population categorized by high plasma neuron specific enolase (NSE)

Table 1

concentration at intensive care unit admission (n = 124)

Variable NSE <12.5ug/L (n = 89)
Age (yrs.) 63 (55-71)
Male gender 54 (61%)
Race
White 49 (55%)
Black or African American 33 (37%)
Other 7 (8%)
Comorbidities
Hypertension 42 (47%)
Diabetes 31 (35%)
Congestive heart failure 13 (15%)
Chronic kidney disease 9 (10%)
Cirrhosis 11 (12%)
Malignancy 34 (38%)
Current smoking 11 (12%)
Alcohol abuse 12 (13%)
Source of admission
Emergency Department 36 (40%)
Medical Wards 53 (60%)
APACHE I11 score 79 (66-97)
Source of infection
Pulmonary 31 (35%)
Genitourinary 14 (16%)
Gastrointestinal 7 (8%)
Other 37 (41%)
Septic shock 56 (63%)
Mechanically ventilated 54 (61%)
Sedative or analgesic infusion
Opiate 39 (44%)
Benzodiazepine 11 (12%)
Propofol 10 (11%)
ARDS 37 (42%)
AKI (N=121) 47 (53%)
Coma 28 (31%)
Persistent coma? 4 (4%)
Delirium (n:108)b 21 (24%)
30-day mortality 12 (19%)

NSE > 12.5ug/L (n = 35)

61 (52-71)
20 (57%)

20 (57%)
12 (34%)
3 (9%)

23 (66%)
12 (34%)
5 (14%)
6 (17%)
4 (11%)
15 (43%)
4 (11%)
2 (6%)

19 (54%)
16 (46%)
89 (71-101)

13 (37%)
6 (17%)
1(3%)
15 (43%)
27 (77%)
24 (69%)

17 (49%)
9 (26%)
3 (9%)
16 (46%)
20 (63%)
18 (51%)
4 (11%)

14 (40%)

23 (38%)

p value

0.42
0.72

0.06
0.95
0.96
0.28
0.89
0.63
0.33
0.04

0.16

0.79

0.13
0.41

0.63
0.069
0.66
0.68
0.34
0.038
0.16

0.068

0.021

Data expressed as frequency (percent) or median (interquartile range)
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Definition of abbreviations: APACHE = acute physiology and chronic health evaluation; ARDS = acute respiratory distress syndrome; AKI = acute
kidney injury; NSE = neuron specific enolase

a . ) . i . .
Persistent coma defined as a Richmond Agitation Sedation Score < —4 throughout the study period

b .. . . . .
Delirium assessed in 108 patients who survived >24 hours and were not persistently comatose
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Table 2

Association of each two-fold increase in plasma neuron specific enolase concentration at intensive care unit
admission with risk of mortality and delirium

Risk Difference  95% CI  p value
30-day Mortality

Unadjusted 6.6% 15-11.6 0.011
0, -
Adjusteda 7.3% 2.5-12.0  0.003
ICU Delirium
Unadjusted 5.1% 3.3-70 <0.001
0, -
Adjustedb 5.2% 3.2-7.2  <0.001

Risk differences were calculated using regression risk analysis following logistic regression

a. . . . . o . .
Adjusted for Acute Physiology and Chronic Health Evaluation (APACHE) 111, admission location (medical ward versus emergency room), race,
and acute respiratory distress syndrome

Adjusted for APACHE 111 and receipt of sedative and analgesic infusions as categorical exposures
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