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Abstract

OBJECTIVE —To examine the association of plasma neuroaxonal injury markers
neurofilament light (NfL), total tau, glial fibrillary acid protein and ubiquitin carboxyl-terminal
hydrolase L1 and delirium, delirium severity, and cognitive performance.

METHODS —Delirium case-no delirium control (n=108) pairs were matched by age, sex,
surgery type, cognition, and vascular comorbidities. Biomarkers were measured in plasma
collected preoperative(PREOP), 2 days(POD2) and 30 days postoperative(PO1MO) using Simoa
technology (Quanterix). The Confusion Assessment Method (CAM) and CAM-S(severity) was
used to measure delirium and delirium severity, respectively. Cognitive function was measured
with General Cognitive Performance(GCP) scores.

RESULTS —Delirium cases had higher NfL on POD2 and PO1MO (median matched pair
difference 16.2pg/ml and 13.6pg/ml, respectively (P < .05)). Patients with PREOP and POD2 NfL
in the highest quartile (Q4) had increased risk for incident delirium (adjusted OR= 3.7(95%
Cl,1.1-12.6), and 4.6(95% CI, 1.2-18.2), respectively) and experienced more severe delirium,
with sum CAM-S scores 7.8 points (95%Cl,1.6, 14.0), and 9.3 points higher (95%Cl, 3.2, 15.5).
At PO1MO, delirium cases had continued high NFL (adjusted OR of 9.7; 95% Cl,2.3,41.4), and
those with Q4 NfL values showed —2.3 point decline on GCP score (-2.3 points, 95% ClI, -4.7,
-0.9).

INTERPRETATION —Patients with highest PREOP or POD2 NfL levels were more likely to
develop delirium. Elevated NfL at PO1MO was associated with delirium and greater cognitive
decline. These findings suggest NfL may be useful as a predictive biomarker for delirium risk and
long-term cognitive decline, and once confirmed would provide pathophysiological evidence for
neuroaxonal injury following delirium.

| Introduction

Delirium, an acute decline in cognition and attention, is a common complication of illness,
acute trauma, and surgery in older adults that is associated with increased morbidity and
mortalityl=3. Knowledge of delirium pathophysiology is limited, but emerging evidence
suggests neuronal injury may play a role*®. Increasingly, fluid biomarkers of neuronal injury
have been studied in a range of conditions, including traumatic brain injury (TBI)8, multiple
sclerosis’+® stroke9 and neurodegenerative disease’. In delirium, prior studies examining
plasma markers of neuronal injury have been mixed. For example, S100B, a calcium-
binding peptide and measure of glial activation and/or death, has been found to be
elevated’®, or unchanged in patients with persistent delirium compared to those with
probable Alzheimer’s disease (AD)1L. Results with neuron specific enolase (NSE), a highly
specific marker for neurons and peripheral neuroendocrine cells, have been variable, with
one study showing NSE levels were lower in CSF of patients with delirium!?, others
reporting higher plasma NSE concentrations!112 and yet others finding no significant
difference between delirium and control groups?0.

With the development of ultra-sensitive immunoassays, additional markers of neuronal
injury that can be measured from blood have emerged and are being investigated. For
example, neurofilament light (NfL), a highly expressed cylindrical intermediate filament
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protein that provides structural support for myelinated axons has been found to be elevated
in blood in multiple conditions including stroke, TBI, multiple sclerosis, AD, progressive
supranuclear palsy, and frontotemporal dementia, and appears to increase in both
cerebrospinal fluid (CSF) and blood proportionally to the degree of axonal damage’. NfL
has been shown to increase after delirium, in a case-series report!3 and a cohort study of
older adults undergoing elective surgery4. Tau, a microtubule-stabilizing protein primarily
localized in neurons, but also expressed at low levels in astrocytes and oligodendrocytes, and
phosphorylated tau (p-tau) have been observed to be elevated in the CSF of patients with AD
and other neurodegenerative diseases and TBI, suggesting that tau is released from cells
during neuronal damage and may serve as a brain-specific biomarker®. Serum NfL and tau
both increase over 48 hours after surgery, suggesting that general anesthesia and surgery
may be associated with neuronal damage in the short term6 Glial fibrillary acidic protein
(GFAP), expressed by astrocytes and used as a marker of astrocytosis in neurodegeneration,
and ubiquitin carboxyl-terminal hydrolase L1(UCHL-1), a neuron specific enzyme, are two
other potential biomarkers of TBI17. While these four biomarkers of neuroaxonal injury,
NfL, total tau, GFAP, and UCHL-1 have been examined previously in the context of
neurodegenerative diseases or TBI, in this paper, our aim is to measure these 4 potential
markers of different aspects of neuronal injury in the plasma using state-of-the-art
technology, and determine whether they are associated with delirium incidence, severity and
duration in a cohort of older patients undergoing elective orthopedic surgery. Given the
previously established association of delirium with postoperative cognitive declinel819, we
also examine whether these biomarkers predict one-month cognitive function after delirium.

[ Methods

a. Study population

The Successful Aging after Elective Surgery (SAGES) study is a prospective, observational
cohort study of older adults without dementia undergoing major elective surgery. The study
design and methods have been described in detail previously2%-21, In brief, eligible
participants were age=70 years, English speaking, with an anticipated hospital length of stay
>3 days. Eligible surgical procedures included: total hip or knee replacement, lumbar,
cervical, or sacral laminectomy, lower extremity arterial bypass surgery, open abdominal
aortic aneurysm repair, and open or laparoscopic colectomy. Exclusion criteria were
evidence of dementia, delirium, or hospitalization within 3 months, terminal condition, legal
blindness, severe deafness, history of schizophrenia or psychosis, and history of alcohol
abuse or withdrawal. A total of 560 patients met all eligibility criteria and were enrolled
between June 18, 2010 and August 8, 2013. Written informed consent for study participation
was obtained from all participants according to procedures approved by the institutional
review boards of Beth Israel Deaconess Medical Center and Brigham and Women’s
Hospital, the two study hospitals, and Hebrew SeniorLife, the coordinating center for the
study.

From the full cohort, a nested matched case-control (delirium-no delirium) sample was
created and used in prior studies examining cytokines and post-operative delirium?2, The
nested matched case-control study offers a powerful design, with advantages of: 1) improved
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efficiency with reduced numbers of samples to be analyzed; 2) strong control of
confounding, and 3) statistical power nearly identical to the full cohort study23. Delirium
cases were identified as participants who had their peak delirium on the second post-
operative day. Controls had no evidence of delirium or subsyndromal delirium throughout
their hospitalization. The case-control pairs were matched on six variables: age within five
years, baseline General Cognitive Performance (GCP)2* within five points (see below for
details), and an exact match for sex, surgery type, presence of vascular comorbidity, and
Apolipoprotein E e4 carrier status. Vascular comorbidity was present if the participant had at
least one Charlson diagnosis2° related to vascular disease (myocardial infarction, congestive
heart failure, peripheral vascular disease, cerebrovascular disease, hemiplegia, and diabetes
or diabetes with end organ damage). For Apolipoprotein E genotype, DNA was extracted
from cellular material in the blood and genotyped at the Partners Center for Personalized
Medicine. We classified individuals with =1 e4 allele as Apolipoprotein E &4 carriers. For
this paper, to limit heterogeneity of surgical procedure, we selected only participants who
had undergone an orthopedic procedure (66 matched pairs). Twelve pairs with low plasma
volume in the biorepository were excluded, yielding n=54 matched pairs (108 participants)
for inclusion in this study.

b. Data Collection

Participants underwent a 90-minute baseline assessment in their homes, conducted by
trained research associates two weeks prior to the index surgery2%-21, Demographic
information, including age, sex, race, marital status, years of education, neuropsychological
testing and functional assessments were collected at this time. The neuropsychological
battery included the Modified Mental Status Exam (3MS), Hopkins Verbal Learning Test
(HVLT), Digit Span Forwards and Backwards, Category Fluency, Phonemic (F-A-S)
Fluency Tasks, Boston Naming Test, Visual Search and Attention Test (VSAT), Trail
Making Test (A and B), and the Digit Symbol Test, from which a General Cognitive
Performance (GCP) score was created?4. The GCP is a weighted composite summary
measure calibrated to a nationally representative sample of adults age =70 years26 to yield a
mean score=50 and standard deviation=1027. A GCP cut-point of 45, corresponding with an
MMSE of 23/24, optimally discriminated participants with dementia2’. The Geriatric
Depression Scale?® was administered to all participants. The Informant Questionnaire on
Cognitive Decline in the Elderly?® was administered to a family member of each participant.
Following surgery, from the first postoperative day through discharge, participants
underwent a daily delirium assessment, which included a brief cognitive testing and family
and nurse interviews. Attempts were made to conduct the assessment at a similar time each
day, but clinical care and patient preferences were prioritized and interviews were conducted
accordingly. Delirium was defined by CAM criteria?l, supplemented by nurse interviews
and a validated chart-based delirium diagnosis3C. Delirium days was the sum of total
postoperative days the patient was delirious by either CAM or chart review over the duration
of hospitalization.

The current nested-case control cohort study intentionally maximized the contrast between
cases and controls. Cases had to have delirium minimally on post-operative day 2 (POD2),
meaning that someone delirious only on day 3 would be ineligible, but someone with
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delirium on days 1-3 could be included. This ensured that blood collected on POD2
corresponded to the presence of delirium. Controls were defined as patients with no
delirium, including no subsyndromal delirium on any post-operative day (POD) over the
entire study. Characteristics of the n=134 participants with delirium in the full SAGES
cohort were similar to the n=54 participants with delirium for the nested-study. Delirium
severity was scored using the Confusion Assessment Method-Severity (CAM-S long form),
an instrument with good psychometric properties, high inter-rater reliability, and strong
association with clinical outcomes related to delirium3L. In the current study, we examined
peak CAM-S, the highest single CAM-S rating across all hospital days for each patient, and
the sum of CAM-S over all days in hospital32.

After discharge from the index hospitalization, a comprehensive medical record abstraction
was conducted to collect details about the hospitalization, including surgical procedure and
anesthesia type; Charlson score and vascular comorbidity were calculated from information
extracted from the medical record. Follow-up interviews and neuropsychological testing
were conducted in person at one-month post-surgery. All study interviews were conducted
by experienced interviewers, who underwent two to four weeks of intensive training and
standardization?!. Standardization and inter-rater reliability testing of all key study variables,
including delirium and neuropsychological assessment, was conducted every six months
continually throughout the study and coding questions were addressed in weekly meetings
of all study staff.

c. Blood Collection

Blood was collected during the preoperative clinic visit (PREOP), on the morning of POD2,
and at 1 month following the hospitalization (PO1MO). Blood was collected in heparinized
tubes, placed immediately on ice, and transported to the Clinical Research Center, where it
was processed within four hours of collection. Tubes underwent low speed centrifugation to
separate out cellular and plasma components. Plasma was aliquoted and stored at ~80°C2L,

d. Quanterix 4-plex assay for tau, NfL, UCHL-1, GFAP

The assays were conducted using the Simoa Human Neurology 4-Plex A, a 2-step digital
immunoassay using the Simoa HD-1 Analyzer and Single Molecule Array (Simoa)
technology (Quanterix Accelerator Program, Lexington, MA)32, Samples were delivered to
Quanterix on dry ice and were stored at —80°C upon arrival. Prior to analysis, samples were
thawed completely at room temperature, then were vortexed and spun down for 3 minutes at
14,000xg to pellet any debris. Samples were processed in order from the provided manifest
and tested in duplicate. Plasma samples were diluted on-board the instrument at 4x dilution
using N4PA Sample Diluent (included in kit) prior to testing. Ready-to-use calibrators were
tested in triplicate and ready-to-use controls tested in duplicate. The concentration of total
tau, NfL, GFAP, and UCHL-1 was determined from a correspondent standard curve.

e. Statistical analysis

The distributions of total tau, NfL, UCHL-1, or GFAP overall and by delirium status were
examined using descriptive statistics, including mean, standard deviation, median, and
range. As the distributions of the biomarkers were non-normal (data not shown), we decided
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to employ non-parametric approaches, and that we would analyze biomarker values by
quartiles, defined by the 25™, 50", and 75™ percentile concentrations, as we have done in
prior studies33:34, To examine the relationship between the biomarkers and delirium
incidence, because of the nested matched case-control study design, we performed two types
of matched pair analyses. First, the Wilcoxon signed-rank test was used to compare the
matched (delirium case versus no delirium control) samples to assess whether the population
mean ranks differed. Second, we used conditional logistic regression to estimate the odds of
having delirium (incidence) given the relative level (i.e., comparison between quartiles) of
the biomarker proteins at a specific timepoint (i.e., PREOP or POD2) or whether the
biomarker level at PO1MO was associated with delirium. In these models, the major
confounders were adjusted by the nested case-control design. We used six factors in the
construction of the 54 matched pair sample: gender, surgery type, vascular comorbidity,
APOE e4 status, age at surgery, and baseline GCP. By definition all patients with delirium
were delirium-positive on POD2. We required the case and control within a matched pair to
have identical value on the first four factors. For age and GCP, we required the caliper
(difference between case and control) to be five or less. Thus, the quality of the match (the
total difference from age and GCP) is better with values closer to zero. On average, the
match quality was excellent with the median difference of less than 2 for both age and GCP
(data not shown). We report delirium incidence by odds ratio (OR) estimates and the
corresponding 95% confidence interval (CI), and the estimated area under the receiver-
operating-characteristic curve (c-statistic).

For delirium severity, we also examined whether PREOP or POD2 biomarker level, or the
change in biomarker level from PREOP to POD2 correlated with delirium severity, as
measured by peak-CAM-S and sum CAM-S. We also considered the number of delirium
days over the course of the hospitalization as a measure of delirium duration. We used linear
mixed effects models to account for the within-pair correlation, and modeled this correlation
via the use of the compound symmetry structure of the variance-covariance matrix.
Restricted maximum likelihood estimation was used in these models.

Lastly, we examined the association between biomarker levels at all timepoints and the GCP
at one month corrected for baseline GCP, using a linear mixed effects model taking the
within-pair correlation (compound symmetry structure on the variance-covariance matrix)
into account. As with other analyses, we controlled for confounders by entering the six
matching variables into the model. SAS software version 9.4 (Cary, N.C.) was used for all
analyses.

Results:

a. Demographics

Characteristics of the full sample and the matched case-controls are described in Table 1.
The matched sample (n=108) included older adults who were on average (standard
deviation, SD) 77(5) years old at the time of study enrollment; 56(53%) were women and
10(9%) non-white. The sample was generally healthy with an average Charlson score of 1.3.
Participants had 15(3) years of education and an average baseline cognitive performance of
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55.5(5.4) points on the GCP. Eighty-four percent of patients had their surgical procedure
under general anesthesia.

b. Plasma biomarker concentrations

Due to missing samples or insufficient plasma volume, a total of 304 samples (PREOP,
n=107; POD2, n=98 and, n=99) were tested in duplicate for each biomarker; of these 304
plasma samples tested, 291(95.7%) samples had data for both replicates. For tau, NfL, and
GFAP, all 291(100%) samples with data available from both replicates were in linear range,
with a mean concentration coefficient of variation (CV) of 5.1%, 4.6%, and 4.2%,
respectively. For UCHL-1, 153 samples (50.3%) were in the linear range and 146 samples
(48.0%) were between the limits of detection and the lower limit of quantification with an
overall mean concentration CV of 13.7%. Five UCHL-1 samples were below the limits of
detection and were excluded from analysis.

c. The relationship with delirium incidence, severity, and duration.

We examined the relative risk of postoperative delirium by quartiles of biomarker levels at
PREOP and POD2. After matching for baseline GCP, age, sex, surgery type, presence of
vascular comorbidity, and APOE e4 status, patients with PREOP NfL values in the highest
quartile (Q)4 had a significantly increased risk of developing postoperative delirium relative
to patients in the lowest quartile (Q1) [adjusted odds ratio (OR) of 3.71 (95%CI 1.09-12.58,
F£<.05)] (Table 2). On POD2, patients with NfL levels in Q3 and Q4, had an adjusted OR
(95%Cl) of 4.67 (1.20-18.15) and 8.83 (1.88-41.36), respectively, for delirium relative to
those with NfL levels in Q1 (/<.05) (Table 2). No association was found for PREOP or
POD2 GFAP, Tau, or UCHL-1 levels with postoperative delirium, although GFAP did show
a non-significant trend (Table 3).

We examined the association of NfL with delirium severity. Participants with NfL levels in
the highest quartile (Q4) at PREOP or POD2 relative to Q1 experienced more severe
delirium, with sum CAM-S scores that were 7.8 points higher (95%Cl,1.60,14.04), and 9.34
points higher (95%Cl, 3.22,15.46) respectively. On POD?2, participants with NfL in Q4 were
more likely to have a delirium that lasted on average 1.04 days longer (95%CI 0.5, 1.6)
(Table 2) and a peak CAM-S score 3.0 points higher (95%CIl, 0.8,5.1) than those with Q1
NfL values. The change in NfL level from PREOP to POD2 correlated with delirium
severity as measured by peak CAM-S (rank correlation coefficient=.31, £=.003), sum CAM-
S (0.29, P=.005) and delirium-days (0.37, A<.001).

d. Changes in biomarkers following surgery

Using the matched pair design of the study, paired differences between the delirium and no
delirium (i.e, NfL level in delirium — NfL level in no delirium) were examined over time
(Figure 1). At baseline, the median paired difference (MPD) for NfL (5.6 pg/ml) was not
significant, however after surgery the MPD was significant at both POD2 (16.2 pg/ml,
F<.05, Wilcoxon signed-rank test) and PO1MO (13.6 pg/ml, £<.05, Wilcoxon signed-rank
test), reflecting higher NfL levels in the delirium pairs, and persistently elevated at PO1IMO
compared to baseline. Absolute NfL values increased in all subjects (data not shown).
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At one month, patients who had been delirious were more likely to have NfL levels in the
highest quartile (Q4) compared to the lowest (Q1) quartile (adjusted OR of 9.73; 95%ClI
2.28,41.43). In addition, for every point higher on sum CAM-S the odds for POIMO NfL
being in Q4 vs. Q1 increased by 10% (adjusted OR 1.11, 95%CI 1.03,1.20) (Table 4). No
association with GFAP, UCHL-1, or total tau and delirium or delirium severity was observed
(data not shown).

We also examined NfL and cognitive performance at one month. In this study we found that
patients with highest NfL (in Q4) at PO1MO had a mean GCP decline (the difference
between GCP at 1-month and PREOP) of —2.31 points more (95%Cl: -4.14, —0.48) than
those with lowest NfL levels (Q1) where the mean change was 0.11 points (95%C
-1.74,1.96). There was no difference in baseline GCP scores between those in the groups
classified in Q4 versus Qlat PO1MO [median (range) 55.86 (45.66—68.69) vs. 53.98 (44.73—
60.09), p =.10 ]. The proportion of patients with the highest NfL at one month who declined
on the GCP and were positive for delirium on POD2 was 31.5% (17/54). NfL at PREOP and
POD2 were not associated with a decline in GCP at one month (Table 5).

Discussion

We have previously hypothesized that neuronal injury may represent a final common
pathway for disparate pathophysiologic processes that occur during acute delirium?. In
delirium, synaptic or neuronal injury may occur through a variety of mechanisms, including
excitotoxicity, oxidative stress, and/or inflammation among other effects®35:36, In this study,
we examined four potential plasma biomarkers of neuronal injury, NfL, GFAP, UCHL-1 and
tau, and found only NfL to be altered in association with surgery and delirium.

Patients who had higher baseline levels of NfL (i.e., those with high values in Q4) were
more likely to develop delirium. This suggests that patients with pre-existing levels of
neuronal injury may be more vulnerable to developing delirium with surgery, consistent with
observations that older persons, particularly those with underlying cognitive impairment2-37,
or neuroimaging markers of neurodegeneration38 have a higher predisposing risk for
developing delirium. A recent meta-analysis of 126 studies examining functional
neuroimaging and electroencephalogram studies identified that strength and efficiency of
connectivity appear to characterize structural brain networks of patients at risk for
delirium3?, supporting the notion that underlying structural brain vulnerability is a key factor
for delirium occurrence. Although patients with dementia were excluded from participation,
11% of the patients in the SAGES cohort had a mild cognitive impairment by clinical
consensus diagnosis at baseline??, and we assume, given the age of the cohort, that
additional individuals likely have subtle cognitive impairment as well. Overall, we anticipate
that neuronal injury due to underlying neurodegeneration at baseline will be subclinical to
mild.

In the current study, we also identified that on POD2, NfL increased in both delirium cases
and non-delirium controls. Increased NfL following surgery has been reported previously1®
however, NfL levels rose more in the delirious cases, and NfL levels in the 3" and 4t
quartiles were significantly associated with delirium. As the study design identified delirium
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cases as being present on POD2, this finding that delirium is associated with increased NfL
levels suggests that delirium and/or the insult triggering the delirium may potentially lead to
neuroaxonal injury. Patients with higher PREOP NfL, reflecting neuronal injury prior to
surgery, were more likely to have higher sum CAM-S scores reflecting greater severity of
the delirium episode. This may occur in the presence of an underlying but subclinical
neurodegenerative condition where neurons are more vulnerable to injury and cell death
with just modest levels of neuroinflammation, and an exaggerated central inflammatory
response*! promotes even greater neuronal injury.

Interestingly, we saw that NfL remained elevated one month after hospitalization, but
especially in patients who had experienced delirium. This persistence of elevated NfL after
surgery and delirium to one month has not been previously reported in the literature. In our
prior work we have found patients with delirium had a significantly greater decline in GCP
scores (-1.0 points) in the first month after surgery compared to those without delirium8; in
the current study we find that those patients with NfL values in the highest quartile at one
month decline in GCP score by —2.31 points more than those patients who had NfL values in
the lowest quartile at one month. Neither baseline nor POD2 NfL levels were associated
with lower GCP scores one-month post-surgery, which may suggest that it is the persistence
of elevated NfL levels that may affect cognitive function. A potential explanation for this
observation is that following the acute phase of delirium (i.e., POD2), some patients recover,
with normalization of NfL by PO1MO, but others have ongoing elevation in NfL and go on
to have ongoing cognitive decline?. Not all patients with higher NfL at baseline and POD2
reach the highest level of NfL at PO1MO. However, while a nested case-control sample
optimizes delirium analyses, the design limits the analyses of other outcomes, thus, the
finding on one-month cognitive function should be interpreted with caution. If confirmed in
a larger study, when taken together, this evidence might suggest that once triggered, delirium
may lead to neuroaxonal injury, and for some patients this injury may persist well beyond
the time frame of the acute illness or surgery, and may contribute to long-lasting effects on
cognitive function.

We did not find significant changes in plasma tau, GFAP, or UCHL-1 in our cohort. In a
prior case-series of nine individuals undergoing cardiac surgery in which the ability of serum
NfL, tau and GFAP levels to predict delirium was examined!3 no differences were observed
with GFAP. Another study of patients undergoing cardiac surgery found no association
between GFAP levels and delirium?2. In the case series, tau was observed to be increased
pre-operatively in those who later developed delirium3, and increased after surgery in all
cases, with levels returning to baseline at post-operative day onel3. It is possible that our
study did not identify an association of baseline tau with delirium due to differences in
patient population. Changes in tau after surgery may have been missed in our study due to
the timing of of blood samples, and serum tau may be a less sensitive marker than serum
NfL of neuroaxonal injury, as has been found previously in sports related concussion?3.
Serum UCHL-1 levels in our study were variable, with only about half the samples within
the linear range of detection, and for this reason may not be a useful marker of neuronal
injury in delirium.
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A number of prior studies have found associations of NfL with delirium. A study of patients
presenting with hip fractures found that those with delirium had significantly higher
preoperative and postoperative serum NfL compared with patients without delirium?4.
Likewise, our study found similar associations, and our cohort of elective surgical patients
eliminates potential confounding effects associated with hip fracture. In another study, NfL
was found to be increased after cardiopulmonary bypass, with the highest post-operative
levels among those with delirium. A recent study by Casey et. al. showed in a cohort of 108
older patients (36.1% delirium rate) that NfL levels gradually and continued to increase 4
days after surgery in all patients, although the increase in NfL was more profound in patients
with delirium4. We also observed NfL increased from baseline values across the whole
cohort, even up to 1 month postoperatively, with higher NfL seen in patients with delirium at
all timepoints. However, neither the case studies reported by Saller et. al., or the study by
Casey et. al. found that PREOP NfL predicted delirium in their surgical cohort!4 as we saw
in ours. These discrepant findings could be due to differences in study design, patient
population, and sample size, and certainly additional studies are warranted.

Evered et. al. have reported, in a cohort of 30 patients 60 years and older undergoing general
anesthesia for elective surgeries, a significant and rapid increase plasma tau from baseline
values, peaking at 6 hours, and a slower and more continuous rise in plasma NfL with
continued increase thru at least 48 hours, regardless of type of surgery or anesthesial,
although their study did not report delirium assessments. While our study included
participants (n=17) who received spinal anesthesia with intravenous sedation, without
general anesthesia, there was insufficient power to assess the effect of general anesthesia on
NfL levels (data not shown).

Strengths of our study include our ability to leverage the existing resources of the SAGES
study, which included biobanked plasma over multiple timepoints. The full cohort was well-
characterized and utilized rigorous measures of delirium, with detailed longitudinal follow-
up. Clinically evident dementia was excluded using a rigorous process. We used a nested
case-control substudy from SAGES which allowed us to select delirium cases and delirium-
free controls who were carefully matched. This is a powerful study design, which maximizes
efficiency for evaluating potential biomarkers#>, and the matching helps control for multiple
confounding variables, including those not part of the original matching scheme (see Table
1).

A few limitations should be noted. First, the study was conducted in a relatively small,
matched sample, which while suitable for biomarker discovery, may compromise
interpretation of some outcome measures due to unintentional biases. For example, the
matching may inadvertently select a control sample that is non-representative of the full
SAGES cohort or even the general surgical population. Second, our sample was relatively
homogenous in terms of race/ethnicity and educational attainment. Validation of our NfL
findings is recommended in larger, more diverse cohorts. Third, in conditions such as AD
where there is good correlation between CSF and plasma NfL, the low concentrations of
NfL detected in plasma is presumed to have leaked from the CSF’. In delirium there is
emerging evidence for endothelial cell dysfunction and increased blood brain barrier (BBB)
permeability*® but whether this contributes to plasma NfL is uncertain, as there are some
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limited data that plasma NfL is not confounded by BBB permeability4’. Studies which
include both plasma and CSF measures of NfL would help address these issues. Likewise, as
we did not find any associations between plasma tau, GFAP, and UCHL-1 with delirium,
examination of these biomarkers in the CSF may provide greater sensitivity for neuronal
injury in delirium. Lastly, different NfL polypeptide gene mutations have been identified and
whether such NEFL gene variations, or other genes, contribute a genetic susceptibility to
delirium is not known, and should be considered in further studies.

In summary, we found that higher baseline plasma levels of the neuronal injury marker NfL
were associated with delirium in a matched case-control cohort of older adults undergoing
major surgery, suggesting that NfL may have value as a predictive risk marker for delirium.
While NfL levels rose in all patients after surgery, delirium, and more severe delirium, were
associated with a greater incrase in NfL levels immediately postoperatively, which remained
elevated at 1 month after surgery. This persistently elevated NfL was associated with
postoperative cognitive decline. If confirmed with additional studies, these findings will help
build support for the role of neuronal injury in linking delirium pathophysiology with long-
term cognitive decline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Neurofilament light (NfL) values over time. Each black line represent the difference in NfL

levels between the delirium and no delirium case in each of 54 pairs, matched by age,
baseline GCP, sex, surgery type, presence of vascular comorbidity, and Apolipoprotein E 4
carrier status. The red line is the median paired-difference (MPD) across the cohort wheras
the blue line shows a difference of zero across all time points for reference. * £<.05
MPD=median paired difference, NfL=neurofilament light chain, PO1MO=postoperative 1
month, POD2=postoperative day 2, PREOP=preoperative
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Study Sample Characteristics

Table 1:

Study Variables Full sample (N=108) Delirium Cases (N=54) Matched No Delirium Controls (N=54)
Age, years (M, SD) * 77(5) 77(5) 77 (4)
Female (n, %) * 56 (53%) 28 (53%) 28 (53%)
Nonwhite (n, %) 10 (9%) 5 (9%) 5 (9%)
Education, years (M,SD) 15 (3) 15 (3) 15 (3)
Married, (n, %) 64 (60%) 30 (56%) 34 (63%)
GCP (M, SD) 55.5 (5.4) 55.1 (5.6) 55.9 (5.5)
Charlson score (0-7) 1.3(1.4) 1.3(1.4) 13(1.4)
Vascular comorbidity

Presence (n, %) 52 (49%) 26 (49%) 26 (49%)
APOE &4 carrier (n, %) * 23 (22%) 11 (21%) 12 (23%)
3MS score, (M, SD) 92.3 (5.9) 92.0 (5.67) 92.6 (6.1)
Proxy IQCODE >3.2, (n, %) 23 (22%) 13 (24%) 10 (19%)
Anesthesia type

General alone 89 (84%) 44 (83%) 45 (85%)

Spinal alone 17 (16%) 9 (17%) 8 (15%)

*
Variable used for matching.

Page 15

Abbreviations: ApoE=Apolipoprotein E, GCP=general cognitive performance, IQCODE = Informant Questionnaire on Cognitive Decline in the
Elderly M=mean, 3MS=Modified Mini-Mental State Examination, SD=standard deviation
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Table 2.
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Association between Neurofilament Light Chain and Postoperative Delirium Incidence, Days and Severity

Quartile NFL(pg/ml)  Adjusted OR (95% CI)

Delirium

Delirium Days*

Days (95% ClI)

Sum CAM-S* (per point)

Score (95% CI)

PREOP (n=53 matched pairs)

Q1 <20.76 Reference Reference Reference

Q2 20.77-29.06 1.39 (0.41-4.74) -0.04 (=0.57, 0.49) 0.03 (-5.22, 5.28)
Q3 29.07-44.38 1.05 (0.35-3.14) 0.03 (-0.54, 0.61) 1.17 (-4.56, 6.89)
Q4 244.39 3.71 (1.09-12.58) 0.47 (-0.16, 1.10) 7.82 (1.60, 14.04)
p for trend 0.06 0.35 0.02

POD2 (n=47 matched pairs)

Q1 <28.08 Reference Reference Reference

Q2 28.09-40.21 3.97 (0.90-17.47) 0.11 (-0.43, 0.65) 1.02 (-4.96, 7.00)
Q3 40.22-54.75 4.67 (1.20-18.15) -0.14 (0.74, 0.45) 1.40 (-5.04, 7.85)
Q4 >54.76 8.83 (1.88-41.36) 1.04 (0.49, 1.60) 9.34 (3.22, 15.46)
p for trend <.01 <.01 <.01

In all models, we adjusted for baseline covariables likely to be related to delirium and cognitive decline, including age, sex, vascular comorbidity,
baseline general cognitive performance and Apolipoprotein E4 carrier status

Delirium is expressed as an adjusted odds ratio (null=1) whereas delirium days and delirium severity (sum of CAM-S) are expressed as the increase
in delirium days or CAM-S points for patients in a given quartile (Q) relative to patients in Q1 (null=0)

Abbreviations: CAM-S=Confusion Assessment Method-Severity, GDS=Geriatric Depression Scale; IQCODE= Informant Questionnaire on

Cognitive Decline in the Elderly, NfL=neurofilament light chain, POD2=postoperative day 2, PREOP=preoperative, Q=quartile

Bold indicates significant at < .05
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Delirium

GFAP (pg/ml) OR (95% CI)

Table 3.

Delirium

Tau (pg/ml) OR (95% ClI)

Associations Between Neuronal Injury Markers (GFAP, Tau, UCHL-1) and Postoperative Delirium

Delirium

UCHL-1 (pg/ml)  OR (95% CI)

PREOP (n=53 matched pairs)

Q1 <164.24

Q2 164.25-22541 1.78 (0.54-5.87)

Q3 225.42-333.04 2.03(0.60-6.94)

Q4 >333.05 2.97 (0.72-2.20)
p for trend 0.14

Reference

PREOP (n=53 matched pairs)

Q1 <185

Q2 1.86-2.71 3.30(0.93-11.75)

Q3 2.72-450  1.81(0.63-5.24)

Q4 =451 2.22 (0.78-6.32)
p for trend 0.29

Reference

PREOP (n=52 matched pairs)

Q1 <12.24

Q2 1225-18.84 1.14(0.36-3.71)

Q3 18.85-34.45 1.96 (0.57-6.66)

Q4 >34.46 1.39 (0.46-4.20)
p for trend 0.54

Reference

POD2 (n=44 matched pairs)

Q1 <174.14

Q2 174.15-243.49 0.93(0.29-2.97)

Q3 243.50-385.18 1.05(0.31-3.58)

Q4 >385.19 2.19 (0.56-8.53)
Pfor trend 0.25

Reference

POD2 (n=44 matched pairs)

Q1 <215

Q2 216-3.26 0.86(0.30-2.48)

Q3 327-533  2.28(0.62-8.45)

Q4 =534 0.91 (0.32-2.60)
Pfor trend 0.68

Reference

POD2 (n=48 matched pairs)

Q1 <19.93

Q2 19.94-31.35 0.75(0.22-2.60)

Q3 31.36-64.74 1.24 (0.37-4.19)

Q4 >64.75 2.17 (0.63-7.44)
Pfor trend 0.19

Reference
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Abbreviations: GFAP=glial fibrillary acidic protein, POD2=postoperative day 2, PREOP=preoperative, Q=quartiles, UCHL-1 = ubiquitin carboxyl-
terminal hydrolase L1, Q=quartile
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Table 4.

Associations of Postoperative Delirium, Days, and Severity with Neurofilament Light Chain Measured on
Postoperative 1 Month

NfL PO1MO (pg/ml)
Q2vs. Q1 Q3vs. Q1 Q4vs. Q1
Delirium vs. No Delirium [OR (95% CI)] 2.45 (0.69-8.76)  2.19 (0.62-7.79)  9.73 (2.28-41.43)
Delirium Days (per day) [OR (95% CI)] ~ 1.29 (0.67-2.49) 1.14(0.58-2.22)  2.05 (1.09-3.84)
Sum CAM-S (per pt) [OR [95% CI)] 1.06 (0.99-1.15)  1.05(0.98-1.14)  1.11 (1.03-1.20)

Abbreviations: CAM-S=Confusion Assessment Method-Severity, Cl=confidence interval, NfL=neurofilament light chain, OR=odds ratio,
PO1MO=postoperative 1 month, Q=quartile

Multinomial logistic regression adjusted for age, sex, vascular comorbidity, baseline general cognitive performance and Apolipoprotein 4 carrier
status

Bold indicates significant at A< .05
NfL quartiles (pg/ml): PO1IMO - Q1 <28.08, Q2 28.09-40.21, Q3 40.22-54.75, Q4 254.75

At PO1MO n=49 matched pairs
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Table 5.

Association between Neurofilament Light Chain and 1 Month General Cognitive Performance

Change Between 1 Month GCP and PREOP GCP

NfL (pg/ml) Score (95% CI)
PREOP (n=53 matched pairs)
Q1 <20.76 Reference

Q2 20.77-29.06
Q3  29.07-44.38

-0.01 (-1.83, -1.84)
-0.17 (-2.02, 1.68)

Q4 >44.39 -1.94 (-3.97, 0.09)
Pfor trend 0.09
POD2 (n=44 matched pairs)

Q1 <28.08 Reference

Q2 28.09-40.21
Q3 40.22-54.75

0.82 (-2.94, 4.57)
0.70 (~1.30, 2.70)

Q4 >54.76 0.99 (-1.11, 3.10)
Pfor trend 0.39
PO1MO (n=46 matched pairs)

Q1 <32.30 Reference

Q2 3231-44.34
Q3 4435-64.11

0.11 (-1.74, 1.96)
-0.89 (~2.67, 0.90)

Q4 >64.12 —-2.31 (-4.14, -0.48)
Pfor trend <.01

Abbreviations: Cl=confidence interval, GCP=general cognitive performance, NfL=neurofilament light chain
Model adjusted for age, sex, baseline GCP, vascular comorbidity, and APOE E4 carrier status.

Bold indicates significant at A< .05
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