Multi-Omics of the Iron Homeostasis Pathway in Patient Outcomes after Aneurysmal
Subarachnoid Hemorrhage

by
Lacey W. Heinsberg
Bachelor of Science in Civil Engineering, Southern Illinois University Carbondale, 2009

Bachelor of Science in Nursing, Goldfarb School of Nursing at Barnes-Jewish College, 2012

Submitted to the Graduate Faculty of the
School of Nursing in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh

2020



UNIVERSITY OF PITTSBURGH

SCHOOL OF NURSING

This dissertation was presented

by

Lacey W. Heinsberg

It was defended on
May 27, 2020
and approved by
Sheila A. Alexander, PhD, RN, FCCM, Associate Professor, School of Nursing
Elizabeth A. Crago, PhD, RN, Assistant Professor, School of Nursing
Ryan L. Minster, PhD, MSIS, Assistant Professor, Graduate School of Public Health
Samuel M. Poloyac, PharmD, PhD, Professor, School of Pharmacy
Daniel E. Weeks, PhD, Professor, Graduate School of Public Health

Dissertation Advisor: Yvette P. Conley, PhD, FAAN, Professor, School of Nursing

il



Copyright © by Lacey W. Heinsberg

2020

il



Multi-Omics of the Iron Homeostasis Pathway in Patient Outcomes
after Aneurysmal Subarachnoid Hemorrhage

Lacey W. Heinsberg, PhD, RN

University of Pittsburgh, 2020

Patient outcomes after aneurysmal subarachnoid hemorrhage (aSAH) are variable and healthcare
providers are often unable to predict those who will do poorly and are in need of more intensive
nursing management. This ancillary, longitudinal, observational, candidate gene association study
investigated the hypothesis that epigenetic and genetic variability of genes in the iron homeostasis
pathway may account for a proportion of variability in patient outcomes post-aSAH. This study
was conducted using a two-tier design (targeted discovery and replication) and capitalized on an
existing cohort of aSAH participants with genome-wide DNA methylation, genotype, and patient
outcome data as well as stored biosamples. This study used group-based trajectory analysis (Aim
1), binary logistic regression (Aims 1 and 2), and Bayesian statistical methods (Aim 2) to assess
the relationship between inferred DNA methylation trajectory groups (Aim 1) and tagging SNPs
(Aim 2) from iron homeostasis candidate genes (n = 39) and acute (cerebral vasospasm [CV] and
delayed cerebral ischemia [DCI]) and long-term (Glasgow Outcome Scale [GOS] and death at 3
and 12-months) patient outcomes post-aSAH. In Aim 1, we identified three DNA methylation sites
in three candidate genes (Amyloid Precursor Protein [APP], STEAP3 metalloreductase [STEAP3],
and Tumor Necrosis Factor [TNF]) with inferred trajectory groups significantly associated with
patient outcomes in our discovery sample. Specifically, associations were identified between
cg08866780 (APP) and GOS at 12 months (p = 0.0001) and death at 3 and 12 months (both

p=0.0002); cg25713625 (STEAP3) and GOS at 3 and 12 months (p = 0.00005 and p = 0.0005,

v



respectively) and death at 3 and 12 months (p = 0.0013 and p = 0.0015, respectively); and
cg08553327 (TNF) with GOS at 3 months (p = 0.00001). Replication data are pending. For Aim
2, we identified two SNPs in two candidate genes (Ceruloplasmin [CP] and Cubilin [CUBN]) that
were associated with patient outcomes in both the discovery and replication samples. Specifically,
rs10904850 (CUBN) was significantly associated with DCI (mega-analysis combining targeted
discovery and replication samples, p = 0.004) and rs17838831 (CP) with GOS at 3 and 12 months

(mega-analysis p = 0.0004 and p = 0.057, respectively).
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1.0 Dissertation Proposal

Section 1.0 of this document summarizes the approved dissertation proposal finalized at the

comprehensive examination and overview.

1.1 Specific Aims

Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating injury and substantial public health
problem.! While accounting for only a small percentage of strokes, aSAH is one of the leading
contributors to loss of productive life years in America.> Among survivors, recovery is variable
and the cumulative effect of aSAH is astounding with over 50% of survivors having long-term
physical and neuropsychological outcome deficits.** Unfortunately, knowledge of modifiable
factors associated with poor outcomes remains elusive. Evidence suggests that secondary
complications occurring during the acute phase window following aSAH are important moderators
of poor outcomes, however, the pathophysiology of these complications is largely unclear.’
Preclinical studies have identified metabolic mechanisms of iron homeostasis as significant in that
they contribute to secondary brain injury (similar to complications observed in humans such as
cerebral vasospasm [CV] and delayed cerebral ischemia [DCI]),*° representing a plausible
biological pathway for targeted therapeutic intervention. We posit that genetic and epigenetic
variability in the iron homeostasis pathway are important players in the vascular pathology that

leads to poor outcomes following aSAH.



The long-term goal of this research is to identify biologic targets for therapeutic
intervention in order to prevent or mitigate secondary complications following aSAH and
ultimately improve outcomes within this population. To lay the groundwork for this research
trajectory, the overarching purpose of the proposed study is to characterize the relationship
between epigenetic (DNA methylation) and genetic (polymorphisms) variability in the iron
homeostasis pathway and acute and long-term outcomes following aSAH. We hypothesize that the
magnitude of iron released post-aSAH may saturate the mechanisms responsible for normal iron
homeostasis and that genomic differences may alter response to this saturation, subsequently
contributing to the variability in patient outcomes observed in our cohort. This study is
strengthened by its use of data from a large prospective study conducted by a seasoned team of
genomic experts which includes existing genome-wide methylomic and genomic data, as well as
stored serial biospecimens, linked to extensive phenotype data. This study design allows for
examination of hypotheses prior to utilization of any new funds or resources as well as replication
of significant findings. The proposed study has the potential to illuminate important contributions
to aSAH recovery and impact care through the following aims:

Aim 1: Characterize the relationship between temporal patterns of cerebrospinal
fluid (CSF) DNA methylation of candidate genes related to iron homeostasis and variability
of acute and long-term outcomes following aSAH. For each methylation site within candidate
genes, participants will be assigned to trajectory groups based on their site-specific DNA
methylation and potential relationships with patient outcomes will be examined using a two-tiered
approach. Tier 1: Using existing genome-wide CSF DNA methylation data (n=260), trajectory

groups will be inferred and analyzed for a relationship with acute outcomes (CV and DCI) and



long-term outcomes (Glasgow Outcome Scale [GOS] and mortality). Tier 2: Significant findings

will be replicated in an independent sample (up to n=401, data generated by the candidate).

Hypothesis 1: DNA methylation trajectory group assignments for methylation sites within
genes related to iron homeostasis will be associated with variability of acute and long-term
outcomes following aSAH.

Aim 2: Examine the relationship between polymorphisms in candidate genes related
to iron homeostasis and variability of acute and long-term outcomes following aSAH.
Polymorphisms in candidate genes related to iron homeostasis will be analyzed using a two-tiered
approach. Tier 1: Using existing genome-wide genotype data (n=245), candidate gene
polymorphisms will be analyzed for a relationship with acute outcomes (CV and DCI) and long-
term outcomes (GOS and mortality). Tier 2: Significant findings will be replicated in an
independent sample (up to n=416, data generated by the candidate).

Hypothesis 2: Variability in genes related to iron homeostasis will be associated with

variability of acute and long-term outcomes following aSAH.

1.2 Background and Significance

Aneurysmal subarachnoid hemorrhage (aSAH) affects an estimated 30,000 people in the United
States each year.'® While the incidence of aSAH seems relatively small, the effects are devastating
causing tremendous burden not only for survivors and their families, but also on our healthcare
system. Moreover, the overall mortality rate after aSAH is estimated to be between 25% and
50%>'" and when aSAH is not immediately fatal, over half of survivors suffer from long-term

physical and neuropsychological outcome deficits.* The culmination of prolonged intensive care



unit and hospital stays, cost of treatment and extended rehabilitation, and dependence on
caregivers, in addition to difficulty returning to work for survivors'?, the overall economic burden
of aSAH is huge and increasing annually.'>!*

Unfortunately, healthcare providers are often unable to predict which patients are at risk
for poor outcomes. Data suggest that secondary complications such as cerebral vasospasm (CV)
and delayed cerebral ischemia (DCI) contribute to the grim statistics associated with aSAH.>
Although these secondary complications occurring during the acute phase window represent an
opportunity for intervention to prevent or mitigate poor long-term outcomes, the causes of CV and
DCI remain largely unknown and studies to develop therapeutic interventions are hampered by the
inability to predict subpopulations of patients at risk. Research addressing the pathophysiology of
the development of CV and DCI in humans is needed.

In preclinical models, heme and catabolized heme products (e.g., iron) within the
subarachnoid space have been shown to be toxic to nearby tissues. Preclinical models have also
illuminated biological mechanisms that contribute to a unique type of cell death called
“ferroptosis” which is nonapoptotic in form but is dependent upon excessive intracellular iron
levels. Ferroptosis has been shown to result in secondary ischemic brain injury (similar to DCI) in
animals following aSAH.®” Additional studies demonstrate that iron chelators effectively reduce
neuronal cell death associated with this complication in various preclinical models of neurologic
injury.”!>"7 Unfortunately, the role of variability of candidate genes related to iron homeostasis
and heme metabolism in aSAH in humans has received less attention in this regard which precludes
advances in clinical care.

Moreover, despite the strong relationship between CV and DCI and poor outcomes, recent

clinical trials targeting these complications have failed to improve patient outcomes after aSAH,



which underscores the disconnect of our understanding of CV and DCI pathology.'® It is important
to know if variability in the iron homeostasis- and heme-related candidate genes impacts long-
term outcomes of death and functional status (Glasgow Outcome Score [GOS]) directly (or
indirectly via an unmeasured acute complication of vascular or microvascular dysfunction). In an
effort to address these gaps in knowledge, we are proposing to evaluate the relationship between
genetic and epigenetic variation of iron homeostasis- and heme-related candidate genes and acute
and long-term patient outcomes after aSAH.

Virtually all living organisms are dependent on iron for many biological mechanisms
including hemoglobin formation, oxygen transport, cell signaling, host defense, energy
metabolism, neuronal development, myelination, neurotransmitter production, and DNA
synthesis.'*~2! Despite rapid iron utilization and turnover, plasma iron concentrations are generally
stable under normal physiologic conditions, indicating that iron delivery and recycling is
homeostatically controlled.?° In aSAH, blood accumulates in the subarachnoid space where heme
is catabolized by heme-oxygenase (inducted in response to cellular stress) into carbon monoxide,
biliverdin, and non—protein-bound iron.??> Under normal physiologic conditions, iron is tightly
bound to carrier proteins as ferric iron and is recycled within the body.?* However, because of
physiologic changes associated with aSAH, including acidic brain tissue pH, hypoxia, and an
influx of catecholamines in the extracellular fluid, iron is liberated to the less stable, non-protein
bound ferrous form.?* This non-protein bound iron is capable of accepting and donating electrons
readily and has the potential to damage nearby tissues via the formation of hydroxyl radicals and
oxidative stress.®?%2¢ In addition to preclinical studies demonstrating these metabolic mechanisms
contribute to secondary brain injury in animals,®’ and the promise of iron chelators as a therapeutic

7,15-17,27

intervention, intriguing data from our team demonstrates that variability in genes related to



iron homeostasis are associated with poor outcomes and mortality post-aSAH.?® Additional
evidence from protein biomarker studies of human subjects suggests a relationship between free
iron and unfavorable outcomes following aSAH, as well as a protective role of high CSF levels of
important iron homeostasis proteins, ceruloplasmin® and ferritin.>-*

DNA methylation is a primary influence over gene expression largely influencing adult
brain function, plasticity, and injury recovery and is thought to change rapidly during the cell
cycle.?! Pilot work conducted in support of the proposed study demonstrates a relationship between
inferred DNA methylation trajectory groups of an iron homeostasis candidate gene and outcomes
following aSAH?*? (Appendix C). Additional research demonstrates that hypomethylation of a
candidate region of the genome is associated with increased mortality after ischemic stroke.*?
Similarly, global DNA hypomethylation occurred post-injury in rats with traumatic brain injury
when compared to uninjured controls.** Unfortunately, the potentially alterable mechanisms
underlying differential DNA methylation after aSAH is poorly understood. To date, no human
studies have explored the relationship between DNA methylation trajectories of multiple candidate
genes related to iron homeostasis and heme metabolism and patient outcomes following aSAH.

Human genetic polymorphisms in the proposed iron homeostasis candidate genes have
been identified. Because of this, patients may not uniformly respond to therapeutics targeting
dysregulated iron homeostasis. Pilot work in support of the proposed study demonstrates a
relationship between genetic variation in an iron homeostasis candidate gene and patient outcomes
following aSAH*? (Appendix C). Additional data from our team supports exploration of genetic
variability, indicating polymorphisms of candidate genes are significantly associated with patient
outcomes following aSAH?® and that CSF biomarker concentrations change over time and are

associated with patient outcome variability.’**” To date, no human studies have explored the



relationship between genetic variation of multiple candidate genes related to iron homeostasis and

heme metabolism and patient outcomes following aSAH.

1.3 Innovation

Despite preclinical studies suggesting its significance, current care standards do not acknowledge
iron homeostasis or potential dysregulation as important following aSAH given the lack of
research in humans. The proposed study employs an innovative multi-omic model to examine the
interplay of iron homeostasis post-aSAH utilizing epigenetic (Aim 1) and genetic (Aim 2)
approaches. The proposed study innovatively extends the understanding of iron homeostasis
following aSAH on several fronts.

(1) The aSAH research community has no data related to the role of genetic and epigenetic
variability in the iron homeostasis pathway in persons with aSAH, although there is great
potential for these data to inform our understanding of pathology after aSAH.

(2) This project will explore a unique set of data related to dynamic DNA methylation during
the acute phase recovery period in persons with aSAH. The impact of DNA methylation
trajectories in the CNS may offer important data to understand disrupted physiological
processes after aSAH.

(3) The use of this established aSAH cohort allows us to shed light on mechanisms in humans
with associated clinical data, which lends itself more readily to clinical translation (vs. an
animal model).

(4) Information found in this study may apply to other types of neurological injuries, such as

ischemic stroke and traumatic brain injury, thereby extending its applicability and impact.



1.4 Design and Methodology

1.4.1 Study Overview

The proposed study is designed to characterize the relationship between epigenetic (DNA
methylation) and genetic (polymorphisms) variability of the iron homeostasis pathway and patient
outcomes after aSAH. The proposed study capitalizes on existing, prospective longitudinal data
collected through the parent project including clinical and biological data from the acute outcome
phase (inpatient stay from day of insult up to 14 days post-injury) and long-term outcome phase
(interview at 3 and 12 months). Patient outcomes of interest in the proposed study include acute
outcomes of CV and DCI and long-term outcomes of GOS and mortality. A schematic

representation of the proposed aims can be found in Figure 1.

Potential confounders:
age, sex, race, extent

g of bleed

Candidate gene CSF Acute outcomes:
DNA methylation  [Aim 1 .

ey CV, DCI

ajectory groups
: Aim 2| g it

Candidate gene outcomes: GOS,

polymorphisms mortality

Figure 1 Schematic Representation of Proposed Study Aims

1.4.2 Sample, Setting, and Parent Project Description

This study utilizes data and biosamples collected through the parent project. Participants were
prospectively recruited as part of NIH-funded studies [ROINR004339 and ROINRO13610]
approved by the University of Pittsburgh Institutional Review Board. Informed consent was
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obtained from the study participant or their legal proxy upon recruitment. The cohort consists of
661 aSAH patients recruited from a Neurovascular Intensive Care Unit at UPMC Presbyterian in
Pittsburgh, PA, USA. Patients were included in the parent project if they (1) were aged 18 years
and older; (2) were newly diagnosed (<5 days) with aSAH verified with cerebral angiogram; (3)
had a Hunt and Hess grade > 2 and/or Fisher grade > 3; (4) were able to read/speak English; and
(5) had no history of debilitating neurological disorders. Additional inclusion criteria for Aim 1 of
the proposed study includes ventriculostomy insertion as part of clinical management (to supply
CSF samples). The parent project collected a variety of data including demographic, confounding,
acute and long-term outcomes, and methylomic and genomic data as well as stored CSF

biosamples.

1.4.3 Sample Size and Justification

The sample sizes for tier 1 of the proposed study are set based on existing genome wide DNA
methylation and genotype data available through the parent project. There are 661 participants
enrolled in our aSAH study (encompassing both tier 1 and tier 2), however, sample sizes for tier 2
(replication in an independent test sample) will vary based on biosample and outcome data
availability. Power calculations below were completed using the Power Analysis and Sample Size
software version 16 (PASS, NCSS statistical software, LLC, Kaysville, Utah, USA).

Aim 1: The sample size for Aim 1 (tier 1) analysis, n=260 with up to five serial DNA
methylation measurements, is set based on existing data. Tier 2 analyses will include a sample size
of up to n=401 with up to five serial DNA methylation measurements. An illustrative power
estimate for tier 1 demonstrates that if our outcome of interest, development of DCI, has a 44%

chance of occurring®®, then we would have at least 80% power to detect an effect of methylation
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on development of DCI with an odds ratio (OR) as small as 1.40 in the population when using a
binary logistic regression analysis at a two-tailed significance level of 0.05 when there is a 0%
correlation between DNA methylation and covariates. Although global DNA methylation has been
shown to be associated with age (correlation as high as 0.97),*® our pilot work shows this is not
the case for CpG sites within an iron homeostasis candidate gene®? (Appendix C). To provide a
more conservative estimate of the detectable effect size, however, if we assume a 70% correlation
between DNA methylation and a covariate, we will have at least 80% power to detect an effect of
methylation on development of DCI with an OR as small as 1.84 in the population when using a
binary logistic regression analysis at a two-tailed significance level of 0.05.

Aim 2: Similarly, the sample size for Aim 2 (tier 1) analysis of n=245 is set based on
existing data. Tier 2 analyses will include a sample size of up to n=416. An illustrative power
estimate for tier 1 demonstrates that a sample size of 245 achieves at least 80% power to detect an
OR for DCI and a particular polymorphism as small as 1.43 in the population assuming a baseline
prevalence of DCI of 44% when using binary logistic regression at a two-tailed significance level

of 0.05 assuming no correlation between polymorphisms and covariates.
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1.4.4 Data Collection

1.4.4.1 Candidate Genes
Candidate genes for the proposed study (n=39) were selected based on their known biological roles
in iron homeostasis. Genes of interest in the proposed study are listed in Table 1. The known

biological functions for each gene are presented in Appendix A.

Table 1 Iron Homeostasis Candidate Genes

ACO1 FXN PCBP1
ACO2 GSTP1 PGRMC1
APP GLRX5 SCL46A1
CALR HAMP SLC11A1
CD163 HEPH SLC11A2
cP HFE SLC25A37

CUBN | HJV (HFE2) | SLC40AT1 (FP)

CYBRD1 HMOX1 SLC48A1
FECH HMOX2 STEAP3
FLVCR1 HP TF
FTH1 HPX TFR2
FTL LRP1 TFRC
FTMT IREB2 TNF

1.4.4.2 CSF DNA Methylation Data Collection (Aim 1)

Genome-wide methylome data (existing data [ROINR013610]): For Aim 1 (tier 1) data
exploration, the proposed study capitalizes on existing genome-wide methylomic data (n=260 at
up to 5 time points) collected with the Infinium Human Methylation450 BeadChip from Illumina

using serial CSF biosamples. The HumanMethylation450 DNA Analysis BeadChip allows
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interrogation of >450,000 CpG sites including CpG islands/shores/shelves associated with genes
as well as outside of coding regions of the genome, dense coverage of promoter/5°’/3’ regions of
genes including dense coverage of the promoter regions of mRNA genes. Bisulphite conversion
of DNA was carried out; converted DNA samples were amplified then fragmented, precipitated,
denatured and applied to the Infinium arrays. The BeadChip was then placed into a flow-through
chamber and single base extension was performed on bound primers with labeled nucleotides.
Staining steps were performed to attach florescent dyes to the labeled nucleotides and the final
array was scanned using an Illumina iISCAN and the raw data analyzed using Genome Studio. The
decision to use the [llumina Infintum HumanMethylation450 platform was based on the accuracy
and reproducibility of bisulphate-based methods, the exceptional coverage and resolution of the
data, its non-reliance on methylated DNA capture methods, and on budget and chip availability.
For each candidate gene, CpG sites within the gene region +/- 2kb will be extracted from the
genome-wide DNA methylation data for tier 1 analysis.

DNA methylation replication data (to be generated by the candidate): For Aim 1 (tier
2), DNA methylation status of the top methylation site identified in tier 1 analysis will be replicated
in an independent test sample (up to n=401 at up to 5 time points) using stored serial CSF
biosamples. While the final decision on a data collection platform will depend on the sites moved
forward for replication (not all sites are amenable to all methylation data collection platforms) we
propose at this point to use pyrosequencing. Bisulfite conversion of the DNA followed by
pyrosequencing of the associated regions will be conducted for high priority regions requiring
validation. Epitect Bisulfite Kits (Qiagen Corp) will be used to convert unmethylated cytosines to
uracils. Two internal controls (1 fully methylated and 1 fully unmethylated) will also be converted

and used to normalize the data and assist in data interpretation. PyroMark PCR Kit (Qiagen Corp)

12



will be used to generate the specific overlapping fragments for sequencing and perform the
sequencing reaction for evaluation by pyrosequencing. Samples with incomplete bisulfite
conversion or poor sequencing success will be eliminated from analyses. Technical replicates will

be included.

1.4.4.3 Genotype Data Collection (Aim 2)
Genome-wide polymorphism data collection (existing data [RO1NR013610]): For Aim 2 (tier
1) data exploration, the proposed study capitalizes on existing genome-wide polymorphism data
(n=245 Caucasian participants) collected with Affymetrix Gene Chip Assay SNP 6.0 (Affymetrix,
Santa Clara, CA, USA) using 500 ng of genomic DNA extracted from peripheral blood. The
decision to use the Affymetrix SNP 6.0 was based on the accuracy of the data in addition to the
exceptional coverage (906,600 single nucleotide polymorphisms [SNPs]). For each candidate
gene, tagging SNPs within the gene region +/- 1 kb will be extracted from the genome-wide
polymorphism data for tier 1 analysis. If no SNPs exist within a +/- 1 kb window, this will be
expanded to +/- 3 kb window. Given that allele frequencies differ based on ancestry, the parent
project collected genome-wide data for participants who self-reported as Caucasian only.
Polymorphism replication data collection (to be generated by the candidate):
Genotype data of significant candidate genes from tier 1 analysis will be replicated in an
independent test sample (up to n=416 Caucasian participants). The genotyping platform for tier 2
data collection will be selected based on the number of sites nominated (defined as any association
that hits our level of significance [p-value <0.05]) by tier 1 analysis. For medium to high
throughput (>24 SNPs nominated), the iPLEX MassArray platform will be used to allow for
multiplex SNP genotyping with proven accuracy (>99.7% concordance rate). If low throughput

(<24 SNPs nominated), TagMan allelic discrimination assay with ABI Prism 7000 Sequence
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Detection System (Applied Bioscience, Carlsbad, CA, USA) will be utilized. If genotype data
cannot be collected for a SNP nominated by tier 1 analysis, another highly informative SNP in
high linkage disequilibrium will be selected. As with tier 1, only Caucasian participants will be

included in an effort to control for population substructure.

1.4.4.4 Participant Outcome Data

The proposed study capitalizes on existing patient phenotype data [ROINR004339]. As part of the
parent project, participants were followed daily during hospitalization (days 0-14) and assessed at
3 and 12 months after aSAH by a trained neuropsychological technician or a registered nurse
trained in neuropsychological testing. These time points were chosen to assess a proximal recovery
time point (3 months) and a time point when neurological recovery is likely to have stabilized (12
months).

Acute phase outcomes selected for analysis in the proposed study include CV and DCI.

(1) Cerebral vasospasm (CV) was defined as the radiographic presence of cerebral vessel

narrowing based on cerebral angiogram of >25% evaluated by a neurosurgeon and will be
treated as binary (yes vs. no).

(2) Delayed cerebral ischemia (DCI) was defined as the presence of neurological deterioration,

after exclusion of non-ischemic causes, that is accompanied by evidence of abnormal
cerebral blood flow. DCI will be treated as binary (yes vs. no). Neurological deterioration
measures include (a) increase of 2 or more points for National Institutes of Health Stroke
Scale (NIHSS); (b) decline in level of consciousness on the Glasgow Coma Scale; (c)
persistent (>1 hour) new focal neurological deficit; and/or (d) decline in pupil reactivity.
Cerebral blood flow measures include: (a) cerebral angiography performed as ordered by

the treating physician as clinical deterioration is present; or (b) transcranial Doppler
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(sensitivity reported between 84%-85.7% and specificity between 89-100%"*%) performed

daily for 14 days on all subjects enrolled in the parent project.

Long-term phase outcomes selected for analysis in the proposed study include the
Glasgow Outcome Scale and mortality.

(1) The Glasgow Outcome Scale (GOS) which asks subjects to indicate their level of

functioning. The scale ranges from 1 (death) to 5 (good recovery). Validity has been well

established in patients with neurological insult.*! GOS will be dichotomized as good

(scores of 4 or 5) and poor (scores of 1, 2, or 3).

(2) Mortality data were updated through medical records/Social Security Death Index and will
be treated as binary (yes vs. no).

Covariate/confounding variables: As part of the parent project, potential
covariate/confounding data were collected from the medical record. These data include
demographic variables (e.g., age, sex, race), clinical variables (e.g., severity of injury as measured
by the clinical grading scales Fisher grade, Hunt and Hess (HH) score, and World Federation of
Neurosurgical Societies [WFNS] grade), treatment variables (e.g., intervention [clip vs. coil],

medication), and social variables (e.g., marital status, smoking status).

1.4.5 Scientific Rigor and Transparency

An important aspect of the proposed study design includes imbedded replication to allow for
validation of findings adding to the study’s robustness. Furthermore, extensive QC was (and will

be) conducted on all project arms and disclosed. DNA methylation data QC (Aim 1): QC for tier

1 included consideration of the distribution of samples and phenotypes across arrays; evaluation
of bisulfite conversion efficiency (samples with low bisulphate conversion efficiency or with
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<95% CpG coverage/sample were excluded); inclusion of technical replicates and methylation
controls; and use of data cleaning pipelines that addressed chip, column, row and batch effects.
For tier 2, distribution of samples will be taken into consideration including distribution of
duplicates amongst the batches and ensuring that all samples from a subject are run in the same
batch. Technical replicates will be used to assess reliability of data. Data will incorporate a span
of methylation standards ranging from fully methylated to fully unmethylated control samples
within each batch of data collection and use the bisulphate conversion efficiency measures.
Samples with low bisulphate conversion efficiency or with <95% CpG coverage/sample will be

excluded. Genotype data QC (Aim 2): Samples will be checked for consistency and integrity of

genotyping data by inclusion of duplicate controls on each plate for internal and plate-to-plate
consistency, using genotype call rate criteria of>95%, comparing allele frequencies to frequencies
in existing databases, and performing checks for Hardy-Weinberg Equilibrium (HWE)

consistency. SNPs that do not meet QC standards will be eliminated.

1.4.6 Analyses

1.4.6.1 Descriptive and Preliminary Analyses

Statistical analyses will be conducted using R Statistical Software (Version 3.5.0, Vienna, Austria),
SAS (Version 9.4, SAS Institute Inc., Cary, NC, USA), and PLINK (Version 1.9). Standard
descriptive statistics will be computed in R for all independent, dependent, and potentially
confounding/covariate data given the variable’s level of measurement (e.g., means and standard
deviations for continuous type normally distributed variables, frequency counts and percentages
for categorical variables). Group comparisons will be performed using t-tests to evaluate equality
of means for continuous type variables and Pearson’s chi-square test of independence or Fisher’s
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exact test for equality of proportions for categorical variables. Preliminary analyses will be
conducted to identify potential confounders/covariates. Known predictors of outcomes after aSAH
include degree of hemorrhage (as measured by the clinical grading scale, Fisher grade), age, race,
and sex.*> Other potentially relevant confounders include smoking status, body mass index,
comorbidities, education, and race. Using PLINK, Hardy Weinberg Equilibrium (HWE) will be
calculated for each SNP. Raw data for SNPs in violation of HWE will be examined for data

accuracy.

1.4.6.2 Data Screening Procedures

Data screening procedures will be performed in R given the variable’s level of measurement. Data
will be screened for accuracy using frequency tables for categorical variables (e.g., sex, race) and
summary statistics (mean, standard deviation, minimum, and maximum) for continuous variables
(e.g., age, DNA methylation). To identify outliers, data will be examined in frequency tables for
categorical variables and in histograms and sina plots for continuous variables. If any potential
outliers are detected, data will be inspected for accuracy and the potential influence will be
evaluated in a sensitivity analysis. When possible, outliers will be retained in the analysis when
accurate and full transparency will be used during project reporting and dissemination. For DNA
methylation data, any DNA methylation value labeled as an extreme outlier (a DNA methylation
value above or below three times the interquartile range) will be replaced with the maximum or
minimum observed DNA methylation value below the extreme outlier threshold for values on each
day. Data will be screened for independence using scatterplots, multicollinearity among
independent variables using collinearity diagnostics (tolerance, variance inflation factors, and

condition indices with variance decomposition proportions), and normality using histograms with
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a normal curve overlay and Kolmogorov-Smirnov test of normality. The pattern of missing data

will be assessed and described. Missing data will be extracted from the medical record if available.

1.4.6.3 Analyses for Aim 1

Overview: Data analyses for Aim 1 will be completed in two steps. First, DNA methylation
trajectory groups will be inferred, and participants will be assigned a trajectory group class. Next,
the relationship between group assignments and patient outcomes will be evaluated. For DNA
methylation analyses, M-values will be used.*’

Group-based trajectory analysis: Group-based trajectory analysis (GBTA) for
methylation data will be conducted in SAS using PROC TRAJ assuming a censored normal model
(which helps correct for right censored data within longitudinal studies). For individual CpG sites
within candidate gene methylation data, the trend or change pattern over time will be examined in
GBTA to identify the distinct trajectory patterns of site-specific methylation across time following
aSAH. In GBTA, models with a varying number of groups and polynomial orders (group trajectory
shapes) are compared to find the model that best fits the longitudinal data.** Given the subjectivity
required in traditional GBTA modeling and the large number of candidate genes and CpG sites to
be analyzed in the proposed study, the model selection process will be largely automated for 39
possible models with a maximum of three groups and comprehensive combinations of polynomial
orders of 0 (intercept only), 1 (linear), and 2 (quadratic).

First, out of the 39 possible models, a best fitting ‘preliminary’ model will be identified
based on the maximum Bayesian Information Criterion (BIC). In general, BIC measures
improvement in model fit gained with the estimation of more parameters such as an increased
number of groups and/or more complex trajectory shapes, but also applies a penalty for model

complexity. Typically, larger BIC values indicate a better model fit. Using GBTA, two BICs will
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be computed based on the number of participants and the total number of methylation observations
over time with the true BIC lying within these values.* In cases where the BICs do not agree on
the best preliminary model, we will assign a ‘simplicity score’ to assist in identifying the more
parsimonious model. Following selection of a preliminary model for each CpG site, we will
perform a secondary evaluation of model adequacy using several traditional diagnostics including
(1) an average posterior probability (AvePP) >0.7, (2) odds of correct classification (OCC) >5, (3)
estimated group membership (m) >5%, (4) reasonably close estimated group membership ()
versus the assigned group proportion (P*), and (5) a relatively narrow 95% confidence interval for
the estimated group probability (r).* If preliminary models fail secondary evaluation, the ‘next
best’ fitting model will be selected and secondary evaluation will be performed again. If
preliminary models for a CpG site fail a second time, we will conclude that methylation trajectory
groups cannot not be inferred with high accuracy for that site and it will be excluded from further
analysis. A more detailed explanation of GBTA methodology including protocol and flow charts
depicting best model selection can be found within the publication summarizing the pilot work for
this study*? (Appendix C).

Cell type heterogeneity: Of particular importance to the proposed study is cell type
heterogeneity (CTH). CTH is an important consideration in methylation studies as differential
methylation between cell types may impact overall methylation levels and confound results. In
cases where genome-wide data are collected, there are methods to control for CTH.*® However, if
only CpG site-specific DNA methylation data are collected, as would be the case with a biomarker
used clinically, controlling for CTH is not possible. In an effort to explore the potential clinical
utility of methylation values unadjusted for CTH (as they would likely be in the hospital setting)

as well as effects of CTH, the aforementioned procedures will be conducted without adjustment
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for CTH (‘unadjusted models’) and with adjustment for CTH (‘CTH-adjusted models’) for all CpG
sites in tier 1. However, only unadjusted analyses will be performed in tier 2 as genome-wide data
will not be available in the replication sample. Using the parent study genome-wide data, CTH
data will be computed in R statistical software using Houseman’s reference-free method.*’ In the
CTH-adjusted models, CTH data will be included as a time-varying covariate.

Trajectory group - patient outcome associations: Binary logistic regression will be
performed in R to determine the relationship between inferred trajectory groups for each
methylation site and patient outcomes while controlling for age, sex, race, and Fisher grade. Given
the exploratory nature of this study, relatively small sample size, and correlation between
outcomes, correction for multiple testing will not be made in tier 1. However, in the tier 2
replication analyses, permutation testing, rather than strict Bonferroni corrections, will be used to
correct for testing correlated outcomes. This will be done by shuffling the independent variables
10,000 times, performing binary logistic regression for each outcome, and recording the minimum
p-value across the outcome-specific results. In this distribution of 10,000 simulated null minimum
p-values, the value that occurs at the 95" percentile is taken to be the empirical significance
threshold T — that is, to test at the 0.05 significance level while correcting for testing six outcomes,
we would have to observe a minimum p-value less than T to consider the results significant.

Potential post hoc analysis: For trajectory groups with significant associations with
patient outcomes, determine if there are statistical differences between the frequencies of
intervention type (clip vs. coil) for methylation groups.

Interpretation of results: Pathway analysis (e.g., String-DB, Ingenuity Pathway
Analysis) may be conducted to evaluate hyper- and hypo-methylated genes in relationship to one

another to aid in the interpretation of results.
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1.4.6.4 Analyses for Aim 2

Genetic association analyses will be performed in PLINK using a binary logistic regression model
adjusted for age, sex, and Fisher grade. Given the large number of SNPs to be examined, only
additive models (treating SNPs as ordinal based on variant allele dosage) will be considered. The
OR and 95% confidence interval will be calculated for each SNP. If outliers exist within the SNPs
and we are unable to perform an additive test, SNPs will be discarded for the primary analysis and
models will potentially be collapsed and examined in post hoc analysis. The Approximate Bayes
Factor will be used to compute Bayesian False Discovery Probabilities (BFDP) for each SNP. 84
The BFDP will then be used to prioritize SNPs for replication in tier 2. In order to aid in the
interpretation of results, using the tier 1 genome-wide data, principal components analysis (PCA)
will be conducted using PLINK to determine the role of genetic ancestry membership compared
with self-reported race. In tier 2, however, only self-reported race will be considered as a covariate
given genome-wide data will not be available. As described above, multiple testing will not be
made in tier 1. However, in the tier 2 replication analyses, permutation testing will be used to

compute an empirical significance threshold as described.

1.4.7 Limitations

Although this dissertation study has many strengths, there are several important limitations that
should be acknowledged.
(1) This study will not address all potential regulatory mechanisms of candidate genes and will
not measure iron or candidate gene protein levels.
(2) By capitalizing on data and samples from an existing cohort, we are limited to existing
outcome and covariate data previously collected.
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(3) The population examined in the proposed study is limited to primarily European descent,
although this is consistent with Pittsburgh, PA demographics.

(4) The majority of subjects from this study are female, although this is consistent with aSAH
demographics.

(5) Not all aSAH insults require the collection of CSF post-aSAH, which limits the applicability
of the results of Aim 1.

(6) All aSAH patients receive a standard treatment protocol, however, there is potential for
treatment variability. Although we have data on treatment and interventions, it is unlikely
we will be able to control for this variability due to the overwhelming loss of power.

(7) Genome-wide data may not be representative of important CpG sites or tagging SNPs for
candidate genes.

(8) The power of Aim 2 is relatively low as most genetic effects for complex diseases have OR
<1.4.

(9) Given the exploratory nature of this study, there will be a large number of tests conducted

which limits the interpretability of the results.

1.4.8 Future Directions

Knowledge garnered from this dissertation study will serve as a foundation for the candidate’s
future research, which has the potential to impact nursing science by offering insights into the
etiology and biological mechanisms of patient outcomes after aSAH. Future potential directions
of this work include investigating the relationship between iron levels and protein biomarkers of
sites nominated from the analyses of Aims 1 and 2 and patient outcomes (with priority given to
concordant genes) to inform evaluation of additional phenotype-influencing mechanisms.
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Additional potential future directions include enlargement of the aSAH cohort to increase power;
replication of the proposed study in additional ancestries; examining the role of iron homeostasis
in the context of endogenous environment (e.g. estrogen; testosterone) post-aSAH; exploration of
the utility of alternate biosamples for findings related to DNA methylation (e.g. blood);
development of therapeutic interventions to improve outcomes after aSAH; and exploring
variability of the iron homeostasis pathway in other neurologic injury populations (e.g., traumatic
brain injury). Importantly, the range of competencies gained through completion of this study,
particularly the combination of genomic knowledge and bench and computational skills, will

prepare the candidate to lead a multidisciplinary team in the future.

1.5 Hazardous Material and Procedures

Working with human subject biosamples involves some risk; to reduce risk the study will be
conducted following training in approved labs and using personal protective equipment and safer
sharps. The candidate has completed, and will continue to complete annually, blood borne
pathogen safety training and chemical hygiene training in addition to ongoing laboratory safety
training. Additionally, the laboratory where the candidate will conduct data collection is fully
equipped to handle biohazards safely and is OSHA compliant. The University of Pittsburgh
Environmental Health and Safety office conducts an annual inspection of all laboratories on
campus. The University of Pittsburgh is also in full compliance with disposal of biohazardous and

chemical wastes.
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1.6 Research Participant Risk and Protections

This study has current IRB approval (STUDY 19100368). A copy of the most recent IRB approval
memorandum and modification is located in Appendix J. All study participants included in this
project have identical recruitment and informed consent processes as well as data collection
protocols. All participants were recruited through the parent project, which is made up of two NIH
funded projects [ROINR004339 and ROINRO13610]. The proposed study will utilize the samples
and data collected from the parent project and does not itself recruit subjects or involve contact

with subjects.

1.6.1 Human Subjects Involvement, Characteristics, and Design

Participants that will be included in this study have completed two separate informed consents:
one to participate in the study entitled “Determining Genetic and Biomarker Predictors of DCI and
Long Term Outcomes after aSAH (NR004339)”, which will be referred to as the “NR004339”
study and one to allow for collection and utilization of their genomic material in connection with
the data collected through “NR004339”. These subjects were admitted to the neurological
intensive care unit of UPMC-Presbyterian Hospital as a consequence of aSAH. Inclusion criteria
for the parent project includes: (1) aged 18-75 years; (2) newly diagnosed (<5 days) aSAH verified
with cerebral angiogram; (3) Hunt and Hess grade greater than or equal to 2 and/or Fisher grade
greater than or equal to 3; (4) able to read/speak English; and (5) no history of neurological
disorders. Additional inclusion criteria for Aim 1 of the proposed research is: (1) ventriculostomy

insertion as part of clinical management.
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1.6.2 Inclusion of Special Classes

Women of child-bearing age or pregnant women will not be excluded from the study.

1.6.3 Sources of Materials

This project will use anonymous specimens and data. The samples collected for this study are
coded with the study’s unique identification number while at the clinical site and the candidate and
laboratory technicians are only provided samples with this unique identification number. The
biological samples that will be used for this project are CSF, blood, and DNA. The candidate will
not have access to any of the linkage information to identify these anonymous samples, nor will

she need this information.

1.6.4 Potential Risks

All data collected for this study will be collected using de-identified samples and all demographic
and phenotype data provided for analyses will be provided using these de-identified codes.
Specimens for processing arrive at the parent project primary investigator’s laboratory (Conley
lab) already de-identified. Using anonymous samples and databases reduces the risk to the
subjects. Breach of confidentiality is a theoretical risk for this study. Confidentiality of the genetic
information gathered on each subject will be facilitated by the fact that the candidate will not know
any personal identifiers for the subjects for the proposed study. Even though the data will be
anonymous and reported in aggregate only, the data files will be protected by passwords and all

hard copies of the genetic data generated will remain within the laboratory, which is always locked
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and not accessible to unauthorized persons. All material and data used in this study will be used

exclusively for research purposes.

1.6.5 Recruitment and Informed Consent

Participants that will be included in this study were recruited and informed consent was obtained
through efforts of the NR004339 study. The genetic portion of the study utilizes an additional,
separate consent form that covers information about investigating genes and gene products that
may inform us about recovery after aSAH as well as linking the genetic data to the phenotypic
data in an anonymous manner. The University of Pittsburgh Institutional Review Board approves

the consent forms and the protocols for recruitment and data/specimen collection annually.

1.6.6 Protections Against Risk

All of the samples and data that will be utilized for the proposed study will be provided in a de-
identified manner through the efforts of the parent project. The proposed study strictly utilizes

samples and data from the parent project and does not at all require any additional subject contact.

Therefore, the proposed study poses no additional health or safety risks to the subjects.
Confidentiality of the genetic information generated by this project, a theoretical risk, is a very
minimal risk given that all of the samples and the databases are anonymous, and each sample is
associated with only a unique code. In addition, every precaution will be taken to minimize
exposure of the data to persons outside of this project by using passwords for all computer files

and keeping all hard copies of data within the laboratory, which are always locked, and
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unauthorized personnel not admitted. All data generated from this project will be reported as

aggregate data only.

1.6.7 Potential Benefits of the Proposed Research

There are no known direct benefits to participants. The results of the study may lead to future
understanding of genetic and other biological factors involved in complications after aSAH. Such
knowledge could translate into improved intervention and therapy for aSAH survivors in addition
to a better understanding and intervention potential for patients suffering from other conditions
involving neuronal injury from cerebral hemorrhage. Given the minimal risk to these anonymous

patients, the potential benefit of this project far outweighs the risks.

1.6.8 Importance of the Knowledge to be Gained

The complications that occur in aSAH survivors occur at great personal, family, and social cost.
Such complications might be reduced in future aSAH survivors if more were known about the
biological factors involved in onset and severity of these complications. The data generated from
this project will answer questions regarding epigenetic and genetic variation in the iron

homeostasis pathway and the impact on outcomes in persons following aSAH.
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1.6.9 Data Safety Monitoring Plan

This is not a clinical trial; however, a data safety monitoring committee to review the collection
and integrity of data is in place for the NR004339 study and the activities for this project will be

incorporated into their efforts.
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2.0 Summary of Study

2.1.1 Overview

The purpose of this dissertation study was to examine the relationships between epigenetic (Aim
1) and genetic (Aim 2) variability of genes from the iron homeostasis pathway and patient
outcomes after aneurysmal subarachnoid hemorrhage (aSAH). Two data-based papers directly
related to the aims of this dissertation have been published in the peer-reviewed journal
Neurocritical Care and are provided in Appendices C and D, respectively. The first article, entitled
“Genetic Variability and Trajectories of DNA Methylation May Support a Role for HAMP in
Patient Outcomes After Aneurysmal Subarachnoid Hemorrhage” was a pilot study exploring
associations between genetic and epigenetic variability of one iron homeostasis candidate gene,
HAMP, and patient outcomes after aSAH*? (Appendix C). The second article, entitled “Genetic
Variability in the Iron Homeostasis Pathway and Patient Outcomes after Aneurysmal
Subarachnoid Hemorrhage” summarizes the results of Aim 2 of this dissertation study®® (Appendix
D).

The results for Aim 1 of this dissertation are presented in the data-based manuscript,
“Associations Between DNA Methylation Trajectories in Iron Homeostasis Candidate Genes and
Patient Outcomes after Aneurysmal Subarachnoid Hemorrhage,” included in Section 3.0 of this
document.

In addition to the two data-based publications directly related to the aims of this study and
the third data-based manuscript presented in Section 3.0, an additional five articles related to

nursing research and omics were written during the course of PhD training and are provided in
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Appendices E, F, G, H, and 1. The first article, published in Biological Research for Nurses and
entitled “Evaluation of APOE Genotype and Ability to Perform Activities of Daily Living
Following Aneurysmal Subarachnoid Hemorrhage” summarizes a data-based project completed
through an apprenticeship during doctoral training®! (Appendix E). This study was in the aSAH
population and provided early training in statistical analysis and genetics. The second article,
published in Biological Research for Nurses and entitled “Symptom Science: Advocating for
Inclusion of Functional Genetic Polymorphisms” was a review paper that identified functional
polymorphisms associated with common symptoms>? (Appendix F). The conclusion of this paper
provided a parsimonious list of polymorphisms for suggested use as biological common data
elements in symptom studies across nursing research. The third article, published in the Annual
Review of Nursing Research and entitled “Omics for Nurse Scientists Conducting Environmental
Health Research” was a review paper that provided an overview of omics methodologies for nurse
scientists conducting environmental health research, exemplar applications of these techniques in
the literature, future directions for nursing research, and funding opportunities that demonstrate
the growing need and interest of environmental health research® (Appendix G). The fourth article,
published in the Journal of Nursing Measurement and entitled “Psychometric Properties of the
Patient Assessment of Own Functioning Inventory Following Aneurysmal Subarachnoid
Hemorrhage” was an exploratory factor analysis evaluating the underlying factor structure of a
self-assessment tool after aSAH>* (Appendix H). The fifth article, currently under review with
Frontiers in Genetics and entitled “Characterization of Cerebrospinal Fluid DNA Methylation Age
During the Acute Recovery Period Following Aneurysmal Subarachnoid Hemorrhage” compares

the performance of three epigenetic clocks in cerebrospinal fluid (CSF) after aSAH (Appendix I).
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2.2 Proposal Changes

Several changes were made to the approved dissertation proposal. These changes and associated

rationales are provided below.

221 Aim1

2.2.1.1 Replication Data

The approved dissertation proposal included replication of findings for both Aim 1 and Aim 2.
While replication data were generated, analyzed, and published for Aim 2%, this was not possible
for Aim 1 due to delays at the Center for Inherited Disease Research (CIDR) laboratory (Johns
Hopkins University, Baltimore, MD) related to the COVID-19 pandemic. While DNA was
extracted from biosamples and sent to CIDR in November of 2019 for replication of findings for
our top three hits from Aim 1, these data have not yet been returned. Therefore, replication analyses
have not been included in this dissertation document but will be analyzed and published in the

future.

2.2.1.2 ComBat Sensitivity Analysis

An important consideration in omic studies is systematic technical variation. One such source of
technical variation is confounding of data due to experimental batch effects (i.e., differences in
DNA methylation values due to between plate differences). This is a particular concern in DNA
methylation studies because a batch effect could be interpreted as a biologically important
finding.> The first step in reducing batch effects is careful experimental design and distribution of

biosamples on the plates. However, even with careful and thoughtful experimental design, batch
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effects may still exist. A slight deviation was taken in this study to explore the potential utility of
ComBat correction’® for batch effects. In a sensitivity analysis for Aim 1, ComBat correction®® for
batch was applied to the genome-wide data and an Aim 1 sensitivity analysis for three of our
candidate genes was performed. The results of those analyses were quite discordant from the
original Aim 1 analyses. After careful deliberation and evaluation of the data, it was decided that
the use of ComBat resulted in an overcorrection for batch and was not required. It should be noted
that batch correction was made as part of the quality control (QC) pipeline as implemented in the
‘preprocessfunnorm’ function from the minfi package.’’”® This method of functional
normalization is an extension of quantile normalization often used in DNA methylation studies.
While functional normalization does not remove effects due to biological phenomena (e.g., cell-
type heterogeneity [CTH]), it does use internal probes to remove effects of technical variation
(e.g., batch effects) and performs quite well compared to other methods of batch correction

including ComBat.”’

2.2.1.3 Preprocessing Method Sensitivity Analysis

To accommodate advancements in DNA methylation array technology, many QC pipelines have
been developed utilizing different preprocessing methods to clean and prepare data for analysis.
One such preprocessing method that is an important step in DNA methylation data analysis is data
normalization. This is critical in processing Illumina DNA methylation data as different probe
designs use different chemistry and possess different beta distributions.®” As described above, the
genome-wide DNA methylation data available for Aim 1, tier 1 of this study were normalized

57 However,

using functional normalization as implemented in the preprocessFunnorm function.
we identified a similar method known as ‘funtooNorm’ that is implemented in the funtooNorm

package.’® Importantly, funtooNorm was designed to better handle data gathered across time
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points and allows for interactions between tissue-types.> Because the aSAH DNA methylation
data were generated across time in CSF, a tissue in which we expect (1) methylation profiles to
differ as a function of time post-injury and (2) an array of dynamic cell-types, we wanted to
understand how these preprocessing methods performed in our data. In an effort to explore this, a
tier 1 sensitivity analysis was performed using the funtooNorm normalized data. The results of this
sensitivity analyses were quite concordant and are discussed in the data-based manuscript in

Section 3.0.

2.2.2 Aim 2

2.2.2.1 Tier 2

In the original dissertation proposal, it was stated that correction for multiple testing in tier 2 of
Aim 2 would be made by calculating an empirical significance threshold using permutation
analysis. However, because the Bayesian methods used in tier 1 were carried forward for tier 2
analysis, correction for multiple testing using permutation was not required. Specifically, because
the Approximate Bayes Factor (ABF) is computed using the maximum likelihood estimate and
standard error from a logistic regression analysis (which in turn accounts for sample sizes, minor
allele frequency, and frequency of individuals within each genotype) as well as the prior odds on
the null for each SNP, the Bayesian False Discovery Probability (BFDP) can be interpreted as a
probability of false discovery regardless of power, sample size, or how many SNPs were tested.>°
The methods, results, and interpretation of data associated with Aim 2, including this change to
the original proposal, have been peer reviewed and published.’® A copy of this publication is

included in Appendix D.
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2.3 Study Strengths and Limitations

This hypothesis-driven dissertation was the first study to formally examine epigenetic and genetic
variability of candidate genes from the iron homeostasis pathway in patient outcomes after aSAH
in humans. The availability of existing genome-wide genetic and DNA methylation data from
which to extract our candidate gene data for tier 1 analyses offered a unique opportunity to explore
the multi-omic features of patient outcomes without using additional resources or funds. Moreover,
the DNA methylation data used in Aim 1 were quite unique. In addition to being longitudinal in
nature spanning 14 days post-aSAH, these data were also generated from CSF, a tissue which we
believe offers unique insight into the local environment of the central nervous system. By
analyzing these unique data using trajectory analysis, we were able to identify dynamic changes
in DNA methylation after aSAH. Similarly, because genome-wide data existed for our tier 1
analyses, we were able to perform additional sensitivity analyses that we could not have performed
in a traditional candidate gene study (e.g., effects of CTH and preprocessing methods in Aim 1
and effects of ancestry in Aim 2).

A notable part of this dissertation study was the development of a novel group-based
trajectory analysis (GBTA) protocol which allowed us to largely automate GBTA for a large
number of methylation sites. Additional strengths of this dissertation included the rigorous quality
control of omic data, the use of Bayesian statistics to aid in issues of multiple testing and
interpretation of findings, and imbedded replication (though Aim 1 data have not been returned
for analysis). These strengths, paired with examination of important and unique phenotypes of
patient recovery post-aSAH, provided a rigorous and novel study with important nursing

implications as summarized below.
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Despite the many strengths of this study, there are some important limitations that should
be acknowledged. First, this study was a candidate gene association study. Some experts argue
that there is little need for candidate gene approaches in the era of big data and that selecting genes
a priori introduces bias. However, while genome-wide studies offer a great deal of value, when
considering the relative impact of individual genes in complex phenotypes such as aSAH
outcomes, it is possible that important genetic contributors will not rise to significance in genome-
wide analyses. In other words, while iron homeostasis may be important to phenotypes selected
for a given study, candidate genes may not appear significant in a genome-wide analysis even in
the presence of real effects. While genome-wide studies are better able to detect novel genes of
larger impact, they fall short in identifying contributions from multiple genes of smaller impact
that may be quite important to the biology of recovery post-aSAH. In addition, genome-wide
methods for GBTA of DNA methylation data have not yet been developed and, for now, must be
confined to candidate genes. To combat the inherent limitations associated with the nature of this
study, we imbedded replication in the study design. However, as discussed above, replication data
for Aim 1 are pending so at this time we are unable to determine if our findings can be replicated.

In addition, for the discovery analyses of this study, we extracted genotype and DNA
methylation data for our genes within the gene transcript region + a designated window of 2,000
base pairs and 1,000 base pairs for Aims 1 and 2, respectively. While this region was selected
based on public databases and the advice of experts in genomic regulatory mechanisms, for DNA
methylation in particular, this window is not be wide enough to capture all CpG sites important to
epigenetic regulation of our candidate genes. Broadening this genomic region is an important

future direction, particularly for genes that have been observed to be responsive to nuclear
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receptors (e.g., HAMP).* For these genes, it is possible that long-range interactions may be
centered on our loci of interest and were therefore not captured in this study.

Next, while the sample sizes for this study are quite large compared with other aSAH
patient outcomes studies, we were underpowered for Aim 2 and could have missed small but real
effects. Moreover, candidate genes were selected based on their known biological roles in iron
homeostasis, however, given the dynamic nature of the science and complexity of iron
homeostasis, this list likely does not capture all genes involved in this pathway. Additionally, our
sample size was primarily limited to participants who self-reported their race as White impeding
generalizability of findings. Given the role of race and ancestry in omic mechanisms, the scientific
premise of this study should be explored in more detail in other ancestries in the future.

Specific to Aim 1, important limitations related to our analytical decisions should be
understood. While there are several types of trajectory analyses in the literature, we chose to use
GBTA to model longitudinal changes at DNA methylation sites. Hierarchical modeling and latent
curve analysis are methods of modeling longitudinal changes that are quite common in the
literature, but GBTA has receive recent attention as an alternative and there are some important
differences in these methods. If applied to our DNA methylation data, hierarchical modeling and
latent curve analysis would estimate the sample average DNA methylation trajectory of our sample
and use covariates to explain variability about this average. In contrast, group-based trajectory
modeling performed in Aim 1 assumes that the sample is composed of distinct groups, each with
a different underlying DNA methylation trajectory. This method allows us to estimate not only
how covariates impact trajectory shapes, but also group membership. GBTA allowed us to ask and
answer questions specific to our research questions and hypotheses but other types of longitudinal

analyses could be valuable in uncovering important signals in our data. Moreover, during
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traditional GBTA, researchers iteratively evaluate and refine models. This was not feasible in a
dataset this size so we created an objective protocol accompanied by R and SAS scripts to help
automate GBTA as described in detail as part of the pilot work for this study*? (Appendix C).
Importantly, this objective protocol used posterior model QC criteria and when a CpG failed model
QC twice, it was eliminated resulting in a sizable reduction of CpG sites formally examined for
associations with patient outcomes (specifically, only 183 of our 573 candidate CpG sites were
actually carried forward for testing with patient outcomes). While this resulted in more rigorous
modeling, an unfortunate consequence was the exclusion of many CpG sites within each gene from
patient outcome association testing.

Specific to Aim 2, while our tier 1 genome-wide data QC pipeline resulted in more accurate
and rigorous analysis, it reduced our tier 1 sample size (specifically, a reduction of 244 to 197
participants). Likewise, because we limited our tier 1 analysis to SNPs available in the discovery
data (i.e., genome-wide genotype data), we were unable to fully evaluate variability in every gene.
Likewise, in a few cases, no SNP data existed for a gene and we were therefore unable to evaluate
any variability for that given gene. Therefore, it is possible that the SNPs or genes not examined
in tier 1 had important associations with outcomes. Additionally, as described’’, we were missing
replication data for some associations flagged as noteworthy in tier 1 so were unable to determine
if all associations could be replicated. Therefore, while two genes rose to the top in our analyses
(Ceruloplasmin [CP] and Cubilin [CUBN]), we can’t necessarily eliminate the other candidate
genes as plausible targets for future investigation in aSAH recovery research.>® In addition, while
both genetic and epigenetic variability of our candidate genes were examined for associations with
patient outcomes, we did not identify any genes that overlapped as potentially important between

the Aims of this study, though we have discussed several possible reasons for this in the limitations

37



above. Finally, the scope of this study did not include functional investigation of genes flagged as
noteworthy nor did it include addition of other omic mechanisms (e.g., gene expression, protein

quantification).

2.4 Future Studies and Implications for Nursing

This study provided important doctoral training and data for future research. Future work specific
to Aim 1 should include analyzing the replication data currently pending from CIDR to determine
if our top hits can be replicated. If our findings replicate, additional functional investigation of the
top hits should be conducted to better understand the biology of aSAH recovery and potential
avenues for clinical translation. Future work specific to Aim 2 should first attempt replication of
the top hits for which we were lacking replication data as well as investigation of genes for which
tier 1 data did not exist. Additionally, in an effort to translate our findings clinically, genes
identified as noteworthy in our Aim 2 analyses (CP and CUBN) should be examined functionally
after aSAH. Additional future directions specific to this study include investigating our findings
in more diverse ancestries and exploring other omic mechanisms of these candidate genes (e.g.,
gene expression). Important future directions in aSAH patient outcomes research should include
examining the dynamic nature of DNA methylation post-injury from a genome-wide point-of-view
(versus the candidate gene approach applied in this dissertation). The availability of serial CSF
DNA methylation is a unique resource that could provide valuable insight into the biology ofaSAH
recovery including the response to injury and development of acute complications.

This dissertation study has great potential for clinical translation. Specifically, if our

findings for Aim 1 replicate in an independent test sample, it is possible that the trajectory groups
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could be used to identify DNA methylation thresholds for poor outcomes. In other words, a range
of DNA methylation values could be determined from the trajectory groups which could be used
to flag future patients for more intensive clinical management. Beyond this, the findings of this
study may provide a broader insight and value beyond the potential for identifying clinical
biomarkers. Our analytical choices have allowed us to uncover dynamic changes in the acute
recovery period which may provide insight into pathology of the development of poor outcomes
and be potentially relevant therapeutic targets in the future.

During the conduct of this dissertation work, significant insight was gained into the
importance of training nurses in omics, statistical genetics, and bioinformatics. Currently, there is
not a sufficiently trained cadre of nurse scientists proficient in these areas. Given the increasing
size and complexity of omic data, in conjunction with omic-specific QC and analysis
considerations (e.g., Hardy-Weinberg Equilibrium, effects of ancestry and relatedness,
downstream effects of preprocessing pipelines), it is recommended that nursing PhD students
studying omics should receive, at a minimum, introductory training in both statistical genetics and
bioinformatics in addition to required training in biostatistics. Nurses can provide important insight
into the development of statistical methods for omic data, particularly longitudinal omic data
collected in unique phenotypes (e.g., symptoms, patient outcomes, end-of-life, wellness across the
lifespan), and should be integral team members in data analysis.

Overall, this dissertation work has provided a foundation for a line of research to identify
clinically relevant biomarkers and improve outcomes and lives after aSSAH. Moreover, the research
skills developed during the conduct of this dissertation study will allow for application of the skills
and knowledge gained in additional populations of chronic and complex conditions. Nurses belong

at the forefront of symptoms, patient outcomes, end-of-life, and wellness research as we coordinate

39



and conduct biomarker testing, create patient-centered care-plans post-injury or illness, and deliver
patient healthcare and wellness education across the lifespan and omics can bring important
insights to these types of studies. Likewise, the nursing lens is very much needed in omic studies,
including how we approach the study and interpret the data. The value of omics in nursing science

and practice cannot be overstated and is an important area of training and research.
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3.0 Data-Based Manuscript: Associations Between DNA Methylation Trajectories in Iron
Homeostasis Candidate Genes and Patient Outcomes after Aneurysmal Subarachnoid

Hemorrhage

3.1 Abstract

Background/purpose: Preclinical models have identified a biological mechanism that contributes
to a unique type of cell death called “ferroptosis” which is nonapoptotic in form but is dependent
upon excessive intracellular iron levels. Following hemorrhagic brain injury such as aneurysmal
subarachnoid hemorrhage (aSAH), the brain is particularly susceptible to cell death by ferroptosis.
Animal models of subarachnoid hemorrhage have found that therapeutic intervention targeting the
iron homeostasis pathway shows promise for mitigating the effects of ferroptosis and improving
recovery, but very little work has been conducted following aSAH in humans. Therefore, the
exploration of trajectories of DNA methylation in iron homeostasis candidate genes is an important
area of patient outcomes research that may provide insight into the biological mechanisms related
to ferroptosis and associated with poor outcomes post-aSAH. The purpose of this study was to
examine the relationship between trajectories of DNA methylation in candidate genes related to
iron homeostasis (n=39) and acute and long term outcomes after aSSAH. Methods: This study was
a longitudinal, observational study of participants with aSAH that included two samples (targeted
discovery [n=260 at up to five time points] and replication [n=123 at up to five time points]). Serial
cerebrospinal fluid (CSF) samples were used to generate longitudinal DNA methylation data over
14 days post-aSAH. Acute outcome data were collected for cerebral vasospasm (CV) and delayed

cerebral ischemia (DCI) over 14 days post-aSAH and long-term outcome data of functional status
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measured using the Glasgow Outcome Scale (GOS, poor = 1-3) and death were collected at 3 and
12 months post-aSAH. Group-based trajectory analysis was used to infer distinct DNA
methylation trajectory groups for CpG sites within our candidate genes and binary logistic
regression was used to determine the relationship between inferred trajectory group assignment
and acute and long-term patient outcomes. Results: In the discovery sample, 637 CpG sites were
available in 36 candidate genes for analysis. DNA methylation trajectories with two or more
groups were inferred at 183 CpG sites in 33 candidate genes and carried forward for association
testing with patient outcomes. Our top three hits included cg08866780 in the Amyloid Precursor
Protein gene (APP), cg25713625 in the STEAP3 Metalloreductase gene (STEAP3), and
cg08553327 in the Tumor Necrosis Factor gene (TNF). Specifically, significant associations were
identified between cg08866780 (APP) and GOS at 12 months (p = 0.0001) and death at 3 and 12
months (both p=0.0002) and a suggestive association with GOS at 3 months (p =0.01); significant
associations between cg25713625 (STEAP3) and GOS at 3 and 12 months (p = 0.00005 and p =
0.0005, respectively) and death at 3 and 12 months (p =0.0013 and p = 0.0015, respectively); and
a significant association between cg08553327 (TNF) with GOS at 3 months (p = 0.00001) and
suggestive associations with GOS at 12 months (p = 0.02) and death at 3 and 12 months (p = 0.009
and p = 0.004, respectively). Biosamples from an independent test sample were sent for
pyrosequencing to replicate these findings, however, those data were not returned for inclusion at
the time of publication of this dissertation documents. Conclusion: Among the genes examined,
CpG sites in APP, STEAP3, and TNF rose to the top as candidates for replication. If these findings
can be replicated, efforts to translate findings into clinical practice should include additional

research examining the functional role of these genes after aSAH.
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3.2 Background

Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating type of stroke with a high degree
of variability in recovery between patients. The 30 day aSAH fatality rate falls between 25% and
50%>!! and a large percentage of survivors never fully recover or function independently.>* Of
those who survive, a range of symptoms and functional disability is observed which impacts
cognitive function and mental health, ability to perform activities of daily living and return-to-
work, and ability to maintain healthy relationships.* Moreover, the lifetime costs associated with
hospital stays, medication, rehabilitation, loss of productive life years, and dependence on
caregivers results in an overall enormous economic burden.'* !4

Despite advances in healthcare over recent years, outcomes for many patients after aSAH
remain poor. Although there are several predictors of poor outcomes after aSAH (e.g., severity of
hemorrhage, clinical presentation, age), we continue to observe a high degree of variability
between outcomes in patients despite similar characteristics and injuries (e.g., two patients with
the same age and similar size of hemorrhage/aneurysm location). It is widely accepted that
secondary complications occurring during the acute recovery period such as cerebral vasospasm
(CV) and delayed cerebral ischemia (DCI) are important predictors of poor long-term outcomes
but we still don’t fully understand the pathology of these complications and are therefore unable
to predict or prevent their occurrence.’ Moreover, despite the strong relationship between CV and
DCI and poor long-term outcomes, clinical trials targeting these complications have failed to
improve patient outcomes after aSAH, which underscores the disconnect in our understanding of
CV and DCI pathology.'® Research addressing the pathophysiology of the development of these
acute complications in humans is needed to improve both acute and long-term outcomes following

aSAH.
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Multiple forms of cell death have been identified and studied as important contributors to
early brain injury such as DCI after aSAH. Preclinical models have identified a biological
mechanism that contributes to a unique type of cell death called “ferroptosis” which is
nonapoptotic in form but is dependent upon excessive intracellular iron levels. Excessive iron
contributes to ferroptosis through the accumulation of lethal, lipid-based reactive oxygen
species.®*¢! Specifically, increased levels of iron can produce superoxides which cause oxidative
degradation of lipids that make up cell membranes resulting in damage to cell membranes,
disruption of cell function, and cell death by ferroptosis.®! Normally, iron is tightly bound to carrier
proteins as ferric iron and is homeostatically controlled within the body resulting in generally
stable plasma iron concentrations.? However, after aSAH, heme within the subarachnoid space is
broken down into carbon monoxide, biliverdin, and a non—protein-bound ferrous iron (i.e., free
iron).2* Importantly, free iron is capable of accepting and donating electrons readily and has high
potential for producing superoxides and ferroptosis as discussed above. Free iron and related
homeostatic mechanisms have been shown to be important to outcomes following neurological
injury. For example, free iron and cell death by ferroptosis have been shown to result in secondary
ischemic brain injury (similar to DCI) in animals following experimental subarachnoid
hemorrhage®’ and iron chelators have been found to effectively reduce neuronal cell death
associated with ischemic injury in various preclinical models of neurologic injury.”'>"!7 In
addition, evidence from protein biomarker studies of human research participants suggests a
relationship between free iron and unfavorable outcomes following aSAH, as well as a protective
role of high cerebrospinal fluid (CSF) levels of proteins involved in iron homeostasis including

ceruloplasmin® and ferritin.?*~** Finally, in our own work, we have identified associations between
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genetic variability of iron homeostasis candidate genes and poor long-term outcomes following
aSAH.>

Given the research described above, we believe that DNA methylation of genes in the iron
homeostasis pathway may also be an important factor in patient outcomes after aSAH. DNA
methylation plays an important role in gene expression and has a substantial impact on adult brain
function, plasticity, and injury recovery and is thought to change rapidly during the cell cycle.?!
Importantly, DNA methylation is potentially alterable and this dynamic, biological mechanism
could be an important biomarker of patient outcomes after aSAH and therapeutic target for
intervention to improve patient outcomes. While little DNA methylation research has been
performed in the aSAH population specifically, blood DNA hypomethylation of a candidate region
of the genome has been associated with increased mortality after ischemic stroke®® and global
DNA hypomethylation in damaged brain tissue has been observed post-injury in rats after
traumatic brain injury.>* Existing studies of DNA methylation after neurologic injury have been
largely cross-sectional and reported in blood and have not examined tissues more proximal to the
central nervous system such as CSF. DNA methylation is tissue- and time-sensitive and examining
DNA methylation in CSF over the acute phase period following aSAH may uncover important
evidence about the pathology of aSAH recovery and poor outcomes. Notably, as part of our pilot
work for this study, we developed a method to examine DNA methylation over time following
aSAH and identified suggestive relationships between DNA methylation trajectory groups of an
iron homeostasis candidate gene, hepcidin (HAMP), known as the ‘master’ iron regulator, and
patient outcomes following aSAH.*

The identification of DNA methylation sites that vary over time and are associated with

outcomes after aSAH may provide insight into biological mechanisms of poor outcomes or may
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themselves be important biomarkers for identifying subpopulations of patients that require more
intensive nursing management to facilitate optimal stroke care delivery and improve patient
outcomes. In addition to understanding associations with acute outcomes, it is important to know
if variability in DNA methylation from iron homeostasis candidate genes is associated with long-
term outcomes either directly or indirectly via an unmeasured acute complication of vascular or
microvascular dysfunction. Therefore, the purpose of this study was to investigate associations
between DNA methylation trajectory groups of CpG sites in candidate genes related to iron

homeostasis and acute and long-term patient outcomes following aSAH.

3.3 Methods

3.3.1 Study Design

This study was a longitudinal, observational study that capitalized on an existing cohort of aSAH
participants with extensive phenotype data, stored biosamples, and genome-wide DNA
methylation data for a subset of participants. This study assessed the relationship between
candidate gene DNA methylation trajectories and patient outcomes acutely (days 0 to 14 post-
aSAH) and in the long-term (at 3 and 12 months post-aSAH) using a two phase design (targeted
discovery and replication). As described in Section 2.0 of this document, the targeted discovery
analyses for this study were performed, top hits were prioritized for replication, and DNA from an
independent (i.e., non-overlapping) test sample were sent to the Center for Inherited Disease
Research (CIDR) laboratory (Johns Hopkins University, Baltimore, MD) for pyrosequencing to

replicate the presented findings. Because of a temporary shutdown in the CIDR laboratory related
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to COVID-19, replication data have not yet been returned. Therefore, the replication data
collection, analysis, and results have not been included as part of this dissertation document.
Before this manuscript is submitted to a peer-reviewed journal for publication, the methodology

and results will be expanded to include details of replication.

3.3.2 Setting and Sample

This study adhered to all ethical considerations and was approved by the Institutional Review
Board of the University of Pittsburgh. Following informed consent, participants were
prospectively recruited from UPMC Presbyterian neurovascular intensive care unit in Pittsburgh,
Pennsylvania between 2000 and 2013 if they (1) were aged 18 years and older; (2) were newly
diagnosed (<5 days) with aSAH verified with cerebral angiogram; (3) had a Hunt and Hess grade
> 2 and/or Fisher grade > 3; (4) were able to read/speak English; and (5) had no history of
debilitating neurological disorders. Additional inclusion criteria for this ancillary study included
ventriculostomy insertion as part of clinical management to supply CSF samples and availability
of serial CSF samples across 14 days post-aSAH. The parent project collected a variety of data
including demographic, confounding, acute and long-term outcomes, and genome-wide DNA

methylation data as well as stored CSF biosamples.
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3.3.3 DNA Methylation Data

3.3.3.1 DNA Methylation Data Collection (Tier 1 Targeted Discovery)

This study capitalized on existing, longitudinal, genome-wide DNA methylation data collected for
273 participants at up to five time points over 14 days following aSAH as previously described
(https://www.biorxiv.org/content/10.1101/2020.03.24.005264v1.full).*> DNA methylation data
were collected from DNA extracted from bagged CSF collected as standard treatment and changed
daily for 14 days following aSAH by trained study staff using sterile procedures. The collected
CSF samples were centrifuged, and the cellular pellet and supernatant were stored at -80° until
DNA extraction. DNA was extracted from the cellular pellet using the Qiamp DNA extraction kit
from Qiagen Corp (Qiagen, Valencia, CA, USA) and bisulfite conversion was performed.
Genome-wide DNA methylation data were generated and scanned using the Infintum Human
Methylation450 Beadchip and Illumina iSCAN (Illumina, Incorporated, San Diego, CA, USA) at
CIDR. As part of our laboratory quality control (QC) procedures, samples from a participant were
run on the same chip and within the same batch and, beyond that, samples were randomly
distributed across the batches. In addition, technical replicates and DNA methylation control
samples were included to assess the reliability of data. Raw genome-wide DNA methylation data

were analyzed using Genome Studio Software (Illumina, Incorporated, San Diego, CA, USA).

3.3.3.2 DNA Methylation Data Quality Control

Our data cleaning and QC pipeline was implemented using R packages minfi’® and ENmix.®* This
pipeline included removal of poorly performing and outlying samples based on bisulphite control
intensities and detection p-values and background and dye bias correction to remove non-specific
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signals from the DNA methylation data.®*** To further reduce technical variation related to
Infinium 450K platform chemistry (i.e. differences in Type I and Type II probes) and batch effects
(i.e., chip, row, and column effects), functional normalization was performed using the
‘preprocessfunnorm’ function from the minfi package.’’>® Cell-type heterogeneity (CTH) data
were generated as estimates of five cell types using Houseman’s reference-free method.*’

Additional details of our QC pipeline are summarized elsewhere. 5

3.3.3.3 Candidate Gene DNA Methylation Data Extraction

Candidate genes (n=39) were selected based on their known biological roles in iron homeostasis
and are presented in Appendix Table 2 and described in detail as part of our previous, related
work.?2® DNA methylation data for our candidate genes were extracted from the gene transcript
region = 2,000 base pairs upstream and downstream. Data for two genes (HEPH and PGRMC1I)
were not available in the cleaned genome-wide data and data for the hepcidin gene (HAMP) were

analyzed in the pilot work to develop the protocols for this study.??

3.3.4 Patient Outcomes

Acute outcome measures included cerebral vasospasm (CV) and delayed cerebral ischemia (DCI)
occurring within a 14 day window following aSAH. For this study, CV was defined as >25%
cerebral vessel narrowing measured by a neurosurgeon via cerebral angiogram®? and DCI was
defined as the co-occurrence of neurological deterioration (e.g., an increase of >2 points on the
National Institutes of Health Stroke Scale, new and persistent neurological deficit) and abnormal

cerebral blood flow measured using cerebral angiogram or transcranial Doppler.>?
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Long-term outcome measures for this study included the Glasgow Outcome Scale (GOS)
and death at 3 and 12 months following aSAH. These data were collected by trained study staff
via in person or telephone interviews. The GOS is an indication of participants’ ability to function
on a scale of 1 (death) to 5 (good recovery) and has established validity in people with neurological
injury.® Death data were obtained from the medical record, caregiver/family report, or the Social
Security Death Index. In cases where participants were unable to participate in the interview, a
caregiver or family member knowledgeable about the participants ability to function was
interviewed. All study staff involved in outcome data collection were blinded to DNA methylation
status.

Finally, this study capitalized on existing confounding/covariate data extracted from the
medical record or collected as part of a larger research study. These data included demographic
data such as age, sex, and race; social data such as marital status and education; and clinical data

such as treatment/intervention and severity of injury as measured using the Fisher grade.

3.3.5 Statistical Analysis

3.3.5.1 Descriptive Statistical Evaluation

All statistical analyses were conducted using R° and SAS (SAS Institute Incorporated, Cary, NC,
USA). Acute outcomes of CV and DCI were treated as binary (occurrence during the 14 day study
window versus no occurrence during the 14 day study window). In the long-term, GOS was
dichotomized as good (scores of 4 to 5) or poor (scores of 1 to 3) and death was treated as binary
(yes versus no) at the outcome timepoint of interest. For DNA methylation data, M values were
used and participants with only one DNA methylation data observation were removed as this
precluded trajectory analysis.
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Standard descriptive statistics were computed in R for all independent, dependent, and
potentially confounding/covariate data given the variable’s level of measurement (e.g., means and
standard deviations for continuous type normally distributed variables, frequency counts and
percentages for categorical variables). Group comparisons were performed using t-tests to evaluate
equality of means for continuous type variables and Pearson’s chi-square test of independence or
Fisher’s exact test for equality of proportions for categorical variables. Preliminary analyses were
conducted to identify potential confounders/covariates. Known predictors of outcomes after aSAH
include degree of hemorrhage (as measured by the clinical grading scale, Fisher grade), age, race,
and sex.*? Other potentially relevant confounders included alternative measures of severity of
injury or degree of hemorrhage (e.g., Hunt and Hess [HH] Score, World Federation of
Neurosurgical Societies [WFNS] Grade), smoking status, body mass index, comorbidities,
education, and race.

Data screening procedures were performed in R given the variable’s level of measurement.
Data were screened for accuracy using frequency tables for categorical variables (e.g., sex, race)
and summary statistics (mean, standard deviation, minimum, and maximum) for continuous
variables (e.g., age, DNA methylation). To identify outliers, data were examined in frequency
tables for categorical variables and in histograms and sina plots for continuous variables. If
potential outliers were detected, data were inspected for accuracy and the influence of data were
evaluated in a sensitivity analysis. For DNA methylation data, any DNA methylation value labeled
as an extreme outlier (a DNA methylation value above or below three times the interquartile range)
was replaced with the maximum or minimum observed DNA methylation value below the extreme
outlier threshold for values on each day. Data were screened for independence using scatterplots,

multicollinearity using tolerance, variance inflation factors, and condition indices with variance
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decomposition proportions, and normality using histograms with a normal curve overlay and
Kolmogorov-Smirnov test of normality. Missing data were assessed and filled in from the medical

record when possible.

3.3.5.2 Group-based Trajectory Analyses
Group-based trajectory analysis (GBTA) for DNA methylation data was conducted in SAS using
Proc TRAJ assuming a censored normal model, which helps correct for right censored data within
longitudinal studies. For individual CpG sites within our candidate gene DNA methylation data,
the change pattern over time was examined to infer distinct trajectory patterns/groups of site-
specific methylation across time over the acute recovery period post-aSAH. In GBTA, models
with a varying number of groups and polynomial orders (group trajectory shapes) are compared to
find the model that best fits the longitudinal data.** As part of this modeling process, participants
are assigned a posterior probability of assignment for each trajectory group in a model; each
participant is then assigned to whichever group they have the highest probability of being in.**
Given the subjectivity required in traditional GBTA modeling and the large number of candidate
genes and CpG sites analyzed in this study, the model selection process was largely automated for
39 possible models with a maximum of three groups and comprehensive combinations of
polynomial orders of 0 (intercept only), 1 (linear), and 2 (quadratic).

Our GBTA automated protocol has been described in detail as part of our pilot work.*
First, out of the 39 possible models, a best fitting ‘preliminary’ model was identified based on the
maximum Bayesian Information Criterion (BIC). In general, BIC measures improvement in model
fit gained with the estimation of more parameters such as an increased number of groups and/or
more complex trajectory shapes, but also applies a penalty for model complexity. In SAS, a larger

BIC value indicates a better model fit. Using GBTA in SAS, two BIC values were computed based

52



on (1) the number of participants and (2) the total number of methylation observations over time.
The true BIC falls somewhere within these values.** In cases where the BICs did not agree on the
best preliminary model, we assigned a ‘simplicity score’ to assist in identifying the more
parsimonious model which was carried forward. Following selection of a preliminary model for
each CpG site, we performed a secondary evaluation of model adequacy (i.e., posterior model QC)
using several traditional diagnostics including (1) an average posterior probability (AvePP) >0.7,
(2) odds of correct classification (OCC) >5, (3) estimated group membership (m) >5%, (4)
reasonably close estimated group membership () versus the assigned group proportion (P*), and
(5) arelatively narrow 95% confidence interval for the estimated group probability (r).*> For CpG
sites which preliminary models failed secondary evaluation, the ‘next best’ fitting model was
selected and secondary evaluation was performed again. If preliminary models for a CpG site
failed a second time, we concluded that DNA methylation trajectory groups could not be inferred

with high accuracy for that site and it was excluded from further analysis.>?

3.3.5.3 Cell-type Heterogeneity

Cell-type heterogeneity (CTH) can be an important confounder in DNA methylation studies as
cell-type differences within biosamples can impact the overall DNA methylation level. If genome-
wide DNA methylation data are collected, it is possible to control for CTH.®” Given the expense
of generating longitudinal, genome-wide DNA methylation data it is currently not practical to
generate genome-wide data for a clinical biomarker. Therefore, it might be ideal to identify a
biomarker that is robust to confounding cell-type. To examine the potential clinical utility of DNA
methylation trajectories unadjusted for CTH as well as evaluate potential confounding by cell-
type, we implemented our GBTA protocol twice for all CpG sites to compute DNA methylation

trajectories both unadjusted for CTH and adjusted for CTH.* As part of the data cleaning and QC
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pipeline discussed above, CTH data were generated using Houseman’s reference-free method.*’
These data include percentages of five cell-types for each biosample and were controlled for as

time-varying covariates during GBTA in our CTH-adjusted models.

3.3.5.4 Patient Outcome Association Analyses

Finally, binary logistic regression was performed in R to determine the relationship between
inferred trajectory groups for each DNA methylation site and patient outcomes while controlling
for age, sex, race, and Fisher grade. A likelihood ratio test was used to produce a global p-value
of the overall model fit by comparing the full model (including the CpG site) with a restricted
model (omitting the CpG site). Given the correlation between patient outcomes in this study,
permutation testing, rather than strict Bonferroni corrections, was used to correct for testing

correlated outcomes.>?

3.3.5.5 Sensitivity to Functional Normalization

A range of preprocessing methods exists to clean and prepare DNA methylation data for analysis.
One such preprocessing method that is an important step in DNA methylation data analysis is
known as data normalization. This is critical in processing Illumina DNA methylation data as
different probe designs use different chemistry and possess different beta distributions. As
described above, the targeted discovery data available for this study were normalized using
functional normalization as implemented in the preprocessFunnorm function.”’” However, we later
identified a similar method known as ‘funtooNorm’ which was designed to better handle data
gathered across time points and allows for interactions between tissue-types.’® Because the aSAH
DNA methylation data were generated across time in CSF, a tissue in which we expect (1) DNA
methylation profiles to differ as a function of time post-injury and (2) an array of dynamic cell-
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types, we wanted to understand how our choice of functional normalization impacted our results.
In an effort to explore this question, we repeated the aforementioned procedures in a sensitivity

analysis using funtooNorm normalized data.

3.3.5.6 Prioritization of Top Hits

Following gene-specific data screening and analysis, top hits for replication were prioritized based
on the strength of the identified associations, consistency of results after adjustment for CTH, and
presence of hotspots (i.e., multiple CpG sites near each other associated with outcomes) as outlined
in Figure 1. As discussed above, DNA was extracted from an independent test sample of aSAH
participants and sent for pyrosequencing at CIDR. However, those replication data have not yet
been returned for analysis. Prior to publication of the paper based on Section 3.0 of this document
in a peer reviewed journal, these replication data will be analyzed, and the methods and results
will be expanded to include the replication data in this manuscript. Given the breadth of this study
and pending replication data, the results below focus on our top three hits with pending replication
data. However, detailed results for all 36 candidate genes analyzed are presented in the

Supplementary Material.

3.4 Results

3.4.1 Descriptive Statistical Evaluation

Longitudinal genome-wide DNA methylation data from days zero through fourteen following

aSAH were available for 273 participants. As part of data screening, there were very few
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observations available on days 0 and 14, so these time points were dropped from our analyses.
Next, 13 participants with only one DNA methylation measurement were removed. Our final
sample size consisted of 260 participants and the sample characteristics are presented in Appendix
Table 3. Our sample had a mean age of 53.1 +/- 11.0 years, was 68.8% female, and 86.5% self-
reported their race as White. Outcome distribution for our sample is presented in Appendix Table
4 and included CV in 54.2%, DCI in 49.2%, poor GOS at 3 and 12 months in 33.2% and 26.0%,
respectively, and death at 3 and 12 months in 16.8 and 21.6%, respectively. Participants had
between 2 and 5 DNA methylation observations with an average of 3.2 observations. The number
of DNA methylation observations per day ranged from 32 on day 12 to 103 on day 5.

In bivariate analyses, older age was associated with DCI (p=0.04), poor GOS at 3 and 12
months (p=0.03 and p=0.04, respectively), and death at 3 and 12 months (p=0.02 and p=0.04).
Non-White race was associated with poor GOS at 3 months (p=0.04) and higher Fisher grade was
associated with the occurrence of CV (p=0.01) and DCI (p=0.03) as well as poor GOS and death
measured at 3 and 12 months (all p<0.001). No associations between sex and patient outcomes or
intervention (surgical vs. coil embolization) and patient outcomes were observed. However, sex
was included in all logistic regression models given the importance of estrogen response elements
in iron homeostasis.®®

From the genome-wide data, DNA methylation data for 36 candidate genes were available
and analyzed as part of this study (Appendix Table 2). A total of 637 CpG sites passed genome-
wide QC procedures and were included. During data screening, DNA methylation observations
that were identified as extreme outliers >3 times the IQR were pulled in as described above; gene-
specific outlier screening and score adjustment is presented in Appendix Table 5. Of our 637 CpG

sites, our objective protocol eliminated 412 sites as trajectory groups could not be inferred with
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high accuracy for those sites, primarily due to an OCC< 5. At an additional 42 sites, we inferred
only one trajectory group. After elimination of these sites from our analysis, 183 CpG sites in 33
of our candidate genes were carried forward for patient outcome association testing as summarized

in the Supplementary Material.

3.4.2 Prioritization of Top Hits

Our budget limited the number of CpG sites that could be sent for replication with funds allowing
for replication data collection at three sites. Following gene-specific data screening and analysis,
top hits for replication were prioritized based on several criterion including the strength of the
identified associations, consistency of results after adjustment for CTH, and presence of hotspots
(1.e., multiple CpG sites near each other associated with outcomes) as outlined in Appendix Table
6, Appendix Figure 1, and Appendix Table 7. Three CpG sites in three candidate genes were
flagged as noteworthy of replication based on this criteria. These sites included cg08866780 in the
Amyloid Precursor Protein (APP), cg25713625 in STEAP3 Metalloreductase (STEAP3), and
cg08553327 in Tumor Necrosis Factor (TNF). A summary of results for all associations with a p-
value < 0.05 are presented in Appendix Table 6 and detailed results for these three CpG sites are
presented below and detailed results for all 36 candidate genes analyzed are presented in the

Supplementary Material.

3.4.3 Group-based Trajectory and Patient Outcome Association Analyses

Both unadjusted and CTH-adjusted GBTA was performed and trajectory plots for our top three

hits in APP, STEAP3, and TNF are presented in Appendix Figure 2 and participant characteristics
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by trajectory group are presented in Appendix Table 8. It should be noted here that the trajectory
plots unadjusted for CTH are not directly comparable to the trajectory plots adjusted for CTH as
group membership changes (e.g., for APP in our plot unadjusted for CTH, Group 1 has 63
participants while in our CTH-adjusted plot, Group 1 has 67 participants as shown in Appendix
Table 8). Binary logistic regression results exploring associations of inferred DNA methylation
trajectory groups with patient outcomes are presented for our CpG sites of interest in APP,
STEAP3, and TNF in Appendix Tables 9, 10, and 11, respectively.

For cg08866780 (APP), in the unadjusted model we inferred three flat trajectory groups
including a low DNA methylation group (Group 1, 24.2%), intermediate DNA methylation group
(Group 2, 53.5%), and high DNA methylation group (Group 3, 22.3%). Interestingly, even after
correcting for CTH, we observed very similar trajectory patterns at this CpG site (Appendix Figure
2). Participant characteristics by trajectory group are presented in Appendix Table 8. For the model
unadjusted for CTH, characteristics were quite similar across the groups with the exception of
intervention. In the low DNA methylation group (Group 1), 73% of participants received a coil
embolization while only roughly 55% received a coil embolization in Groups 2 and 3. Results of
binary logistic regression are presented in Appendix Table 9 and observed outcome distributions
for the trajectory groups unadjusted for CTH are presented in Appendix Table 12. In association
analyses, significant associations were identified with favorable GOS at 12 months (p=0.0001)
and survival at 3 and 12 months (p=0.001 and p=0.0006, respectively) and a suggestive association
was identified with GOS at 3 months (p=0.006). Overall, we observed that participants in the
intermediate DNA methylation group (Group 2) had a decreased odds of poor outcomes compared
with low and high DNA methylation groups (Groups 1 and 2, respectively) as summarized in

Appendix Table 7. These results were consistent even after correction for CTH with suggestive
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associations identified between inferred trajectory groups at cg08866780 and favorable GOS at 3
and 12 months (p=0.004 and p=0.01, respectively) and survival at 3 and 12 months (p=0.02 and
p=0.01, respectively). No associations between inferred trajectory groups at cg08866780 and acute
outcomes of CV or DCI were observed.

For ¢g25713625 (STEAP3), in the unadjusted model, we again inferred three trajectory
groups including a low DNA methylation group (Group 1, 11.1%), intermediate DNA methylation
group (Group 2, 63.8%), and high DNA methylation group (25.0%). While mean DNA
methylation in the low and high DNA methylation groups were steady over time with no change,
the mean DNA methylation level of the intermediate DNA methylation group steadily decreased
over time. After controlling for CTH, we observed very similar trajectories, but all three groups
were flat with no change over time (Appendix Figure 2). Participant characteristics by trajectory
group are presented in Appendix Table 8. For the model unadjusted for CTH, we observed that the
low DNA methylation group (Groupl) had a lower percentage of female participants (44.8% in
Group 1 vs. 71.1% and 73.8% in Groups 2 and 3, respectively), a lower percentage of White
participants (69% in Group 1 vs. 88.6% and 89.2% in Groups 2 and 3, respectively), and larger
bleeds as evidenced by Fisher Grade distributions (Fisher Grade 2 of 20.7% in Group 1 vs. 32.5%
and 27.7% in Groups 2 and 3, respectively). Results of binary logistic regression are presented in
Appendix Table 10 and observed outcome distributions for the trajectory groups unadjusted for
CTH are presented in Appendix Table 12. In association analyses, significant associations were
identified with poor GOS at 3 and 12 months (p=0.0006 and p=0.002, respectively) and suggestive
associations were identified with death at 3 and 12 months (p=0.009 and p=0.004, respectively).
Overall, we observed that the high DNA methylation group (Group 3) had an increased odds of

poor outcomes compared with the low DNA methylation group (Group 1) as summarized in
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Appendix Table 7. After correction for CTH, suggestive associations were again observed with
GOS at 3 and 12 months (p=0.03 and p=0.02, respectively). No associations between inferred
trajectory groups at cg25713625 and acute outcomes of CV or DCI were observed.

Finally, for cg08553327 (TNF), in the unadjusted model, we again inferred three trajectory
groups including a low DNA methylation group (Group 1, 67.3%), intermediate DNA methylation
group (Group 2, 26.9%), and high DNA methylation group (Group 3, 5.8%). In contrast to the
CpG sites discussed above, DNA methylation at this site was quite dynamic after aSAH. All three
trajectory groups started and ended with roughly the same DN A methylation values, but different
patterns were observed over the 13 days post-aSAH as shown in Appendix Figure 2. The low DNA
methylation group (Group 1) decreased and then increased slightly; the intermediate DNA
methylation group (Group 2) steadily decreased over time; and the high DNA methylation group
(Group 3) steadily increased and then decreased below baseline. As shown in the Supplementary
Material and summarized in Appendix Table 7, in TNF, there was a hotspot of several CpG sites
that were significantly associated with patient outcomes after aSAH and had similar trajectory
shapes. CpG site ¢g08553327 was specifically chosen for replication because it has the smallest
p-values in the gene and was amenable to pyrosequencing at CIDR. While the CTH-adjusted
trajectory model at cg08553327 did not pass posterior model QC, two sites within the hotspot did
and resulted in three steadily decreasing trajectory groups. At these sites, after correction for CTH,
suggestive associations persisted between inferred trajectory groups and GOS at 3 months as
shown in the Supplementary Material. Participant characteristics by trajectory group are presented
in Appendix Table 8. At cg08553327, we observed that the high DNA methylation group (Group
3) had a higher percentage of female participants (80% in Group 3 vs. 68% and 68.6% in Groups

1 and 2, respectively), a higher percentage of White participants (93.3% in Group 3 vs. 86.9% and
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84.3% in Groups 1 and 2, respectively), and smaller bleeds as evidenced by Fisher Grade
distributions (Fisher Grade 2 of 40% in Group 3 vs. 30% and 29.1% in Groups 1 and 2,
respectively). Results of binary logistic regression are presented in Appendix Table 11 and
observed outcome distributions for the trajectory groups unadjusted for CTH are presented in
Appendix Table 12. In association analyses, significant associations were identified with poor
GOS at 3 months (p=0.0003) and suggestive associations were identified with poor GOS at 12
months (p=0.02) and death at 3 and 12 months (p=0.009 and p=0.004, respectively). Overall, we
observed that participants in both the intermediate (Group 2) and high DNA methylation (Group
3) groups had an increased odds of poor outcomes as summarized in Appendix Table 7. As
mentioned above, the trajectory model corrected for CTH did not pass posterior model QC for
comparison. No associations between inferred trajectory groups at c¢g08553327 and acute

outcomes of CV or DCI were observed.

3.4.4 Sensitivity Analysis of Functional Normalization

In a sensitivity analysis of APP, STEAP3, and TNF using the funtooNorm functional normalized
data (versus the preprocessFunnorm functional normalized data), our results were largely
concordant as shown in the Supplementary Material. For cg08866780 (APP), we observed nearly
identical associations with GOS and death at 3 and 12 months, although none of the observed
associations met the empirical significance threshold computed in permutation testing. Likewise,
for cg08553327, we also continued to observe associations with GOS and death at 3 and 12 months
and our association with GOS at 3 months remained significant after correction for multiple
testing. In contrast, however, cg25713625 (STEAP3) did not pass posterior model QC in our
GBTA so we were unable to carry it forward for evaluation with patient outcomes. Of the CpG
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sites that did pass posterior model QC though, the results were very similar with the original

analysis (i.e., preprocessFunnorm data).

3.5 Discussion

This study was the first to examine associations between DNA methylation trajectories of iron
homeostasis candidate genes and patient outcomes after aSAH. The candidate genes for this study
were selected based on characteristics and mechanisms that were relevant to our scientific premise
and phenotypes of interest during recovery from aSAH. Of the candidates examined, associations

from three genes stand out in our results during recovery from aSAH.

3.5.1 cg08866780 (APP)

Specifically, one CpG site in APP, cg08866780 (UCSC Genome Broswer GRCh37/hg 19, chr21:
27543523), was significantly associated with GOS at 12 months and death at 3 and 12 months and
suggestively associated with GOS at 3 months (Appendix Table 9). Amyloid Precursor Protein,
the protein encoded for by APP, is highly expressed in the human brain and ubiquitously expressed
across many human tissues.®®’® Although this gene has been extensively studied since its
identification, its physiological function remains largely unknown and APP has been referred to
as a ‘biochemical enigma’.”® However, it is broadly accepted that APP plays a role in nervous
system development and recovery, synaptic plasticity, calcium metabolism, learning, memory, and
as it is most well-known, giving rise to the amyloid-f peptide and contributing to the pathogenesis

of Alzheimer’s disease.”! Specific to iron homeostasis, the role of APP in managing iron levels is
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feedback-regulated as iron influx is an important driver in translational expression of neuronal
APP via an iron responsive element (IRE) and, in turn, APP plays a role in iron efflux by stabilizing
the heavy subunit of ferritin and ferroportin-1 at the binding site.*’

The CpG site in APP that rose to the top in the current study, cg08866780, was recently
identified as a differentially methylated CpG site in Braak staging, a method used to classify the
degree of Alzheimer’s disease.”! Specifically, cg08866780 was identified as being
hypomethylated, independent of chronological aging, during Braak stage progressions.”! It should
be noted that an association between this CpG site and Braak staging was not identified in historical
studies; rather, the signal became apparent only in neurons and glia cells after purifying cell-types
(i.e., cell sorting).”! This CpG site is located in the APP promoter region and overlaps with a known
CTCEF binding region. CTCF is a regulatory protein with roles as an insulator protein and regulator
of chromatin structure and transcription.”” Hypomethylation of this region of APP results in
enhanced binding of CTCF and an increase in APP transcription.”> In Alzheimer’s disease, an
increase in APP production results in an overproduction and accumulation of Amyloid-£ and
Alzheimer’s disease progression.”! While the pathophysiology of Alzheimer’s disease progression
and recovery after aSAH is very different, recent literature has uncovered the role of iron in
amyloid plaque formation in an Alzheimer’s disease mouse model,”* underscoring the interplay
between iron homeostasis and lipid metabolism which is discussed in more detail below. While
APP excess is thought to have detrimental effects in the brain, it has also been suggested that APP
depletion can be harmful. For example, in a study of non-small cell lung cancer cells, APP
depletion in lung cells caused G(0)/G(1) phase cell-cycle arrest contributing to necrotic cell

death.”
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In our sample, participants that fell into the intermediate DNA methylation trajectory group
(Group 2) had lower odds of poor outcomes compared with the low DNA methylation group
(Group 1) while there was no difference observed between the high DNA methylation group
(Group 3) and the low DNA methylation group (Group 1). We confirmed that the intermediate
DNA methylation group (Group 2) also did better compared with the high DNA methylation group
(Group 3) suggesting that high or low DNA methylation at cg08866780 (APP) may be detrimental
during recovery. Based on these observations, in conjunction with the feedback-regulated role for
APP in iron homeostasis, we could not determine a direction of effect in relationship to ferroptotic
activity for this site. It should be noted that the trajectory groups identified were flat with no change
over time (Appendix Figure 2). If we can assume these trajectories can be extended backwards in
time before the aSAH insult, then perhaps the APP mechanism at play is not related to an influx
of free iron or aSAH insult itself, but rather a preexisting physiologic state (e.g., genetics). It should
be noted that if we hadn’t used GBTA to classify participants based on DNA methylation over
time, we would have missed this association. In other words, in cross-sectional analyses of the
associations between continuous DNA methylation at this site (ignoring trajectory groups) and
patient outcomes, there is no association as the high and low DNA methylation groups (Groups 3
and 1, respectively) did poorly compared with the intermediate DNA methylation group.

Of'the 21 CpG sites available post-QC in this gene, we were able to infer trajectory groups
at 8 CpQG sites and significant or suggestive associations with patient outcomes were observed in
4 CpG sites with similar directions of effect (Appendix Table 6 and Supplementary Material). An
interesting finding in this study was that even after correction for CTH, the inferred DNA
methylation trajectory groups looked nearly identical to the unadjusted trajectory groups

(Appendix Figure 2), indicating that CSF CTH might not be an important confounder of DNA
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methylation at this site after aSAH. This finding contrasts with the finding discussed above related
to differential DNA methylation at this CpG site in Braak staging as this CpG site only rose to the

top in purified glia and neuron cells.”!

3.5.2 ¢g25713625 (STEAP3)

Next, one CpG site in STEAP3, cg25713625 (UCSC Genome Broswer GRCh37/hg 19, chr2:
120022835), was significantly associated with GOS at 3 and 12 months and death at 3 and 12
months (Appendix Table 10). Metalloreductase STEAP3, also known as six-transmembrane
epithelial antigen of prostate 3, the protein encoded by the STEAP3 gene, plays a primary role in
iron transport and homeostasis by converting the stable but insoluble ferric form of iron to a less
stable but soluble ferrous form.” It is known that STEAP3 deficiency leads to impaired iron
homeostasis and presents clinically as microcytic anemia with iron overload.” In addition,
knockdown of STEAP3 has been shown to inhibit cell progression suggesting this protein may also
play a role in downstream responses to p53, including promoting apoptosis.”” STEAP3 is also
thought to be important in immunity. Iron deficiency confers resistance to risk of infection and
STEAP3, the only STEAP family member to be highly expressed in macrophages, has been shown
to be down-regulated by lipopolysaccharide administered as a surrogate for infection in rats.”® In
addition to its importance in iron homeostasis and immunity, STEAP3 has been identified as a
novel pathway for increased oxidative stress in mature red blood cells leading to changes in lipid
oxidation, which we have discussed in more detail below.”® The CpG site of interest, cg25713625,
falls in the 3’ untranslated region of STEAP3. To our knowledge, there is no significant literature
about c¢g25713625, specifically. Interestingly though, STEAP3 has been identified as a
differentially expressed gene in the aneurysm wall compared with a control tissue of superficial
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temporal artery. Specifically, authors observed a 2.5 fold change in gene expression with higher
expression of STEAP3 in aneurysm tissue.”’

In our sample, at cg25713625, participants who were assigned to the highest DNA
methylation trajectory group (Group 3) had the worst long-term outcomes compared with
participants assigned to the lowest DNA methylation trajectory group (Group 1) with odds of poor
outcomes between 11.7 and 19.1 (Appendix Table 10). If we assume that an increased level of
STEAP3 reduces the theoretical amount of ferroptosis, we observed the expected direction of
effect with this site. As above with cg08866780 (APP), we observed little change over time in the
trajectories inferred at this CpG site (Appendix Figure 2). While the highest and lowest DNA
methylation trajectory groups (Groups 3 and 1, respectively) did not change over time, the middle
group did steadily decrease over time. After correcting for CTH, however, the trajectory groups
look nearly identical with the exception that the middle trajectory group flattened (Appendix
Figure 2). After correcting for CTH, similar associations were observed with only suggestive or
trending p-values (Appendix Table 10). In cross-sectional analyses of the associations between
continuous DNA methylation at this site (ignoring trajectory groups) and patient outcomes, our
observed associations persisted with higher DNA methylation being associated with an increased
odds of poor long-term outcomes.

In STEAP3, of the 29 CpG sites we evaluated using GBTA, only three actually passed
posterior model QC and were tested for associations with patient outcomes and it is possible that
we missed some important variability in this gene. One other site in STEAP3 (cg25508118) had
suggestive associations with GOS and death at 12 months as shown in Appendix Table 6 and the

Supplementary Material.
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3.5.3 ¢g08553327 (TNF)

We observed a ‘hotspot’ of associations between several CpG sites in TNF and long-term
outcomes of GOS and death at 3 and 12 months, with the strongest association with GOS at 3
months. Of the CpG sites located within that hotspot, inferred trajectory groups and group
percentages looked nearly identical as shown in the Supplementary Material. From this hotspot,
we selected cg08553327 as a candidate for replication because it had the smallest p-values amongst
CpG sites and was amenable to pyrosequencing at CIDR. In TNF, ¢g08553327 (UCSC Genome
Broswer GRCh37/hg 19, chr6: 31543647) was significantly associated with GOS at 3 months and
suggestively associated with GOS at 12 months and death at 3 and 12 months (Appendix Table
11). Tumor Necrosis Factor, the protein encoded by TNF is a pro-inflammatory cytokine most
commonly recognized for its role in inflammation.®® Iron homeostasis and inflammation are
intimately tied as iron deficiency confers resistance to risk of infection and improves inflammatory
conditions (e.g., anemia of inflammation in chronic disease). TNF plays an important role in iron
homeostasis and host defense through regulating inflammation and hypoferremia.®' Specifically,
increased inflammation causes upregulation of hepcidin, the ‘master’ iron homeostasis protein,
which triggers a series of events that lead to systemic iron sequestration and prevention of iron
absorption. This relationship is feedback-regulated as it has also been shown that iron
administration increases TNF expression while iron chelators decrease TNF expression.®!

Our CpG of interest, cg08553327, is located in exon 1 of TNF and has been inversely
correlated with aging in a study of delirium and aging,®® although there was no significant
difference between mean age in the three trajectory groups inferred at this site in the current study.

This CpG site specifically has also been found to be differentially methylated in two separate
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studies of fiber intake.®* Moreover, after subarachnoid hemorrhage specifically, anti-TNF
antibody (i.e., TNF inhibitor) administered pre-injury in rats has been shown to reduce apoptosis.*

In our sample, participants assigned to the high DNA methylation group (Group 3) had
13.1 times the odds of poor GOS at 3 months compared with the low DNA methylation group
(Group 1). If we assume that an increased level of TNF increases the theoretical amount of
ferroptosis, we did not observe the expected direction of effect with this site. Assuming that higher
DNA methylation leads to lower expression, this finding is inconsistent with literature suggesting
increased TNF is associated with poor outcomes and that administration of a 7NF inhibitor has
been shown to improve outcomes.® It is possible that what we are observing is an acute response
to aSAH, a difference in behavior between CSF and blood, or confounding by CTH. It should also
be noted that higher DNA methylation does not always correlated with alterations in gene
expression and TNF has many complex mechanisms regulating its expression.®® The trajectory
model for our site of interest in TNF did not pass posterior model QC once we corrected for CTH,
preventing a direct comparison here. Replication of this finding is critical to interpretation. If we
are able to replicate this finding, it is apparent that timing of biospecimen collection could impact
findings for this CpG site specifically. Notably, all DNA methylation trajectory groups started and
ended with roughly the same DNA methylation values so if we had only performed a cross-
sectional study we may not have observed any differential DNA methylation at this site depending
on our time of sampling. Our post hoc cross-sectional analysis confirms this. Specifically, in daily
cross-sectional analyses, associations between continuous DNA methylation at this site (ignoring
trajectory groups) and patient outcomes were only observed on days five to seven. Our observed
associations persisted with higher DNA methylation at this site being associated with an increased

odds of poor long-term outcomes.
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3.5.4 Lipid Metabolism and Endothelial Dysfunction

In addition to iron overload as a primary mechanism contributing to ferroptosis, accumulation of
lethal, lipid-based reactive oxygen species have also been found to be important.’*$! Specifically,
elevated free iron post-aSAH has great potential to cause oxidative degradation of lipids that make
up cell membranes. The interplay between iron homeostasis and lipid peroxidation after
subarachnoid hemorrhage was recently examined in a study of animals.® In this study, researchers
demonstrated that an increase in iron contributed to an increase in lipid peroxides and that
administration of ferrostatin-1, a lipophilic antioxidant which protects cell membranes from lipid
oxidation, decreased free iron and improved lipid peroxidation.®® This intervention successfully
prevented both ferroptosis and early brain injury, but had no effect on apoptosis.®® In addition, the
role of lipid peroxidation metabolites (e.g., 20-HETE) has been associated with poor outcomes
after aSAH in humans, specifically.*® Despite this literature, there is little work exploring how the
accumulation of these lipid-based ROS are induced by iron in humans after aSAH.

In the current study, CpG sites in APP, STEAP3, and TNF rose to the top as candidates for
replication. Interestingly, these genes all play a role not only in iron homeostasis but have also
been associated with lipid peroxidation in the literature. For example, as mentioned above, in cases
of APP overexpression, increased lipid peroxidation has been shown to precede amyloid plaque
formation in a mouse model of Alzheimer’s disease.?” Likewise, increased levels of STEAP3,
though essential to normal iron homeostasis, may result in degradation of the cellular membrane
through lipid peroxidation, leading to failure of hemolysis and clearance of red blood cells.”
Finally, TNF has been shown to alter lipid metabolism and stimulate production of eicosanoids
and ROS that potentiate CNS injuries.®® The potential of improving iron homeostasis following

aSAH may be essential in preventing cell oxidative damage and warrants future investigation.
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3.5.5 Strengths and Limitations

There are many strengths to this study. In particular, the DNA methylation data used in this study
were quite unique. In addition to being longitudinal in nature spanning the acute recovery period
post-aSAH, these data were also generated from CSF, a tissue which we believe offers a unique
insight into the local environmental of the central nervous system. In this study, we were able to
identify dynamic changes in DNA methylation following aSAH (though these signals will need to
be validated in our pending replication data). Similarly, because genome-wide data existed in our
discovery sample, this allowed us to perform additional sensitivity analyses that we could not have
performed in a traditional candidate gene study (i.e., examining the effects of CTH and
preprocessing methods). Finally, this study analyzed a relatively large sample of aSAH
participants compared with other patient outcome studies after aSAH and included imbedded
replication and rigorous data QC and analysis.

Despite these strengths, there are some important limitations that should be discussed. First,
this study was primarily made up of participants who self-report their race as White. Although the
distribution of race in this study is largely consistent with Southwestern PA demographics, this
limits the generalizability of our findings in other races, ethnicities, and ancestries. These factors
should be examined in larger and more diverse samples in the future. Next, in addition to GBTA,
there are several types of trajectory analyses in the literature such as hierarchical modeling and
latent curve analysis. If applied to our DNA methylation data, these alternative methods could be
valuable in uncovering important signals in our data that may not be apparent using GBTA. In
addition, programs to automate GBTA for large datasets and sites of interest are not available.
Because of this, we created an objective protocol accompanied by R and SAS scripts to help us

automate our analyses as described in detail as part of the pilot work for this study.*? Given the
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nature of our automated protocol, a large portion of CpG sites were eliminated and not carried
forward for testing with patient outcomes because we couldn’t reliably identify trajectory groups
at those CpG sites.

Furthermore, an array of preprocessing methodology is available in the DNA methylation
literature. Our targeted discovery data were analyzed, and top hits were prioritized, using the
preprocessFunnorm functional normalization discussed above. It is possible, however, that another
functional normalization method such as funtooNorm is more appropriate for longitudinal CSF
DNA methylation data. A strength of'this study, however, was the concordance between our results
using the preprocessFunnorm data and funtooNorm data as shown in the Supplementary Material
and discussed above. However, if funtooNorm data had been used from the start, it is possible that
different CpG sites may have risen to the top for replication. Likewise, our tier 1 analyses were
limited to existing genome-wide DNA methylation data. As part of our genome-wide DNA
methylation data QC, CpG sites located on the X chromosome were removed. Therefore, data for
two of our candidate genes (HEPH and HJV) were not available for analysis. It is possible that
variability in these genes is important to outcomes after aSAH.

Finally, our replication data have not yet been returned from CIDR, so we are unable to
validate our findings. However, our paper based on this dissertation chapter will be expanded to
include the results of replication analyses once those data are returned. A similar limitation that
we cannot address, however, is the inability to collect replication data for all CpG sites that met
correction for multiple testing. While we attempted to be as objective as possible in our
prioritization of results for replication, true and important signals may exist for other CpG sites.

These sites should be examined in the future.
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3.6 Conclusion

The results of this study support a role for methylation of CpG sites in APP, STEAP3, and TNF in
recovery following aSAH and may offer potential as a biomarker or therapeutic target to improve
outcomes. With respect to ferroptotic activity, we observed the hypothesized direction of effect in
our CpG site of interest in STEAP3, the opposite of the hypothesized direction of effect in our site
of interest in 7NF, and due to the feedback-regulated role of APP in iron homeostasis, the direction
of effect could not be determined. The results of this study suggest ferroptosis may be an important
area of investigation in outcomes after aSAH. If our findings can be replicated, exploration of the
functional role of methylation of these CpG sites and genes should be examined in an effort to

translate findings clinically.
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Appendix A Iron Homeostasis Candidate Genes
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Appendix Table 1 Iron Homeostasis Candidate Genes, Functions, and Known Associated Phenotype
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Appendix Table 2 Candidate Gene and Data Extraction Information

Gene Symbol Gene Name E?Itlaic‘gon g;Tber of CpG Data status
ACOI lljrr‘z)rieriigiﬂ"‘tory 2}211953 gg 3260 I- 11 Available
ACO2 lljrr‘z)rieri:g;l"‘tory Z};gzzzégg 63129- 12 Available
APP I[;-r(r)lt};liﬁld precursor ;I71r524 1;;;5086 1- 71 Available
CALR Calreticulin a4l 30 Available
CDI163 ?czr\r/l;ngézr 1rlclaceptor %?824 ZZZ e 3 Available

CcpP Ceruloplasmin (1:2%3941‘ ?g § § 8290- 6 Available
CUBN Cubilin oL 10503963 15 Available
CYBRDI tochromeb 172016643 1 Avaable
FECH Ferrochelatase 21;21585325 10073- 13 Available
FLVCRI Eﬁ%};ﬁ}‘;ﬁiﬁ% s 18 Available
FTHI Ferritin heavy Z}ilr71317 ?;;29757- 20 Available

FTL Ferritin light o 12406366- 1 Available
R B T SN
FXN Frataxin ;}I?gzé 8218479— 13 Available
Cluationes T30 2 i
GLRXS Glutaredoxin 5 16 Available o
HAMP Hepcidin 32217%82?1410' NA Qgi{fed in pilot
HEPH Hephaestin 222>§:962533080433_ NA Data not available
HFE %:)%mmat%is ;2%69:5(6)224615_ 1 Available
HJV (HFE2) ieﬁgi‘é;fé‘rn BMP el e o1 13 Available
HMOX1 Heme-oxygenase 1 3}5122922:;8;75060_ 8 Available
HMOX2 Heme-oxygenase 2 2}512126?;2224341_ 22 Available

HP Haptoglobin ;}2131966:52286508_ 5 Available
HPX Hemopexin 22%212:2250268_ 7 Available
e 5 i
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LRPI
PCBPI
PGRMC1

SLC46A1

SLC11AI

SLC11A2

SLC25A37

SLC40A1 (FP)

SLC48A1

STEAP3

TF

TFRC

TFR2

INF

LDL receptor
related protein
poly(RC) Binding
Protein 1
Progesterone
receptor membrane
Heme carrying
protein 1

Solute Carrier
Family 11 Member
1

Divalent metal
transporter 1

Solute Carrier
Family 25 Member
37 (Mitoferrin 1)
Solute Carrier
Family 40 Member

1 (Ferroportin)
Solute carrier family
48 member 1

STEAP3
Metalloreductase

Transferrin

Transferrin receptor
1

Transferrin receptor
2

Tumor necrosis
factor

chr12:57520282-
57609125
chr2:70312585-
70318334
chrX:118368211-
118380429
chr17:26719661-
26735230
chr2:219244752-
219263617

chr12:51377775-
51424058

chr8:23384363-
23432063

chr2:190423316-
190447537

chr12:48164967-
48178536
chr2:119979384-
120025227

chr3:133462800-
133499850

chr3:195774155-
195811032

chr7:100216039-
100241201

chr6:31542292-
31548112

91

17

NA

15

26

15

28

14

14

29

15

16

29

35

Available

Available

Data not available

Available

Available

Available

Available

Available

Available

Available

Available

Available

Available

Available

NOTE: * UCSC Genome Browser Build GRCh37/hg19
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Appendix Table 3 Sample Characteristics

Variable aSAH cohort (n=648) Targeted discovery sample (n=260)
Age, mean years (SD) 53.2(11.5) 53.1(11.0)
Sex, female (n, %) 469 (72.4) 179 (68.8)
Race, White (n, %) 563 (86.9) 225 (86.5)
Treatment, surgery (n, %) 244 (37.7) 101 (38.8)
Fisher grade (n, %)

2 266 (41.0) 78 (30.0)
3 279 (43.1) 126 (48.5)

4 103 (15.9) 56 (21.5)

WENS (n, %)

1 330 (50.9) 108 (41.5)

2 115 (17.7) 57 (21.9)

3 47 (7.3) 23 (8.8)

4 90 (13.9) 44 (16.9)

5 66 (10.2) 28 (10.9)

NOTE: SD, standard deviation; WFNS, World Federation of Neurosurgical Societies System; aSAH, aneurysmal
subarachnoid hemorrhage
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Appendix Table 4 Cases Control Sample Sizes by Outcome

Outcome N n (%), cases n (%), controls
cv 168 91 (54.2) 77 (45.8)
DCI 258 127 (49.2) 131 (50.8)

GOS3 214 71 (33.2) 143 (66.8)
GOS12 204 53 (26.0) 151 (74.0)
MORT?3 232 39 (16.8) 193 (83.2)

MORT12 204 44 (21.6) 160 (78.4)

NOTE: CV, cerebral vasospasm; DCI, delayed cerebral ischemia; GOS3, Glasgow Outcome Scale at 3 months (poor
= 1-3); GOS12, Glasgow Outcome Scale at 12 months (poor = 1-3); MORT3, mortality at 3 months; MORT12,
mortality at 12 months; Cases indicate the number of participants with poor outcomes (e.g. occurrence of CV or DCI,
poor GOS, or death)
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Appendix Table 5 DNA Methylation Data Extreme Outlier Summary

Gene Symbol Extreme Gene Symbol  Extreme
Outliers Outliers
ACOI 31 HMOX1 29
ACO2 60 HMOX2 61
APP 62 HP 15
CALR 39 HPX 23
CDI163 38 IREB?2 36
CP 20 LRPI 189
CUBN 50 PCBPI 52
CYBRDI1 31 SLC46A1 39
FECH 30 SLCI1AI 45
FLVCRI 28 SLCI1A2 29
FTHI 35 SLC25A37 61
FTL 25 SLC40Al (FP) 43
FTMT 28 SLC48Al 43
FXN 31 STEAP3 51
GSTPI 28 TF 57
GLRXS5 52 TFRC 43
HFE 0 TFR2 60
HJV (HFE2) 28 TNF 62

NOTE: Number of extreme DNA methylation outliers (three times the interquartile range) score
adjusted and pulled in
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Appendix Table 6 Summary of Signficiant and Suggestive Associations

Relationship

Outcome Gene CpG Position® UCSC Region® to Island® p
GOS12 APP cg08866780 27543523 TSS1500 Island 0.00013
GOS3 INF cg08553327 31543647 IstExon OpenSea  0.00027
GOS3 TNF cg21222743 31543545 IstExon OpenSea 0.00032
GOS3 INF cgl0717214 31543557 IstExon OpenSea  0.00039
GOS3 INF cg08553327 31543647 IstExon OpenSea  0.00055
MORTI12 APP cg08866780 27543523 TSS1500 Island 0.00058
GOS3 STEAP3  ¢cg25713625 120022835 3'UTR S_Shore 0.00061
GOS3 SLC25A37 cgl8186478 23423960 Body OpenSea  0.00061
MORT12 ACOI cgl3977526 32384244 TSS1500 N_Shore  0.00062
GOS3 INF cgl0650821 31543686 IstExon OpenSea  0.00083
GOS3 INF cgl2681001 31543540 IstExon OpenSea  0.00089
MORT3 APP cg08866780 27543523 TSS1500 Island 0.00099
GO3 LRPI cg09150519 57566995 Body N _Shelf  0.00116
GOS3 FECH cgl15864104 55254508 TSS1500 S Shore 0.00118
GOS3 TNF cg21222743 31543545 IstExon OpenSea 0.00121
GOS3 FTHI cg24803614 61733475 Body N _Shore  0.00125
GOS3 FXN cg02268013 71650331 TSS200 N _Shore  0.00133
GOS3 FXN cg21229044 71669714 Body OpenSea  0.00151
GOS12 LRPI cg12069468 57578649 Body N Shore  0.00155
GOS12 STEAP3  ¢cg25713625 120022835 3'UTR S Shore 0.00182
GOS3 FLVCRI  cg23082281 213032677 TSS1500;Body S Shore 0.00184
GOS3 SLC11A2  ¢g22826226 51421367 TSS1500 S Shore 0.00192
GOS3 LRPI cg12069468 57578649 Body N Shore  0.00223
MORT12 TNF cgl0717214 31543557 IstExon OpenSea 0.00251
MORTI12 LRPI cg12069468 57578649 Body N Shore  0.00273
GOS3 HMOX2  ¢cgl4951292 4525986 TSS1500;5'UTR N Shore  0.00289
MORT3 ACO2 cg25636833 41864805 TSS200;TSS1500 Island 0.00311
GOS3 TNF cg21467614 31543638 1stExon OpenSea  0.00316
MORT12 TNF cg21222743 31543545 IstExon OpenSea 0.00368
MORT12 TNF cg08553327 31543647 IstExon OpenSea 0.00370
GOS3 HFE2 cg26036288 145411967 TSS1500 N Shelf  0.00388
GOS3 CYBRDI  cgl5691325 172387940 Body OpenSea  0.00399
MORTI12  STEAP3  cg25713625 120022835 3'UTR S Shore 0.00410
GOS12 APP cg03779431 27543124 1stExon;S'UTR Island 0.00411
MORT3 LRPI cg09150519 57566995 Body N _Shelf  0.00461
GOS12 ACOI cgl13977526 32384244 TSS1500 N Shore  0.00502
GOS3 LRPI cg22339313 57578642 Body N Shore  0.00512
GOS12 HMOX2  ¢cgl4951292 4525986 TSS1500 N Shore  0.00520
GOS3 APP cg08866780 27543523 TSS1500 Island 0.00596
MORTI12 IREB2 cg08092050 78734858 Body S_Shelf 0.00621
GOS3 IREB2 cg03700171 78748272 Body OpenSea  0.00628
GOS12 TFRC cg09470983 195805948 5'UTR N_Shelf  0.00639
GOS3 TF cg20123637 133467435 Body S Shelf 0.00672
GOS3 IREB2 cg08092050 78734858 Body S Shelf 0.00714
MORTI12 LRPI cg06531661 57522120 TSS200 Island 0.00722
MORT3 FLVCRI  ¢cg23082281 213032677 TSS1500;Body S Shore 0.00729
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MORT12 LRPI
GOS12 FXN
MORT12 FXN
GOS3 GSTPI
MORT3 TNF
MORT12 CALR
DCI TF
MORT12 TNF
GOS3 TFRC
MORTI12 SLC25A37
Ccv FXN
MORT3 GLRX5
MORT3 TNF
MORT12 LRPI
MORT3 STEAP3
MORT3 TNF
MORT3 FXN
MORT3 FXN
GOS3 CcpP
GOS3 CcpP
GOS3 LRPI
GOS3 TFRC
GOS12 GLRX5
MORTI12  SLCIIA2
GOS12  SLC25A37
GOS3 CcpP
GOS3 LRPI
GOS12 GLRX5
MORT3 GSTPI
MORT3 TF
MORTI12 GLRX5
MORT3 ACOI
GOS3 LRP]
GOS3 GLRX5
MORT3 IREB2
GOS12 LRPI
GOS12 TNF
GOS3 CYBRDI

Ccv SLC25A37
MORTI12 SLC25A37
MORT3 FECH
MORTI12 FXN

GOS12 HPX
MORT3 GLRX5
GOS12 LRP]
GOS3 IREB2
GOS3 CALR
DCI CYBRDI
GOS3 LRPI

cgl6612926
cg21229044
cg21229044
cg06928838
cgl0717214
cg27180563
cgl6262614
cgl2681001
cg23502966
cg00892891
cg07158339
cg01304278
cg08553327
cg09150519
cg25713625
cg21222743
cg21229044
cg02268013
cg05776336
cg24876069
cgl1813198
cg09470983
cg01304278
cg22826226
cgl18186478
cg19278448
cg21702971
cg02940042
cg06928838
cg20123637
cg02940042
cgl3977526
cgl6612926
cg02940042
cg08092050
cg22339313
cgl0717214
cgl5691325
cg24126361
cgl8186478
cgl7299799
cg02268013
cgl5741583
cg02940042
cg09150519
cgl3714459
cg27180563
cgl5691325
cg06531661

57601671
71669714
71669714
67351490
31543557
13056485
133464971
31543540
195789749
23423734
71650237
96001998
31543647
57566995
120022835
31543545
71669714
71650331
148939487
148916713
57572413
195805948
96001998
51421367
23423960
148905466
57588243
96000874
67351490
133467435
96000874
32384244
57601671
96000874
78734858
57578642
31543557
172387940
23398346
23423960
55214063
71650331
6461908
96000874
57566995
78730363
13056485
172387940
57522120
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Body
Body
Body
Body
IstExon
TSS200
TSS200
IstExon
Body
Body
TSS1500
Body; TSS1500
IstExon
Body
3'UTR
IstExon
Body
TSS200
IstExon
Body
Body
5'UTR
Body; TSS1500
TSS1500
Body
Body
Body; TSS200
TSS1500;Body
Body
Body
TSS1500;Body
TSS1500
Body
TSS1500;Body
Body
Body
IstExon
Body;Body
Body
Body
3'UTR
TSS200
Body
TSS1500;Body
Body
TSS200
TSS200
Body
TSS200

OpenSea
OpenSea
OpenSea
Island
OpenSea
Island
Island
OpenSea
OpenSea
OpenSea
N_Shore
S Shore
OpenSea
N_Shelf
S Shore
OpenSea
OpenSea
N_Shore
OpenSea
OpenSea
S_Shelf
N_Shelf
S Shore
S Shore
OpenSea
OpenSea
OpenSea
Island
Island
S_Shelf
Island
N_Shore
OpenSea
Island
S_Shelf
N_Shore
OpenSea
OpenSea
OpenSea
OpenSea
OpenSea
N_Shore
OpenSea
Island
N_Shelf
Island
Island
OpenSea
Island

0.00779
0.00791
0.00800
0.00826
0.00828
0.00835
0.00840
0.00851
0.00875
0.00877
0.00880
0.00886
0.00892
0.00931
0.00933
0.00948
0.00959
0.00961
0.00983
0.00992
0.01039
0.01040
0.01049
0.01065
0.01073
0.01078
0.01107
0.01144
0.01164
0.01207
0.01252
0.01293
0.01344
0.01356
0.01381
0.01388
0.01388
0.01395
0.01451
0.01458
0.01491
0.01493
0.01513
0.01514
0.01551
0.01571
0.01575
0.01581
0.01586



cv
DCI
MORT3
GOS3
MORT3
GOS3
MORT3
GOS3
MORT12
GOS12
MORT12
MORT3
MORT3
MORT3
GOS3
Ccv
MORT12
DCI
GOS3
GOS12
GOS3
GOS12
MORTI12
GOS3
MORTI12
GOS12
MORTI12
MORT3
MORTI12
MORT3
GOS12
MORTI12
Ccv
MORTI12
GOS3
GOS3
DCI
MORTI12
Ccv
MORTI12
MORTI12
MORT3
MORT3
MORTI12
MORTI12
GOS12
DCI
MORT3
GOS3

ACO2
FLVCRI
FP
SLC48A1
FECH
TNF
SLC11A2
FLVCRI
GLRX5
LRPI
ACO2
PCBPI
TNF
LRPI
APP
CALR
FXN
SLC25A37
FXN
TFRC
HFE2
TNF
TNF
FLVCRI
TNF
TNF
FLVCRI
TF
LRP]
LRP]
ACO2
TFR2
ACO2
TNF
PCBPI
HPX
HMOX2
TNF
CYBRDI
GSTPI
CP
FLVCRI
INF
FTL
FTHI
CP
FTHI
IREB2
TNF

cg25636833
cgl8789758
cgl10752008
cg01154392
cg26043149
cgl12681001
€g22826226
cgl8789758
cg01304278
cg06531661
cg25636833
cg26487157
cgl12681001
cgl6612926
cgl15407086
cg27180563
cg02268013
cg24917065
cgl14410042
cg21494636
cg00987513
cg21222743
cg21467614
cgl14912380
cgl10650821
cg08553327
cgl8789758
cg20123637
cg22339313
cg12069468
cg25636833
cgl9767562
cg26423539
cg21222743
cg00396520
cgl5741583
cg06605704
cg08553327
cgl5691325
cg06928838
cg24876069
cgl8789758
cg08553327
cg05617973
cg04230589
cg19278448
€g22892043
cgl3714459
cg02581828

41864805
213030449
190445175

48167362

55253948

31543540

51421367
213030449

96001998

57522120

41864805

70313295

31543540

57601671

27543045

13056485

71650331

23418389

71654823
195808986
145413337

31543545

31543638
213068483

31543686

31543647
213030449
133467435

57578642

57578649

41864805
100224437

41864790

31543545

70314546

6461908
4551147

31543647
172387940

67351490
148916713
213030449

31543647

49468917

61735144
148905466

61731930

78730363

31546769

TSS200;TSS1500
Body; TSS1500
1stExon
Body
5'UTR;1stExon
1stExon
TSS1500
Body; TSS1500
Body; TSS1500
TSS200
TSS200;TSS1500
TSS1500
1stExon
Body
1stExon;5'UTR
TSS200
TSS200
Body
Body

1stExon;5S'UTR;TSS200

1stExon;5'UTR
1stExon
1stExon
Body
1stExon
1stExon
Body; TSS1500
Body
Body
Body
TSS200;TSS1500
Body
TSS200;TSS1500
1stExon
TSS200
Body
5'UTR
1stExon
Body
Body
Body
Body; TSS1500
1stExon
Body
TSS200
Body
3'UTR
TSS200

Island
N_Shore
N_Shore

Island

Island
OpenSea
S Shore
N_Shore
S Shore

Island

Island

Island
OpenSea
OpenSea

Island

Island
N_Shore
OpenSea

S_Shelf

Island
N_Shelf
OpenSea
OpenSea
OpenSea
OpenSea
OpenSea
N_Shore

S_Shelf
N_Shore
N_Shore

Island

Island

Island
OpenSea

Island
OpenSea
OpenSea
OpenSea
OpenSea

Island
OpenSea
N_Shore
OpenSea

Island

Island
OpenSea
N_Shelf

Island
N_Shore

0.01604
0.01622
0.01625
0.01656
0.01669
0.01692
0.01696
0.01718
0.01737
0.01744
0.01783
0.01808
0.01827
0.01835
0.01839
0.01842
0.01876
0.01880
0.01905
0.01955
0.01966
0.01986
0.02027
0.02041
0.02068
0.02086
0.02094
0.02094
0.02131
0.02135
0.02164
0.02181
0.02209
0.02218
0.02226
0.02284
0.02351
0.02433
0.02464
0.02538
0.02546
0.02563
0.02573
0.02588
0.02601
0.02602
0.02668
0.02694
0.02704



GOS12
MORT12
GOS12
GOS12
cv
GOS3
GOS12
DCI
GOS3
GOS12
GOS12
MORT12
GOS12
GOS3
GOS12
GOS12
GOS3
MORT3
GOS12
MORT12
MORT12
GOS3
GOS12
Ccv
GOS3
GOS3
Ccv
MORTI12
MORTI12
GOS3
GOS3
MORTI12
GOS12
GOS3
MORT3
GOS3
MORTI12
GOS3
MORT3
GOS3
DCI
GOS3
MORTI12
Ccv
MORT3
GOS12
Ccv
DCI
DCI

SLC11A2
FP
LRPI
LRPI
FTHI
LRPI
TFR2
TNF
HFE2
LRPI
STEAP3
TF
FTL
FTHI
SLC48A1
TFR2
SLCI11A2
TNF
LRPI
TF
STEAP3
ACO2
FTHI
CUBN
FLVCRI
CYBRDI
CcpP
TF
APP
LRP]
TNF
TF
TNF
FTMT
CP
APP
LRPI
FXN
LRPI
TF
INF
INF
FECH
GSTPI
INF
IREB2
SLC25A37
CUBN
TNF

cg22826226
cgl10752008
cg05943813
cg21702971
cg04230589
cgl4621254
cgl9767562
cgl2681001
cgl4036143
cg06531661
cg25713625
cgl7775713
€g26532042
cg02315732
cg01154392
cgl9767562
cg25493658
cg21222743
cg10904028
cg24512138
cg25508118
cg25636833
cg04230589
cgl17244673
cg23082281
cg24200501
cg17439694
cg20123637
€g23269692
cg22339313
cgl0717214
cg24512138
cg23204396
cg09441819
cg19278448
cg15407086
cg01276169
cg02268013
cg01276169
cg18286850
cg21467614
cg26729380
cgl7299799
cgl4921275
cgl0650821
cg08092050
cg24126361
cgl17436460
cg09637172

51421367
190445175
57573255
57588243
61735144
57569787
100224437
31543540
145415441
57522120
120022835
133465469
49468557
61732658
48167362
100224437
51421225
31543545
57590920
133465360
119981769
41864805
61735144
17166078
213032677
172378036
148939523
133467435
27372446
57578642
31543557
133465360
31548107
121186479
148905466
27543045
57569898
71650331
57569898
133464713
31543638
31543655
55214063
67350511
31543686
78734858
23398346
17028480
31545252
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TSS1500
IstExon
Body
Body; TSS200
TSS200
Body
Body
IstExon
5'UTR;Body
TSS200
3'UTR
Body
TSS200
Body
Body
Body
TSS1500
IstExon
Body
Body
5'UTR
TSS200;TSS1500
TSS200
Body
TSS1500;Body
TSS1500
IstExon
Body
Body
Body
IstExon
Body

TSS1500
Body
1stExon;5'UTR
Body
TSS200
Body
TSS1500
1stExon
1stExon
3'UTR
TSS1500
1stExon
Body
Body
Body
Body

S _Shore
N_Shore
S Shelf
OpenSea
Island
Island
Island
OpenSea
Island
Island
S Shore
S Shore
Island
N_Shelf
Island
Island
S Shore
OpenSea
OpenSea
Island
Island
Island
Island
OpenSea
S Shore
N_Shore
OpenSea
S_Shelf
OpenSea
N_Shore
OpenSea
Island
N_Shore
N_Shore
OpenSea
Island
Island
N_Shore
Island
N_Shore
OpenSea
OpenSea
OpenSea
N_Shore
OpenSea
S Shelf
OpenSea
OpenSea
N_Shelf

0.02744
0.02745
0.02790
0.02828
0.02848
0.02880
0.02889
0.02892
0.02895
0.02900
0.02915
0.02943
0.02987
0.02988
0.03037
0.03048
0.03077
0.03087
0.03137
0.03140
0.03148
0.03202
0.03212
0.03218
0.03254
0.03284
0.03322
0.03331
0.03349
0.03372
0.03491
0.03494
0.03500
0.03557
0.03566
0.03570
0.03572
0.03594
0.03616
0.03625
0.03650
0.03664
0.03709
0.03710
0.03717
0.03767
0.03841
0.03879
0.03914



DCI TNF cgl0717214 31543557 IstExon OpenSea 0.03964
GOS12 STEAP3  ¢cg25508118 119981769 5'UTR Island 0.03970
GOS3 SLC25A37 ¢g20845639 23430886 S_Shore 0.04010
GOS12 CALR cg27180563 13056485 TSS200 Island 0.04023
Ccv CcP cg05776336 148939487 IstExon OpenSea  0.04023
Ccv FTHI cg04230589 61735144 TSS200 Island 0.04027
MORT3 FXN cg02268013 71650331 TSS200 N_Shore  0.04030
MORTI12  HMOX2  cgl4951292 4525986 TSS1500 N_Shore  0.04036
GOS3 SLC46A1  ¢cg00497630 26733052 IstExon Island 0.04041
GOS12  SLC25A37 ¢g00892891 23423734 Body OpenSea  0.04052
MORTI12 TFR2 cgl9767562 100224437 Body Island 0.04113
MORT12 TNF €g26729380 31543655 IstExon OpenSea 0.04124
DCI TF cg08234618 133464842 TSS200 N_Shore  0.04133
MORT12 FECH cg26043149 55253948 5'UTR;1stExon Island 0.04148
MORT12 LRPI cgl2146864 57569768 Body Island 0.04198
Cv PCBPI cg09175843 70313417 TSS1500 Island 0.04228
MORT3 INF cg21467614 31543638 IstExon OpenSea  0.04280
GOS12 HFE2 cg00987513 145413337 5'UTR;1stExon N_Shelf  0.04306
MORTI12 TF cg20123637 133467435 Body S_Shelf 0.04324
GOS12 TNF cg21222743 31543545 IstExon OpenSea 0.04361
DCI GLRXS5 cgl12096759 96002581 Body; TSS1500 S_Shore 0.04390
GOS3 FLVCRI  cg00156403 213035301 Body S_Shelf 0.04418
GOS12 IREB2 cgl13714459 78730363 TSS200 Island 0.04541
MORTI12 FTHI cg19407570 61735476 TSS1500 Island 0.04581
GOS12 LRPI cgl6612926 57601671 Body OpenSea  0.04611
DCI TF cgl6262614 133464971 TSS200 Island 0.04632
MORTI12  FLVCRI  cgl4912380 213068483 Body OpenSea  0.04633
GOS12 FTL €g26532042 49468557 TSS200 Island 0.04639
GOS3 CcP cgl7439694 148939523 1stExon OpenSea  0.04651
MORT3  SLC25A37 cgl8186478 23423960 Body OpenSea  0.04657
MORT3 LRPI cg06531661 57522120 TSS200 Island 0.04681
MORT3 CcP cgl19278448 148905466 Body OpenSea  0.04689
GOS12 TNF cgl12681001 31543540 1stExon OpenSea  0.04730
GOS3 HFE2 cgl4036143 145415441 5'UTR;Body Island 0.04739
MORT3 TNF €g26729380 31543655 IstExon OpenSea 0.04789
GOS12 TF cg20123637 133467435 Body S_Shelf 0.04794
GOS12 CALR cg27180563 13056485 TSS200 Island 0.04813
GOS3 TF cgl6267236 133464463 TSS1500 N Shore  0.04846
MORTI12 LRPI cg10904028 57590920 Body OpenSea  0.04856
MORT3 FTHI cg19407570 61735476 TSS1500 Island 0.04877
Ccv cpP cg09457255 148933841 Body OpenSea  0.04934
MORTI12 CcP cgl9278448 148905466 Body OpenSea  0.04954

NOTE: Table sorted by smallest p-value; CV, Cerebral vasospasm; DCI, Delayed cerebral ischemia; GOS3,
Glasgow Outcome Scale at 3 months; GOS 12, Glasgow Outcome Scale at 12 months; MORT3, Mortality at 3

months; MORT12, Mortality at 12 months; *UCSC Genome Browser Build GRCh37/hg19; ® Trimmed to unique
listings, multiple listings indicate information for multiple transcripts; TSS, transcription start site; TSS200 = 0-200
bases upstream of the TSS; TSS1500 = 200-1500 bases upstream of the TSS; 5'UTR = 5' untranslated region,
between the TSS and the ATG start site; Body = Between the ATG and stop codon; irrespective of the presence of
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introns, exons, TSS, or promoters; 3'UTR = between the stop codon and poly A tail; ¢ Shore, 0-2 kb from island;
Shelf, 2-4 kb from island; N, upstream (5') of CpG island; S, downstream (3") of CpG island
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Candidate genes related to iron homeostasis and heme
metabolism (N=39) ACO1, ACO2, APP, CALR, CD163, CP,
CUBN, CYBRD1, FECH, FLVCR1, FTH1, FTL, FTMT, FXN,

GLRX5, GSTP1, HAMP, HEPH, HFE, HFE2, HMOX1,

HMOX2, HP, HPX, IREB2, LRP1, PCBP1, PGRMC1,

SLC11A1, SLC11A2, SLC25A37, SLC40A1, SLC46A1,
SLC48A1, STEAP3, TF, TFR2, TFRC, TNF

Criterion 1: Retain gene if greater than or
equal to one association from inferred
trajectory group-patient outcome testing
remained significant after correction for
multiple testing made using permutation

Excluded

|

Candidate genes retained (n=10): ACO1,
ACO2, APP, FECH, FTH1, FXN, SLC11A2,
SLC25A37, STEAPS3, TNF

Criterion 2: Retain gene if at least one

additional suggestive association (p < 0.05 Excluded

that does not remain significant after
correction for multiple testing)

Candidate genes retained (n=8): ACO1,
ACO2, APP, FXN, SLC11A2, SLC25A37,

STEAP3, TNF

Excluded

Criterion 3: Prioritize CpG sites based on (1)

strength of p-value, (2) hotspots (i.e.,
multiple CpG sites with significance in a
candidate), and (3) concordance after
correction for cell-type heterogeneity

:

Top hits prioritzed for replication
(APP: cg08866780; STEAP3:

€g25713625; TNF: cg08553327)

Candidate genes not represented in
the genome-wide DNA methylation
data (n=2 [HEPH, PGRMC1]) or
candidate gene analyzed as part of
pilot work (n=1 [HAMP])

Candidate genes excluded for
replication (n=27 [CALR, CD163, CP,
CUBN, CYBRD1, FLVCRI1, FTL,
FTMT, FXN, GLRX5, GSTP1, HFE,
HFE2, HMOX1, HMOX2, HP, HPX,
IREB2, LRP1, PCBP1, SLC11A1,
SLC40A1, SLC46A1, SLC48A1, TF,
TFR2, TFRC])

Candidate genes excluded as
candidates for replication (n=2 [FECH,
FTH1])

Candidate genes excluded as
candidates for replication (n=5 [ACO1,
ACO2, FXN, SLC11A2, SLC25A37])

Appendix Figure 1 Flow Chart for Prioritization of Findings for Replication
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Appendix Table 7 Summary of Prioritization of Top Hits

Candidate CpG Site(s) Notes Direction of Effect
gene
APP cg08866780 Smallest p-value overall; significantly Three groups (low, intermediate,
associated with GOS at 12 months and and high DNA methylation);
death at 3 and 12 months; suggestively Increased DNA methylation
associated with CV and GOS at 3 associated with worse outcomes
months; findings persistent after
correction for CTH
TNF cgl2681001; Second smallest p-value overall; located ~ Three groups (low, intermediate,
cg21222743; in a ‘hotspot’ of CpGs significant and high DNA methylation);
cgl0717214; associated with GOS at 3 months and Intermediate DNA methylation
cg21467614; suggestively associated with GOS at 12 associated with better outcomes
cg08553327% months and death at 3 and 12 months; compared with both low and high
€g26729380; GBTA model at cg08553327 did not pass DNA methylation
cgl0650821 posterior QC after correction for CTH so
unable to compare findings with CTH
2Chosen for corrected model, however, two CpG sites
replication within the ‘hotspot’ did pass posterior
because CpG QC and findings with GOS at 3 months
site had the were persistent after correction for CTH
smallest p-
values within
the TNF gene
STEAP3 cg25713625 Third smallest p-value overall; Three groups (low, intermediate,
significantly associated with GOS at 3 and high DNA methylation);
and 12 months and suggestively Increased DNA methylation
associated with death at 3 and 12 months; associated with worse outcomes
after correction for CTH, GOS findings
were persistent
SLC25A37 cgl8186478 Significantly associated with GOS at 3 Two groups (low and high DNA
months and suggestively associated with ~ methylation); Increased DNA
GOS at 12 months and death at 3 and 12 methylation associated with better
months; GBTA model did not pass outcomes
posterior QC after correction for CTH so
unable to compare findings with CTH
corrected model
ACOI cgl3977526 Significantly associated with GOS and Two groups (low and high DNA
death at 12 months; suggestively methylation); Increased DNA
associated with death at 3 months; GBTA  methylation associated with worse
model did not pass posterior QC after outcomes
correction for CTH so unable to compare
findings with CTH corrected model
FXN cg02268013; Significantly associated with GOS at 3 ¢g02268013: Two groups (low
cg21229044 months and suggestively associated with ~ and high DNA methylation);

GOS at 12 months and death at 3 and 12
months; for cg21229044 GBTA
controlling for CTH did pass QC, but
variability washed out resulting in one
group only; GBTA model did not pass
posterior QC after correction for CTH for
cg02268013 so unable to compare
findings with CTH corrected model; odds
ratios observed between the two CpG

Increased DNA methylation
associated with worse outcomes

¢g21229044: Three groups (low,
intermediate, and high DNA
methylation); Increased DNA
methylation associated with better
outcomes
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sites are in opposite directions with
respect to the effect of DNA methylation

SLCI11A2 cg22826226 Significantly associated with GOS at 3 Two groups (low and high DNA

months; suggestively associated with methylation); Increased DNA
GOS at 12 months and death at 3 and 12 methylation associated with better
months; GBTA model did not pass outcomes

posterior QC after correction for CTH so
unable to compare findings with CTH
corrected model

ACO2 €g25636833 Significantly associated with death at 3 Three groups (low, intermediate,
months; suggestively associated with and high DNA methylation);
GOS at 3 and 12 months and death at 12 Increased DNA methylation
months; findings persistent after associated with worse outcomes

correction for CTH

NOTE: Table sorted by smallest p-value
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Appendix Figure 2 DNA Methylation Trajectory Plots for Top Hits
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Appendix Table 8 Participant Characteristics by Trajectory Group for Top Hits

Unadjusted for CTH Adjusted for CTH
. . Group 1 Group 2 Group 3 Group 1 Group 2 Group 3
CpG Site Variable (Lovl:) (Intermel:liate) (Higfl) (L0v€) (Intermel:liate) (Higﬁ)
Group membership, n (%) 63 (24.2) 139 (53.5) 58 (22.3) 67 (25.8) 140 (53.8) 53(20.4)
Age, Mean (SD) 52.7 (10.5) 52.5(11.0) 54.8 (11.6) i 52.0(10.7) 52.4(11.2) 56.3(10.7)
Sex, Female, n (%) 45 (71.4) 91 (65.5) 43 (74.1) 46 (68.7) 95 (67.9) 38 (71.7)
208866780 Rgce, White, n (%) 55 (87.3) 120 (86.3) 50 (86.2) 59 (88.1) 122 (87.1) 44 (83.0)
(APP) Fisher Grade
2 20 (31.7) 43 (30.9) 15 (25.9) 21 (31.3) 44 (31.4) 13 (24.5)
3 28 (44.4) 67 (48.2) 31(53.4) 31 (46.3) 68 (48.6) 27 (50.9)
4 15 (23.8) 29 (20.9) 12 (20.7) 15 (22.4) 28 (20.0) 13 (24.5)
Intervention, Coil, n (%) 46 (73.0) 76 (54.7) 33 (56.9) 45 (67.2) 77 (55.0) 33 (62.3)
Group membership, n (%) 29 (11.1) 166 (63.8) 65 (25.0) 32 (12.3) 160 (61.5) 68 (26.2)
Age, mean (SD) 52.3(12.2) 53.0(10.8) 53.6(11.2) i 52.3(13.6) 53.0(10.6) 53.6 (10.7)
Sex, female, n (%) 13 (44.8) 118 (71.1) 48 (73.8) 15 (46.9) 116 (72.5) 48 (70.6)
ce25713625 Rgce, White, n (%) 20 (69.0) 147 (88.6) 58 (89.2) 23 (71.9) 140 (87.5) 62 (91.2)
(STEAP3) Fisher Grade
2 6 (20.7) 54 (32.5) 18 (27.7) 10 (31.3) 45 (28.1) 23 (33.8)
3 14 (48.3) 80 (48.2) 32 (49.2) 13 (40.6) 83 (51.9) 30 (44.1)
4 9 (31.0) 32 (19.3) 15 (23.1) 9 (28.1) 32 (20.0) 15 (22.1)
Intervention, Coil, n (%) 16 (55.2) 99 (59.6) 40 (61.5) 18 (56.3) 97 (60.6) 40 (58.8)
Group membership, n (%) 175 (67.3) 70 (26.9) 15 (5.8)
Age, mean (SD) 53.9(11.1) 51.1(10.5) 52.9(11.9)
Sex, female, n (%) 119 (68.0) 48 (68.6) 12 (80.0)
0008553327 Race, White, n (%) 152 (86.9) 59 (84.3) 14 (93.3)
(TNF) Fisher Grade NA
2 51(29.1) 21 (30.0) 6 (40.0)
3 87 (49.7) 33 (47.1) 6 (40.0)
4 37 (21.1) 16 (22.9) 3 (20.0)
Intervention, Coil, n (%) 114 (65.1) 34 (48.6) 7 (46.7)

NOTE: Participant characteristics by trajectory group for our top three hits; SD, standard deviation;
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Appendix Table 9 Results of Binary Logistic Regression and Global Analysis Exploring Associations of
cg08866780 (APP) Unadjusted and CTH-Adjusted Trajectory Groups with Patient Outcomes While

Controlling for Age, Sex, Race, and Fisher Grade

cg08866780 (APP)
Base Model, Polynomial Order 000

Group 2 (Intermediate) vs. .
Group 1 (Low) Group 3 (High) vs. Group 1 (Low)

Outcome OR 95% CI ) OR 95% CI ) Global p*
Cv 0.443  0.191t0 0.989 0.051 0.366 0.14 to 1.00 0.056 0.069
DCI 0.803 0.44t0 1.48 0.479 1.156 0.56t0 2.41 0.698 0.488

GOS3 0.349 0.16t0 0.74 0.0060° 0.76 0.32t0 1.82 0.541 0.0118°
GOSI12 0.194 0.08 to 0.44 0.0001* 0.826 0.39to0 1.98 0.672 0.0001*
MORT3 0.209 0.08 to 0.52 0.0010* 1.080 0.44 t0 2.67 0.868 0.0002*

MORTI12 0.206 0.08 to 0.50 0.0006* 0.977 0.39t02.43 0.960 0.0002*

CTH-Adjusted Model, Polynomial Order 000

Group 2 (Intermediate) .
vs. Group 1 (Low) Group 3 (High) vs. Group 1 (Low)

QOutcome OR 95% CI )2 OR 95% CI )2 Global p*
Cv 0.813 0.37 to 1.76 0.602 0.654 0.25to 1.67 0.374 0.672
DCI 1.230 0.68 to0 2.24 0.494 1.400 0.67 t0 2.97 0.377 0.656

GOS3 0.332 0.16 to 0.70 0.0040° 0.683 0.27 to 1.67 0.4072 0.0097°
GOS12 0.347 0.15t0 0.77 0.0097° 1.070 0.43 t0 2.68 0.8853 0.0066"
MORT3 0.359 0.15 to 0.87 0.0237° 1.284 0.50 to 3.31 0.6028 0.0091°

MORTI2 0.337 0.14 t0 0.79 0.0128° 1.143 0.44 t0 2.95 0.7817 0.0072°

NOTE: ? Significant associations (meeting empirical significance level) have been bolded;  Suggestive associations
(unadjusted p<0.05) have been underlined; ¢ Empirical significance threshold for logistic regression analysis=0.001
(calculated based on the minimum of 12 p-values, including both Group 2 vs. Group 1 and Group 3 vs. Group 1
comparisons, in permutation testing); ¢ Empirical significance threshold for global analysis=0.002 (calculated based
on the minimum of 6 p-values in permutation testing); OR, Odds Ratio; CI, Confidence Interval; CTH, cell type
heterogeneity; CV, cerebral vasospasm; DCI, delayed cerebral ischemia; GOS3, Glasgow Outcome Scale at 3-months
(poor = 1-3); GOS12, Glasgow Outcome Scale at 12-months (poor = 1-3); MORT3, mortality at 3-months; MORT12,
mortality at 12-months; OR, odds ratio; CI, confidence interval; p, p-value based on an alpha of 0.05
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Appendix Table 10 Results of Binary Logistic Regression and Global Analysis Exploring Associations of
¢g25713625 (STEAP3) Unadjusted and CTH-Adjusted Trajectory Groups with Patient Outcomes While

Controlling for Age, Sex, Race, and Fisher Grade

cg25713625 (STEAP3)
Base Model, Polynomial Order 010

Grg:.pGZr g{lr;:elrzrie()(ii’a;te) Group 3 (High) vs. Group 1 (Low)

Outcome OR 95% CI P° OR 95% CI P° Global p?
Cv 0.662 0.21 to 2.03 0.471 1.126 0.33 t0 3.80 0.847 0.351
DCI 1.032 0.45t0 2.41 0.941 1.256 0.49 t0 3.20 0.629 0.789

GOS3 2.982  0.86to0 12.56 0.100 | 11.743  3.14t021.65 0.0006° 0.00005°
GOS12 6.346 1.47t031.32  0.029° | 15595 3.35t022.54 0.0018° 0.0005°
MORT3 7.147  1.00to 32.53 0.076 | 19.081  3.01to25.12 0.0093° 0.0013°

MORTI2 4.859 1.00 t035.80 0.064 | 12.762 2.71t025.13 0.0041° 0.0015°

CTH-Adjusted Model, Polynomial Order 000

GroquZr f){lli)telr?llziif&)lte) Vs- Group 3 (High) vs. Group 1 (Low)

Outcome OR 95% CI )2 OR 95% CI )2 Global p*
Ccv 0.433 0.14to 1.26 0.131 0.832 0.25t0 2.70 0.760 0.129
DCI 0.612 0.27to 1.36 0.231 0.913 0.37t0 2.20 0.840 0.260

GOS3 2.589 0.80 to0 9.35 0.115 4.143 1.25t05.01 0.0271° 0.062
GOS12 3.960 1.00to 10.58 0.055 5.972 1.52t0 6.25 0.0182° 0.0326"
MORT3 3.768  0.90to 11.54 0.108 4.847 1.05 to 7.50 0.069 0.122

MORT12 3.120 0.86to 15.63 0.115 4.249 1.06 to 5.25 0.059 0.123

NOTE: ? Significant associations (meeting empirical significance level) have been bolded;  Suggestive associations
(unadjusted p<0.05) have been underlined; ¢ Empirical significance threshold for logistic regression analysis=0.003
(calculated based on the minimum of 12 p-values, including both Group 2 vs. Group 1 and Group 3 vs. Group 1
comparisons, in permutation testing); ¢ Empirical significance threshold for global analysis=0.003 (calculated based
on the minimum of 6 p-values in permutation testing); OR, Odds Ratio; CI, Confidence Interval; CTH, cell type
heterogeneity; CV, cerebral vasospasm; DCI, delayed cerebral ischemia; GOS-3, Glasgow Outcome Scale at 3-months
(poor = 1-3); GOS-12, Glasgow Outcome Scale at 12-months (poor = 1-3); MORT3, mortality at 3-months; MORT12,
mortality at 12-months; OR, odds ratio; CI, confidence interval; p, p-value based on an alpha of 0.05
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Appendix Table 11 Results of Binary Logistic Regression and Global Analysis Exploring Associations of
¢g08553327 (TNF) Unadjusted Trajectory Groups with Patient Outcomes While Controlling for Age, Sex,

Race, and Fisher Grade

cg08553327 (TNF)
Base Model, Polynomial Order 212

Group 2 (Intermediate) .
vs. Group 1 (Low) Group 3 (High) vs. Group 1 (Low)

Outcome OR 95% CI ) OR 95% CI ) Global p*
Cv 0.850 0.42t0 1.72 0.651 1.223 0.31t0 5.36 0.777 0.844
DCI 0.827 0.47 to 1.46 0.516 3.066 0.98to 11.64 0.069 0.101

GOS3 3.686 1.78 to 7.87 0.0005° 13.134 3.51t039.02 0.0003* 0.00001°
GOS12 2.080 0.98 to 4.43 0.0568 4.488 1.24t0 16.50 0.0209° 0.0244°
MORT3 2.488 1.11 to 5.57 0.0257° 5.603 1.47 t0 20.44 0.0089° 0.0094°

MORTI2 | 2.496 1.12 t0 5.56 0.0243° 7.123 1.89 t0 27.94 0.0037° 0.0038°
NOTE: ? Significant associations (meeting empirical significance level) have been bolded;  Suggestive associations
(unadjusted p<0.05) have been underlined; ¢ Empirical significance threshold for logistic regression analysis=0.001
(calculated based on the minimum of 12 p-values, including both Group 2 vs. Group 1 and Group 3 vs. Group 1
comparisons, in permutation testing); ¢ Empirical significance threshold for global analysis=0.002 (calculated based
on the minimum of 6 p-values in permutation testing); OR, Odds Ratio; CI, Confidence Interval; CTH, cell type
heterogeneity; CV, cerebral vasospasm; DCI, delayed cerebral ischemia; GOS-3, Glasgow Outcome Scale at 3-months
(poor = 1-3); GOS-12, Glasgow Outcome Scale at 12-months (poor = 1-3); MORT3, mortality at 3-months; MORT12,
mortality at 12-months; OR, odds ratio; CI, confidence interval; p, p-value based on an alpha of 0.05

102



Appendix Table 12 Patient Outcome Distributions by Unadjusted Trajectory Groups for cg08866780 (APP), cg25713625 (STEAP3), and cg08553327

(TNF)

cg08866780 (APP) cg25713625 (STEAP3) cg08553327 (TNF)
Group 1 Group 2 Group 3 Group 1 Group 2 Group 3 Group 1 Group 2 Group 3
n=63 n=139 n=58 n=29 n=166 n=65 n=175 n=70 n=15
(24.2) (53.5) (22.3) (11.2) (63.8) (25.0) (67.3) (27.6) (5.8)
CV,n (%)
Yes 29 (69.0) 43 (30.9) 19 (32.8) 10 (34.5) 54 (32.5) 27 (41.5) 59 (33.7) 26 (37.1) 6 (40.0)
No 13 (20.6) 41 (29.5) 23 (39.7) 8 (27.6) 52 (31.3) 17 (26.2) 48 (27.4) 25@35.7)  4(26.7)
Unknown 21 (33.3) 55(39.6) 16 (27.6) 11 (37.9) 60 (36.1) 21 (32.3) 68 (38.9) 19 (27.1) 5(33.3)
DCI, n (%)
Yes 32 (50.8) 64 (46.0) 31(53.4) 14 (48.3) 79 (47.6) 34 (52.3) 85 (48.6) 31(44.3) 11(73.3)
No 30 (47.6)  75(54.0) 26 (44.8) 15 (51.7) 86 (51.8) 30 (46.2) 90 (51.4) 37(52.9) 4(26.7)
Unknown 1(1.6) 0 1(1.7) 0 1 (0.6) 1(1.5) 0 2(2.9) 0
GOS3, n (%)
Poor 25(39.7)  27(19.4) 19 (32.8) 4 (13.8) 38 (22.9) 29 (44.6) 34 (19.4) 28 (40.0) 9 (60.0)
Good 30 (47.6) 86 (61.9) 27 (46.6) 19 (65.5) 101 (60.8) 23 (35.4) 106 (60.6) 33 (47.1) 4(26.7)
Unknown 8 (12.7) 26 (18.7) 12 (20.7) 6 (20.7) 27 (16.3) 13 (20.0) 35 (20.0) 9 (12.9) 2 (13.3)
GOS12,n (%)
Poor 21 (33.3) 14 (10.1) 18 (31.0) 2 (6.9) 29 (17.5) 22 (33.8) 29 (16.6) 18 (25.7) 6 (40.0)
Good 29 (46.0) 96 (69.1) 26 (44.8) | 22(75.9) 97 (58.4) 32 (49.2) 107 (61.1) 37(52.9) 7(46.7)
Unknown 13 (20.6) 29 (20.9) 14 (24.1) 5(17.2) 40 (24.1) 11 (16.9) 39 (22.3) 1521.4) 2@13.3)
MORTS3, n (%)
Yes 15 (23.8) 9 (6.5) 15 (25.9) 1(3.4) 21 (12.7) 17 (26.2) 19 (10.9) 15(21.4) 5(33.3)
No 42 (66.7) 116(83.5) 35(60.3) | 23(79.3) 130 (78.3) 40 (61.5) 135 (77.1) 49 (70.0) 9 (60.0)
Unknown 6 (9.5) 14 (10.1) 8 (13.8) 5(17.2) 15 (9.0) 8(12.3) 21 (12.0) 6 (8.6) 1(6.7)
MORT12, n (%)
Yes 17 (27.0) 11(7.9) 16 (27.6) 2 (6.9) 23 (13.9) 19 (29.2) 22 (12.6) 16 (22.9) 6 (40.0)
No 33(52.4) 99 (71.2) 28 (48.3) | 22(75.9) 103 (62.0)  35(53.8) 114 (65.1) 39 (55.7)  7(46.7)
Unknown 6 (9.5) 14 (10.1) 8 (13.8) 5(17.2) 15 (9.0) 8 (12.3) 21 (12.0) 6 (8.6) 1(6.7)

NOTE: CV, Cerebral Vasospasm; DCI, Delayed Cerebral Ischemia; GOS-3, Glasgow Outcome Scale at 3-months (poor = 1-3); GOS-12, Glasgow Outcome Scale
at 12-months (poor = 1-3); MORT?3, mortality at 3-months; MORT 12, mortality at 12-months
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Appendix C Manuscript 1: Genetic Variability and Trajectories of DNA Methylation May
Support a Role for HAMP in Patient Outcomes After Aneurysmal Subarachnoid

Hemorrhage
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Abstract

Background/Objective: Preclinical evidence suggests that iron homeostasis is an important biological mechanism
following aneurysmal subarachnoid hemorrhage (aSAH); however, this concept is underexplored in humans. This
study examined the relationship between patient outcomes following aSAH and genetic variants and DNA methyla-
tion in the hepcidin gene (HAMP), a key regulator of iron homeostasis.

Methods: In this exploratory, longitudinal observational study, participants with verified aSAH were monitored

for acute outcomes including cerebral vasospasm (CV) and delayed cerebral ischemia (DCl) and evaluated post-
discharge at 3 and 12 months for long-term outcomes of death and functional status using the Modified Rankin Scale
(mRS; poor =3-6) and Glasgow Outcome Scale (GOS; poor = 1-3). Participants were genotyped for two genetic vari-
ants, and DNA methylation data were collected from serial cerebrospinal fluid over 14 days post-aSAH at eight meth-
ylation sites within HAMP. Participants were grouped based on their site-specific DNA methylation trajectory, with and
without correcting for cell-type heterogeneity (CTH), and the associations between genetic variants and inferred DNA
methylation trajectory groups and patient outcomes were tested. To correct for multiple testing, an empirical signifi-
cance threshold was computed using permutation testing.

Results: Genotype data for rs10421768 and rs7251432 were available for 241 and 371 participants, respectively, and
serial DNA methylation data were available for 260 participants. Acute outcome prevalence included CV in 45% and
DCl'in 37.1% of the overall sample. Long-term outcome prevalence at 3 and 12 months included poor GOS in 23%
and 21%, poor mRS in 31.6% and 27.3%, and mortality in 15.1% and 18.2%, respectively, in the overall sample. Being
homozygous for the rs7251432 variant allele was significantly associated with death at 3 months (p=0.003) and was
the only association identified that passed adjustment for multiple testing mentioned above. Suggestive associa-
tions (defined as trending toward significance, p value <0.05, but not meeting empirical significance thresholds) were
identified between the homozygous variant allele for rs7251432 and poor GOS and mRS at 3 months (both p=0.04)
and death at 12 months (p=0.02). For methylation trajectory groups, no associations remained significant after cor-
rection for multiple testing. However, for methylation trajectory groups not adjusted for CTH, suggestive associations
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between cg26283059 and DCl (p=0.01).

are needed.

were identified between cg18149657 and poor GOS and mRS at 3 months (p=0.003 and p =0.04, respectively) and
death at 3 months (p=10.04), and between cg26283059 and DCl (p=0.01). For methylation trajectory groups adjusted
for CTH, suggestive associations were identified between cg02131995 and good mRS at 12 months (p =0.02), and

Conclusions: This exploratory pilot study offers preliminary evidence that HAMP may play a role in patient outcomes
after aSAH. Replication of this study and mechanistic investigation of the role of HAMP in patient outcomes after aSAH

Keywords: Hepcidins, Polymorphism, DNA methylation, Subarachnoid hemorrhage, Patient outcome assessment

Aneurysmal subarachnoid hemorrhage (aSAH) is a sub-
stantial public health problem affecting approximately
30,000 people in the USA annually, who are on average
55 years of age [1], and is a leading contributor to loss of
productive life-years [2]. There are functional, emotional,
and psychological strains for survivors and their fami-
lies, as well as a profound impact on personal and public
healthcare expenditures [1-3]. Among survivors, recov-
ery is variable. Unfortunately, healthcare providers are
often unable to identify patients at risk of poor outcomes
after aSAH [4].

Evidence suggests that iron homeostasis may be an
important predictor of aSAH outcomes [5]. In aSAH,
blood accumulates in the subarachnoid space and is
catabolized by heme-oxygenase (inducted in response
to cellular stress) into carbon monoxide, biliverdin, and
labile free iron [6]. Under normal physiologic conditions,
iron is tightly bound to carrier proteins as ferric iron
and is recycled within the body [7]. However, because
of physiologic changes associated with aSAH, includ-
ing acidic brain tissue pH, hypoxia, and an influx of cat-
echolamines in the extracellular fluid, iron is liberated
to the less stable, non-protein-bound ferrous form [8].
This non-protein-bound iron has the potential to dam-
age nearby tissues. The hepcidin antimicrobial peptide
gene (HAMP) provides instructions for the production
of a peptide called hepcidin [7], which is often referred
to as the “master” of iron homeostasis. Although primar-
ily synthesized and secreted by hepatocytes, hepcidin
mRNA has been detected in normal brain tissue [9] and
systematically regulates plasma levels of iron posttransla-
tionally via interaction with its receptor, ferroportin [10].

Hepcidin levels have recently emerged as an impor-
tant regulator in brain iron homeostasis [11], and there is
some evidence that increased hepcidin expression is asso-
ciated with poor health outcomes after neurologic injury
[12, 13]. In preclinical models, increased hepcidin expres-
sion in the brain secondary to aSAH has been associated
with lower neurological outcome scores [12]. Likewise, in
humans, increased serum hepcidin levels have been asso-
ciated with poor outcomes following intracranial hemor-
rhage [13]. We hypothesize that patients with aSAH may

not uniformly respond to iron overload or potential thera-
peutics to mitigate the effects of iron overload potentially
due to genetic variability in HAMP.

Moreover, because DNA methylation is extensively
involved in oxidative stress responses [14], a common
pathological complication associated with aSAH, variabil-
ity of HAMP DNA methylation could impact a patient’s
ability to handle a large influx of iron following aSAH.
Notably, DNA methylation of HAMP within the cerebro-
spinal fluid (CSF) after aSAH has not been studied previ-
ously. Examining DNA methylation within the CSE, which
is a more proximal tissue to aneurysm rupture (compared
with traditionally studied blood), may offer a unique per-
spective into the pathophysiology of aSAH.

If a relationship between genetic or epigenetic vari-
ability of HAMP and outcomes in the aSAH popula-
tion can be proven, it may be possible to predict who is
at risk of poorer outcomes and to develop interventions
that target HAMP to improve outcomes. It would also
be helpful to know whether variability in HAMP impacts
long-term outcomes directly or indirectly via acute aSAH
outcomes such as cerebral vasospasm (CV) and delayed
cerebral ischemia (DCI). To our knowledge, no studies
to date have examined genetic and epigenetic variabil-
ity of HAMP and their relationships to the development
of acute outcomes of CV and DCI, and long-term out-
comes of death and functional status following aSAH in
humans. The purpose of this exploratory pilot study is
to addresses this knowledge gap by investigating these
relationships.

Methods

Study Design

This study was a longitudinal, observational, candidate
gene polymorphism and DNA methylation association
study that capitalized on existing genomic, clinical, and
outcome data collected from a large cohort of aSAH par-
ticipants. This study examined outcomes in the acute
phase (inpatient stay from day of insult up to 14 days
post-injury) and long-term outcome phase (interview at
3 and 12 months).
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Setting and Sample

Participants were prospectively recruited between
2000 and 2013 from UPMC Presbyterian neurovascular
intensive care unit in Pittsburgh, PA. Participants were
eligible if they were diagnosed via cerebral angiogram
with aSAH, between 18 and 75 years of age, and able
to read and speak English (to facilitate functional sta-
tus survey). Participants were excluded if the cause of
their SAH was trauma, arteriovenous malformation,
mycotic aneurysm, or unknown. Informed consent was
obtained from all individual participants included in
this study.

All participants were managed according to aSAH
practice guidelines which included prophylactic
nimodipine; blood pressure management to maintain
adequate systolic pressure (<140 mmHg before aneu-
rysm securing and > 140 mmHg after aneurysm repair);
invasive intracranial pressure monitoring as clinically
indicated; and normovolemia guided by fluid balance.
Sample sizes for each portion of the study vary as
described below.

Genotype Data Collection

Single nucleotide polymorphisms (SNPs) tagging the
HAMP gene were selected using the National Institute
of Environmental Health Sciences Linkage Disequilib-
rium Tag SNP Selection database [15]. A linkage disequi-
librium threshold of *=0.8 was designated in addition
to a S-prime and 3-prime flanking region of 2000 base
pairs. Two tagging SNPs (rs10421768 and rs7251432)
were identified as representing the genetic variability in
HAMP [16).

DNA was extracted from peripheral leukocytes using
a simple salting out procedure [17]. Genome-wide data
were collected for a subset of study participants with
Affymetrix Gene Chip Assay SNP 6.0 (Affymetrix, Santa
Clara, CA, USA) as previously described [18]. Genotype
data for SNP rs10421768 were extracted from these data.
Because data for SNP rs7251432 were not available in the
genome-wide data, this SNP was genotyped using an ABI
Prism® Sequence Detection System (Applied Bioscience,
Carlsbad, CA, USA) to conduct allelic discrimination
using a TagMan® assay. Duplicate controls on each plate
were included to assess consistency and integrity of gen-
otyping data, and data were double-called by two individ-
uals blinded to phenotype data. Genotyping success rates
for rs10421768 and rs7251432 were 93.1% and 96.3%,
respectively. Given the low amount of ancestral diversity
in our sample and that allelic frequencies in HAMP dif-
fer based on ancestry, non-Caucasian participants were
removed from SNP analyses in an attempt to control for
population substructure [19].

DNA Methylation Data Collection

Genome-wide DNA methylation data were collected on
a subset of study participants using bisulfite converted
DNA extracted from biosamples of bagged CSF collected
from a ventricular drain changed every 12 h on days 0
to 14 following aSAH. Unlike protein biomarkers, DNA
methylation is a chemical modification that is highly sta-
ble after biospecimen collection and methods of biosa-
mple collection, time to processing, and storage of DNA
confer insignificant effects on DNA methylation [20]. The
CSF samples were centrifuged, and the cellular compo-
nent separated from the supernatant fluid and stored in
a —80° freezer until DNA extraction from the cellular
component. DNA extraction was performed with the
Qiagen Midi kit (Qiagen, Valencia, CA, USA).

DNA methylation data were collected with the Infin-
ium Human Methylation450 Beadchip and scanned using
an Illumina iSCAN (Illumina, Incorporated, San Diego,
CA, USA) by the Center for Inherited Disease Research.
All samples from the same individual were on the same
chip and technical replicates were included to assess data
reliability. The raw data were analyzed using Genome
Studio Software (Illumina, Incorporated, San Diego, CA,
USA), and data cleaning and quality control were per-
formed. Our data-cleaning pipeline was implemented in
R using functions from several packages, including Minfi
[21] and ENmix [22], and included identification and
exclusion of low-quality probes and poorly performing
samples and functional normalization. For each sample,
cell-type make-up, as a percentage of five cell types, was
estimated using Houseman’s reference-free method; [23]
these estimates were later used in the analyses adjusted
for cell-type heterogeneity.

DNA methylation data within the HAMP transcript
region 2000 kb upstream and downstream (GRCh37/
hgl9, chr19:35771410:35778045) were extracted from
the genome-wide data. A total of eight CpG sites
within HAMP (cg04668516, cg02131995, cgl8149657,
cg23677000, ¢g04085447, cgl17907567, cg26283059,
and ¢g27273033) passed quality control procedures and
were included in the current analyses. Participants with
genome-wide methylation data were included in the cur-
rent study if they had between two and four CSF DNA
methylation measurements (to allow for group-based tra-
jectory analysis) over 14 days following aSAH.

Outcome Phenotyping

Demographic data, including age, sex, and self-reported
race, and clinical data, including severity of hemorrhage
as measured by Fisher grade, were obtained from the
medical record. Clinical data throughout the inpatient
stay (through 14 days post-aSAH) were collected by a
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trained study nurse. Following discharge, a study staft
member trained in neuropsychological testing collected
long-term outcome measures during face-to-face inter-
views or a telephone call with the patient or proxy at 3
and 12 months following aSAH. Interviewers were ini-
tially trained and routinely observed for ongoing quality
assurance.

A total of eight (two acute and six long-term) outcomes
were examined in the current study. The primary acute
outcome measures in this study were CV and DCIL. CV
was defined as the presence of cerebral vessel narrow-
ing of>25% on cerebral angiogram as evaluated by a
neurosurgeon. DCI was defined as the presence of neu-
rological deterioration, after exclusion of non-ischemic
causes, which was accompanied by evidence of abnor-
mal cerebral blood flow. In evaluating DCI, neurological
deterioration measures were abstracted from the medi-
cal record and included any of the following: a decline
in level of consciousness as measured by an increase > 2
points on the National Institutes of Health Stroke Scale,
a drop in the Glasgow Coma Scale, and/or new and per-
sistent (>1 h) focal neurological deficit. Cerebral blood
flow measures used to diagnose DCI included either cer-
ebral angiography performed by the treating physician,
or transcranial Doppler performed daily for 14 days by a
trained study staff member.

Long-term outcome measures of death and functional
status were measured at 3 and 12 months after aSAH.
Mortality data were obtained from medical records, car-
egiver report, or the Social Security Death Index. Global
functional outcomes were measured using the Glasgow
Outcome Scale (GOS) [24] and the Modified Rankin
Scale (mRS) [25]. The GOS rates level of functioning on
a scale of 1 (death) to 5 (good recovery) and has a well-
established validity in patients with neurological insult
[24]. The mRS measures mental and functional deficits
using a scale from 0 (no symptoms) to 6 (death) and has
a established validity in stroke patients [26, 27]. All study
staff involved in data collection were blinded to partici-
pant genotype and DNA methylation status.

Statistical Analysis

Demographics and Clinical Characteristics

Statistical analysis was conducted using R statistical
software (version 3.4.1, Vienna, Austria) and SAS (ver-
sion 9.4, SAS Institute Incorporated, Cary, NC, USA).
CV, DCI, and death were treated as binary outcomes
(occurrence vs. no occurrence), and the mRS and GOS
scores were dichotomized as good (mRS 0 to 2; GOS 4
to 5) or poor (mRS 3 to 6; GOS 1 to 3). Standard descrip-
tive statistics were computed. A more detailed statistical
methodological narrative is available in the Supplemental
Material.

HAMP Single Nucleotide Polymorphisms

All analyses exploring the associations between SNPs and
outcomes were conducted using R. Allele frequencies and
Hardy—Weinberg Equilibrium (HWE) were evaluated
for each SNP. All statistical models used binary logistic
regression while adjusting for age, sex, and Fisher grade.
The relationship between genetic variability in HAMP
and patient outcomes was evaluated based on presence
(vs. absence) of the minor allele for both SNPs. Given the
heavily skewed distribution of genotypes for rs10421768,
no further analyses were conducted for this SNP. For
rs7251432, genotypic analysis (two-degree-of-freedom
test of genetic association) was conducted. Finally, based
on results from the genotypic analysis, a model testing a
recessive association for rs7251432 was computed.

Given the exploratory nature of this pilot study and
correlation between outcomes of interest, correction for
multiple testing was made by computing empirical sig-
nificance thresholds using permutation analysis (10,000
permutations). Associations with p values<0.05 that did
not meet the empirical significance thresholds were con-
sidered to be “suggestive” (i.e., trending) associations.

For the genotypic model, a likelihood ratio test (LRT)
was used to produce a global p value of the overall model
fit by comparing the full model (including the SNP) with
a restricted model (omitting the SNP). As described
above, a global empirical significance threshold of 0.008
was computed for this global p value to correct for testing
eight correlated outcomes.

HAMP DNA Methylation

Group-based Trajectory Analysis Using group-based
trajectory analysis (GBTA) as implemented in the PROC
TRAJ macro in SAS, the change pattern over time was
used to infer distinct trajectory groups for DNA methyla-
tion at each CpG site using a censored normal model [28,
29]. DNA methylation data were available on days 0 to 14
following aSAH. Due to limited available information on
days 0 and 14 (only 2 and 17 observations were available,
respectively), we removed these days from our trajectory
analysis. M-values were used for all methylation analy-
ses. GBTA was largely automated for 39 possible models
(Supplemental Table 1) with a maximum of three groups
and comprehensive combinations of polynomial orders
of 0 (intercept-only), 1 (linear), and 2 (quadratic). A sec-
ondary evaluation of model adequacy was performed to
ensure models moving forward for binary logistic regres-
sion analysis met quality control standards. An expanded
methods section includes a more detailed statistical meth-
odological narrative (Supplemental Material) in addition
to explanatory flowcharts of DNA methylation analysis
workflow (Supplemental Figs. 1a, 1b, and 1c).
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Cell-Type Heterogeneity Cell-type heterogeneity (CTH)
is an important consideration in methylation studies as
differential methylation between cell types may impact
overall methylation levels and confound results. In cases
where genome-wide data are collected, there are methods
to control for CTH [30]. However, if only CpG site-spe-
cific DNA methylation data are collected, as would be the
case with a biomarker used clinically, controlling for CTH
is not possible. In an effort to explore the potential clinical
utility of methylation values unadjusted for CTH (as they
would likely be in the hospital setting) as well as adjusted
for CTH, the aforementioned procedures were conducted
without adjustment for CTH (“unadjusted models”) and
with adjustment for CTH (“CTH-adjusted models”) for
all eight CpG sites. As described above, using previously
collected genome-wide data, CTH data were computed
using the R statistical software and Houseman’s reference-
free method [23].

Trajectory Group—DPatient Outcome Associations The
relationship between site-specific DNA methylation tra-
jectory groups and patient outcomes were examined in R
using binary logistic regression while controlling for age,
sex, race, and Fisher grade. As stated above, p values <0.05
were considered suggestive; however, permutation analy-
sis was used to compute an empirical significance thresh-
old of 0.002, which corrects for testing eight correlated
outcomes for trajectory group-—patient outcome asso-
ciations. Again, models were evaluated using the LRT to
produce a global p value to determine the overall effect
of the predicted trajectory group membership within the

Table 1 Demographics and clinical characteristics

Overall sample

model. A global empirical significance threshold of 0.001
was computed for this global p value to correct for testing
eight correlated outcomes.

Results

Demographics and Clinical Characteristics

Because this study capitalized on existing data as pre-
viously described, sample sizes for each portion of the
study varied. In our sample of 591 participants, geno-
type data for rs10421768 and rs7251432 were available
for 241 and 371 Caucasian participants, respectively, and
DNA methylation data were available for 260 partici-
pants (Table 1). The final sample sizes differed between
analyses based on outcome data availability and analysis-
specific sample sizes are presented (Tables 2, 3, 4 and
5). The overall sample was 93.4% Caucasian and 71.6%
female with a mean(+ SD) age of 53.4 4 11.4 years. Fisher
grades of 2, 3, and 4 comprised 40.8%, 43.0% and 16.2% of
the overall sample, respectively. World Federation Neu-
rosurgical Societies (WENS) grading system scores of 1,
2, 3, 4, and 5 comprised 51.6%, 17.3%, 7.1%, 13.5%, and
10.5% of the overall sample, respectively. Of the overall
sample, 37.7% had surgical intervention (vs. coil embo-
lization). Older age was associated with poor GOS at 3
and 12 months (p=0.04 and p=0.03, respectively) and
death at 3 months (p=0.02) in the overall sample. No
significant associations between sex or intervention (sur-
gical vs. coil embolization) and outcome measures were
found; however, sex was included in all logistic regres-
sion models as a covariate given the presence of an estro-
gen response element governing hepcidin expression

Age, mean years (SD) (
Sex, female (n, %) (
Race, Caucasian (n, %) 552 (9!
Treatment, surgery (n, %) (
Fisher grade (n, %)

2 241 (40.8)
3 254 (43.0)
4 96 (16.2)
WENS (n, %)

1 305 (51.6)
2 102(17.3)
3 42(7.)
4 80 (13.5)
5 62 (10.5)

rs10421768 rs7251432 DNA
methylation
n=260
543(11.4) 535(11.3) 53.06 (11.0)
163 (67.6) 255 (68.7) 179 (68.8)
241 (100) 371 (100) 225 (86.5)
86 (35.7) 117 (31.5) 101 (38.8)
69 (28.6) 137 (36.9) 78 (30.0)
128 (53.1) 172 (46.4) 126 (48.5)
44(183) 62(16.7) 56 (21.5)
131 (544) 195 (52.6) 108 (41.5)
42(174) 67 (18.1) 57(21.9)
13 (54) 26 (7.0) 23(88)
29(12.0) 48(12.9) 44(16.9)
26 (10.8) 35(94) 28(10.9)

WFNS, World Federation of Neurosurgical Societies System
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[31]. Non-Caucasian race was associated with poor
mRS at 3 months (»p=0.04) and poor GOS at 12 months
(p=0.02). Higher Fisher grade was associated with poor
acute outcomes of CV (p=0.006) and DCI (p=0.04) as
well as with poor long-term outcomes of GOS, mRS, and
death measured at 3 and 12 months (p <0.001 for all out-
come measures and time points).

HAMP Single Nucleotide Polymorphisms

Allelic Associations

The association between genetic variability in HAMP and
patient outcomes was first evaluated based on presence
(vs. absence) of the minor allele (Supplemental Table 3).
For tagging SNPs rs10421768 (minor allele, G) and
rs7251432 (minor allele, A), the minor allele frequencies
were 23.0% and 43.1%, respectively. No significant asso-
ciations were found between the presence of the minor
allele and patient outcomes for either SNP after control-
ling for age, sex, and Fisher grade. A figure depicting the
locations of these SNPs is presented (Supplemental Fig. 2).

Genotypic Associations

rs10421768 The distribution of rs10421768 genotypes
showed AA as the most common (56.8%), followed by AG
(40.2%), and GG (2.9%). In our sample, HWE was violated
for rs10421768 (p =0.036). Given the sparse sample size
for the GG genotype, we were not able to perform statisti-
cally meaningful subgroup analyses based on genotype for
rs10421768.

rs7251432 The distribution of rs7251432 genotypes
showed AG as the most common (41.5%), followed
by GG (36.1%), and AA (22.4%). In our sample, HWE
was violated (p=0.003). Next, we tested associations
between rs7251432 genotype and patient outcomes in
a genotypic model (Table 2). Compared with the GG
genotype, suggestive associations (defined as trend-
ing toward significance with a p value<0.05 but not
meeting empirical significance thresholds) were iden-
tified between the AA genotype and mRS at 3 months
(p=0.05) and death at 3 months (p =0.02) after adjust-
ing for age, sex, and Fisher grade (with odds ratios con-
sistent with a recessive model). However, these p val-
ues did not meet the empirical significance threshold of
0.005. No differences in patient outcomes were identi-
fied between the AG genotype and the GG genotype.

The global test of SNP association within the models
based on the LRT identified a suggestive overall effect
for only mortality at 3 months (global p =0.01). How-
ever, this global p value did not meet the global empiri-
cal significance threshold of p=0.008 calculated in
permutation testing.

Recessive Associations

rs7251432 Next, we tested for association between
rs7251432 and patient outcomes under a recessive model
(Table 3). Compared with combined GG and AG geno-
type groups, the AA genotype group was significantly
associated with death at 3 months (p =0.003) and sugges-

Table 2 Results from binary logistic regression and global analysis exploring associations of rs7251432 genotype
with patient outcomes while controlling for age, sex, and Fisher grade

n, cases n, controls rs7251432 Global p¢|
AGyvs. GG AAvs. GG
OR 95% Cl OR 95% CI
v 185 83 102 143 0.72-2.86 0.30 191 0.87-4.26 0.1 0.25
Dal 325 109 216 0.87 0.51-1.48 0.62 1.08 0.57-2.01 081 0.79
GOS-3 277 72 205 0.74 0.37-1.45 038 1.71 0.82-3.59 0.15 0.09
GOS-12 264 60 204 0.69 0.33-143 032 1.60 0.73-3.54 0.24 0.12
mRS-3 277 87 190 1.12 0.60-2.09 0.73 201 1.00-4.09 0.05 0.13
mRS-12 264 76 188 0.84 043-1.63 061 1.55 0.74-3.24 0.24 027
Death-3 277 48 229 0.78 0.34-1.77 0.56 265 1.17-6.08 0.02% 001°
Death-12 264 55 209 0.74 0.34-1.59 044 2.00 0.89-1.59 0.10 0.06

@ Suggestive association (unadjusted p <0.05)

b Empirical significance threshold for logistic regression analysis = 0.005 (calculated based on the minimum of 16 p values, including both the AG versus GG and AA

versus GG comparisons, in permutation testing)

¢ Empirical significance threshold for global analysis = 0.008 (calculated based on the minimum of 8 p values in permutation testing)

Cases indicate the number of participants with poor outcomes (e.g., occurrence of CV or DCI, poor GOS or mRS, or death)

Cl, confidence interval; CV, cerebral vasospasm; Death-3, mortality at 3 months; Death-12, mortality at 12 months; DCl, delayed cerebral ischemia; GOS-3, Glasgow
Outcome Scale at 3 months (poor = 1-3); GOS-12, Glasgow Outcome Scale at 12 months (poor = 1-3); mRS-3, Modified Rankin Scale at 3 months (poor = 3-6); mRS-
12, Modified Rankin Scale at 12 months (poor =3-6); OR, odds ratio; p, p value based on alpha of 0.05
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Table 3 Results from binary logistic regression analysis exploring associations of rs7251432 collapsed genotype (reces-
sive model) with patient outcomes while controlling for age, sex, and Fisher grade

n, cases

n, controls

rs7251432

AA genotype vs. reference group combined

v 185 83 102
DCl 325 109 216
GOS-3 277 72 205
GOS-12 264 60 204
mRS-3 277 87 190
mRS-12 264 76 188
Death-3 277 48 229
Death-12 264 55 209

GG+ AG genotypes

95% Cl
1.60 0.78-3.31 020
1.15 0.65-2.02 062
1.99 1.01-3.86 0.04°
1.93 0.94-391 0.07
1.90 1.01-3.56 0.04°
1.69 0.87-3.26 0.12
298 143-6.17 0.003%¢
232 1.11-4.79 0.02*

2 Suggestive association (unadjusted p <0.05)

b Empirical significance threshold for logistic regression analysis =0.01 (calculated based on the minimum of 8 p values in permutation testing)

© Results meeting empirical significance threshold of 0.01

Cases indicate the number of participants with poor outcomes (e.g., occurrence of CV or DCI, poor GOS or mRS, or death)

Cl, confidence interval; CV, cerebral vasospasm; Death-3, mortality at 3 months; Death-12, mortality at 12 months; DCI, delayed cerebral ischemia; GOS-3, Glasgow
Outcome Scale at 3 months (poor = 1-3); GOS-12, Glasgow Outcome Scale at 12 months (poor = 1-3); mRS-3, Modified Rankin Scale at 3 months (poor =3-6); mRS-
12, Modified Rankin Scale at 12 months (poor = 3-6); OR odds ratio; p, p value based on alpha of 0.05

tively associated with poor GOS at 3 months (p=0.04),
poor mRS at 3 months (p =0.04), and death at 12 months
(p=0.02) after adjusting for age, sex, and Fisher grade.
Only the p value for death at 3 months met the empirical
significance threshold of 0.01.

HAMP DNA Methylation

Group-based Trajectory Analysis

Based on the GBTA procedures outlined (Supplemental
Fig. 1), distinct methylation trajectory groups passing
model adequacy assessment were inferred at six CpG
sites for unadjusted models (cg02131995, cgl7907567,
cg18149657, ¢g27273033, cg04668516, and cg26283059)
and at all eight CpG sites for CTH-adjusted models
(Supplemental Table 2). Of the 14 candidate models pre-
sented, three could not be tested for association with out-
comes because only one trajectory group was inferred at
those CpG sites.

Trajectory Group—Patient Outcome Associations

Out of the 11 candidate models eligible for binary logistic
regression (five unadjusted models and six CTH-adjusted
models), we found suggestive associations between tra-
jectory groups and patient outcomes in four models
(two unadjusted models and two CTH-adjusted models).
Given the breadth of this study, we have only discussed
the CpG sites with suggestive patient outcome associa-
tions below. A figure depicting the locations of these CpG
sites is presented (Supplemental Fig. 2).

Unadjusted models Binary logistic regression analysis
exploring associations of unadjusted methylation tra-
jectory groups with patient outcomes was performed
(Table 4). Trajectory groups at two CpG sites (cg18149657
and ¢g26283059) had suggestive associations (unadjusted
p<0.05) with patient outcomes after aSAH. For both
cg18149657 and ¢g26283059, three distinct trajectory
groups were identified, and trajectory plots are presented
(Fig. 1). At cg18149657, predicted membership assign-
ment to Group 3 (vs. reference Group 1) was suggestively
associated with poor GOS and mRS at 3 months (p =0.003
and p = 0.04 respectively) and death at 3 months (p =0.04)
after controlling for age, sex, race, and Fisher grade, while
at ¢g26283059, predicted membership assignment to
Group 3 (vs. reference Group 1) was suggestively associ-
ated with DCI (p=0.01). However, these results did not
meet the empirical significance threshold for unadjusted
models of 0.002 calculated in permutation testing. No
other associations were identified between unadjusted
methylation trajectory groups and patient outcomes after
aSAH (data not shown).

Based on the global test of trajectory group signifi-
cance within the models using the LRT, a suggestive
overall effect was identified for only GOS at 3 months at
¢g18149657 (global p=0.004). At cg26283059, a sugges-
tive overall effect was identified for not only DCI (global
p=0.003), but also CV (global p=0.02). However, these
global p values did not meet the global empirical signifi-
cance threshold for unadjusted models of p=0.001 cal-
culated in permutation testing.
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Table 4 Results from binary logistic regression and global analysis exploring associations of unadjusted methylation tra-
jectory groups with patient outcomes while controlling for age, sex, race, and Fisher grade

n, cases n, controls

Group 2 (10.4%) versus reference
group 1 (83.9%)

918149657 (Unadjusted Model with Polynomial Order 222)

Group 3 (5.8%) versus reference
group 1 (83.9%)

Global p©

OR 95% ClI OR 95% Cl
v 179 36 143 0.56 0.21-1.41 0.23 1.86 045-9.40 041 0.29
Dal 249 116 133 0.80 0.34-1.83 0.60 1.17 0.38-3.61 0.78 0.82
GOS-3 209 72 137 1.97 0.71-54 0.19 840 221-41.60 0.003° 0.004%
GOS-12 199 53 146 1.58 0.57-4.13 0.36 223 0.60-7.89 0.21 035
mRS-3 209 83 126 157 0.59-4.18 0.36 3.89 1.10-16.03 0.04° 0.08
mRS-12 199 67 132 232 0.94-5.73 0.07 2.36 0.68-8.26 0.17 0.09
Death-3 209 39 170 156 045-4.68 045 3.86 1.006-14.30 0.04° 0.12
Death-12 199 46 153 1.65 0.57-4.44 033 2.86 0.76-10.37 0.11 0.22

n, cases n, controls 926283059 (Unadjusted Model with Polynomial Order 000)

Group 2 (65.8%) versus reference  Group 3 (27.7%) versus reference Global p¢

group 1 (6.5%) group 1 (6.5%)

OR 95% Cl OR 95% Cl
v 179 36 143 087 0.22-3.44 0.84 239 0.56-10.34 023 0.02°
Dl 249 116 133 1.84 0.64-6.15 0.28 4.65 1.48-16.66 0012 0.003°
GOS-3 209 72 137 2.55 0.68-12.70 0.20 221 0.54-11.65 030 0.39
GOS-12 199 53 146 1.53 041-7.54 0.55 1.20 0.29-6.33 0.81 0.72
mRS-3 209 83 126 1.23 039-4.17 0.73 0.98 0.28-3.63 0.98 0.80
mRS-12 199 67 132 1.08 0.33-3.91 0.90 0.74 0.20-2.93 0.66 0.60
Death-3 209 39 170 4.04 0.70-77.97 0.20 3.83 0.60-76.22 023 032
Death-12 199 46 153 207 0.48-14.45 0.38 2.20 047-16.21 0.36 062

2 Suggestive association (unadjusted p <0.05)

b Empirical significance threshold for logistic regression analysis =0.002 (calculated based on the minimum of 16 p values, including both Group 2 vs. Group 1 and

Group 3 vs. Group 1 comparisons, in permutation testing)

© Empirical significance threshold for global analysis =0.001 (calculated based on the minimum of 8 p values in permutation testing)

Cases indicate the number of participants with poor outcomes (e.g., occurrence of CV or DC, poor GOS or mRS, or death)

Cl, confidence interval; CV, cerebral vasospasm; Death-3, mortality at 3 months; Death-12, mortality at 12 months; DCI, delayed cerebral ischemia; GOS-3, Glasgow
Outcome Scale at 3 months (poor = 1-3); GOS-12, Glasgow Outcome Scale at 12 months (poor = 1-3); mRS-3, Modified Rankin Scale at 3 months (poor =3-6); mRS-
12, Modified Rankin Scale at 12 months (poor =3-6); OR odds ratio; p, p value based on alpha of 0.05

CTH-adjusted models Binary logistic regression analy-
sis exploring associations of CTH-adjusted methyla-
tion trajectory groups with patient outcomes was per-
formed (Table 5). Trajectory groups at two CpG sites
(cg02131995 and cg26283059) had suggestive associations
with patient outcomes after aSAH. For both ¢g02131995
and ¢g26283059, three distinct trajectory groups were
identified, and trajectory plots are presented (Fig. 2). At
¢g02131995, predicted membership assignment to Group
2 (vs. reference Group 1) was suggestively associated with
good mRS at 12 months (p=0.02), while at ¢g26283059,
predicted membership assignment to Group 3 (vs. ref-
erence Group 1) was suggestively associated with DCI
(p=0.01). However, these results did not meet the empir-

ical significance threshold for CTH-adjusted models of
0.002 calculated in permutation testing. No other associa-
tions were identified between CTH-adjusted methylation
trajectory groups and patient outcomes after aSAH (data
not shown).

Based on the global test of trajectory group signifi-
cance within the models using the LRT, a suggestive
overall effect was identified for mRS at 12 months at
¢g02131995 (global p=0.05), whereas a suggestive
overall effect was identified for DCI at cg26283059
(global p=0.01). However, these global p values did
not meet the global empirical significance threshold for
unadjusted models of p=0.001 calculated in permuta-
tion testing.
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Table 5 Results from binary logistic regression and global analysis exploring associations of cth-adjusted methylation
trajectory groups with patient outcomes while controlling for age, sex, race, and Fisher grade

n, cases n, controls

Group 2 (30%) versus reference

group 1 (59.2%)

902131995 (CTH-adjusted Model with Polynomial Order 000)

Group 3 (10.8%) versus reference
group 1 (59.2%)

OR 95% Cl OR 95% Cl Pb
v 179 36 143 075 038-147 040 130 0.49-3.54 060 052
e 249 116 133 073 041-1.29 028 207 0.89-5.06 0.10 0.08
GOS-3 209 72 137 077 037-1.56 047 094 034-2.50 091 077
GOS-12 199 53 146 051 022-1.11 0.10 077 0.26-2.08 061 024
mRS-3 209 83 126 110 056-2.13 078 143 0.56-3.65 045 075
mRS-12 199 67 132 042 0.19-0.85 0.02° 084 032-2.13 072 005
Death-3 209 39 170 053 0.20-1.26 017 075 022-223 063 034
Death-12 199 46 153 047 0.19-1.08 008 070 022-1.95 051 020

n, cases n, controls

Group 2 (64.6%) versus reference

group 1 (10.4%)

926283059 (CTH-adjusted Model with Polynomial Order 000)

Group 3 (25%) versus reference
group 1 (10.4%)

[o]] 95% Cl OR 95% Cl pb
v 179 36 143 082 0.28-2.40 072 202 060-6.83 025 007
DCl 249 116 133 1.55 0.66-387 033 349 132-9.77 0012 001°
GOS-3 209 72 137 129 045-4.10 065 1.70 0.52-6.02 0.39 065
GOS-12 199 53 146 118 040-4.04 077 114 033-4.32 084 096
mRS-3 209 83 126 1.05 0.40-2.86 092 107 036-3.29 091 099
mRS-12 199 67 132 0.86 032-242 076 074 0.24-235 061 087
Death-3 209 39 170 242 061-1635 027 347 0.77-25.00 0.14 028
Death-12 199 46 153 125 0.40-4.83 072 173 048-7.29 042 065

2 Suggestive association (unadjusted p <0.05)

b Empirical significance threshold for logistic regression analysis = 0.002 (calculated based on the minimum of 16 p values, including both Group 2 vs. Group 1 and

Group 3 vs. Group 1 comparisons, in permutation testing)

< Empirical significance threshold for global analysis =0.001 (calculated based on the minimum of 8 p values in permutation testing)

Cases indicate the number of participants with poor outcomes (e.g., occurrence of CV or DC, poor GOS or mRS, or death)

Cl, confidence interval; CTH, cell-type heterogeneity; CV, cerebral vasospasm; Death-3, mortality at 3 months; Death-12, mortality at 12 months; DCI, delayed cerebral
ischemia; GOS-3 Glasgow Outcome Scale at 3 months (poor = 1-3); GOS-12 Glasgow Outcome Scale at 12 months (poor = 1-3); mRS-3 Modified Rankin Scale at
3 months (poor =3-6); mRS-12, Modified Rankin Scale at 12 months (poor=3-6); OR, odds ratio; p, p value based on an alpha of 0.05

Discussion

HAMP Single Nucleotide Polymorphisms

To our knowledge, this is the first demonstration that
variability in HAMP genotype may be associated with
patient outcomes following aSAH in humans. In this
exploratory pilot study, individuals with the AA geno-
type had between two and three times higher odds of
death at 3 and 12 months following aSAH, even after
accounting for age and injury severity, as well as two
times higher odds of poor GOS and mRS at 3 months.
Although the associations observed for this SNP were
relatively consistent across time points and outcomes, it
is important to note that only the association between
the AA genotype and death at 3 months remained sig-
nificant after correction for multiple testing described

above. While little is known about rs7251432, this SNP
(located in an intronic region of HAMP) has been associ-
ated with Kawasaki disease and nominal increased risk of
abdominal aortic aneurysm (AAA), which are character-
ized by inflammation of blood vessels [32, 33]. Interest-
ingly, Kawasaki and aSAH have been linked in three case
reports of young children [34-36]. Similarly, cerebral
aneurysm and AAA have been shown to share biological
pathways in their hemodynamic pathogenesis [37].
Additionally, one study showed that the AA genotype
of rs7251432 was associated with higher hemoglobin
levels in a simulated hypoxic environment compared
with GG or AG genotypes [38—40]. While the literature
surrounding the effects of hemoglobin concentrations
after aSAH is mixed, one theory suggests that lower
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hemoglobin levels may offer protective effects, includ-
ing up-regulation of nitric oxide and decreased blood
viscosity which improves brain perfusion [41]. In aSAH,
brain tissue oxygen pressure and pH can be altered lead-
ing to ischemic changes and secondary injury [42]. This
is important because if patients with the rs7251432 AA
genotype have higher hemoglobin levels in the hypoxic
environment created by aSAH, this could be a potential
explanation for the increased odds of death in this sub-
set because they do not have the potential protective
response described above. Although this study did not

evaluate hemoglobin levels, this is an important future
direction of this work.

For rs10421768, we identified modest positive odds
ratios of around 1.2 or higher (Supplemental Table 3).
Although these modest associations were not significant
in our small sample size, there could be a real effect that
could be detected in larger sample sizes. Notably, this
SNP has been previously identified to play a role in iron
homeostasis in cases of iron overload [43] warranting
future investigation in a larger sample.

In this sample, both rs10421768 and rs7251432 violated
HWE. After a third party reviewed the double-called raw
genotype data, we determined that genotyping error was
unlikely. A potential explanation for this violation, how-
ever, could be that our sample of aSAH cases is enriched
for associated variants and may not be representative of
the general population, further supporting the potential
role of genetic variability of HAMP with aSAH.

HAMP DNA Methylation
This study suggests variability in HAMP DNA methyla-
tion trajectories may be associated with patient outcomes
following aSAH, although none of the associations iden-
tified survived correction for multiple testing. For the
unadjusted model at cg18149657, Group 3 had between
two and eight times increased odds of unfavorable
3-month outcomes. This group had the highest methyla-
tion levels across groups peaking between days 4 and 10
(Fig. 1a), a key window in recovery after aSAH in which
DCI often occurs. However, the global test of trajectory
group significance identified only a suggestive associa-
tion for GOS at 3 months. An interesting finding in this
study is that at ¢g26283059, suggestive associations were
found in both the unadjusted model and CTH-adjusted
model between Group 3 and DCIL At this site and similar
to above, participants in Group 3 had the highest over-
all methylation levels and had increased odds of DCI for
both the unadjusted model and CTH-adjusted model
(Figs. 1b and 2b). Based on the global p values for unad-
justed methylation trajectory groups at cg26283059, post
hoc analyses revealed that by changing the reference
group from Group 1 to Group 3, we achieved suggestively
significant results for not only DCI, but also CV (data
not shown). Again, we observe consistent results that
hypermethylation is associated with both acute outcomes
supporting our findings further. These results are incon-
sistent with our expectations that hypomethylation (lead-
ing to increased gene expression) versus the observed
hypermethylation would be associated with unfavora-
ble outcomes, suggesting other regulatory mechanisms
might be at play.

Beyond this study, few studies to date have specifi-
cally examined DNA methylation of HAMP and of those
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that have, none have been in aSAH. However, similar to
rs7251432 discussed above, hypomethylation of CpG
sites within the HAMP promoter region (cg23677000
and cg04085447) has been associated with cases of Kawa-
saki disease [44]. Recently, it has become more clear that
complex signaling pathways, plasma and tissue iron lev-
els, inflammatory cytokines, erythropoiesis, and estro-
gen all play an important role in hepcidin expression by
inducing or inhibiting hepcidin synthesis [31, 45, 46].
For example, endothelins are potent vasoconstrictors

released during inflammatory responses that have been
shown to be associated with poor outcomes following
aSAH [45, 47]. Specific to this study, endothelin-1 has
been shown to lead to increases in mRNA levels of iron
homeostasis genes (including HAMP) in the brain [45].
Also, estrogen has been implicated as a regulator of hep-
cidin expression via transcriptional inhibition through
a functional estrogen response element in the promoter
region of the HAMP gene [31]. These potential con-
founders will be important to consider in future work of a
larger sample size.

It is important to interpret these results with caution
as none of our methylation findings remained significant
after correction for multiple testing described above. It
is also important to note that methylation was measured
in the CSF as opposed to the major site of hepcidin pro-
duction (the liver) or more commonly examined tissue
of blood which makes it difficult to compare the results
of this study with existing studies of HAMUP. Finally, it
should be acknowledged that Housman’s reference-free
method for correcting for CTH [23] has not been vali-
dated in CSF and cell count data for associated DNA
methylation data were unavailable. Nevertheless, given
the proximal location of CSF within the central nerv-
ous system, CSF DNA methylation of HAMP could have
important clinical implications and warrants more robust
validation of the potential prognostic performance of
these loci.

Limitations
This exploratory pilot study is significant because it sug-
gests that HAMP may influence patient outcomes after
aSAH; however, several important limitations should be
acknowledged. First, by selecting specific DNA meth-
ylation targets located within the relatively narrow win-
dow of 2000 base pairs upstream and downstream of the
HAMP gene region, we did not exhaust all potential reg-
ulatory regions of HAMP. Expanding this region to cap-
ture more Cp@ sites should be an area of future research
in a larger study. Similarly, this study focused on genetic
and epigenetic variability of HAMP and did not exam-
ine other loci relevant to the iron homeostasis pathway.
While HAMP was carefully chosen based on the exist-
ing literature and its importance in iron homeostasis,
interpretability of the results is limited without consider-
ing the intricate genetic network potentially moderating
patient outcomes. Similarly, this study did not measure
hepcidin or iron levels. Future investigation of hepci-
din and iron levels, as well as additional genetic loci and
their interactions within the iron homeostasis pathway, is
warranted.

Furthermore, by capitalizing on data and samples from
an existing cohort, we were limited to existing outcome

115



561

and covariate data previously collected. Specifically, there
is a large amount of missing data due to loss to follow-up.
Because aSAH outcomes vary between and within patients
over time, we did not fill in missing data with imputation
or by carrying the last observation forward to avoid bias-
ing the results. Similarly, the available CV data used in this
study captured only the cases verified with angiogram (vs.
ultrasound). Therefore, it is likely that we did not capture a
portion of the overall sample who developed CV identified
with transcranial Doppler. Similarly, severity of injury is an
important predictor of outcomes after aSAH. In the avail-
able data, in addition to the Fisher grade, we had access to
the WENS grading system which is a score based on the
patient’s presenting clinical condition and combines meas-
ures from the Glasgow Coma Scale and focal neurological
deficits. Both WENS and Fisher grade have been shown
to be important predictors of outcomes after aSAH and
are highly correlated in our data. In post hoc analyses, we
repeated the analyses while controlling for WENS (instead
Fisher grade) and found that the results were consist-
ent across outcomes and timepoints. In an effort to avoid
multicollinearity with our models, we ultimately chose to
control for Fisher grade (as opposed to WENS) because it
offers greater insight into the amount of blood within the
subarachnoid space and is more scientifically meaningful
to the conceptual foundation of this study.

An additional limitation is the relatively small sample
size of this study. Specifically, there was an insufficient
number of participants with the rs10421768 GG genotype
for reliable analysis. Given this underrepresentation, we
were unable to perform genotypic association analysis in
this sample size. Next, race was self-reported by study par-
ticipants and use of this variable limits the ability to strin-
gently control for population substructure. Similarly, given
the underrepresentation of non-Caucasian populations,
we were unable to perform subgroup analyses for the SNP
portion of this study in more diverse ancestries, which lim-
its the generalizability of the findings. Future efforts are
needed to replicate these findings in larger, more diverse
samples. Finally, studies have demonstrated that smoking
and body mass index (BMI) impact DNA methylation [48,
49] and that treatment strategies (e.g., induced hyperten-
sion, administration of a calcium channel blocker) impact
the incidence of acute complications after aSAH. Unfortu-
nately, our small sample size and amount of missing data
prevented us from controlling for these factors.

Lastly and of particular notability, the interpretability of
the results of this study are limited because of the large
number of tests conducted. A simple Bonferroni correc-
tion for multiple testing would be too conservative due
to the high correlation between outcomes in this cohort.
Specifically, CV and DCI have a correlation of>0.75.

Likewise, mRS and GOS have a correlation of>0.70 and
were assessed at both 3 months and 12 months. Moreo-
ver, death is imbedded in both mRS and GOS scores.
Despite these correlations, it was ultimately decided
to retain both mRS and GOS in this study to allow for
between study comparisons in the future. In an effort to
carefully adjust for the multiple testing while properly
taking the correlation between tests into account, we per-
formed permutation testing to compute an empirical sig-
nificance threshold within each model examined. While
many of our results are consistent across correlated out-
comes and time points suggesting possible associations of
genetic and epigenetic variability of HAMP with patient
outcomes after aSAH, it is imperative that this study be
replicated in a larger sample to confirm these findings.

Conclusion

Outcomes following aSAH are variable creating an
unyielding need for reliable biomarkers of poor out-
comes. Hepcidin has surfaced as an important preclini-
cal predictor of outcomes following experimental brain
injury [12]. The results of this pilot study offer support
to this theory in humans; however, due to the explora-
tory nature of this study, more research is needed before
definitive conclusions can be made about the role of
HAMP in outcomes after aSAH. In our sample, we
identified an association between the AA genotype of
rs7251432 and death at 3 months that remained signifi-
cant after correction for multiple testing. If these find-
ings can be replicated in an independent sample, this
approach has the potential to provide a clinical tool for
prediction of those at high-risk of poor outcomes fol-
lowing aSAH. We also believe that our exploratory study
found interesting trends that may warrant further inves-
tigation into the role of DNA methylation of HAMP in
patient outcomes after aSAH.
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Abstract

Background/Objective: Iron can be detrimental to most tissues both in excess and in deficiency. The brain in
particular is highly susceptible to the consequences of excessive iron, especially during blood brain barrier disruption
after injury. Preliminary evidence suggests that iron homeostasis is important during recovery after neurologic injury;
therefore, the exploration of genetic variability in genes involved in iron homeostasis is an important area of patient
outcomes research. The purpose of this study was to examine the relationship between tagging single nucleotide
polymorphisms (SNPs) in candidate genes related to iron homeostasis and acute and long-term patient outcomes
after aneurysmal subarachnoid hemorrhage (@SAH).

Methods: This study was a longitudinal, observational, candidate gene association study of participants with aSAH
that used a two-tier design including tier 1 (discovery, n=197) and tier 2 (replication, n = 277). Participants were fol-
lowed during the acute outcome phase for development of cerebral vasospasm and delayed cerebral ischemia (DCl)
and during the long-term outcome phase for death and gross functional outcome using the Glasgow Outcome Scale
(GOS; poor = 1-3). Genetic association analyses were performed using a logistic regression model adjusted for age,
sex, and Fisher grade. Approximate Bayes factors (ABF) and Bayesian false discovery probabilities (BFDP) were used to
prioritize and interpret results.

Results: In tier 1,235 tagging SNPs in 28 candidate genes were available for analysis and 26 associations (20 unique
SNPs in 12 genes) were nominated for replication in tier 2. In tier 2, we observed an increase in evidence of association
for three associations in the ceruloplasmin (CP) and cubilin (CUBN) genes. We observed an association of rs17838831
(CP) with GOS at 3 months (tier 2 results, odds ratio [OR] =2.10, 95% confidence interval [CI]=1.14-3.86, p=0.018,
ABF=0.52, and BFDP =70.8%) and GOS at 12 months (tier 2 results, OR=1.86, 95% Cl 0.98-3.52, p=0.058, ABF =0.72,
and BFDP =77.3%) as well as rs10904850 (CUBN) with DCl (tier 2 results, OR=0.70, 95% Cl 0.48-1.02, p =0.064,
ABF=0.59, and BFDP =71.8%).

Conclusions: Among the genes examined, our findings support a role for CP and CUBN in patient outcomes after

aSAH. In an effort to translate these findings into clinical utility and improve outcomes after aSAH, additional research
is needed to examine the functional roles of these genes after aSAH.

Keywords: Polymorphism, Iron, Subarachnoid hemorrhage, Patient outcome assessment, Bayes theorem

*Correspondence: law145@pitt.edu Aneurysmal subarachnoid hemorrhage (aSAH) is a type
' Department of Health Promotion and Development, School of Nursing, of hemorrhagic stroke most commonly resulting from
University of Pittsburgh, 440 Victoria Building, 3500 Victoria Street, .

Pittsburgh, PA 15261, USA a ruptured aneurysm [1]. Althoug}} it does not account
Full list of author information is available at the end of the article for a large percentage of strokes, it does account for a
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substantial percentage of stroke-related death and dis-
ability. Specifically, aSAH is responsible for between 5
and 10% of strokes, as many as 25% of all stroke-related
deaths, and has a 30-day mortality of at least 30% [1-3].
Moreover, greater than 50% of aSAH survivors have
long-term functional deficits [1-3]. Important gaps in
our knowledge as healthcare providers includes a lack
of information surrounding the biology of poor out-
comes and the inability to comprehensively predict which
patients will do poorly after aSAH. This gap in knowledge
limits the potential for targeted, early interventions from
the physicians, nurses, physical, occupational, and speech
therapists, and other members of the stroke recovery and
rehabilitation team [4].

In an effort to identify potential biomarkers of poor
outcomes after aSAH, we have focused on the iron home-
ostasis pathway which has been shown to be important in
recovery following SAH in both a preclinical study and a
small pilot study in humans [5, 6]. The scientific premise
of this study was described in detail as part of our pilot
work [7]. In brief, the brain is highly susceptible to dam-
age from excessive iron, especially after neurologic injury
and disruption of the blood brain barrier. In healthy
humans, iron is typically bound to carrier proteins as fer-
ric iron. However, after aSAH, catabolized blood from
the subarachnoid space breaks down into several prod-
ucts including non-protein-bound ferrous iron (i.e., free
iron) that can be toxic to nearby tissues [8—10]. Because
of the toxicity of free iron, we posited that genetic vari-
ability within the iron homeostasis pathway may impact
iron management after a large influx of free iron into
the subarachnoid space following aSAH, subsequently
accounting for a potentially important portion of varia-
bility in patient outcomes in this population. Exploration
of the potential relationship between genetic variability
in the iron homeostasis pathway and acute and long-term
patient outcomes after aSAH may support interventions
to improve outcomes and reduce the burden of this sub-
stantial public health problem. The purpose of this study
was to examine genetic variability of a large number of
candidate genes within the iron homeostasis pathway
and patient outcomes after aSAH in humans.

Methods

Study Design

This study was a longitudinal, observational, candidate
gene association study that assessed the relationship
between genetic variability and patient outcomes acutely
(between 0 and 14 days post-aSAH) and in the long term
(at 3 and 12 months following aSAH) using a two-tier
design (discovery and replication). In tier 1 (discovery),
we used existing genome-wide genotype and patient
outcome data collected from a larger study of aSAH

participants [11] and analyzed the relationship between
tagging single nucleotide polymorphisms (SNPs) in can-
didate genes involved in iron homeostasis and acute and
long-term patient outcomes. In tier 2 (replication), we
used existing patient outcome data and stored biosa-
mples from an independent (i.e., non-overlapping) test
sample of participants from the same cohort to replicate
findings for the top hits identified in tier 1. A depiction of
the study workflow is presented in Fig. 1.

Setting and Sample

This study was approved by the Institutional Review
Board of the University of Pittsburgh, and informed con-
sent was obtained from all research participants. Partici-
pants included in this study were prospectively recruited
from University of Pittsburg Medical Center Presbyterian
neurovascular intensive care unit in Pittsburgh, Pennsyl-
vania between 2000 and 2013. Our inclusion and exclu-
sion criteria, as well as standard treatment for patients,
were previously described [7]. In brief, participants were
eligible for this study if they were over the age of 18 years
and diagnosed with aSAH from aneurysm rupture using
cerebral angiogram. Participants were ineligible for this
study if their SAH was caused by a source other than an
aneurysm or if they had a history of a significant neuro-
logical disorder. Because minor allele frequencies can dif-
fer based on ancestry, and this population substructure
can confound statistical analyses, the current analyses
were limited to participants who self-reported their race
as White.

Genotype Data Collection

Tier 1 (Discovery)

For tier 1, this study used existing genome-wide genotype
data collected previously on a subset of available partici-
pants (n=244) using the Affymetrix Gene Chip Assay
SNP 6.0 (Affymetrix, Santa Clara, CA, USA) as described
elsewhere [11]. Our initial tier 1 analyses made the
assumption that the genome-wide data had undergone
thorough quality control (QC). We then realized that
the QC pipeline was out of date. To ensure our findings
were rigorous, we completed the tier 1 genome-wide data
QC and then repeated the genetic association analyses.
Genome-wide data QC was completed using PLINK Ver-
sion 1.9 [12, 13] R statistical software [14], the plinkQC
package [15], and established QC thresholds [16]. The
Affymetrix array yielded data for 904,087 variants for
244 participants. As part of our QC pipeline, 47 partici-
pants and 303,429 SNPs not meeting QC standards were
removed from the genome-wide data. Details of our data
QC pipeline are presented (Supplemental Material, Sec-
tion I). The final genome-wide dataset consisted of 197
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|
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Fig. 1 Overview of study workflow and findings. aSAH aneurysmal subarachnoid hemorrhage, CALR Calreticulin, CP Ceruloplasmin, CUBN Cubilin,
FTHI Ferritin Heavy Chain 1, FTL Ferritin Light Chain, GSTP1 Glutathione S-Transferase P, GWAS genome-wide association study, HJV Hemojuvelin
BMP Co-receptor, HP Haptoglobin, PCBPT Poly(RC) Binding Protein 1, QC quality control, SLC46A1 Solute Carrier Family 46 Member 1/Heme Carrier

Protein 1, SNP single nucleotide polymorphism, TFR2 Transferrin Receptor 2, TNF Tumor Necrosis Factor

participants and 600,658 SNPs for extraction of tier 1
data.

Building on the pilot work for this project [7], candi-
date genes (n=38) for this study were selected based on
their known biological roles in iron homeostasis (Sup-
plemental Material, Section II). For each candidate gene,

tagging SNPs within the gene region+1 kb were iden-
tified using the UCSC Genome Browser [17] and the
National Cancer Institute Division of Cancer Genetics
and Epidemiology SNPchip and SNPclip tools [18] using
a linkage disequilibrium threshold of 7*=0.8. Following
genome-wide data QC, tagging SNP data were extracted
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from the genome-wide data for tier 1 analysis. None of
the selected tagging SNPs located in the calreticulin, fer-
ritin light, or heme carrying protein 1 transcript regions
were available in the raw genome-wide data. Following
data QC, none of the selected tagging SNPs located in
the ferritin heavy, glutathione S transferase, hemojuvelin
BMP co-receptor, haptoglobin, poly(RC) binding protein
1, transferrin receptor 2, or tumor necrosis factor tran-
script regions were available (Supplemental Material,
Section II). Final tier 1 data for analysis were available for
235 tagging SNPs in 28 candidate genes (Table 1).

Tier 2 (Replication)

For tier 2, DNA was extracted for an independent test
sample of aSAH participants (#=288) from buffy coat
using a simple salting out procedure [19]. Participants
were genotyped for top hits identified from the earlier
pre-QC tier 1 analysis using iPLEX on the MassARRAY
Typer 4.0 (Agena Bioscience) platform and software [20]
according to the manufacturer’s standard protocols at the
University of Pittsburgh Genomics Research Core. Dupli-
cates were included on the plate with no inconsistencies
identified, and all genotypes were called by two blinded
individuals. The assay design with primer and probe
sequences are presented (Supplemental Material, Section
III). Our raw genotype data included 13 SNPs for 288 par-
ticipants. As part of our QC pipeline, 11 participants and
0 SNPs not meeting QC standards were removed. Details
of our genotype data collection methods and QC pipe-
line are presented (Supplemental Material, Section III).
The final tier 2 dataset consisted of 277 participants and
13 SNPs. Note that tier 2 replication SNPs were chosen,
and the genotype data generated, before implementation

Table 1 Ironh tasis candidate g ined
ene Name

ACOT Aconitase 1

ACO2 Aconitase 2

APP Amyloid precursor protein

CD163 Hemoglobin scavenger receptor

cP Ceruloplasmin

CUBN Cubilin

CYBRD1 Duodenal cytochrome b

FECH Ferrochelatase

FLVCR1 Feline leukemia virus subgroup C receptor

FTMT Mitochondrial ferritin

FXN Frataxin

GLRX5 Glutaredoxin 5

HEPH Hephaestin

HFE Human hemochromatosis protein

of the updated QC pipeline in tier 1. Therefore, in the
analyses presented here (i.e., post-QC), some of our top
associations in the post-QC tier 1 are missing tier 2 repli-
cation data because they were not present in the pre-QC
tier 1 results used to select SNPs for tier 2. This limita-
tion is discussed in more detail in the discussion section.
A depiction of the study workflow is presented in Fig. 1.

Patient Outcomes

This study used demographic (e.g., age, sex, race), social
(e.g., marital status), clinical (e.g., severity of injury meas-
ured using the clinical grading scales Fisher grade and
World Federation of Neurosurgical Societies [WFNS]
grade), and treatment (e.g., intervention [clip versus coil],
medications administered) data extracted from the medi-
cal record as well as patient outcome data collected dur-
ing the acute and long-term phases.

Acute outcome measures used in this study were cer-
ebral vasospasm (CV) and delayed cerebral ischemia
(DCI) within 14 days of aSAH. Both outcomes are
important acute complications that can occur during
the recovery phase following aSAH and are indicators of
potentially poor recovery in the long term [4]. CV was
defined as cerebral vessel narrowing of>25% during
cerebral angiogram performed and measured by a neu-
rosurgeon [7]. DCI was defined as the co-occurrence of
(1) non-ischemic neurological deterioration such as an
increase of > 2 points on the National Institutes of Health
Stroke Scale or a new and persistent (present for>1 h)
neurological deficit and (2) abnormal cerebral blood flow
measured using cerebral angiogram or transcranial Dop-
pler [7].

Gene Name

HMOX1 Heme-oxygenase 1

HMOX2 Heme-oxygenase 2

HPX Hemopexin

IREB2 Iron responsive element binding protein 2
LRP1 LDL receptor related protein

PGRMCT Progesterone receptor membrane

SLCTIAT Solute carrier family 11 member 1

SLCT1A2 Divalent metal transporter 1

SLC25A37 Solute carrier family 25 member 37 (Mitoferrin 1)
SLC40A1 Solute carrier family 40 member 1 (Ferroportin)
SLC48A1 Solute carrier family 48 member 1

STEAP3 STEAP3 metalloreductase

TF Transferrin

TFRC Transferrin receptor 1
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In the long-term outcome phase, trained study staff
performed patient interviews in person or via telephone
at 3 and 12 months following aSAH. To measure global
functional status, the Glasgow Outcomes Scale (GOS),
which has established validity in people with neurologi-
cal injury, was used as a quantitative measure of partici-
pants’ ability to function on a scale of 1 (death) to 5 (good
recovery) [21]. If participants were unable to participate
in the interview, their caregiver or proxy was interviewed.
Death data were obtained from the medical record, car-
egiver/family report, or the Social Security Death Index.
All study staff involved in patient recruitment and patient
outcome data collection were blinded to participant
genotype.

Statistical Analysis

Descriptive and Preliminary Analyses

Statistical analyses were conducted using R statistical
software [14] and PLINK [12, 13]. The patient outcomes
of CV, DCI, and death were treated as binary (occurrence
versus no occurrence), and GOS scores were dichoto-
mized as good (4-5) or poor (1-3). Standard descriptive
statistics were computed in R for all variables, and data
were screened for assumptions of logistic regression and
examined for outliers. Preliminary analyses were con-
ducted to identify potential confounders/covariates.
Hardy-Weinberg Equilibrium was evaluated for all SNPs
as part of our QC pipelines.

Genetic Association Analyses

Genetic association analyses were performed in PLINK
[12, 13] using a logistic regression model adjusted for
age, sex, and Fisher grade. Only additive models (treat-
ing SNPs as ordinal based on variant allele dosage) were
considered. The approximate Bayes factor (ABF) was
used to compute Bayesian false discovery probabilities
(BEDP) for each SNP-phenotype association which was
subsequently used to prioritize and ‘flag’ SNPs for repli-
cation in tier 2 [22, 23]. The ABF is an approximation to
the Bayes factor where an ABF<1 indicates an increase
in evidence for association and an ABF>1 indicates a
decrease in evidence for association [22, 23]. The ABF is
used to compute the BEDP which can be interpreted as a
probability of false discovery regardless of power, sample
size, or how many other SNPs were tested ultimately pre-
venting the need for correction for multiple testing [22,
23].

For the purpose of transparency, replication, and future
application of the study methodology in other popula-
tions, we present an expanded and detailed explana-
tion of the genetic association analyses performed here
including calculation of the ABF and BFDP as well as
the follow-up flagging approach, including formulae

(Supplemental Material, Section IV). Because the direc-
tion of effect of associations observed in tier 1 is not
integrated in tier 2 replication calculations, we also
performed a mega-analysis combining tier 1 and tier 2
data to aid in interpretation. Lastly, in genetic associa-
tion studies, ancestry can be an important confounder
of results given that minor allele frequencies often differ
by ancestry and race. In order to explore the influence of
ancestry (versus self-reported race) and aid in interpre-
tation of results, we performed an ancestry sensitivity
analysis as described in detail (Supplemental Material,
Section IV).

Results

Sample Characteristics

Sample sizes for each association test varied between tier
1 and tier 2 as well as between associations depending
on genotyping success rate and outcome data availabil-
ity; results detailing specific samples sizes for all associa-
tions are presented (Supplemental Material, Section V).
An overview of the available sample sizes and associated
demographic and clinical characteristics is presented
(Table 2). For tier 1, we had an overall sample size of 197
participants. Our tier 1 sample had a mean age of 54.4
(£11.3) years, was 69% female, and Fisher grades of 2, 3,
or 4 accounted for 29.4%, 53.3%, and 17.3%, respectively.
For tier 2, we had an overall samples size of 277 partici-
pants. Our tier 2 sample had a mean age of 54.1 (£ 11.1)
years, was 74.7% female, and Fisher grades of 2, 3, or 4
accounted for 52%, 33.9%, and 14.1%, respectively. Age,

Table 2 Demographic and clinical characteristics for tier 1
and tier 2

Tier 2 (replica-
tion), n=277

Tier 1 (discovery),
9

Age, mean years (SD) 544 (11.3) 54.1(11.1)
Sex, female (n, %) 136 (69.0) 207 (74.7)
Treatment, clip (n, %) 79 (40.1) 84 (30.3)
Fisher grade (n, %)
2 58 (29.4) 144 (52.0)
3 105 (53.3) 94 (33.9)
4 34(17.3) 39(14.1)
WENS grade (n, %)
1 104 (52.8) 143 (51.6)
2 37(18.8) 44 (15.9)
3 10(5.1) 25(9.0)
4 26(13.2) 37(134)
5 20(10.2) 28(10.1)
Married, yes (n, %) 131 (66.8)° 174 (62.8)

SD standard deviation, WFNS World Federation of Neurological Societies

2 Marital status of one participant was unknown in the tier 1 sample; percentage
calculated from n=196 of known marital status
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WENS scores, and marital status were similar between
the groups as shown but we observed differences in treat-
ment between the groups with 40.1% in tier 1 receiving
treatment via clipping compared with only 30.3% in tier
2. In a pooled analysis of tier 1 and tier 2 participants,
older age and higher Fisher grade were associated with
poor outcomes at all time points. Sex was not associ-
ated with outcomes in our sample but was included as a
covariate because of the importance of estrogen response
elements in iron homeostasis [24].

Genetic Association Analyses

In our tier 1 data, 235 tagging SNPs passing QC proce-
dures were available from 28 candidate genes listed in
Table 1. Sample sizes ranged from 106 to 189 and 239 to
273 in tiers 1 and 2, respectively, depending on the SNP
and patient outcome of interest. Expanded details for all
SNPs examined are presented (Supplemental Material,
Section V).

Based on our calibration approach described above, 26
associations from tier 1 were flagged as noteworthy of
investigation and replication in tier 2 (Table 3). Models
presented in Table 3 include age, sex, and Fisher grade
as covariates. The 26 flagged associations were from 20
unique SNPs positioned in 12 of our candidate genes
including aconitase 1 (ACO1), amyloid precursor protein
(APP), ceruloplasmin (CP), cubilin (CUBN), cytochrome
B reductase 1 (CYBRDI), ferrochelatase (FECH), ferritin
mitochondrial (FTMT), frataxin (FXN), glutaredoxin 5
(GLRXS), hemopexin (HPX), LDL receptor-related pro-
tein 1 (LRPI), and transferrin (TF). An expanded results
section has been included detailing all tier 1 results (Sup-
plemental Material, Section V).

The tier 2 replication results are presented and are
ranked by the tier 2 BFDP (Table 3). Six associations
were flagged as increasing evidence of association from
tier 1 to tier 2 based on an ABF<1 and a decrease in
the BFDP. However, it should be noted that three of our
top six associations had odds ratios (OR) in the oppo-
site direction in tier 2 compared with tier 1. Specifi-
cally, rs11087985 (APP) with death at 3 and 12 months
and rs13302577 (ACOI) with death at 12 months had
OR<1 in tier 2, suggesting the minor allele confers pro-
tection compared with an OR>1 in tier 1, suggesting
the minor allele confers risk. As a result, the signals for
these associations were canceled out in the mega-anal-
ysis (Supplemental Material, Section V). The opposite
effect directions observed in these associations reduces
our confidence that these are actually notable signals
of interest. Three of the six associations, however, were
important in tier 1, tier 2, and a mega-analysis combining
tier 1 and tier 2 data. Specifically, rs17838831 (CP) was
associated with GOS at 3 months in tier 1 (OR=2.83,

95% confidence interval [CI]=1.33-5.99, p=0.007,
ABF=0.52, BFDP=282.2%), tier 2 (OR=2.10, 95% CI
1.14-3.86, p=0.018, ABF=0.52, BFDP=70.8%), and a
mega-analysis (OR=2.32, 95% CI 1.45-3.70, p=0.0004,
ABF=0.10, BFDP=47.8%). Similarly, we observed
an association between the same SNP and poor GOS
at 12 months in tier 1 (OR=3.09, 95% CI 1.39-6.87,
»=0.006, ABF=0.53, BFDP =82.7%), tier 2 (OR=1.86,
95% CI 0.98-3.52, p=0.058, ABF=0.72, BEDP =77.3%),
and a mega-analysis (OR=222, 95% CI 1.36-3.63,
»=0.001, ABF=0.18, BFDP=61.6%). Finally, we also
observed an association between rs10904850 in CUBN
and DCl in tier 1 (OR=0.57,95% CI 0.35-0.93, p =0.024,
ABF=0.48, BFDP=81.2%), tier 2 (OR=0.70, 95% CI
0.48-1.02, p=0.064, ABF=0.59, BFDP=71.8%), and a
mega-analysis (OR=0.65, 95% CI 0.48-0.87, p=0.004,
ABF=0.11, BFDP =50.1%). For the remaining 12 associ-
ations, we observed a tier 2 ABF > 1 and an increase in the
BFDP compared with tier 1 which suggests that the tier 2
data decreased the evidence for association. As with tier
1, details of tier 2 and the mega-analysis results are pre-
sented (Supplemental Material, Section V). A depiction
of the study workflow, including an overview of the main
results, is presented in Fig. 1.

In an ancestry sensitivity analysis of tier 1 data, our
top hits (rs17838831 [CP] with GOS at 3 and 12 months;
and rs10904850 [CUBN] with DCI) remained top hits in
the sensitivity analysis. Overall, we observed strong cor-
relation between the results with an 82.5% concordance
between the top 40 hits from the original analysis com-
pared with the sensitivity analysis (i.e., 33 of the top 40
associations were common between the two analyses).
The details of this sensitivity analysis and results are pre-
sented (Supplemental Material, Section VI).

Discussion

We selected the candidate genes for this study based on
attributes that are relevant to our phenotypes of inter-
est during recovery from aSAH. Of our candidate genes,
the associations from the CP and CUBN genes stand
out in our results suggesting potential importance to
aSAH recovery. Specifically, one SNP in CP, rs17838831
(located on chromosome 3 at position 148939861
[GRCh37/hg19]), was important in the tier 1 discov-
ery sample, tier 2 replication sample, and mega-analysis
for GOS at 3 and 12 months. Ceruloplasmin, the pro-
tein encoded for by CP, is a multicopper oxidase that
accounts for a majority of serum copper and is heavily
involved in ferroxidase activity, mitochondrial function,
and antioxidant and anti-inflammatory mechanisms [25,
26]. Existing literature demonstrates the importance
of CP in iron homeostasis. Specifically, even when total
body iron stores are normal, low plasma levels of CP
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cause hypoferremia [27]. Moreover, aceruloplasmine-
mia, a disorder of impaired iron homeostasis and clas-
sical example of the clinical features of CP dysfunction,
is characterized by iron accumulation in microglia and
neurons and increased reactive oxygen species which are
important disrupted mechanisms after aSAH [25]. Fur-
ther, CP knockout mice show evidence of increased lipid
peroxidation and iron accumulation, functions impor-
tant during dysregulated iron and lipid metabolism and
ferroptosis after aSAH [25, 28]. Outside of its role in
iron homeostasis, CP is thought to help deliver copper
to damaged areas of infection, inflammation, or trauma
[26]. Although there has been less mechanistic work
investigating the plausible role of CP after aSAH specifi-
cally, interestingly, lower CP levels in the cerebrospinal
fluid of aSAH patients have been associated with devel-
opment of deep cerebral infarcts in a small pilot study
[6]. Moreover, rs17838831 has been shown to be strongly
associated with plasma levels of CP though the allele and
direction of association were not reported [29]. In tier 1,
tier 2, and the mega-analysis of this current study, with
each dose of the rs17838831 variant allele, participants
had between a 2.10 and 2.83 times higher odds of poor
GOS at 3 months. Similarly, we observed an association
between the same SNP and poor GOS at 12 months in
tier 1 with OR between 1.86 and 3.09. Given our findings,
this SNP warrants further investigation in patient out-
comes after aSAH.

In addition, a SNP in CUBN, rs10904850 (located on
chromosome 10 at position 16997707 [GRCh37/hgl9]),
was important for DCI in tier 1, tier 2, and the mega-
analysis. CUBN, the protein encoded for by CUBN, plays
an important role in iron homeostasis by facilitating
uptake of transferrin iron and clearance of hemoglobin at
the kidneys [30, 31]. Interestingly, in a multi-ethnic study
of iron disorders, rs10904850 was associated with serum
iron in African Americans but not in other ethnic groups;
[32] similar to above, the allele and direction of this
association are not clear [32]. The influence of CUBN in
chronic kidney disease has been shown [31] but has not
been investigated after aSAH specifically. After aSAH,
acute kidney injury occurs in upwards of 25% of patients
and even subtle decreases in creatine clearance have been
associated with poor outcomes after aSAH [33]. Based
on this research, it is possible that this SNP may impact
iron homeostasis by influencing efficiency of reabsorp-
tion of iron in the kidney. In tier 1, tier 2, and a mega-
analysis, with each dose of the rs17838831 variant allele,
participants had between 0.57 and 0.70 times lower odds
of DCI. Given our findings, this SNP warrants further
investigation in patient outcomes after aSAH.

Of note, there are some important differences between
the tier 1 and tier 2 samples. Although we controlled for

age, sex, and severity of injury as measured by Fisher
grade, between-sample differences may be important
to the interpretation of study findings. Specifically, our
samples were 69% and 74.7% female for tier 1 and tier
2, respectively. Though research suggests that the over-
all differences in outcomes between men and women are
null and we controlled for sex in our analyses [34], estro-
gen is known to play a role in iron homeostasis and may
be an important consideration here [24]. Moreover, an
unexpected observation between the cohorts included
discordant Fisher grade distributions. Specifically, Fisher
grades of 2 and 3 were 29.4% and 53.3%, respectively, for
tier 1 and 52% and 33.9%, respectively, for tier 2. Severity
of injury is an important predictor of patient outcomes
and we had several measures available in our cohort that
were not only significantly associated with patient out-
comes after aSAH, but also more similar between tier
1 and tier 2 (e.g., WENS). Ultimately, we chose to con-
trol for Fisher grade as opposed to WENS because it is a
more direct measure of the amount of blood within the
subarachnoid space, more closely associated with iron
homeostasis within the body, and more relevant to the
scientific premise of this study. In an attempt to explore
the role of our choice of measure for severity of injury in
our analyses, we repeated the tier 1 genetic association
analysis controlling for WENS rather than Fisher grade.
Importantly, our associations between rs17838831 (CP)
and GOS at 3 and 12 months and rs10904850 (CUBN)
and DCI remained in the top hits in our sensitivity analy-
sis. Overall, we identified an 80% concordance between
the top 40 associations in tier 1 (Supplemental Material,
Section VII).

Although there are many strengths to this study includ-
ing embedded replication and the use of Bayesian sta-
tistical methods to aid in interpretation of results, there
are some important limitations that should be acknowl-
edged. First, while our data QC pipeline resulted in rig-
orous analyses of more accurate data, it did reduce our
tier 1 sample size and power significantly (though our
overall sample size remains quite large compared with
similar patient outcomes work in the aSAH population).
Specifically, the small sample size in tier 1 (i.e., post-QC)
may have prevented us from detecting signals of associa-
tion for SNPs with small effect sizes which were there-
fore not carried forward for tier 2 replication. Similarly,
because we were limited to examining SNPs available in
the tier 1 genome-wide genotype data, we were not able
to comprehensively examine all SNPs within our candi-
date genes. It is possible that SNPs located in our candi-
date genes, but not examined as part of this study, may
be associated with patient outcomes after aSAH. For
example, we had no data available for the haptoglobin
gene which has received a great deal of recent attention
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and been shown both experimentally and clinically to be
important in outcomes after aSAH [35, 36]. Additionally,
we lacked tier 2 replication data for some associations
flagged as noteworthy in tier 1 (i.e., SNPs in HPX, FECH,
LRPI, and GLRXS5) so we were unable to determine
whether all tier 1 SNP-phenotype associations could be
replicated or not. Therefore, while CP and CUBN rose
to the top in our analyses, we cannot necessarily elimi-
nate the remaining list of candidate genes as plausible
future targets of investigation in aSAH recovery research.
Future areas of investigation should include attempting
replication of associations observed in tier 1 that we were
lacking tier 2 data for and exploring genetic variability of
genes with inadequate tier 1 data for inclusion (Supple-
mental Material, Section II).

Next, this study was limited only to genetic variation of
the iron homeostasis pathway. A future area of research
should be to examine other omic mechanisms includ-
ing levels of gene products in serum or cerebrospinal
fluid and subsequent associations with patient outcomes.
Finally, given that minor allele frequencies often dif-
fer based on race and ancestry, this study was limited to
only participants who self-reported their race as White
which restricts the generalizability of findings. A strength
of this study, however, was the ability to perform a tier 1
sensitivity analysis controlling for ancestry using princi-
pal components computed from the genome-wide data.
Identifying a concordance of 82.5% between the main
analysis and ancestry sensitivity analysis offers some
evidence of the utility of self-reported race for the Pitts-
burgh, Pennsylvania population when lacking genome-
wide data. However, these results also underscore the
importance that ancestry can play in genetic association
studies as well as the critical need to replicate of findings.

Conclusion

Patient outcomes after aSAH vary widely and reliable and
stable biomarkers to identify patients who may do poorly
are needed to improve supportive care. In this study,
SNPs in the CP and CUBN genes were flagged as impor-
tant for future investigation. Specifically, we observed
associations between rs17838831 (CP) and GOS at
3 months and 12 months and rs10904850 (CUBN) and
DCI after aSAH in a discovery and replication sample,
and in a mega-analysis. In order to translate this work to
clinical practice in the future, functional investigation of
CP and CUBN after aSAH is warranted.
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Abstract

Survivors of aneurysmal subarachnoid hemorrhage (aSAH) often experience unfavorable functional outcomes that result in a
reduced ability to independently perform activities of daily living. The apolipoprotein E gene (APOE) encodes for a protein known
to facilitate lipid transport and aid in neuronal repair within the central nervous system and to moderate the inflammatory
response, making functional variations in this gene likely candidate biomarkers to predict outcomes following aSAH. In the present
work, we examined the relationship between APOE genotype and the ability to perform activities of daily living as measured by the
Barthel Index (BI) score at 3 months (n = 298) and 12 months (n = 288) following aSAH. APOE genotypes were determined using
polymerase chain reaction followed by restriction digestion and gel electrophoresis and treated as binary variables depending on
the presence or absence of alleles E4 and E2. Multiple logistic regression was used to determine whether APOE genotype
accounted for variability in Bl score after controlling for age, sex, and severity of clinical condition as measured by the Hunt
and Hess classification. No significant association was found between the presence of allele E4 and Bl score at 3 (p = .20) or
12 months (p = .29) or between the presence of allele E2 and Bl score at 3 (p = .23) or 12 months (p = .86) after controlling
for covariates. The results of this study do not support a relationship between APOE genotype and the ability to perform

activities of daily living after aSAH.

Keywords

subarachnoid hemorrhage, apolipoprotein E, genetics, polymorphism, Barthel Index score, activities of daily living

Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating
form of stroke with a disconcertingly young mean age of onset
of around 55 years. Mortality rates for aSAH approach 45-50%
within the first 30 days, and those who do survive are often left
with severe functional, cognitive, and emotional deficits that
make daily functioning difficult (van Gijn, Kerr, & Rinkel,
2007). The inability to perform activities of daily living leaves
these survivors greatly dependent on caregivers and with a
reduced quality of life (Al-Khindi, MacDonald, & Schweizer,
2010). While predictors of unfavorable outcomes after aSAH
exist, including initial extent of bleed and the development of
delayed cerebral ischemia (Teo et al., 2017), clinicians remain
unable to comprehensively identify all patients at risk. This gap
in knowledge impedes the development of personalized ther-
apeutic interventions, rehabilitation provisions, and long-term
care planning to maximize outcomes for this population.
Recent data suggest that inflammatory mechanisms and
genetic variations may contribute to poor outcomes following
aSAH (Chaudhry et al., 2017). Specifically, research has shown

that variants in the apolipoprotein E gene (APOE) play an
important role in moderating patient functional and neuropsy-
chological outcomes following several forms of neurologic
injury, including intracerebral hemorrhage (James, Blessing,
Bennett, & Laskowitz, 2009), traumatic brain injury (Li
et al., 2015), and subarachnoid hemorrhage (Lanterna et al.,
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2007). Perhaps most recognized for its strong influences in mild
cognitive impairment, Alzheimer’s disease, and dementia (Vitic-
chi et al., 2014), variation in APOE is widely accepted to play a
strong role in cerebrovascular diseases. Although the exact
mechanism of APOE involvement in the pathological processes
following aSAH is unclear, the protein for which APOE encodes
is well-known as a potent facilitator of lipid transport and neu-
ronal repair, opponent of oxidative stress, and isoform-specific
regulator of inflammatory responses (Colton, Brown, Czapiga,
& Vitek, 2002) within the central nervous system.

Three major APOE alleles (E2, E3, and E4) are inherited as
six common APOE genotypes (APOE 2/2, APOE 2/3, APOE 2/
4, APOE 3/3, APOE 3/4, and APOE 4/4; Mahley, 1988). The
antioxidant ability of APOE is isoform-specific, with E2 hav-
ing the highest antioxidant potential. In contrast, E4 has the
lowest antioxidant potential, suggesting the potential for
patients with this allele to be less likely to release lipids for
neuronal repair compared to those with other isoforms (Jolivalt
et al., 2000). Although numerous studies have examined the
role of APOE genotype in patient outcomes following aSAH,
with mixed results, the relationship between APOE genotype
and the ability to perform activities of daily living following
aSAH specifically has received less attention. This gap in
knowledge is important, as potential modification of care plans
based on genotype has widespread nursing implications as the
science moves toward personalized medicine.

Material and Method
Sample

We prospectively recruited participants for this exploratory
genetic study as part of an ongoing National Institutes of
Health—funded study (“the parent project”) approved by the
University of Pittsburgh Institutional Review Board. Partici-
pants were recruited from UPMC Presbyterian Hospital in
Pittsburgh, PA, and were included in the parent project if they
were between the ages of 18 and 75 years, had been diagnosed
with aSAH verified with cerebral angiogram, and were able to
read/speak English. Participants were excluded if they had a
history of a debilitating neurological disorder or if their subar-
achnoid hemorrhage resulted from trauma, arteriovenous mal-
formation, or mycotic aneurysm. Participants undergoing
clinical data collection for the parent project were concurrently
consented for the collection of a repository genetic sample. We
obtained consent from a legal proxy if the participant was
unable to provide personal consent. Participant demographics
and clinical data, including age, sex, and severity of aSAH (as
measured by the clinical grading system, the Hunt and Hess
[HH] classification), were extracted from the medical record.

Genotype data were available for 524 participants. We
excluded 116 participants from the present analysis due to
missing outcome data at both 3 and 12 months. Given that
allele frequencies differed by ancestry, we also excluded 62
non-Caucasian participants to control for population stratifica-
tion, significantly reducing the chance of spurious findings

based solely on the underlying structure of the population as
opposed to an actual association with our locus of interest
(Little et al., 2009). The non-Caucasian group was not large
enough for the conduct of subgroup analyses. The final sample
consisted of 346 Caucasian participants; sample size varied at
cross-sectional outcome time points based on availability of
outcome data (at 3 months, » = 298; at 12 months, n = 288).

Genotyping

We performed 4POE genotyping using DNA extracted from
either cerebrospinal fluid or whole blood collected at recruit-
ment, as the DNA template will not vary depending on the
tissue used. DNA was extracted using a simple salting-out
procedure (Miller, Dykes, & Polesky, 1988), and genotypes
were determined using polymerase chain reaction followed
by restriction digestion and gel electrophoresis. These geno-
types were compared to genetic ladders and to standards of
known, sequenced genotypes. Individuals blinded to pheno-
types double called all genotypes, and we resolved genotype
discrepancies by retyping any disputed samples.

Outcome Phenotyping

A trained neuropsychiatric technician or a nurse trained in
neuropsychiatric testing evaluated participants’ ability to per-
form activities of daily living via face-to-face or telephone
interview at 3 and 12 months following aSAH using the Barthel
Index (BI). The BI score is a composite measure of the ability
to perform activities of daily living including functions such as
toileting, grooming, dressing, mobility, and transfer. The inter-
viewer rated items on a scale ranging from 0 (death or unable
to perform) to 2 (can independently perform) to produce a
composite score ranging from 0 to 20, with lower scores indi-
cating lesser ability to perform activities of daily living. The BI
score has demonstrated excellent test-retest reliability
(Cohen’s k = .41-1.00) and internal consistency (Cronbach
o = .80-.93) in stroke patients (Quinn, Langhorne, & Stott,
2011). Importantly, telephone administration has a reliability
comparable to that of face-to-face administration (Della Pietra
etal., 2011). Given that some participants were impaired, inter-
viewers administered the BI questionnaire to either the parti-
cipant or the primary caregiver.

Statistical Analysis

We carried out all statistical analyses using SPSS, Version 24
(IBM, Chicago, IL). First, we conducted a preliminary analysis
to evaluate relationships between variables, compute detailed
descriptive statistics, examine data graphically, and investigate
sources of missing or extreme data. Given the distributions of
genotypes within this sample, genotype subgroup analyses
were not possible. We treated genotypes as binary variables
and classified them first based on the presence or absence of
at least one APOE E4 allele (APOE 2/4, APOE 3/4, and APOE
4/4 vs. APOE 2/2, APOE 2/3, and APOE 3/3) and again based
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Table I. Demographics and Univariate Analysis to Evaluate Relationships Between Variables Based on Presence or Absence of APOE Alleles E4

and E2.
APOE E4 APOE E2
E4 Present E4 Absent E2 Present E2 Absent
(APOE 2/4, APOE (APOE 2/2, APOE (APOE 2/2, APOE (APOE 3/3, APOE
Sample 3/4, APOE 4/4) 2/3, APOE 3/3) 2/3, APOE 2/4) 3/4, APOE 4/4)

Variable N = 346 n=284 n =262 p Value n=42 n = 304 p Value
Age (years) A5 .67

Mean (SD) 53.9 (11.3) 54.8 (12.2) 53.7 (11.0) 54.6 (10.9) 53.8 (11.4)

Range 18-75 18-75 25-75 33-75 18-75
Sex, female, n (%) 239 (69.1) 62 (25.9) 177 (74.1) .28 30 (12.6) 209 (87.4) 73
HH grade, n (%) 62 4l

1-2 169 (48.8) 43 (25.4) 126 (74.6) 18 (10.7) 151 (89.3)

3-5 177 (51.2) 41 (23.2) 136 (76.8) 24 (13.6) 153 (86.4)

Note. HH = Hunt and Hess grade; APOE = apolipoprotein E gene; SD = standard deviation.

Table 2. Univariate Analysis to Evaluate Relationships Between Demographic Variables and HH Grades and Outcome, as Measured by the

3- and 12-Month Bl Scores.

3-Month Bl Score

12-Month Bl Score

Sample Unfavorable Favorable Unfavorable Favorable
Variable N = 346 n=75 n =223 p Value n=>59 n =229 p Value
Age (years) .003 10
Mean (SD) 53.9(113) 56.9 (11.4) 52.8(10.9) 56.4 (11.9) 543 (11.2)
Range 18-75 18-75 24-75 18-75 24-75
Sex, female, n (%) 239 (69.1) 54 (26.5) 150 (73.5) 45 41 (20) 164 (80) .75
HH grade, n (%) <.001 <.001
1-2 169 (48.8) 14 (9.9) 128 (90.1) 9 (6.3) 134 (93.7)
3-5 177 (51.2) 61 (39.1) 95 (60.9) 50 (34.5) 95 (65.5)

Note. Unfavorable Bl scores were in the range 0—18; favorable Bl scores were in the range 19-20. HH = Hunt and Hess grade; Bl = Barthel Index; SD = standard

deviation.

on the presence or absence of at least one APOE E2 allele
(APOE 2/2, APOE 2/3, APOE 2/4 vs. APOE 3/3, APOE 3/4,
and APOE 4/4). Similarly, use of the full range of BI score
values was not possible given the sample size and skewness of
the data. Therefore, we dichotomized the BI score as unfavor-
able (0-18) versus favorable (19-20). We chose a range of >19
to indicate a favorable outcome because it is the optimum cut-
off score for excellent recovery after stroke, corresponding to a
modified Rankin Scale score of 1 (sensitivity 85.6%; specifi-
city 91.7%; Uyttenboogaart, Stewart, Vroomen, De Keyser, &
Luijckx, 2005). We dichotomized the covariate HH grade as
low (1 or 2) or high (3, 4, or 5) based on previously reported
differences in patient outcomes in these groups (Lantigua et al.,
2015). We evaluated associations between genotype groups
and BI score using logistic regression. In the final stage of
analysis, our statistical modeling considered genotype groups
separately to yield unadjusted regression coefficients, and we
then expanded it to yield adjusted estimates controlling for age,
sex, and HH grade. We considered results to be statistically
significant if the p value was <.05.

Results

Participants in the present study had a mean age of 53.9 years
and were 69.1% female. Age, sex, and HH grade for partici-
pants in this study did not differ significantly from those of the
parent project. Participant demographics and HH grades are
presented for the total sample and by allele group in Table 1.
APOE genotype distribution showed APOE 3/3 as the most
common (65.6%), followed by APOE 3/4 (21.4%), APOE 2/3
(10.1%), APOE 2/4 (2%), and APOE 4/4 (0.9%). The APOE 2/
2 genotype did not occur in the present sample, but baseline
demographic and clinical data did not differ between APOE
groups.

Next, we conducted a preliminary analysis to evaluate the
relationships between outcome, as measured by BI scores, and
both demographics and HH grades. We present the results in
Table 2. The percentage of unfavorable BI scores at 3 and
12 months was 25.2% and 20.5%, respectively. Increased age
was associated with unfavorable BI score at 3 months (p =
.003) but not at 12 months (p = .10). Higher HH grade was
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Table 3. Results From Univariate and Multivariate Analyses Exploring Associations Between Presence of APOE Alleles E4 and E2 With 3- and

12-Month BI Score.

APOE E4 Present (24.3%; APOE 2/4, APOE 3/4,
APOE 4/4 vs. APOE 2/2, APOE 2/3, APOE 3/3)

APOE E2 Present (12.1%; APOE 2/2, APOE 2/3,
APOE 2/4 vs. APOE 3/3, APOE 3/4, APOE 4/4)

Variable n OR 95% CI p Value OR 95% Cl p Value
3-Month Bl 298 73 [0.38, 1.38] 33 71 [0.31, 1.62] 4
12-Month BI 288 66 [032, 1.36] 26 97 [0.40, 2.34] 94
Adjusted estimate®
3-Month Bl 298 64 [0.32, 1.27] 20 58 [0.24, 1.40] 23
12-Month BI 288 .66 [0.31, 1.43] 29 92 [0.34, 2.36] .86

Note. Bl = Barthel Index; APOE = apolipoprotein E gene; Cl = confidence interval; OR = odds ratio.

“Adjusted estimate controlling for age, sex, and Hunt and Hess grade.

associated with unfavorable BI score at 3 months (p <.001) and
12 months (p < .001). In contrast, sex was not associated with
the ability to perform activities of daily living at 3 months (p =
.45) or 12 months (p = .75).

Finally, we evaluated associations between APOE genotype
and ability to perform activities of daily living and present the
results in Table 3. We found no significant association between
the presence of allele E4 and BI score at 3 months (p = .20) or
12 months (p = .29) after controlling for age, sex, and HH
grade. Likewise, we found no significant association between
the presence of allele E2 and BI score at 3 months (p = .23) or
12 months (p = .86) after controlling for age, sex, and HH grade.

Discussion

While APOE genotype has surfaced as an important predictor
of select patient outcomes following traumatic brain injury (Li
etal., 2015), intracerebral hemorrhage (James et al., 2009), and
aSAH (Lanterna et al., 2007), the findings of the present ancil-
lary genetic study do not support a relationship between APOE
genotype and the ability to perform activities of daily living as
measured by BI score following aSAH. Our work is in agree-
ment with data from a study involving a combined population
of ischemic and hemorrhagic stroke victims in which investi-
gators found no relationship between APOE genotype and BI
score (Wagle et al., 2010). Importantly, a similar analysis in a
smaller sample size of aSAH patients corroborated the results
of this study (Csajbok et al., 2016).

The lack of a definitive association between APOE geno-
type and patient outcomes suggests that any relationship that
may exist is part of a complex network moderated by many
factors. It is possible that the link between APOE genotype is
more strongly linked to functional impairment via cognitive
changes (Andrews, Das, Cherbuin, Anstey, & Easteal, 2016)
and that a direct relationship between genotype and physical
changes relevant to the ability to perform activities of daily
living may not exist. Furthermore, the outcome measure that
we selected for examination in this study provided a mean
measure of ability to perform activities of daily living but did
not examine additional measures of functional outcomes such
as the Glasgow Outcome Scale (GOS), which researchers have

found to be associated with APOE genotype following aSAH
(Lanterna et al., 2007) and intracerebral hemorrhage (James
et al., 2009). Although both instruments are well established
measures of functional outcome, the BI Scale asks a multitude
of questions specific to everyday activities, while the GOS is a
gross measure of functional outcome with a smaller range of
possible scores (1-5). While the scopes of both tools are impor-
tant considerations for quality of life for aSAH patients, the
results of the present study suggest that these outcomes could
have very different biological underpinnings. Thus, it is possi-
ble that our results would be different if we had considered
GOS score rather than BI score for our primary outcome mea-
sure. It is also possible that a self-report of one’s ability to
perform activities of daily living, like the BI, could be biased,
with patients tending to overestimate their abilities (Shih,
Rogers, Skidmore, Irrgang, & Holm, 2009). Lastly, in a review
of 15 stroke trials, authors reported a remarkable difference in
the choice of cutoff points for defining favorable BI scores
compared with other measures of functional outcomes follow-
ing stroke (Sulter, Steen, & De Keyser, 1999), which signifi-
cantly hinders the comparison of the results of the present study
with those of other studies examining the influence of APOE
genotype on additional patient outcomes.

While the present study contributes to the existing literature
finding no association between APOE genotype and the ability
to perform activities of daily living following aSAH, there are
several important limitations that we should acknowledge.
First, the contribution of APOE genotype to recovery and the
ability to perform activities of daily living in aSAH patients
may have a small effect size that is not detectable in this sam-
ple. We selected a BI cutoff score of >19 to distinguish those
with excellent recovery from those with dysfunction in ability
to perform activities of daily living. Use of the full range of
values, while not possible given this sample size, might show
finer differences based on genotype. Our sample had many
subjects without dysfunction in the ability to perform activities
of daily living, which may have impaired our ability to identify
these finer differences. Furthermore, our sample includes an
insufficient number of homozygous risk alleles for subgroup
analyses by all possible APOE genotypes separately. Specifi-
cally, there is underrepresentation of the two genotypes
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reported to be most influential, APOE 2/2 and APOE 4/4.
Given that isoform-specific proteins have different antioxidant
ability (Jolivalt et al., 2000), it is likely that each isoform is
uniquely relevant in the pathological changes that occur within
the central nervous system following aSAH. It may be that one
copy of the common APOE 3 allele is adequate to support
neuronal recovery, and we were therefore unable to detect
dose-specific effects. It is also possible that people with homo-
zygous E4 alleles could experience a higher early mortality rate
and are, therefore, less likely to be admitted to the neurovas-
cular intensive care unit to begin with, thus biasing this study.
The present study was further limited in that it included a self-
reported Caucasian sample. Future efforts are needed to exam-
ine this relationship in patients with more diverse ancestries, an
especially crucial requirement considering the nonrandom geo-
graphical distribution of the E4 allele as well as cultural factors
important to aSAH, including diet (Huebbe & Rimbach, 2017).
Lastly, a majority of the sample examined in this study was
female (69.1%), which is consistent with the reported demo-
graphics of the aSAH patient population (Kongable et al.,
1996). While we found no association between sex and BI
score and did control for this in the final analysis, there may
be associations that are important only when stratified by sex.

It is a strength of this study that we have a relatively large
sample size as compared to other work in the area (Csajbok
etal., 2016). Our findings also indicated that age and HH grade
together are strong predictors of future ability to perform activ-
ities of daily living, which are consistent with the literature.
Information such as this is critically needed given the hetero-
geneity of outcomes following aSAH. Despite the null geno-
typic findings of this study, there remains a need for further
exploration of genotype and gene—gene interactions as predic-
tors of outcome variability for these patients. Genetic biomar-
kers hold great promise for impacting nursing science in the
future. By identifying aSAH patients at risk for unfavorable
outcomes, genetic biomarkers can aid nurses in (1) targeting
these patients with early personalized therapeutic interventions
to mitigate unfavorable outcomes, (2) developing detailed dis-
charge education materials to caution patients and families
about potential or likely complications, and (3) care planning
for the future to implement comprehensive rehabilitation plans
as early as possible.
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Abstract

Incorporating biologically based data into symptom science research can contribute substantialy to understanding commonly
experienced symptoms across chronic conditions. The purpose of this literature review was to identify functiona polymorphisms
associated with common symptoms (i.e., pain, sleep disturbance, fatigue, affective and cognitive symptoms) with the god of
identifying a parsimonious list of functionad genetic polymorphisms with evidence to advocate for their inclusion in symptom
science research. PubMed was searched to identify genes and functiona polymorphisms associated with symptoms across chronic
conditions, revedling eight functiona genetic polymorphisms in seven different genes that showed evidence of association with at
least three or more symptoms and/or symptom clusters: BDNF rs6265, COMT rs4680, FKBFS rs3800373, IL-6 rs1800795, NFKB2
rs1056890, S.06A4 5-HTTLPRp rs25531, and TNFA rs1799964 and rs1800629. Of these genes, three represent protein
biomarkers previously identified as common data elements for symptom science research (BDNF, IL-6, and TNFA), and the
polymorphisms in these genes identified through the search are known to impact secretion or level of transcription of these
protein biomarkers. Inclusion of genotype data for polymorphisms offers great potentid to further advance scientific knowledge
of the biologica basis of individua symptoms and symptom clusters across studies. Additiondly, these polymorphisms have the
potential to be used as targets to optimize precision hedth through the identification of individuas at risk for poor symptom
experiences as well as the development of symptom management interventions.

Keywords
symptom science, functiond genetic polymorphism, biomarker

Symptom science focuses on characterizing symptoms and
understanding associated biological and behavioral mechan-
isms that can support clinical applications that prevent or alle-
viate symptoms (Cashion & Grady, 2015). Researchers and
funding agencies have made numerous calls to action to inte-
grate omics-based approaches into symptom science research
(Corwin et a., 2014; Miaskowski et al., 2017; National Insti-
tute of Nursing Research [NINR], 2016; Taylor & Barcelonade
Mendoza, 2018). Notably, omics-based approaches offer the
potential to aid in identifying risk factors and understanding
the biological underpinnings of symptoms. Deciphering the
biological underpinnings of individual symptoms or symptom
clusters has the potential to optimize precision health
approaches to symptom management through the identification
of at-risk individuals and targets for pharmacological and non-
pharmacological interventions.

Evidence supports shared biological pathways for and
genomic influences on symptom development. A recent review

identified common genes and biological pathways to be
considered among five frequently experienced symptoms
including sleep disturbance, cognitive impairment, fatigue,
gastrointestinal distress, and pain (McCall et a., 2018). While
this review identified candidate genes to be considered across
studies of common symptoms, it did not identify specific
genetic polymorphisms. Likewise, a recent position paper pro-
posed several protein biomarkers as common data elements
(CDEs) that may mediate or moderate symptom experiences
(Page et al., 2018). Functional genetic polymorphisms are
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Table I. PubMed Literature Search Terms.

Symptom Search Terms

Anxiety

(“anxiety”[MeSH Terms] OR “anxiety”[All Fields]) AND “functional”’[All Fields] AND (“polymorphism, genetic”[MeSH

Terms] OR {“polymorphism”[All Fields] AND “genetic”[All Fields]} OR “genetic polymorphism”[All Fields] OR

“polymorphism”[All Fields])
Cognitive dysfunction

(“cognitive dysfunction”[MeSH Terms] OR {“cognitive”[All Fields] AND “dysfunction”[All Fields]} OR “cognitive

dysfunction”[All Fields] OR {“cognitive”[All Fields] AND “disturbance”[All Fields]} OR “cognitive disturbance”[All
Fields]) AND “functional”[All Fields] AND (“polymorphism, genetic”[MeSH Terms] OR {“polymorphism”[All Fields]
AND “genetic”[All Fields]} OR “genetic polymorphism”[All Fields] OR “polymorphisms”[All Fields])

(“depressive disorder”[MeSH Terms] OR {“depressive”[All Fields] AND “disorder”[All Fields]} OR “depressive

disorder”[All Fields] OR “depression”[All Fields] OR “depression”’[MeSH Terms]) AND “functional”[All Fields] AND
(“polymorphism, genetic”’[MeSH Terms] OR {“polymorphism”[All Fields] AND “genetic”’[All Fields]} OR “genetic

(“fatigue”[All Fields] OR “lack of energy”[All Fields]) AND “functional”’[All Fields] AND (“polymorphism,

genetic’[MeSH Terms] OR {“polymorphism”[All Fields] AND “genetic”[All Fields]} OR “genetic polymorphism”[All

(“pain”[MeSH Terms] OR “pain”[All Fields]) AND “functional”[All Fields] AND (“polymorphism, genetic”[MeSH

Terms] OR {“polymorphism”[All Fields] AND “genetic”[All Fields]} OR “genetic polymorphism”[All Fields] OR

Depression
polymorphism”[All Fields] OR “polymorphism”[All Fields])
Fatigue
Fields] OR “polymorphism”[All Fields])
Pain
“polymorphisms”[All Fields])
Sleep

(“sleep”[MeSH Terms] OR “sleep”[All Fields]) AND “functional”’[All Fields] AND (“polymorphism, genetic”’[MeSH

Terms] OR {“polymorphism”[All Fields] AND “genetic”[All Fields]} OR “genetic polymorphism”[All Fields] OR

“polymorphism”[All Fields])

(“dyssomnias”[MeSH Terms] OR “dyssomnias”[All Fields] OR {“sleep”[All Fields] AND “disturbance”[All Fields]}
OR *“sleep disturbance”[All Fields]) AND functional[All Fields] AND (“polymorphism, genetic”’[MeSH Terms] OR
{“polymorphism”[All Fields] AND “genetic”[All Fields]} OR “genetic polymorphism”[All Fields] OR

“polymorphism”[All Fields])
Positive affect

(“positive affect”[All Fields] OR “positive mood”[All Fields] OR “psychological wellbeing”[All Fields] OR “euthymic”[All

Fields] OR {“happiness”[MeSH Terms] OR “happiness”[All Fields]}) AND (“polymorphism, genetic’[MeSH Terms]
OR {“polymorphism”[All Fields] AND “genetic”[All Fields]} OR “genetic polymorphism”[All Fields] OR

“polymorphism”[All Fields])

variations in DNA for which there is evidence that they impact
structure, function, or level of a gene product (Albert, 2011).
Functional genetic polymorphisms that are associated with
multiple symptoms have the potential to provide a minimal set
of stable (across tissue types and over time) targets that can be
an initial step in identifying additional biological CDEs for
symptom science studies. Including polymorphisms in these
studies could contribute substantially to building the knowl-
edge base and addressing limitations in symptom science
research (Corwin et al., 2017; Redeker et al., 2015).

The purpose of the present review of literature was to
identify genes and specific targets to measure (i.e., functional
polymorphisms) associated with five common symptoms
(pain, sleep disturbance, fatigue, and affective and cognitive
symptoms) across chronic conditions. Our goal was to iden-
tify a parsimonious list of functional polymorphisms for
which there is replication of evidence of association with
symptoms and to advocate for their utility to the symptom
science research community.

Method

We conducted a structured search of the literature to identify
functional genetic polymorphisms associated with symptoms.
We selected the primary symptoms of relevance to the NINR-
supported centers of excellence (Redeker et al., 2015). These

symptoms included pain, sleep disturbance, fatigue, and affec-
tive (i.e., anxiety, depressive symptoms, positive affect) and
cognitive symptoms. Search terms were specific to the symp-
tom of interest and availability of associated literature (see
Supplemental Material 1-7 for more information about
symptom-specific searches methods). In brief, we queried in
PubMed by combining several search terms, including poly-
morphism or functional polymorphism and the symptom of
interest. Table 1 includes a comprehensive list of search terms
used for each symptom. We completed all searches prior to
December 18, 2017. Coauthors discussed and reviewed each
other’s search results, and an iterative process of group discus-
sions guided additional searches and more detailed reviews.
Articles selected evaluated associations between a genetic
polymorphism and a symptom of interest and stating a signif-
icant finding(s) within the context of that study. We used a
standardized table to guide data abstraction across all symp-
toms, and a second author verified abstracted data.

While our initial queries did not specifically include symp-
tom clusters, some articles retrieved reported on symptom clus-
ters containing one or more of the symptoms of interest. We
included these articles in our final results. We excluded articles
if they were reviews, editorials, preclinical studies, or written in
a language other than English. Data extracted from selected
articles included the author, year, gene, polymorphism(s),
symptom phenotype, context (e.g., sample details), and
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Table 2. Functional Gene Polymorphisms with Multisymptom Associations.
Cognitive Depressive Positive Symptom

Gene SNP Anxiety Symptoms Symptoms Fatigue Pain Sleep Affect Cluster
BDNF rs6265 X X X X X X
coMT rs4680 X X X X X X
FKBP5 rs3800373 X X X
IL-6 rs1800795 X X X X
NFKB2 rs1056890 X X X0
SLC6A4 5-HTTLPR + rs25531 X X X X X X X
TNFA rs1799964 X X X

rs1800629 X X X X

Note. SNP = single nucleotide polymorphism.

*Mood-cognitive symptom cluster includes difficulty concentrating, feeling sad, worrying, itching, and feeling irritable. ®Sickness behavior symptom cluster includes

pain, lack of energy, feeling drowsy, difficulty sleeping, and sweats (Miaskowski

relevant findings. Details for symptom-specific search strate-
gies, Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) diagrams, and complete tables with
extracted data from relevant articles are provided in Supple-
mentary Material 1-7.

We synthesized the findings of the preliminary search
described above in a single table displaying the associations
between genetic polymorphisms and symptoms, with poly-
morphisms as the rows and each symptom as a column.
Polymorphisms associated with two or more symptoms were
then included in the second phase of our search to verify
results and to identify any potential article that we had not
captured in the initial search. In this phase, we searched
PubMed using the specific polymorphism reference (rs)
number and the symptom keywords used in the initial
search. We reviewed results using the same criteria as listed
above. The threshold for final inclusion was determined by
evaluating all data and group discussion. As a result, poly-
morphisms included in the final list had evidence of asso-
ciation with three or more of the symptoms of interest and/
or a symptom cluster that contained one or more of those
symptoms. Including polymorphisms that were associated
with three or more symptoms resulted in the most compre-
hensive yet parsimonious list.

Results

Table 2 includes a synthesis of this review highlighting eight
functional genetic polymorphisms that showed evidence of
association with three or more symptoms and/or with symptom
clusters. The solute carrier family 6 member 4 (SLC6A44) 5-
HTTLPR+rs25531 polymorphism was associated with all
seven symptoms. Brain-derived neurotrophic factor (BDNF)
186265 had evidence of association with all symptoms except
positive affect. Catechol-O-methyltransferase (COMT) rs4680
had associations with all symptoms except fatigue. Another
two polymorphisms were associated with four separate symp-
toms: Interleukin 6 (IL-6) rs1800795 was associated with anxi-
ety and depressive symptoms, pain, and fatigue, whereas tumor

1

i etal, 2017).

necrosis factor alpha (TNFA) rs1800629 had associations with
pain, sleep, fatigue, and cognitive symptoms.

Both FK506 binding protein 5 (FKBPS5) rs3800373 and
TNFA 151799964 showed evidence of association with three
separate symptoms: anxiety, depression, and pain. Further-
more, nuclear factor kappa B subunit 2 (NFKB2) rs1056890
had evidence of associations with both sleep disturbance and
fatigue as well as two symptom clusters (i.e., mood-cognitive
or sickness behavior symptom clusters). Table 3 provides a
summary of the putative functional impact of each polymorph-
ism. Symptom-specific findings and associated references are
provided in the Supplementary Materials.

Discussion

This review is the first to synthesize the literature to identify
associations between functional genetic polymorphisms and
common symptoms experienced across chronic conditions. The
review identified eight polymorphisms in seven genes that were
associated with at least three symptoms or symptom clusters,
providing a starting place for those contemplating the inclusion
of genetic polymorphisms in their symptom research trajec-
tories. Consistently collecting and analyzing genetic polymorph-
isms across studies can provide further insight into the genomic
contributions to variability in patients’ experiences with com-
mon symptoms and symptom clusters across disease processes.

The review independently identified three genes, BDNF, IL6,
and TNFA, for which the resulting protein has been previously
identified as a CDE for symptom science research (Page et al.,
2018). Interestingly, the functional polymorphisms identified for
these genes impact either the secretion of the protein or the level
of transcription of the gene (Bull et al., 2009; Chen et al., 2004;
Kroeger et al., 1997; Paul-Samojedny et al., 2010; Wilson et al.,
1997). Independently identifying these genes that have already
been implicated as CDEs at the protein level increases the evi-
dence in support of including the polymorphisms in these genes
in research focused on symptoms.

The final list of polymorphisms is consistent with several
publications underscoring the putative function of inflamma-
tory and immune processes and neuroendocrine processes
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Table 3. Description and Function of Polymorphisms.

Polymorphism (Alternative

Gene  Name If Applicable)

Polymorphism Function

BDNF  rs6265 (valé6met)

COMT  rs4680 (vall 58met)

FKBP5  rs3800373

IL-6 rs1800795 (-174 G/C)

NFKB2 rs1056890

SLC6A4 5-HTTLPR + rs25531

This missense variant results in an amino acid substitution (i.e., valine to methionine) at codon 66.
This change impairs the secretion of BDNF in the nervous system (Chen et al., 2004; Egan et al.,
2003).

This missense variant results in an amino acid substitution (i.e., valine to methionine) at position 158
of COMT. This alters the structure of the COMT enzyme and reduces its activity, resulting in
higher dopamine levels (Stein, Newman, Savitz, & Ramesar, 2006).

This variant is located in the 3 prime untranslated region and likely alters the stability and half-life of
the mRNA and modulates glucocorticoid signaling and hypothalamic—pituitary—adrenal axis
function. This variant has been associated with greater FKBP5 induction by cortisol and decreased
glucocorticoid-receptor sensitivity (Fudalej et al., 2015; Tatro et al., 2009).

This variant is located in the promoter region, which is a region essential for inducing transcription
of IL-6. rs1800795 has been associated with differential gene expression and decreased plasma
levels of IL-6 during immune activation (Bull et al., 2009; Paul-Samojedny et al., 2010).

This variant is located in the 3 prime untranslated region, which is a region known to bind miRNAs
and regulate protein translation (Ma, Becker Buscaglia, Barker, & Li, 201 |; Tian et al., 2018).
The HTTLPR variant is a 43-base-pair variable-number tandem repeat (VNTR) polymorphism, and
rs25531 is a single nucleotide polymorphism (SNP) located in the promoter region of SLC6A4.
The VNTR determines if the alleles are long or short, and the SNP further divides the long allele
into La and Lg. The La allele produces significantly more 5-HTT mRNA and protein and results in
increased expression and serotonin transporters in the cell membrane. The short allele results in

lower levels of serotonin (Wendland, Martin, Kruse, Lesch, & Murphy, 2006).

TNFA  rs1799964 (-1031 T/C)

This variant is located in the promoter region and influences gene expression. The C allele is

correlated with increased serum TNFA levels (Nourian et al., 2017; Sandoval-Pinto et al., 2016).

rs1800629 (-308 G/A)

This variant is located in the promoter region. The A allele has been associated with an increase in

the binding of nuclear factors and heightened transcription of the gene (Kroeger, Carville, &
Abraham, 1997; Wilson, Symons, McDowell, McDevitt, & Duff, 1997).

Note. miRNAs = microRNAs; mRNA = messenger RNA.

(e.g., regulation of the hypothalamic—pituitary—adrenal axis) in
the experiences of symptoms or symptom clusters (McCall
et al., 2018; Miaskowski & Aouizerat, 2012; Miaskowski
etal., 2017; Page et al., 2018). Of the polymorphisms identified
in this review, five are in genes that play an important role in
inflammation and immune regulation. For example, /L-6
encodes a protein that is involved in the regulation of inflamma-
tion and maturation of the lymphocytes including T cells and B
cells. Likewise, NFKB2 is integral in central activation of the
inflammatory system through transcription activation and
repression of several genes. TNFA encodes a pro-inflammatory
cytokine that is involved in cell proliferation, differentiation,
apoptosis, lipid metabolism, and coagulation. FKBPS is integral
in immunoregulation (National Library of Medicine, 2018;
Online Mendelian Inheritance in Man OMIM®, 2018).

The remaining polymorphisms are in genes involved in
neural development and/or neurotransmission. BDNF is a
nerve growth factor involved in neuroplasticity and regulation
of synapse transmission. COMT encodes for an enzyme that is
responsible for the metabolism of several neurotransmitters
such as epinephrine, norepinephrine, and dopamine. Lastly,
SLC6A4 regulates serotonergic signaling and transport in the
central nervous system (National Library of Medicine, 2018;
Online Mendelian Inheritance in Man OMIM®, 2018). These
findings further support the shared biological underpinnings of
symptoms and symptom clusters.

While there are many types of biomarkers (e.g., proteins,
epigenetic markers) that may be considered useful for symptom
science research, genetic polymorphisms have several
strengths. They are stable over time and are not impacted by
factors such as age, sex, comorbidities, medication regimens,
or other clinical interventions. Additionally, it does not matter
what tissue type (e.g., whole blood, serum, saliva) is used for
DNA extraction, and current technologies allow for the mea-
surement of these polymorphisms with precision, sensitivity,
and specificity quickly enough to have clinical utility. In con-
trast, other biological markers such as proteins (e.g., IL-6,
TNF-o, CRP) are dynamic and can fluctuate based on a number
of clinical factors, gene expression, or tissue type (Gry, Oks-
vold, Ponten, & Uhlen, 2010). Therefore, the use of genetic
polymorphisms as biomarkers in symptom research increases
the potential for their future clinical utility across populations,
ages, and conditions.

While not all studies currently have relevant research ques-
tions or resources (e.g., infrastructure, finances) for genetic
data collection and analyses, we encourage researchers to store
biological samples. The investment involved in recruitment
and phenotyping for symptom-based studies warrants securing
the possibility to address genetic polymorphisms in the future.
Stored samples could be used to expand current research or
provide for replication of findings from other studies. Addi-
tionally, more symptom science research that includes genetic
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polymorphisms would allow for the mega-analyses and meta-
analyses essential to the evidence base required for translation
to clinical utility.

The results of the present review should be interpreted with
consideration of some limitations. It was not designed to iden-
tify all polymorphisms that could explain the complex pheno-
type of symptoms. Our search was limited to functional
polymorphisms, and findings could be biased toward poly-
morphisms of candidate genes chosen in symptom-related stud-
ies. The final list of polymorphisms represents only the current
literature at the time of the search. As more evidence emerges,
additional polymorphisms will likely be identified and more
support for the polymorphisms identified in the present review
will likely come to light. Although we conducted this search
in a systematic fashion, our literature search was limited to
PubMed and was not exhaustive. It is possible that we excluded
relevant studies outside of our search criteria. There was nota-
ble variability in phenotyping of symptoms in the included
studies, which could have impacted the findings of associations
between the genetic polymorphisms and symptoms of interest.

Conclusion

In the present review, we identified specific and stable func-
tional genetic polymorphisms we recommend for inclusion in
symptom science research. Using genetic polymorphisms as
biomarkers has the potential to provide greater understanding
of the biological basis of individual symptoms and symptom
clusters and stable biomarkers related to symptom develop-
ment. These genetic polymorphisms could also be used to iden-
tify individuals at risk for poor symptom experiences and target
for precision health interventions.
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CHAPTER 3

Omiuics for Nurse Scientists
Conducting Environmental Health
Research

Lacey W. Heinsberg® and Yvette P. Conley

ABSTRACT

Nurse scientists are ideally positioned to perform environmental health research
and it is critical that the role of omics in the complex relationships between
environmental exposures and an individual’s unique physiology in human health
outcomes be appreciated. Importantly, omics can offer nurse scientists a tool to
measure exposure, demonstrate molecular phenotypic changes associated with
exposure, and potentially uncover mechanisms of exposure-related disease or
negative health outcomes. The purpose of this summary is to serve as an overview
of omics methodologies for nurse scientists conducting environmental health
research and provides future directions of this work as well as exemplar funding
opportunities that demonstrate the growing need and interest in this area. The
intersection of nursing and exposure science will accelerate the work in environ-
mental health and bring forth translation of research findings into clinical and
community practice. Importantly, this information can better help us understand
the variation in response to the environment and support environmental health
policy change at the local, state, and federal level to improve community health
and well-being.

© 2020 Springer Publishing Company
http://dx.doi.org/10.1891/0739-6686.38.35
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INTRODUCTION

Environmental exposures have been shown to adversely impact health through-
out the life span and nurses have witnessed exposure-related, poor health out-
comes firsthand (Landrigan et al., 2016; Polivka & Chaudry, 2018). Public
health is at a greater risk than ever before due to environmental exposures such
as climate change, chemicals, processed foods, and more (U.S. Global Change
Research Program [USGCRP], 2016). In many areas, the acceleration of these
changes has made it difficult to maintain relevant federal regulations to protect
community health and well-being (Maffini, Neltner, & Vogel, 2017). Because of
this, there is a critical need for rigorous environmental health research and nurse
scientists are ideally positioned to perform this work because they (a) are trusted
healthcare professionals fully invested in public health, (b) are able to understand
and translate scientific literature to the public, and (c) are interested in a range of
phenotypes including the symptom experience, mental and physical well-being,
health across the life span including end-of-life, and patient outcomes from injury
(versus only “disease” states). All of these qualities make nurse scientists excellent
knowledge brokers capable of bringing about delivery of health promotion and
wellness as well as environmental, social, and economic return to communities
(Thompson & Schwartz Barcott, 2019). This blended value has the potential to
transform exposure and nursing science, clinical practice, and healthcare, espe-
cially during this time of declining planetary and human health.

In the era of the human genome project, exposure science received less
attention than warranted in a range of disciplines. A promise of the human
genome project was the transformation of healthcare through an understand-
ing of the underlying causes of disease pathology and acceleration of preci-
sion health. While our knowledge of the mechanisms of many diseases has
been greatly extended due to the project, genetics has been found to account
for a much smaller percentage of disease susceptibility than originally thought.
Notably, the remaining contributions appear to be environmental exposures and
the subsequent interactions with an individual’s unique genetics and physiology
(Rappaport, 2016). Thus, to identify modifiable exposures and comprehensively
understand the associated mechanisms of disease, there is a critical need for envi-
ronmental health research using omics methodologies. This type of work has
the potential to accelerate environmental health research and achieve broader
health goals for the general public, including vulnerable populations who might
not receive direct and immediate benefit from precision health (Senier, Brown,
Shostak, & Hanna, 2017).

“Omics” refers to the range of methods used to investigate the func-
tions and relationships of the molecular makeup of organisms (e.g., genomics,
epigenomics, transcriptomics; Horgan & Kenny, 2011). An excellent resource for
foundational information related to omics for the nurse scientist can be found in
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the primer series published in Biological Research for Nursing (Alexander, 2017,
Dorman, Schmella, & Wesmiller, 2017). Importantly, omics can offer nurse sci-
entists a tool to (a) provide surrogate measures for environmental exposures (i.e.,
biological monitoring of exposure), (b) provide a more comprehensive view of
disease processes by uncovering the combined role of genetics and environmen-
tal exposures in human health outcomes, and (c) offer supporting molecular
evidence to demonstrate the phenotypic effects of exposure and/or temporal
pathology of disease or poor health outcomes (i.e., mechanism) as well as poten-
tial molecular impacts of proposed interventions (e.g., modification or removal
of a specific environmental exposure). We believe this information could sup-
plement and strengthen nursing research to support environmental health policy
change at the local, state, and federal level to improve community health and
well-being.

The theoretical foundation of this overview considers the complex relation-
ships between environmental exposures (defined here as a range of factors such
as climate, diet, chemicals, social dynamics, physical activity, human behavior,
etc.), human genomics and molecular response (i.e., omics), and human health
outcomes across the life span (Figure 3.1).

Figure 3.1 depicts the potential ways these complex relationships could be
examined in research studies, even in cases where data do not exist from each
category. The purpose of this summary is to serve as an outline of omics amenable
to environmental health nursing research by providing a brief overview of omics
methodologies with examples of their use from the environmental health research
literature, as well as potential future directions and funding opportunities for
nurse scientists.

OVERVIEW OF OMICS METHODOLOGY

Genomics

Overview

Genomics is the study of the order and function of the DNA sequence of an organ-
ism and, in general, includes either a targeted evaluation looking at a specific
gene or genes as well as a genome-wide approach (Dorman et al., 2017). Unlike
the other omics methodologies discussed in this chapter, the DNA sequence is
unique in that it is stable across time and tissue type (e.g., blood, saliva), so
genotyping generally only needs to occur once in a lifetime. The most common
(and most commonly studied) type of genetic variation is the single nucleotide
polymorphism (SNP), a variation in one base of the DNA sequence (Horgan &
Kenny, 2011). Research has demonstrated many associations between SNPs and
human health outcomes in a variety of populations and this measure of biological
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variation between people offers merit as a tool in environmental health nursing
research. In the following, we have highlighted an exemplar research question
from the environmental health literature to demonstrate the potential of genomics
in this important area of research.

An Exemplar From the Literature: Gene—Environment Interaction—Body Mass
Index and Hypertension

Individuals may have different susceptibilities to human health outcomes
depending on their age, sex, unique environmental exposures, genetics, or com-
bination of these factors. Genetic variation can be used in environmental health
nursing research to study the gene—environment (GxE) interaction. Here we have
highlighted an exemplar from the environmental health nursing literature of a
study by Taylor, Sun, Hunt, and Kardia (2010). This study examined the rela-
tionship between the interaction of genetic variation and a potential surrogate
measure of a modifiable environmental exposure, body mass index (BMI), in the
development of hypertension in two generations of African American women
(parent cohort, n = 868; offspring cohort, n = 322). In this candidate gene asso-
ciation study, variation in one SNP from the CAPNI13 gene had a gene-BMI
interaction on hypertension in the offspring cohort that remained significant after
adjustment for multiple testing (data not available in the parent cohort). In this
study, hypertension in the offspring cohort depended on both genotype and BMI.
The conclusions of this study were that early life genetic screening could alert
nurses to those in need of modifiable environmental exposures (e.g., altered diet,
physical activity) to prevent or delay hypertension and improve outcomes in this
population (Taylor et al., 2010). This work could be extended to an array of
research questions in environmental health nursing research.

Transcriptomics

Overview

The genomic code discussed earlier is the basis for other omic mechanisms and
makes up genes that help control functions within the human body. The first
step in expression of our genes is the transcription of DNA into RNA (Dorman
et al., 2017). Transcriptomics is the study of the expression of RNA in cells and
tissues (Horgan & Kenny, 2011). Like genomic studies discussed earlier, tran-
scriptomics can be studied using a targeted candidate gene approach or a genome-
wide approach. However, transcriptome biomarker levels vary based on the tissue
type and are not stable over time, setting it apart from the stable DNA sequence—
based genomics mentioned earlier. Because the transcriptome can vary across
time and tissues, great attention must be offered to tissue selection and timing of
sample collection to best assess the phenotype being investigated. Serial sampling
and using a within participant change over time approach can be considered.

165



40 ANNUAL REVIEW OF NURSING RESEARCH

Additionally, given the instability of RNA, collection and storage of specimens for
assessment of RNA needs to be considered to reserve the snapshot representing
the time of specimen collection. Transcriptome biomarkers of RNA expression
have been shown to be associated with various cancers and chronic inflammation
and can provide important evidence of health and molecular consequences of
interaction with environmental exposures. In the following, we provide an exem-
plar from the environmental health research of the utility of transcriptomics.

An Exemplar From the Environmental Health Literature: Polychlorinated
Biphenyls and Transcriptome Response

During their manufacturing and use, human-made chemicals (e.g., pesticides,
consumer cosmetic ingredients, drug metabolites) are released into the envi-
ronment and often bioaccumulate within people and wildlife. One such class
of chemicals is polychlorinated biphenyls (PCBs), which were used in electri-
cal equipment and mechanical fluids prior to 1977. Although these chemicals
were banned by the U.S. Environmental Protection Agency, they remain present
in the environment today and can enter and accumulate in the body through
inhalation, consuming contaminated food, or through skin contact (Grimm
et al., 2015). In a population-based case control study of lymphoma by Espin-
Pérez et al. (2019), the relationship between PCB exposure and genome-wide
gene expression profiles was evaluated (n = 649). Notably, this study found that
exposure to PCBs was associated with sex- and white blood cell type specific gene
expression changes. In male participants, gene expression of cancer-related path-
ways was associated with PCB exposure while in female participants, gene expres-
sion of immune system-related pathways was associated with PCB exposure. This
study supports previous research in which males demonstrated a greater inci-
dence of cancer compared with females in association with exposure to PCB
(Espin-Pérez et al., 2019). Not only can a study using transcriptomics offer sup-
porting evidence of molecular changes associated with human health outcomes
but can also offer preliminary insights into the mechanisms of exposure-related
phenotypes, further strengthening environmental health nursing research.

Proteomics

Overview

The second step in gene expression is the translation of RNA to the proteins
that carry out functions throughout the body (Dorman et al., 2017). Proteomics
is the study of all the proteins present in a specific cell or tissue type (Horgan
& Kenny, 2011). The goal of this type of work is to identify and quantify the
types of proteins in a sample and investigate the relationships with environmental
exposures and health outcomes. Investigating proteins requires methodological
considerations similar to RNA work given that protein expression can differ by
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tissue, differ over time, and stability can vary across different proteins. Although
proteins are based on RNA transcripts discussed earlier, post-transcriptional or
post-translational modifications (discussed later) can occur causing discordance
between RNA and protein levels. Studying both transcriptomics and proteomics
can be valuable tools in untangling the effects of environmental exposures in
nursing research.

An Exemplar From the Environmental Health Literature: Air Pollution and
Proteomic Response

Evidence suggests that air pollution is associated with a range of health issues
including poor cardiorespiratory health, neurodevelopment defects, and more
(Payne-Sturges et al., 2019). An exemplar study from the environmental health
literature using proteomics to investigate the impact of air pollution on human
health outcomes was conducted by Kumarathasan et al. (2018). The goal of this
study was to identify the association between air pollution near a steel plant
and human proteomic biomarkers. In brief, in a randomized cross-over study of
healthy volunteers (n = 52), participants spent 5 days near a steel plant (“Bayview
Site,” approximately one half a mile away from continuously operating coke
ovens) or on a college campus (“College Site,” approximately three miles away
from continuously operating coke ovens) or were fitted with a personal air filtra-
tion mask only at the Bayview Site (“Bayview-Mask”). A 9-day washout period
was used between site rotations. For each portion of the study, participants were
tested for proteomic markers of oxidative stress, inflammation, and endothelial
dysfunction. The researchers also collected a series of air pollution measurements
and health outcomes. The findings of this study demonstrated that air pollution
was higher near the steel plant and that participants at the Bayview Site had sig-
nificantly increased pro-inflammatory cytokines and endothelins compared with
the College Site and the Bayview-Mask. Health consequences associated with
these changes included increased heart rate, blood pressure, and C-reactive pro-
tein (Kumarathasan et al., 2018). The findings of this novel, natural experiment
suggested that air pollution near the steel plant influenced vascular and inflamma-
tory mechanisms in humans. This type of study design using omics methodology
could strengthen environmental health nursing research to help nurses advocate
for stricter air quality regulations in vulnerable populations.

Epigenomics

Overview

Epigenomics is the study of modifications to the genome that impact gene regu-
lation (i.e., turn genes on and off) without impacting the sequence of the DNA
(Fessele & Wright, 2018). These processes are responsible for normal growth
and development, recovery from injury, and have been shown to be dysregulated
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in disease states (Jin & Liu, 2018) making them excellent biological tools and
biomarkers for environmental health nursing research. Of note, epigenetic mech-
anisms can be responsible for the disconnect in the correlation between RNA
and protein levels discussed earlier (i.e., the cause of post-transcriptional and/or
post-translational modifications). Like genomic and transcriptomic studies dis-
cussed earlier, epigenomics can be studied using a targeted candidate gene
approach or a genome-wide approach. Likewise, similar to RNA and pro-
tein biomarkers, epigenomic signatures can differ between tissues and can be
dynamic, therefore, similar attention should be given to selecting the most appro-
priate tissue and time points to represent the phenotype under investigation.

The most commonly studied epigenetic modifications include DNA methy-
lation, histone modification, and RNA interference (i.e., microRNAs; Fessele
& Wright, 2018). DNA methylation is the most well-characterized epigenomic
mechanism and involves the addition of a methyl group (clusters of hydrocar-
bons) to the DNA molecule. When located in the promoter region of a gene,
DNA methylation typically acts to repress gene transcription (i.e., turns the gene
off). Next, histone modification is a modification to histone proteins that takes
place following translation and includes acetylation, methylation, phosphory-
lation, ubiquitylation, sumoylation, adenosine diphosphate (ADP)-ribosylation,
deamination, and proline isomerization (the most well-studied being acetylation
and methylation) and impacts gene expression by altering the chromatin struc-
ture (Fessele & Wright, 2018; Jin & Liu, 2018). Finally, microRNAs affect gene
expression at the post-transcriptional level by impeding translation of proteins
or destabilizing transcripts (Fessele & Wright, 2018; Vasilatou, Papageorgiou,
Dimitriadis, & Pappa, 2013). These types of epigenomic measurements can be
used as a tool in environmental health nursing research as potential biomarkers
of environmental exposures and disease processes. In the following, we provide
an exemplar study from the environmental health nursing research using this
biological tool.

An Exemplar From the Literature: Social Epigenomics and Stress

Social epigenomics is an emerging area of research in chronic disease devel-
opment and progression. Individuals living in vulnerable and disadvantaged
neighborhoods are often exposed to air and noise pollution, food deserts, and
psychosocial stress and have associated differential DNA methylation (Cunliffe,
2016). Here, we have highlighted an exemplar research study from the environ-
mental health nursing literature by Wright et al. (2017). In this cross-sectional,
observational study, researchers investigated the association between maternal
parenting stress and epigenome-wide DNA methylation of saliva samples among
African American mother—child pairs (n = 74 dyads). This study found that
variation in DNA methylation of PARP-1, a gene associated with stress response
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regulation, was associated with reported maternal parenting stress. The DNA
methylation patterns in children reflected those of their mothers. Although none
of the methylation sites associated with maternal stress were found to be signif-
icant in children after correction for multiple testing, four sites were marginally
differentially methylated among children (Wright et al., 2017). The results of
this study suggest that the social environment impacts the molecular response
and may support nursing research by providing important evidence in similar
studies.

Telomeromics

Overview

Telomeromics is the study of telomeres, which are the “caps” at the ends of DNA
strands that offer protection to chromosomes. Telomeres are targets for epige-
netic changes discussed earlier, but also have epigenetic regulatory elements that
impact telomerase and cellular aging. Over time, telomeres shorten during cel-
lular replication and are eventually unable to function properly and cause dys-
function in cells. Because of this, telomere length is strongly associated with age
and has been shown to be prematurely shortened by environmental exposures
(Venkatesan, Khaw, & Hande, 2017). Like RNA and protein biomarkers, telom-
eres can differ between tissues and can be dynamic, therefore, similar attention
should be given to selecting the most appropriate tissue and time points to rep-
resent the phenotype under investigation. In the following, we provide an exem-
plar from the environmental health nursing literature demonstrating the use of
telomere length as a biological tool.

An Exemplar From the Environmental Health Literature: Neighborhood Quality
and Telomere Length

Living in disadvantaged neighborhoods where air quality may be poor, or resi-
dents may be exposed to other types of physical and psychological stress, has been
shown to have significant negative health impacts including asthma, cardiorespi-
ratory symptoms, and cancers (Chitewere, Shim, Barker, & Yen, 2017). In a study
by Park, Verhoeven, Cuijpers, Reynolds, and Penninx (2015), researchers inves-
tigated the relationship between perceived neighborhood quality and molecular
health as measured by telomere length (n = 2,902). This study established that,
compared to those who perceived neighborhood quality to be good, the aver-
age telomere length in perceived “moderate” and “poor” quality neighborhoods
were 69 and 174 base pairs shorter, respectively (which translates to 8.7 and 11.9
years older in chronological age; Park et al., 2015). The role of telomere length
in environmental health nursing research is promising in that it offers a biolog-
ical measurement of premature molecular aging, which could lead to pathology
associated with a range of diseases or poor health outcomes.
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Metabolomics

Overview

Metabolomics is the global measure of all the products of metabolism within the
body and include small molecules (i.e., metabolites) such as inorganics, pep-
tides, lipids, carbohydrates, and more (Li, Dunlop, Jones, & Corwin, 2016).
Given the recent expansion of bioinformatics technologies, metabolomics does
an excellent job of reflecting the interplay between genomics and environ-
mental exposures and the subsequent impact on cellular function within the
human body and should be considered as a potential biological tool in nurs-
ing research. A comprehensive review of the metabolomics field, methodolog-
ical considerations, and implications for nursing science including information
surrounding the metabolomics of preterm birth as a paradigm for exposure
research can be found elsewhere (Li et al., 2016). In the following, we pro-
vide an additional exemplar of the use of metabolomics in environmental health
research.

An Exemplar From the Environmental Health Literature: Arsenic Metabolism
Despite research demonstrating the negative health impacts of heavy metals,
exposures via occupation or drinking water remains prevalent throughout the
world today. In excess, heavy metals can cause oxidative damage to tissues
and negative health impacts such as kidney injury, diabetes, and some can-
cers (Rehman, Fatima, Waheed, & Akash, 2018). Ample environmental health
research has demonstrated variation in the metabolism of one such heavy metal—
arsenic. For example, in a candidate gene study of 149 male copper mill workers
and 52 healthy controls from southwestern Poland conducted by Janasik et al.
(2015), researchers measured arsenic metabolites in urine and compared levels
of the mill workers and healthy controls. The team found that genetic variation
in two genes (AS3MT and GSTO2) were associated with higher arsenic concen-
tration and species of arsenic in urine, even after controlling for inhaled arsenic
concentrations (Janasik et al., 2015). In addition, in a sample of research partici-
pants from Bangladesh (n > 4,800), researchers identified a relationship between a
genetic variant in a novel gene, FTCD, and increased urinary arsenic metabolites.
Moreover, participants with the low-efficiency metabolism allele had an increased
arsenic-induces skin lesion risk. The researchers found that together FTCD and
AS3MT risk SNPs explain about 10% of variation in arsenic metabolism in this
sample (Pierce et al., 2019a, b). Using metabolomics as a biological monitoring
tool may further strengthen environmental health nursing research in the future
by offering evidence of molecular changes and contributing to the robustness of
findings.
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Microbiomics

Overview

The microbiome includes all of the microorganisms in a given environment
(e.g., gut, skin, nasal, vaginal), which has an influence on the host during well-
ness homeostasis and disease (Thursby & Juge, 2017). A substantial amount of
research has demonstrated its associations with human health. Not only is there
evidence that many exposures can cause perturbation of the microbiome, includ-
ing pharmacologic agents, age, genetics, sex, food, metals, and pesticides, but that
the microbiome plays a complex role in the body’s metabolism of environmen-
tal chemicals (Claus, Guillou, & Ellero-Simatos, 2016). The microbiome offers
great potential as a biological measure of the human response to environmental
exposures as well as an important mediator of the relationship between environ-
mental exposures and human health outcomes. In the following, we provide an
exemplar from the environmental health literature highlighting the potential of
the microbiome as a tool in environmental health nursing research. A guide to
key methodological factors for nurse scientists designing a microbiome study can
be found elsewhere (Maki et al., 2019).

An Exemplar From the Environmental Health Literature: Pesticide Exposure,
Microbiome Response, and Outcomes

The expansion and industrialization of agriculture has increased the chemical
burden on planetary and human health. Negative health consequences from pes-
ticide exposure range from mild symptoms of headaches to a possible role in
the etiology of Parkinson’s disease (Nicolopoulou-Stamati, Maipas, Kotampasi,
Stamatis, & Hens, 2016). Although little research exists investigating the impacts
of pesticide exposure on the microbiome (or the potential mediating role of the
microbiome) in human health outcomes, there has been some important work
done in animal models. In a study by Aitbali et al. (2018), the authors investi-
gated the relationship between exposure to glyphosate-based herbicides (a pes-
ticide designed to kill invasive plant pests) and the gut microbiome of mice and
subsequent effects on behavioral functions following controlled exposure. As part
of this study, the researchers assigned mice to three groups including an acute
exposure control group and subchronic and chronic exposure groups. After expo-
sure to the herbicide, mice underwent longitudinal behavioral testing and the
gut microbiome was investigated. In this study, the exposure groups demon-
strated behavior alterations in mice while the control group showed no difference
in behaviors from baseline. Moreover, in the subchronic and chronic exposure
groups, there was significant alteration in the abundance and diversity of key gut
microbes (Aitbali et al., 2018). This study supports the link between herbicide
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exposure and poor health outcomes using the microbiome as ancillary evidence
and merits further investigation in humans.

Beyond this example, researchers have recently identified differences in the
vaginal microbiome that were significantly associated with preterm birth, partic-
ularly in women of African ancestry (Fettweis et al., 2019). While the authors did
not investigate the potentially modifiable exposures that may have contributed
to the differences in the microbiome among these women, this study highlights
a significant opportunity for future directions and similar work by nurse scien-
tists to fill in this environmental health knowledge gap and bring about clinical
change in this important area.

Integrative Omics (Multi-Omics)

Overview

Integrative omics (i.e., multi-omics) includes the analysis of an array of data col-
lected using the methodologies discussed earlier to investigate joint biological
effects in organisms (e.g., investigation of genomics, transcriptomics, and pro-
teomics simultaneously; Karczewski & Snyder, 2018). Using integrative omics,
there is a higher likelihood of being able to demonstrate causality in exposure
science and uncover the mechanism of disease compared with a single-omics
approach. A range of omics could be integrated depending on the research ques-
tion of interest. In the following, we provide an exemplar of the use of integrative
omics from the environmental health research literature.

An Exemplar From the Environmental Health Literature: Phthalate Exposure
and Alteration of the Placental Methylome and Transcriptome

Endocrine disruptors are chemicals that interfere with the human hormone sys-
tem and are associated with cancer, kidney damage, birth defects, and more
(Kabir, Rahman, & Rahman, 2015). Phthalates are known endocrine disruptors
and are found in hundreds of consumer products including plastics, cleaning
products, and personal care products. The mechanism of prenatal exposure to
phthalates on molecular health is largely unknown. In a study by Grindler et al.
(2018), the authors examined the relationship of maternal phthalate exposure
on the DNA methylome and transcriptome of the human placenta in the first
trimester (n = 49). Maternal urine samples were collected in the first trimester,
urinary phthalate was measured, and placental villous tissue was extracted for
collection of genome-wide gene expression and DNA methylation data. The
group used an integrative analysis and identified 39 genes with significantly
altered DNA methylation and gene expression in the group with high phthalate
exposure (Grindler et al., 2018). Although this study did not connect phthalate
exposure with long-term health effects, its use of integrative omics as a measure
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of the molecular changes of exposure is novel and could be an excellent tool for
environmental health nursing research.

FUTURE DIRECTIONS FOR NURSE SCIENTISTS

In this chapter we have provided an overview of omics methodologies amenable
to environmental health nursing research along with some exemplars from the
literature. Given their well-rounded view of the whole person, nurse scientists are
well positioned to perform this type of work and can bring a unique perspective
by examining the role of environmental exposures in health outcomes through a
nursing lens. Moreover, the National Institute of Nursing Research (NINR) advo-
cates for the inclusion of omics in nursing research as demonstrated in the Strate-
gic Plan (NINR, 2016). The methods discussed earlier could be extended beyond
the current literature to novel areas of research that are in line with the mission
and strategic plan of the NINR (e.g., symptom science, health promotion and
development, self-management of chronic conditions, end-of-life and palliative
care). In the following, we have provided some contemporary research questions
that nurse scientists could answer using both omics and environmental exposure
research methods.

* What early life environmental exposures impact wellness across the life
span? Are there genetic moderators (i.e., GXE interactions) that are impor-
tant in these relationships?

» Are there modifiable environmental contributors to molecular responses
(i.e., omics) associated with symptom occurrence, type, severity, duration,
and response to treatment in specific phenotypes? Are there molecular
responses that could indicate the importance of a modifiable environmen-
tal exposure associated with a change in symptom trajectories in specific
phenotypes?

» What are the relationships between environmental exposures and symptom
clusters in specific phenotypes? What pathways are differentiated in symp-
tom clusters in specific phenotypes? Can environmental exposures associ-
ated with these mechanistic changes be identified and measured?

* How do environmental exposures impact the ability to self-manage symp-
toms in chronic disease? What modifiable environmental exposures can be
changed to improve the symptom experience in the self-management of
chronic disease, and can any supporting evidence of molecular response to
intervention be identified (i.e., removal or modification of an environmen-
tal exposure)?

* What is the relationship between environmental exposures and associated
biological factors in the trajectory of disease or recovery from disease or
injury?

173



48 ANNUAL REVIEW OF NURSING RESEARCH

* How do environmental exposures impact the symptom burden in the end of
life? Are there environmental exposures that are associated with molecular
changes and symptom burden that can be modified to improve end-of-life
and palliative care?

Notably, there are several funding opportunities to support nurse scientists con-
ducting environmental health research using omics (Table 3.1).

In Table 3.1, we have highlighted some examples of these funding opportu-
nities that demonstrate the need and growing interest in environmental health
research. Nurse scientists could capitalize on these announcements and answer
novel research questions in environmental health research.

TABLE 3.1
Exemplar Funding Opportunities to Support Nurse Scientists Conducting
Environmental Health Research Using Omics

Funding Opportunity Funding Opportunity Funding Agency
Description Number
Telomeres in Wellness and Dis- ~ PA-19-074 NINR

ease: A Biobehavioral Approach

Environmental Exposures and PA-18-142 NINR; NIEHS
Health: Exploration of Nontra-
ditional Settings

Research to Action: Assessing PA-18-260 NINR; NIEHS
and Addressing Community

Exposures to Environmental

Contaminants

Addressing Chronic Wound PA-17-492 NINR
Trajectories Through Social
Genomics Research

Environmental Influences PAR-19-249 NIA; NIEHS;
on Aging: Effects of Extreme OBSSR
Weather and Disaster Events

on Aging Processes

Transition to Independent Envi- ~ PAR-19-225 NIEHS
ronmental Health Research
Career Award

(Continued)
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TABLE 3.1
Exemplar Funding Opportunities to Support Nurse Scientists Conducting
Environmental Health Research Using Omics (Continued)

Funding Opportunity Funding Opportunity Funding Agency
Description Number
Advancing Translational and PA-18-902 NCI; NCCIH; ODS

Clinical Probiotic/Prebiotic

and Human Microbiome

Research

Outstanding New Environmen- RFA-ES-18-001 NIEHS
tal Scientist Award

Revolutionizing Innovative, RFA-ES-19-008 NIEHS
Visionary Environmental Health

Research

Oscillatory Patterns of Gene RFA-AG-20-040 NIA
Expression in Aging and

Alzheimer’s Disease

Mechanism for Time-Sensitive RFA-ES-16-005 NIEHS
Opportunity in Environmental

Health Sciences

Functional Genetics, Epigenet- PA-17-155 NIDA
ics, and Noncoding RNAs in

Substance Use Disorders

Social Epigenomics Research PAR-16-355 NIMHD; NCI; NIA
Focused on Minority Health and

Health Disparities

Humans, Disasters, and the PD-19-1638 NSF
Built Environment

NIH = National Institutes of Health; NINR = National Institute of Nursing Research of the NIH;

NIEHS = National Institute of Environmental Health Sciences of the NIH; NIA = National Institute of
Aging of the NIH; OBSSR = Office of Behavioral and Social Sciences Research; NCI = National Cancer
Institute of the NIH; NCCIH = National Center for Complementary and Integrative Health; ODS = Office
of Dietary Supplements; NIDA = National Institute on Drug Abuse; NIMHD = National Institute on
Minority Health and Health Disparities; NSF = National Science Foundation.

175



50 ANNUAL REVIEW OF NURSING RESEARCH

CONCLUSION

Nurse scientists are well positioned to perform environmental health research and
the use of omics methodologies may further strengthen this work. In this sum-
mary, we have discussed ways in which omics can support environmental health
nursing research as a biological tool to measure exposure, demonstrate molec-
ular changes associated with exposure, and potentially uncover mechanisms of
exposure-related disease. Based on the examples discussed earlier, we conclude
that neither omics nor the environment can be ignored in rigorous environmen-
tal health research. Given the increasing number of funding opportunities and
affordability of this type of research, in conjunction with advances in validated
technologies, bioinformatics, and statistical approaches, nurse scientists can use
these biological tools to uncover an integrated view of environmental exposures,
omics, and human health. This intersection of nursing and exposure science
will accelerate the work in this field and bring forth translation of research find-
ings into clinical and community practice. Understanding these complex phe-
nomena offers the potential to yield immeasurable contributions to healthcare
and community wellness through controlling adverse environmental exposures,
developing predictive models of symptoms and disease, improving management
of symptoms and disease by mitigating the effect of environmental exposures,
and ultimately reducing the symptom and disease burden around the globe.
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Background and Purpose: The purpose of this study was to examine the psychometric
properties of the Patient Assessment of Own Functioning Inventory (PAOFI) following
aneurysmal subarachnoid hemorrhage (aSAH). Methods: The PAOFI was completed by
182 participants 3 months after verified aSAH. Exploratory factor analysis was used to
evaluate the underlying factor structure of the PAOFI and reliability and concurrent validity
were evaluated for each subscale. Results: A three-factor structure accounted for 58.9% of
the extracted variance. Cronbach’s alpha coefficients for extracted factors ranged from .867
to .924. The PAOFI subscales demonstrated concurrent validity with neuropsychological
tests measuring similar constructs. Conclusion: There is evidence of reliability and validity
of the PAOFI following aSAH. Further studies are needed to confirm these results.

Keywords: Stroke; Patient reported outcome measures; Psychometrics; Neu-
ropsychological tests

neurysmal subarachnoid hemorrhage (aSAH) is a devastating type of stroke. While

mortality rates have decreased in recent years, it remains a debilitating disease

with a large fraction of survivors unable to return to functional independence
(Shukla, 2017). Notably, cognitive impairment including memory loss, difficulty learning,
and reduced ability to make decisions impacts survivors (Campbell et al., 2016), which is
especially threatening to patient outcomes and potential productive years of life given the
average age of aSAH onset of around 54 years (Ziemba-Davis et al., 2014).
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BACKGROUND AND CONCEPTUAL FRAMEWORK

If cognitive decline after aSAH could be detected early through patient screening, the over-
all impact would be significant. Not only could this reduce patient and caregiver burden
by identifying those in need of early therapeutic interventions but could also potentially
reduce the financial burden of long-term skilled nursing care on our healthcare system.
Currently, neuropsychological (NP) testing, a performance-based assessment of function,
is a common standard of evaluation of cognitive consequences of disease and helps to iden-
tify areas that prohibit return to normal function after aSAH. However, there are important
limitations of NP testing that should be acknowledged. First, NP test batteries are resource
intensive. The substantial time commitment from patients and staff to complete NP test
batteries makes them less practical in the clinical setting. Second, specific test batteries,
time courses, and cutoff scores are frequently ambiguous between studies and generally
underreported within the aSAH population making comparisons between studies difficult
(Shukla, 2017).

In contrast, self-report cognitive measures are relatively quick to administer and may
offer great clinical utility as a screening tool after aSAH. One such tool is the Patient
Assessment of Own Functioning Inventory (PAOFT). The PAOFT is a tool intended to mea-
sure a continuum of self-reported functioning including subscales of Memory, Language
and Communication, Use of Hands, Sensory-Perceptual, and Higher Level Cognitive and
Intellectual Functions. The conceptual foundation and structure of the PAOFI have been
clearly summarized elsewhere (Bell, Terhorst, & Bender, 2013; Chelune & Lehman, 1986)
and the five subscales and detailed items of the PAOFI have been outlined in detail in
Supplemental Table 1. This tool has been utilized in a range of populations including per-
sons with human aids virus (Saylor et al., 2017), breast cancer (Merriman et al., 2017),
and patients receiving dialysis (Song et al., 2015). However, comprehensive examination
of the psychometric properties of this tool has only been reported in a handful of studies
outlined in Supplemental Table 2, including a study of subjects referred for NP evaluation

TABLE 1. Comparison of Sample Characteristics Between Groups

Included in Excluded Did Not Com-
Analyses (Outliers) plete PAOFI
Variable n=182 n=22(4.3%) n =308
(35.5%) (60.2%)
Age (vears)
Mean 52.8 52.6 53.2
SD 10.1 11.1 11.8
Range 24-75 2668 25-75
Sex
Female, n (%) 133 (73.1) 17 (77.3) 221 (71.8)
Male, n (%) 49 (26.9) 5(22.7) 87 (28.2)
(Continued)
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TABLE 1. Comparison of Sample Characteristics Between Groups (Continued)

Included in Excluded Did Not Com-
Analyses (Outliers) plete PAOFI
Variable n=182 n=22(4.3%) n =308
(35.5%) (60.2%)

Race

White, n (%) 167 (91.8) 15 (68.2) 256 (83.1)

African American, n (%) 11 (6.0) 6(27.3) 40 (13.0)

Other, n (%) 4(2.2) 1(4.5) 12 (3.9)
Marital Status

Single, n (%) 41 (22.5) 3(13.7) 75 (24.4)

Married, n (%) 115 (63.2) 15 (68.3) 171 (55.5)

Divorced, n (%) 17 (9.3) 2(9.0) 39 (12.7)

Other, n (%) 9(5 2(9) 23 (7.4)
Years of education

<12 years, n (%) 82 (45.1) 14 (63.6) 43 (14.0)

13-16 years, n (%) 76 (41.8) 5(22.7) 28 (9.0)

>16 years, n (%) 13 (7.1) 2(9.1) 7(2.3)

Unknown, n (%) 11 (6.0) 1(4.6) 230 (74.7)
HH Grade

1,n (%) 21 (11.5) 1(4.5) 22 (7.1)

2,n (%) 81 (44.5) 10 (45.5) 103 (33.4)

3,n (%) 57 (31.3) 7 (31.8) 110 (35.7)

4,n (%) 19 (10.4) 4(18.2) 47 (15.3)

5, n (%) 4(2.3) 0(0) 26 (8.4)
Aneurysm Location

Anterior, n (%) 148 (81.3) 17 (77.3) 204 (66.2)

Posterior, n (%) 34 (18.7) 5(22.7) 104 (33.8)
Intervention

Surgical, n (%) 57 (31.3) 12 (54.5) 93 (30.2)

Coil, n (%) 125 (68.7) 10 (45.5) 213 (69.2)

None, n (%) 0(0) 0(0) 2 (0.6)

(Continued)
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TABLE 1. Comparison of Sample Characteristics Between Groups (Continued)

Included in Excluded Did Not Com-
Analyses (Outliers) plete PAOFI
Variable n=182 n=22(4.3%) n =308
(35.5%) (60.2%)
mRS at 3 months
Favorable (0-2), n (%) 150 (82.4) 13 (59.1) 63 (20.5)
Unfavorable (3-6), n (%) 21 (11.5) 6(27.3) 95 (30.8)
Unknown, n (%) 11 (0.06) 3 (13.6) 150 (48.7)

Note. Table 1 presents results of a comparison of demographics and clinical characteris-
tics for participants included in the analysis, participants labeled as outliers and ultimately
excluded from the analysis, and participants who did not complete the PAOFI; HH = Hunt
and Hess grade; mRS = Modified Rankin Scale; PAOFI = Patient Assessment of Own
Functioning Inventory; SD = standard deviation.

TABLE 2. Internal Consistency of Original PAOFI Subscales Within aSAH Cohort

PAOFTI Subscale Cronbach’s alpha Number of Items
I .876 9
1? .870 8
I 422 2
v 303 3
v 923 9
Entire PAOFI? 950 31

Note. Table 2 presents Cronbach’s alpha for each subscale as an evaluation of the internal
consistency of the original PAOFI subscales within the current sample (n = 182); aSAH =
aneurysmal subarachnoid hemorrhage; PAOFI = Patient Assessment of Own Functioning
Inventory.

aJtem 13a excluded from analysis.

(Chelune & Lehman, 1986), postmenopausal women with breast cancer (Bell et al., 2013),
and survivors of breast cancer following surgical intervention or chemotherapy (Van
Dyk, Ganz, Ercoli, Petersen, & Crespi, 2016). An additional study Richardson-Vejlgaard,
Dawes, Heaton, and Bell (2009) evaluated the validity of the PAOFI in a sample of veter-
ans recruited from a daily substance abuse treatment program and a sample of nonclinical
controls (Richardson-Vejlgaard et al., 2009).

Psychometric evaluation of the PAOFI following aSAH or other types of stroke has not
been performed. The purpose of this study was to fill this gap in knowledge by evaluating
the psychometric properties of the PAOFT after aSAH. Given the time and resource lim-
itations of NP test batteries, if the PAOFI is found to be reliable after aSAH it may offer
great potential as a clinically relevant and simple method to help nurses screen patients to
identify those in need of follow up with more comprehensive NP testing. Furthermore, if
reliable after aSAH, this tool may offer substantial insight for care planning and rehabili-
tation by identifying self-perceptions of function and difficult to detect deficits in patients
with the capacity to complete the PAOFI.
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METHODS

Participants

This cross-sectional study was a secondary data analysis of the parent study which included
participants recruited through ongoing prospective studies at (location and grant numbers
masked for blind review) approved by the [location masked for blind review) Institu-
tional Review Board. Participants were recruited to the parent study from (location masked
for blind review] Hospital neurovascular intensive care unit and informed consent was
obtained from the participant or their legal representative. Prospective participants were
eligible for the parent study if they were recently diagnosed (<5 days) with subarachnoid
hemorrhage verified by cerebral angiogram, aged 18 to 75 years, and could read and speak
English. Prospective participants were not eligible for the parent study if they suffered sub-
arachnoid hemorrhage due to trauma, mycotic aneurysm, arteriovenous malformation, or
unknown cause or if they had a history of a severe neurological disorder.

A schematic explanation of the sample size for this secondary data analysis is repre-
sented in Figure 1. The parent study attempted to collect PAOFI data on 512 participants.
Of these, 297 did not complete the PAOFI questionnaire for reasons including death (n =
62), cognitively unable (n = 33), refusal (n = 33), or because we were unable to arrange a
visit (n = 169). In addition, data screening revealed 11 participants with incomplete data.
Data for 22 participants were found to be influential outliers resulting in a final sample

PAOFI data collection
attempted (n =512)

Death (n =62) Refusal (n = 33)
Cognitively Unable to arrange
unable (n = 33) visit (n = 169)

A 4

PAOFI data available
(n=215)

Data incomplete
(n=11) Outlier (n=22)

Y

Final sample size
(n=182)

Figure 1. Flowchart depicting explanation of sample size for psychometric evaluation of the
PAOFIL.

Note. Figure 1 depicts an explanation of the sample size for the current study. The parent project of this ancillary
study attempted to collect PAOFI data on 512 participants. Of these, 297 did not complete the PAOFI questionnaire
for assorted reasons including death (n = 62), cognitively unable (n = 33), refusal (n = 33), or because we were
unable to contact the participant, arrange a visit, or an unknown reason (7 = 169). In addition, data screening
revealed 11 participants with incomplete data and an additional 22 were excluded as outliers. The final sample
size consisted of 182 participants. PAOFI = Patient Assessment of Own Functioning Inventory.
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size of n = 182. Outcomes were assessed at 3 months following aSAH by a nurse or tech-
nician trained in NP testing and included a battery of NP tests and functional outcome
measures.

Measures

Demographic and Clinical Data. Demographic and clinical data were extracted from the
medical record including age, sex, aneurysm location, intervention, and Hunt and Hess
(HH) clinical grading scale. The HH scale is a grading tool specifically used to evaluate the
clinical severity of subarachnoid hemorrhage containing 5 grades where grade I includes
mild symptoms of headache progressing through grade V which indicates a patient is
comatose (Hunt & Hess, 1968). Grading was completed by attending physicians at the time
of admission. Participants’ marital status, race, and education level were self-reported by
the participants or their proxy and included in the current study because these factors have
been shown to be associated with self-reported outcomes (Mohd Zulkifly, Ghazali, Che
Din, & Subramaniam, 2016).

Patient Assessment of Own Functioning Inventory. Participants’ self-reported assess-
ment of their ability to function was measured at 3 months following aSAH using the
PAOFI. The PAOFI is a self-report measure of participants’ perceived ability to function
and perform everyday tasks. Each item is rated on a scale of 0 (almost never) to 5 (almost
always). This tool produces 5 subscale scores including Memory, Language and Commu-
nication, Use of Hands, Sensory-Perceptual, and Higher Level Cognitive and Intellectual
Functions that sum to one total score. Lower PAOFI scores indicate higher levels of func-
tioning. A summary of the PAOFI questionnaire can be found in Supplemental Table 1
(Chelune & Lehman, 1986).

Modified Rankin Scale (mRS). The mRS incorporates cognitive and functional deficits
resulting from neurological injury using a composite score from 0 (no symptoms) to 6
(death) and has well established validity after stroke (Banks & Marotta, 2007). The mRS
was used as a global measure of functional status to examine differences between partic-
ipants included in the present study and those labeled as outliers, to help interpret study
results, and to determine the study generalizability.

Wechsler Memory Scale III (WMS-II1), Logical Memory Subset. The WMS-III has
demonstrated clinical validity (Price, Tulsky, Millis, & Weiss, 2002) to assesses memory
and retention using a subset of tests which include two stories. During this test, participants
are instructed to read two stories (Story A and B) and are asked to repeat the stories from
memory immediately, and again after 30 minutes (Wechsler, 1997). Higher scores indi-
cate better performance as participants are credited for general story themes and for each
correctly recalled detail.

Controlled Word Association Test. The controlled word association test (COWA)
assesses language construct in addition to executive function and cognitive flexibility and
has well established validity (Tombaugh, Kozak, & Rees, 1999). The COWA assesses the
participant’s ability to generate a spontaneous list of words beginning with a designated let-
ter within 1 minute (Benton & Hamsher, 1989). Higher scores indicate better performance
as participants are credited for each word generated.

Stroop Color Word Test (Stroop). The Stroop measures executive functioning and has
been validated in patients with neurologic injury (Guise, Thompson, Greve, Bianchini, &
West, 2014). In the current study we report the Stroop Color/Word trial which measures
the relative speed of participants’ ability to name colors from words of colors printed with
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an incongruently colored ink (Golden, 2002). In this test, higher scores indicate better per-
formance and are adjusted for age.

Trail Making Test B (Trails B). The Trails B is a validated measure of executive func-
tioning as well as mental flexibility and attention (Sanchez-Cubillo et al., 2009). In the
Trails B test, participants are presented with a sheet of paper with circled numbers and let-
ters and are instructed to draw lines connecting the circles in order, alternating between
numbers and letters as quickly as possible (Reitan, 1955). The total time to complete the
trial is recorded with lower scores indicating better performance.

Data Analysis

Data Screening. All data analyses were conducted using SPSS, version 24 (IBM, Chicago,
IL, USA). Data were screened statistically and graphically to evaluate missing data and
item response distribution. Mahalanobis distance was generated to identify potentially
influential multivariate outliers and the Shapiro—Wilk test of normality was used to eval-
uate univariate distribution of item responses. Characteristics of participants identified as
outliers were compared with those of participants included in the study to evaluate their
potential influence. PAOFI item clusters were identified using inter-item correlations, sam-
ple size adequacy was evaluated using the Kaiser—Meyer—Olkin (KMO) test, and multi-
collinearity was examined using Bartlett’s test of sphericity. Internal consistency of the
original five subscales was evaluated using Cronbach’s alpha statistic (Cronbach, 1951).

Factor Analysis. To evaluate the factor structure of the PAOF]I, exploratory factor anal-
ysis (EFA) using principal axis factoring (PAF) was used because of the general floor effect
and non-normal distribution of PAOFI item responses (Harman, 1976). Consistent with the
methodology used by Bell et al., 2013, varimax rotation with Kaiser normalization was
selected to simplify interpretation of results and to evaluate the uncorrelated individual con-
tributions of factors. First, PAF using varimax rotation was attempted on all five subscales
using a five-factor structure. In our sample, two subscales (Use of Hands [items 18—19]
and Sensory-Perceptual [items 20-22]) had low validity causing illogical and noninter-
pretable factor loadings. Thus, similar to the methodology used by Richardson-Vejlgaard
et al. (2009), these motor and sensory subscales were removed and only the remaining
three subscales were included in the final analysis (Memory [items 1-9], Language and
Communication [items 10—17, excluding 13a], and Higher Level Cognitive and Intellec-
tual Functions [items 23—31]). PAF was repeated using a three-factor structure. Following
PAF, components were retained based on visual evaluation of the scree plot, eigenvalues
>1, and if at least 50% of the variance in responses was explained by the extracted factors
(Pett, Lackey, & Sullivan, 2003). The threshold for loading and cross-loading was set at
> 0.4 (Raubenheimer, 2004). With 26 items in this analysis, the sample size of 182 partic-
ipants was sufficient to support EFA given the recommended participant-to-item ratio of
one-to-five (Bryant & Yarnold, 1994).

Reliability and Concurrent Validity. The reliability of the proposed 3-factor struc-
ture was evaluated. Cronbach’s alpha statistic was computed for each subscale with an
alpha of >.7 considered to be reliable in this sample (DeVellis, 2012). The final item com-
position, item-total correlations, and inter-item correlations were inspected. A standard
measure comparative to the PAOFI was not available in the existing data; therefore, we
evaluated the correlation of the proposed 3-factor structure with NP measures that evalu-
ate similar constructs. Attempts to normalize the PAOFI data failed, preventing the eval-
uation of Pearson’s correlations. Thus, Spearman’s correlation was used to evaluate the
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relationships between variables. We evaluated correlations between the PAOFI Memory
subscale and the WMS-III Logical Memory Subset (Story A and Story B Immediate and
Delayed Recall Unit Scores); the PAOFI Language and Communications subscale with
the COWA; and the PAOFI Higher Level Cognitive Functions subscale with both the
Stroop and Trails B tests. Correlations with p-values < .05 were considered statistically
significant.

RESULTS

Data Screening

Data were screened statistically and graphically for normality, missingness, and outliers. As
previously stated, data screening revealed 11 participants with incomplete data. Given the
small sample size and diffuse cognitive deficits following aSAH, values for missing data
were not imputed to avoid biasing study results. In the current study, data for 22 participants
were found to be influential outliers based on a Mahalanobis distance >61.098.

To understand the differences between participants found to be outliers based on Maha-
lanobis distance, characteristics between groups (outliers in the current study [n = 22] vs.
participants passing data screening [n = 182] vs. parent study participants who did not com-
plete the PAOFI [# = 308]) were compared and these results are presented in Table 1. In the
outlier group, 27.3% of participants self-reported their race as African American compared
with only 6% in the group included in the present analysis. Furthermore, within the outlier
group, 54.5% had a surgical intervention following aSAH (versus embolization or coil)
compared with only 31.3% of those included in the present analysis and 30.2% of those
unable to complete the PAOFI. Lastly, 82.4% of the participants included in the current
study had a favorable mRS score of 0, 1, or 2 at 3 months indicating a majority of partic-
ipants were relatively independent. In the outlier group and those unable to complete the
PAOFI, 59.1% and 20.5% respectively had a favorable mRS score at 3 months. No further
key differences were identified based on age, sex, marital status, HH grade, or aneurysm
location. Data were analyzed with and without influential outliers and results were found to
be discordant. Given the disparity in aSAH outcomes and differences in participant charac-
teristics identified between outliers and those included in the study (in particular, a majority
82.4% with favorable mRS scores), it was ultimately decided to exclude the outliers from
the final analysis.

Graphical evaluation of item responses suggested a non-normal distribution of data with
a substantial floor effect (favoring lower PAOFI scores and suggesting better outcomes).
Non-normality was confirmed with the Shapiro-Wilk test of normality (»p < 0.001). Within
the Language and Communication subscale, almost all participants answered “almost
never” to item 13 (When you speak are your words indistinct or improperly pronounced?).
Thus, the follow up question, item 13a (How often do people have difficulty understand-
ing what you are trying to say?), was dropped because it did not apply to a majority of
participants.

The final sample of 182 participants were 91.8% White, which is consistent with the
expected racial distribution based on local demographics, and 73.1% female with a mean
age of 52.8 + 10.1 years, which is consistent with sex and age distributions within the
aSAH population (Ziemba-Davis et al., 2014). Given the potential impact of marital status
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on self-assessment measures, we examined the current marital status of participants (Mohd
Zulkifly et al., 2016). In the current sample, 63.2% of participants were married while the
remaining were either single, divorced, or widowed. Finally, HH grade is often predictive
of outcomes after aSAH with lower grades associated with better outcomes (Hunt & Hess,
1968). Of note, over half (56%) of participants who completed the PAOFI had a HH grade
of 1 or 2, indicating good clinical status upon arrival to the hospital.

Factor Analysis

Inter-item correlations were examined and ranged from 0.199 to 0.684. The KMO test
statistic was equal to 0.931 and Bartlett’s test of sphericity was significant (<0.001), thus
the item correlation matrix was determined to be factorable (Pett et al., 2003). The inter-
nal consistency of the original subscales was evaluated using Cronbach’s alpha and the
results are presented in Table 2. Cronbach’s alpha for the original subscales ranged from
low (0.303, Sensory-Perceptual subscale) to high (0.923, Higher Level Cognitive and Intel-
lectual Functions). After excluding the Use of Hands and Sensory-Perceptual subscales
as previously described, PAF using varimax rotation and a three-factor structure identi-
fied three factors with eigenvalues >1 that accounted for 58.9% of the extracted variance.
Proposed factor loadings are presented in Table 3. All items in this population loaded on
the original structure of the PAOFI with the exception of item 9 (How often do you for-
get things you are supposed to do or have agreed to do?). Item 9 was originally included
as part of the Memory subscale, but in our analysis, this item loaded under Higher Level
Cognitive and Intellectual Functions. Item communalities ranged from 0.251 to 0.780 after
extraction. The three extracted factors were labeled according to the original structure of
the PAOFT including Factor 1 (Higher Level Cognitive and Intellectual Functions), Factor
2 (Language and Communication), and Factor 3 (Memory).

Reliability and Concurrent Validity

The results of the evaluation of reliability are presented in Table 3. Internal consistency of
factors was evaluated using the Cronbach’s alpha coefficient; Factors 1, 2, and 3 were found
to have a Cronbach’s alpha of .924, .879, and .867 respectively. The Cronbach’s alpha for
the finalized structure was .953. The results of concurrent validity evaluation examining the
correlation between the PAOFI subscales with NP tests measuring similar constructs are
presented in Table 4. The PAOFI Memory subscale showed a small to moderate correlation
with the WMS-III Story A Immediate Recall Unit Score (> = —0.174, p = .021), Story
A Delayed Recall Unit Score (»~ =—0.228, p = .002), Story B Immediate Recall Unit Score
(r? =—-0.218, p = .004), and the Story B Delayed Recall Unit Score (7> =—0.246, p = .001)
indicating lower scores on the PAOFI were correlated with higher scores on the WMS Story
tests. Similarly, the PAOFI Higher Level Cognitive and Intellectual Functions subscale was
correlated with both the Stroop test (2 =—0.269, p <.001) and the Trails B test (+2 = 0.200,
p = .008) indicating lower scores on the PAOFI were correlated with higher scores on the
Stroop test and lower scores on the Trails B test. In contrast, no significant correlation was
found between the PAOFI Language and Communication subscale and the COWA (+2 =
—0.128, p = .089).
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TABLE 3. Factor Loadings, Percent of Variance Explained From Exploratory
Factor Analysis Using Principal Axis Factoring With Varimax Rotation and Kaiser
Normalization, and Internal Consistency of Proposed Factors

PAOFI Original Question Factor Factor Factor
Item Scale 1 2 3
Memory
1 Memory How often do you 0.679
forget something
that has been told

to you within the
last day or two?

2 Memory How often do you 0.672
forget events which
have occurred in
the last day or two?

3 Memory How often do you 0.599
forget people whom
you met in the last
day or two?

4 Memory How often do you 0.412
forget things that
you knew a year or
more ago?

5 Memory How often do you 0.514
forget people whom
you knew or met a
year or more ago?

6 Memory How often do you 0.571
lose track of time,
or do things either
earlier or later than
they are usually
done or are sup-
posed to be done?

7 Memory How often do you 0.498
fail to finish some-
thing you start
because you for-
got that you were
doing it? (Include
such things as for-
getting to put out
cigarettes, turn off
the stove, etc.)

(Continued)
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TABLE 3. Factor Loadings, Percent of Variance Explained From Exploratory
Factor Analysis Using Principal Axis Factoring With Varimax Rotation and Kaiser
Normalization, and Internal Consistency of Proposed Factors (Continued)

PAOFI Original Question Factor Factor Factor
Item Scale 1 2 3
8 Memory How often do you 0.419
fail to complete a
task that you start

because you have
forgotten how to do
one or more aspects

of it?
Language and communi-
cation
10 Language How often do you 0.546
and commu-  have difficulties
nication understanding what
is said to you?
11 Language How often do you 0.624
and commu-  have difficulties
nication recognizing or
identifying printed
words?
12 Language How often do you 0.56
and commu-  have difficulty
nication understanding read-
ing material which
at one time you
could have under-
stood?
13 Language When you speak, 0413
and commu-  are your words
nication indistinct or
improperly pro-
nounced?
14 Language How often do you 0.464
and commu-  have difficulty
nication thinking of the
names of things?
15 Language How often do you 0.575
and commu-  have difficulty
nication thinking of the

words (other than
names) for what
you want to say?

(Continued)
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TABLE 3. Factor Loadings, Percent of Variance Explained From Exploratory
Factor Analysis Using Principal Axis Factoring With Varimax Rotation and Kaiser
Normalization, and Internal Consistency of Proposed Factors (Continued)

PAOFI Original Question Factor Factor Factor
Item Scale 1 2 3
16 Language When you write 0.448
and commu-  things, how often
nication do you have diffi-
culty forming the
letters correctly?
17 Language Do you have more 0.569
and commu-  difficulty spelling,
nication or make more
errors in spelling,
than you used to?
Higher level cognitive
and intellectual functions
9 Memory How often do 0.433
you forget things
that you are sup-
posed to do or have
agreed to do(such
as putting gas in
the car, paying
bills, taking care of
errands, etc.)?
23 Higher level ~ How often do your 0.600
cognitive and  thoughts seem con-
intellectual fused or illogical?
functions
24 Higher level ~ How often do you 0.654
cognitive and  become distracted
intellectual from what you are
functions doing or saying
by insignificant
things which at one
time you would
have been able to
ignore?
25 Higher level ~ How often do you 0.427
cognitive and  become confused
intellectual about (or make
functions a mistake about)
where you are?
26 Higher level =~ How often do you 0.632
cognitive and  have difficulty
intellectual finding your way
functions about?
(Continued)
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TABLE 3. Factor Loadings, Percent of Variance Explained From Exploratory
Factor Analysis Using Principal Axis Factoring With Varimax Rotation and Kaiser
Normalization, and Internal Consistency of Proposed Factors (Continued)

PAOFI Original Question Factor Factor Factor
Item Scale 1 2 3
27 Higher level Do you have more 0.63
cognitive and  difficulty now than
intellectual you used to in cal-
functions culating or work-

ing with numbers

(including manag-
ing finances, pay-
ing bills, etc.)?

28 Higher level Do you have more 0.767
cognitive and  difficulty now than
intellectual you used to in plan-
functions ning or organizing

activities (example:
deciding what to do
and how it should

be done)?

29 Higher level ~ Do you have more 0.805
cognitive and  difficulty now than
intellectual you used to in solv-
functions ing problems that

come up around
the house, at your
job, and so on? (In
other words, when
something new has
to be accomplished,
or some new dif-
ficulty comes up,
do you have more
trouble figuring
out what should be
done and how to do

it)?

30 Higher level Do you have more 0.626
cognitive and  difficulty now than
intellectual you used to in fol-
functions lowing directions to

get somewhere?

(Continued)
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TABLE 3. Factor Loadings, Percent of Variance Explained From Exploratory
Factor Analysis Using Principal Axis Factoring With Varimax Rotation and Kaiser
Normalization, and Internal Consistency of Proposed Factors (Continued)

PAOFI Original Question Factor Factor Factor
Item Scale 1 2 3
31 Higher level Do you have more 0.727
cognitive and  difficulty now than
intellectual you used to in fol-
functions lowing instructions
concerning how to
do things?
Total variance explained 47.5% 6.5% 4.9%
(58.9%)
Cronbach’s alpha (.953) 0.924 0.879 0.867

Note. Table 3 presents the proposed factor loadings, percent of variance explained from
exploratory factor analysis, and internal consistency of each proposed factor.

DISCUSSION

The purpose of this study was to evaluate the psychometric properties of the PAOFI after
aSAH. To our knowledge, it is the first comprehensive examination of this tool in this
population. While a self-assessment questionnaire such as the PAOFI is potentially very
useful as a screening tool to help identify patients in need of more comprehensive NP
testing after aSAH, the results of this analysis suggest that the original five-factor structure
is unreliable and that use of the PAOFI may need to be limited to the Memory, Language
and Communication, and Higher Level Cognitive and Intellectual Functions subscales in
this population. After excluding the two subscales measuring functional and sensorimotor
domains, we identified a reliable factor structure almost identical to that of the original
PAOFI. Notably, Cronbach’s alpha for each identified factor, as well as the final combined
factor structure, were excellent with all values greater than .85 exceeding the limit for
reliability of .7 (DeVellis, 2012).

In the present study, the use of all five subscales from the original PAOFI resulted in
illogical factor loadings within this population. The low validity of these subscales, as mea-
sured by Cronbach’s alpha, and the resulting noninterpretable factor structure produced by
the factor analysis could be explained by extreme variability in physical functional out-
comes after aSAH (including sensory and motor ability; Lantigua et al., 2015). While a
majority of items in the PAOFI apply to cognitive function, five items apply to physical and
sensorimotor functioning and are further divided into left and right subgroups (two items
ask about right hand functioning and two ask about left hand functioning). It is possible
that in this small sample, responses regarding ability to function were too variable between
participants based on the location of injury in the brain preventing the identification of the
underlying structure of these two subscales. Unfortunately, we were unable to evaluate the
impact of brain aneurysm location on the factor structure of the PAOFI given the sample
size of 182 participants. It is important that the influence of brain aneurysm location be
examined in future studies of larger sample size.
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Of importance, 9 of the 26 items cross-loaded on more than one factor (original PAOFI
questionnaire summarized in Supplemental Table 1; results of EFA and new factor load-
ings summarized in Table 3). All items, with the exception of one, loaded highest on their
respective original subscales and were subsequently designated to a matching factor (i.e.,
new “Memory” factor was labeled based on the original “Memory” subscale). Specifically,
item 8, which poses the question, “How often do you fail to complete a task that you start
because you have forgotten how to do one or more aspects of it?”” loaded on all three factors
with the highest loading value on the Higher Level Cognitive and Intellectual Functions
subscale. In contrast with the other items, it was ultimately decided that this item should be
included with the new Memory factor (vs. the factor it loaded highest on) because its con-
ceptual fit was more appropriate. Additional cross-loading items included items 5, 7, 12,
14,15, 17,23, and 30. A potential explanation for this is that ambiguous items may be inter-
preted differently by participants or be involved in more than one cognitive domain. Cross
loading is an important consideration because it potentially impacts conclusions about the
tool’s content validity and replicability of study findings.

Outside of the current study, evaluation of the psychometric properties of the PAOFI
using factor analysis has been limited to three studies and are outlined in Supplemental
Table 2 (Bell et al., 2013; Chelune & Lehman, 1986; Van Dyk et al., 2016). Although
the results of this study identified different factor loadings than that of Bell et al. (2013)
and Van Dyk et al. (2016), it is important to consider the inherent differences between
the populations examined. Following aSAH, survivors are most often met with deficits in
memory, language, and executive function (Al-Khindi, MacDonald, & Schweizer, 2010)
and, even in a study of aSAH participants with good outcomes, cognitive impairment was
detected in an overwhelming 70% of participants (Ravnik et al., 2006). The complex and
diffuse disturbances in cognitive function after aSAH may be a potential explanation as to
why the responses to items in this population seem to have different factor loadings than
those previously examined such as postmenopausal women with breast cancer.

In a study by Richardson-Vejlgaard et al. (2009), the authors evaluated the validity of
the PAOFI in a sample of veterans recruited from a daily substance abuse treatment pro-
gram (Richardson-Vejlgaard et al., 2009). Similar to the current study, the authors removed
the Use of Hands subscale and the Sensory-Perceptual subscale prior to evaluation. While
a factor analysis of the PAOFI was not performed in this study, the authors did report Pear-
son correlations between PAOFI scores and factor scores of an objective NP test battery.
Interestingly, in contrast to the current study, examination of these relationships failed to
demonstrate concurrent validity. Of note, existing research, although mixed, highlights dis-
crepancies between subjective symptomatology questionnaires and objective NP testing in
other populations (Srisurapanont, Suttajit, Eurviriyanukul, & Varnado, 2017). An impor-
tant contrast to Richardson-Vejlgaard et al. (2009) in the current study is the correlation
between two out of three PAOFI subscales with NP tests measuring similar constructs as
outlined in Table 4. Specifically, the PAOFI Memory subscale was correlated with the
WMS-III test and the Higher Level Cognitive and Intellectual Functions subscale was cor-
related with both the Stroop and Trails B tests. Although the correlations identified were
only small to moderate, the directionality of the correlations were as expected, and the
p-values in these analyses were strong, suggesting these results are not just a product of
sample size and noise.

This study is significant in that it is the first to evaluate the factor structure, reliability,
and concurrent validity of a self-assessment tool following aSAH, however there are sev-
eral important limitations that should be considered. First, as with many patient outcome
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studies, the study participant must possess the physical and cognitive ability to complete
the self-assessment questionnaire, therefore, results are inherently biased toward those with
better outcomes after aSAH (Shukla, 2017). In the current study, over half of the partici-
pants presented with an admission HH grade of 1 to 2 (moderate to severe headache without
focal symptoms), which has been associated with better outcomes. In addition, the majority
of participants had a favorable mRS score of 0 (no symptoms), 1 (no significant disability),
or 2 (slight disability but unable to perform all activities) at 3 months after aSAH indicat-
ing a majority of participants were relatively independent. However, cognitive impairment
is a common problem even in aSAH patients with good outcomes (Ravnik et al., 2006) and
it is specifically this group that the PAOFI might be most useful for.

Second, the sample size of this study prohibited subgroup psychometric evaluation of
the PAOFT to determine if the underlying structure is different based on participant factors
such as aneurysm location, medical intervention, or HH grade. It is possible that differen-
tial factor loadings could occur based on aneurysm and brain damage location, potentially
altering the utility of the PAOFI. Because the current sample included a range of clini-
cal severity and aneurysm locations, the results of this study are preliminary, reflecting
the general population of aSAH patients with favorable outcomes (compared to those who
have significant neurological impairment) and may not capture potential finer differences
in the underlying factor structure between subgroups of aSAH patients. Likewise, there
was a disparity in the distribution of men and women. This sample consisted of approxi-
mately 73% female participants and while this number is similar to aSAH demographics
(Ziemba-Davis et al., 2014), previous studies have shown that women are more likely to
self-report physical and cognitive deficits (Barsky, Peekna, & Borus, 2001).

Third, while the parent project for this secondary data analysis collected a comprehen-
sive battery of NP measures, we were limited to the available data. The NP tests included in
this study may not be measuring the same constructs as the PAOFI subscales. For example,
the COWA, the only available NP measure related to language in the parent study, did not
correlate with the PAOFI Language and Communication subscale suggesting these tools
measure different constructs. While the directionality and small to moderate correlations
between both the PAOFI Memory subscale and the Higher Level Cognitive and Intellec-
tual Functions subscale with selected NP measures may support the findings of this study,
they should be interpreted with caution as a content validity analysis comparing these tests
was not conducted. While the PAOFI potentially offers great clinical utility as a screening
tool after aSAH in patients with generally good outcomes, it is important to note that the
information gained by NP testing and self-assessment tools yield different, yet valuable
assessments of patient outcomes following aSAH.

Finally, it should be noted that 10.8% of the original sample (n = 22) were labeled
outliers based on Mahalanobis distance and therefore excluded from the present analy-
sis. There were several distinctions between the outliers and those included in the present
study. Participants in the outlier group had a higher percentage of surgical aneurysm repair.
Interestingly, it has been shown that surgical intervention after aSAH results in signifi-
cantly greater disability in the short term, but no difference in the long term (Taheri et al.,
2015). It is possible that if we had evaluated the psychometric properties of the PAOFI at
12 months after aSAH as opposed to at 3 months, recovery could have stabilized poten-
tially reducing the number of outliers within our sample. Furthermore, the outlier group
had a higher percentage of participants who self-reported their race as African American
compared with the group included in the analysis. It has been shown that patients who self-
report as African American have an increased risk of death after aSAH (Rivero Rodriguez
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et al., 2015). Given that the present sample was approximately 92% White, consistent with
demographics of the area in which participants were recruited, we were unable to explore
this finding further, which impacts the generalizability of the study. It is important that this
study be replicated in a larger group of more diverse races in the future to further evaluate
the underlying factor structure. Finally, available education data in the overall cohort was
largely incomplete interfering with meaningful evaluation between groups. While educa-
tion could have an influence on the results of this study, we were unable to evaluate this
due to missing data.

RELEVANCE TO NURSING PRACTICE

The results of this study demonstrate that the PAOFI may be a valid and reliable test
in aSAH patients with generally good outcomes, however, the factor structure identified
through this EFA should be confirmed in an independent test sample in the future. These
findings, if corroborated in a larger sample, could impact current nursing practice. A major
limitation of standard NP test batteries is that they are often unavailable in the clinical
setting due to time and resource limitations. This study indicates the PAOFI may provide
insight into patient functioning and offers potential as a screening tool to help nurses to
quickly identify patients with cognitive decline who are in need of personalized interven-
tions to improve their care following aSAH. Moreover, while the inability of the PAOFI
to differentiate domain-specific dysfunction limits the ability to utilize it in developing a
patient-centered rehabilitation program, its overall reliability and validity support its use
as a clinically relevant and simple method to screen for those patients who need follow up
with more comprehensive NP testing. A screening tool such as this within the aSAH pop-
ulation has the potential to decrease the number of patients who are referred for objective
testing, lessening the burden on the healthcare system.
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Supplemental Table 1. The Patient Assessment of Own Functioning Inventory
Questionnaire

Item Question

Subscale 1: Memory

1 How often do you forget something that has been told to you within
the last day or two?

2 How often do you forget events which have occurred in the last day
or two?

How often do you forget people whom you met in the last day or two?

How often do you forget things you knew a year of more ago?

How often do you forget people you knew or met a year or more ago?

AN AW

How often do you lose track of time, or do things either earlier or
later than they are usually done or are supposed to be done?

7 How often do you fail to finish something you start because you for-
got that you were doing it? (Include such things as forgetting to put
out cigarettes, turn off the stove, etc.)

8 How often do you fail to complete a task because you have forgotten
how to do one or more aspects of it?

9 How often do you forget things you are supposed to do or have
agreed to do (such as putting gas in the car, paying bills, taking care
of errands, etc.)?

Subscale II: Language and communication

10 How often do you have difficulties understanding what is said to
you?

11 How often do you have difficulties recognizing or identifying printed
words?

12 How often do you have difficulty understanding reading material
which at one time you could have understood?

13 When you speak are your words indistinct or improperly pro-
nounced?

13a How often do people have difficulty understanding what words you
are trying to say?

14 How often do you have difficulty thinking of the names of things?

15 How often do you have difficulty thinking of the words (other than
names) for what you want to say?

16 When you write things, how often do you have difficulty forming the
letters correctly?

17 Do you have more difficulty spelling, or make more errors in

spelling, than you used to?

(Continued)
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Supplemental Table 1. The Patient Assessment of Own Functioning Inventory
Questionnaire (Continued)

Item Question
Subscale I11: Use of hands

18 How often do you have difficulty performing tasks with your right
hand (including such things as writing, dressing, carrying, lifting,
sports, cooking, etc.)?

19 How often do you have difficulty performing tasks with your left
hand?
Subscale 1V: Sensory-Perceptual
20 How often do you have difficulty feeling things with your right hand?
21 How often do you have difficulty feeling things with your left hand?
22 Lately, do you have more difficulty than you used to in seeing all

of what you are looking at, or all of what is in front of you (in other
words, are some areas of your vision less clear or less direct than
others)?

Subscale V: Higher level cognitive and intellectual functions

23 How often do your thoughts seem confused or illogical?

24 How often do you become distracted from what you are doing or say-
ing by insignificant things which at one time you would have been
able to ignore?

25 How often do you become confused about (or make a mistake about)
where you are?

26 How often do you have difficulty finding your way about?

27 Do you have more difficulty now than you used to in calculating or
working with numbers (including managing finances, paying bills,
etc.)?

28 Do you have more difficulty now than you used to in planning or
organizing activities (example: deciding what to do and how it
should be done)?

29 Do you have more difficulty now than you used to in solving prob-

lems that come up around the house, at your job, and so on? (In other
words, when something new has to be accomplished, or some new
difficulty comes up, do you have more trouble figuring out what
should be done and how to do it?)

30 Do you have more difficulty now than you used to in following
directions to get somewhere?

31 Do you have more difficulty now than you used to in following
instructions concerning how to do things?

Instructions. Please answer each of the following questions by filling in the circle
that corresponds to the response which most accurately describes the way you
have been recently. Choose only one answer for each question.

Likert scale. 0 = almost never, 1 = very infrequently, 2 = once in a while, 3 =
fairly often, 4 = very often, 5 = almost always.

Note. Supplemental Table 1 includes a list of the PAOFI item questions; PAOFI = Patient
Assessment of Own Functioning Inventory.
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SUPPLEMENTAL TABLE 2. Past Evaluations of the Psychometric Properties of
the Patient Assessment of Own Functioning Inventory

Study Population Number Percent of Labels for
of factors extracted extracted fac-
identified variance tors
with Eigen-
values > 1
Chelune Patients 5 57.5% Memory 1;
and Lehman  referred for Memory 2;
(1986) neuropsycho- Sensorimo-
logical evalua- tor; Language
tion (n = 598); and Commu-
Nonclinical nication; and
controls (n = Higher Level
105) Cognitive and
Intellectual
Functioning
Bell et al. Post- 5 54% Memory 1;
(2013) menopausal Memory 2;
women with Sensorimo-
carly stage tor; Language
breast cancer and Commu-
prior to adju- nication; and
vant therapy Higher Level
(n=1259) Cognitive and
Intellectual
Functioning
Van Dyk et  Breast can- 5 60% Higher Level
al. (2016) cer survivors Cognition;
after pri- Memory 1;
mary surgery, Memory 2;
chemother- Language
apy, or radia- Production;
tion (n = 189); Motor/Sen-
Healthy con- sory Percep-
trols (n = 63) tual

Note. Supplemental Table 2 summarizes past evaluations of the psychometric properties
of the Patient Assessment of Own Functioning Inventory.
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Abstract

Biological aging may occur at different rates than chronological aging due to genetic, social, and
environmental factors. DNA methylation (DNAm) age is thought to be a reliable measure of
accelerated biological aging which has been linked to an array of poor health outcomes. Given the
importance of chronological age in recovery following aneurysmal subarachnoid hemorrhage
(aSAH), a type of stroke, DNAm age may also be an important biomarker of outcomes, further
improving predictive models. Cerebrospinal fluid (CSF) is a unique tissue representing the local
central nervous system environment post-aSAH. However, the validity of CSF DNAm age is
unknown, and it is unclear which epigenetic clock is ideal to compute CSF DNAm age. Further, the
stability of DNAm age post-aSAH, specifically, has not been examined and may offer insight into the
biology of recovery post-aSAH. Therefore, the purpose of this study was to characterize CSF DNAm
age over 14 days post-aSAH using three epigenetic clocks. Genome-wide DNAm data were available
for two tissues: (1) CSF for N=273 participants with serial sampling over 14 days post-aSAH (N=850
samples) and (2) blood for a subset of n=72 participants at one time point post-aSAH. DNAm age
was calculated using the Horvath, Hannum, and Levine epigenetic clocks. ‘Age acceleration’ was
computed as the residuals of DNAm age regressed on chronological age both with and without
correcting for cell-type heterogeneity (CTH). Using scatterplots, Pearson correlations, and group-
based trajectory analysis, we examined the relationships between CSF DNAm age and chronological
age, the concordance between DNAm age calculated from CSF versus blood, and the stability (i.e.,
trajectories) of CSF DNAm age acceleration over time during recovery from aSAH. We observed
moderate to strong correlations between CSF DNAm age and chronological age (R = 0.66 [Levine]
to R=0.86 [Horvath]), moderate to strong correlations between DNAm age in CSF versus blood
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(R=0.69 [Levine] to R=0.87 [Horvath]), and stable CSF age acceleration trajectories over 14 days
post-aSAH once controlling for CTH. Although correlated, CSF DNAm age differs from blood
DNAm age. While CSF DNAm age was generally stable post-aSAH, the Horvath clock appears to be
the least dependent on CTH.

1 Introduction

Across the spectrum of neurological injury populations, identifying therapeutic targets of intervention
to improve patient outcomes has been a challenge. The aneurysmal subarachnoid hemorrhage
(aSAH) population is no exception. After aSAH, it is consistently observed that younger patients do
better following injury (Lantigua et al., 2015) underscoring the importance of chronological age as a
predictor of outcomes. However, given within-individual variability such as genomic (e.g., genetic
variability), social (e.g., socioeconomic status), and environmental (e.g., chemical exposure) factors,
it is thought that ‘biological aging’ for many individuals happens at different rates and that
chronological age is often a flawed surrogate measure of this phenomenon. For this reason, a
substantial amount of work has been dedicated to identifying molecular biomarkers of aging. One of
the most promising thus far is ‘DNA methylation age’ (DNAm age) which ¢fin be computed from
‘epigenetic clocks’ and is suggested to be applicable across the lifé€l van) ad \n all sources of
biological tissues (Horvath & Raj, 2018).

Several epigenetic clocks have bean prop sed e the | st acie including the Horvath (Horvath,
2013, 2015 Hannum (Hannur, ‘et al £ 2013), anc Levirie (Levine et al., 2018) clocks which use
DNAm date fron{ 353 71, and 33 Cpipsites, respectively. While the Horvath and Hannum clocks
were develoj :=d to sstir| ate chroi.siogical age, the Levine clock expanded on this to estimate a
biological ag, meti ¢ krown as ‘phenotypic age’, which was based not only on chronological age,
but also other"viological factors predictive of mortality (e.g., albumin, creatinine) (Levine et al.,
2018). Another important difference between the clocks is that the Horvath clock was developed
using training datasets with DNAm data generated from many biological tissues sources whereas the
Hannum and Levine clocks were developed using only DNAm data generated from blood (though
they have been subsequently examined and validated in other tissues). Despite these differences,
DNAm ages estimated by all three epigenetic clocks are strongly correlated with chronological age.
Individuals with an older DNAm age than their chronological age are said to have ‘age acceleration’
which has been associated with many negative health outcomes such as cancer (Kresovich et al.,
2019), Parkinson’s disease (Horvath & Ritz, 2015), cardiovascular disease (Roetker, Pankow,
Bressler, Morrison, & Boerwinkle, 2018), and all-cause mortality (Marioni et al., 2015).

Although DNAm age has been examined in a wide range of biological tissues (e.g., blood, kidney,
liver, tumor, brain (Horvath & Raj, 2018)), it has not been examined in cerebrospinal fluid (CSF).
Thus, the validity and potential utility of DNAm age computed using this tissue is not understood
which is an important gap in our knowledge. In many cases of neurologic injury where CSF is
drained as part of clinical management, including aSAH, this tissue may offer insight into the local
environment of the central nervous system. Following aSAH specifically, there are secondary injuries
occurring at the cellular level that may impact biological aging. Therefore, trajectories of age
acceleration over time during recovery from neurologic injury may offer insight into (1) the stability
of DNAm age in acute pathological conditions such as aSAH and (2) the biology of recovery post-
aSAH.

Therefore, the purpose of this longitudinal, observational study was to characterize CSF DNAm age
over 14 days following aSAH. As part of this characterization, we wanted to better understand the

This is a provisional file, not the final typeset article
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relationships between CSF DNAm age and chronological age, the concordance between DNAm age
calculated using CSF versus blood, the stability (i.e., trajectories) of CSF age acceleration during
recovery from acute neuronal injury (i.e., aSAH), and the correlations and performance of three
epigenetic clock methods (Horvath (Horvath, 2013, 2015), Hannum (Hannum et al., 2013), and
Levine (Levine et al., 2018)) in CSF both with and without considering the effects of cell type
proportions. We hypothesized that DNAm age would be strongly correlated with chronological age
but would change over time during recovery from acute neuronal injury in response to rapidly
changing cell type proportions, DNAm age measured in CSF versus blood would be strongly
correlated, and age acceleration trajectories based on the three epigenetic clocks would be similar.

2 Methods
2.1 Setting and Sample

This study was approved by the Institutional Review Board of the University of Pittsburgh. Upon
informed consent, participants for this study were prospectively recruited from UPMC Presbyterian
Neurovascular Intensive Care Unit in Pittsburgh, Pennsylvania between 2009-and 2013 as previously
described (Arockiaraj et al., 2020). In brief, participalits were inclygled |\ this study if they were
diagnosed with subarachnoid hemorrhage caused by ap anelirys a rutuie; were at least 18 years of
age, and had no history of debilitating neurolagical dis, rde . As part ¢ this‘larger study, participants
were followed over 14 days post-aSAM1 1.the hospital.

2.2 DNA Methylauhn Data | lolled ion

For this stud, \ DN\ wz |\ extracted from two biological tissue sources including (1) CSF (for all
study particip ats-Jiv=279] with serial sampling over 14 days after aSAH) and (2) blood (for a subset
of study parficipants [n=88] at one time point after aSSAH). DNA was extracted from CSF using the
Qiamp Midi kit (Qiagen, Valencia, CA, USA) and from blood using a simple salting out procedure
(Miller, Dykes, & Polesky, 1988). All DNA was stored in 1X TE buffer at 4°C until DNA
methylation data collection. As described, CSF samples from ventricular drains placed as standard of
care were selected for targeted post-injury days of 1, 4, 7, 10, and 13 (+ 1 day) (Arockiaraj et al.,
2020). Genome-wide DNA methylation data were generated using the Infinium Human
Methylation450 BeadChip and scanned using the [llumina iSCAN (Illumina, Incorporated, San
Diego, CA, USA) at the Center for Inherited Disease Research using laboratory quality control (QC)
procedures described (Arockiaraj et al., 2020). Raw genome-wide DNA methylation data were
analyzed using Genome Studio Software (Illumina, Incorporated, San Diego, CA, USA). Our data
cleaning and QC pipeline included removal of poorly performing samples, probes, and outliers
(Arockiaraj et al., 2020) as well as functional normalization using the ‘funtooNorm’ function
implemented in the funtooNorm package (Oros Klein et al., 2016).

2.3 DNA Methylation Age

DNAm age was calculated using three epigenetic clocks (Horvath (Horvath, 2013, 2015), Hannum
(Hannum et al., 2013), and Levine (Levine et al., 2018)). These methods use linear functions and
clock-specific probes and coefficients to compute DNAm age as shown in Equation 1:

DNAmAge = mg+ myf; + myBy + -+ myuB, (1)

where DNAmAge is the predicted DNA methylation age for a given individual, m is a clock-specific
coefficient corresponding to a clock-specific probe, § is the DNA methylation measurement, a beta
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value as measured on a 0 to 1 scale, for a clock-specific probe within a given individual, and $ ( is a
clock-specific model intercept. It should be noted that the Horvath method also uses an age
transformation function as described (Horvath, 2013, 2015) and shown in the Supplementary
Material. These calculations were performed using a modified function from the wateRmelon
package (Pidsley et al., 2013) in R (Team, 2018) (wateRmelon:agep). The wateRmelon package
supplies both Horvath and Hannum coefficients for use with the ‘agep’ function and we modified this
function to also compute Levine DNAm age as described in detail in the Supplementary Material.

DNAm age was computed using both CSF DNAm data and blood DNAm data. To allow for
comparability between tissues, only clock-specific probes available in both CSF and blood were used
in our analysis. Following implementation of the QC pipeline described above, for the Horvath,
Hannum, and Levine epigenetic clocks, we were missing DNA methylation data for 1, 3, and 5
probes, respectively as detailed in the Supplementary Table 1. Following calculation of DNAm age,
CSF data were reshaped into five cross-sectional time points including time 1 (days 0 to 2 post-
aSAH), time 2 (days 3 to 5 post-aSAH), time 3 (days 6 to 8 post-aSAH), time 4 (days 9 to 11 post-
aSAH), and time 5 (days 12 to 14 post-aSAH). The vast majority of the blood samples available were
collected at time 1 (days 0 to 2 post-aSAH) so blood samples collected.autsi/le of this cross-sectional
time point (n=16) were excluded from further analyses.

2.4 Age Acceleration

For each.ofiie three epigenetit Clocl s, we comp ) ted age acceleration defined as the residuals of
DNAm age, egragséd ' 'n chrond pgiceyaas’ within each cross-sectional time point. We computed age
acceleration| ‘oth | rith i ad withg “t-adjustment for cell type heterogeneity (CTH) because cell type
proportions a_: kn¢ wniovary with age (Chen et al., 2016). Because reference-based methods do not
exist for CSE, ait CTH data were computed using the Houseman’s reference-free method which
estimates proportions of cell types for each sample (Houseman, Molitor, & Marsit, 2014). In
adjusting for CTH, we computed age acceleration as the residuals of DNAm age regressed on
chronological age and cell type proportions. Because our cell-type variable was a proportioned
phenotype which added up to one, we excluded the cell type with the lowest amount of variation
within our study sample to minimize confounding the results.

2.5 Participant characteristic data

Participant data were extracted from the medical record and included standard demographic data
(e.g., age, sex, and self-reported race), body mass index (BMI) and smoking history (given
associations between these factors and DNA methylation levels (Li, Wong, Bui, Nguyen, Joo, Stone,
Dite, Dugué, et al., 2018; Li, Wong, Bui, Nguyen, Joo, Stone, Dite, Giles, et al., 2018)), and Fisher
grade, which is a clinical variable measuring the initial extent of aSAH injury (Fisher, Kistler, &
Davis, 1980).

2.6 Statistical Analysis

Statistical analyses were conducted using R statistical computing environment (version 3.6.0) (Team,
2018) and SAS (version 9.4, SAS Institute Incorporated, Cary, NC, USA). Demographic and clinical
characteristics of our sample were computed using standard descriptive statistics. DNAm age was
compared with chronological age using scatterplots and Pearson correlations. This was done for CSF
observations (available over 14 days following aSAH) and for blood (available on days 0, 1, and 2
post-aSAH). Next, for participants with both CSF and blood samples available, we compared the
correlation between DNAm age calculated from CSF versus blood at time point 1 (days 0 to 2 post-
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aSAH). Finally, we evaluated correlations among DNAm age calculated using the three epigenetic
clocks both directly and as partial correlations controlling for age as implemented in the
ppcor::pcor.test function in R. Following calculation of age acceleration as described above, we
compared age acceleration computed using the Horvath (Horvath, 2013, 2015), Hannum (Hannum et
al., 2013), and Levine (Levine et al., 2018) epigenetic clocks both with and without adjusting for
CTH using Pearson correlations and sina plots.

Next, we examined age acceleration over time during recovery from aSAH using group-based
trajectory analysis (GBTA) implemented using the Proc TRAJ macro in SAS (Jones & Nagin, 2007;
Jones, Nagin, & Roeder, 2001). GBTA was performed through iterative modeling (i.e., comparison
of models with varying group numbers and shapes) to infer distinct trajectory groups. Bayesian
Information Criterion (BIC) was used as our primary indicator of model fit, with a larger BIC
indicating a better model fit (Jones & Nagin, 2007; Jones et al., 2001). Following selection of a best-
fitting model, we performed a posterior QC check of the model using several model-fit indices
including ensuring (1) the average posterior probability of group assignment was at least 0.7, (2) the
odds of correct classification was greater than 5, and (3) the estimated group assignment percentages
were approximately equal to the observed group assignment percentages-(Johes & Nagin, 2007;
Jones et al., 2001). Finally, we used one way analysis of variageea d cl )sqiare tests to understand
how participant characteristics differed between infersd tr/lisetory gibups ad linear regression to
understand bivariate associations between ag accilera, on' aetrigs indcpendent of trajectory groups
and participant characteristics.

3 Resul

3.1 Sampli Cha actcyistics

Our final post-QC sample sizes consisted of n=273 participants. All participants had CSF DNAm
data at up to five cross-sectional time points over 14 days post-aSAH (for a total of n=850
observations). Of the overall sample, n=72 participants also had blood DNAm data available at cross-
sectional time point 1 (days 0 to 2 post-aSAH). Sample characteristics are presented in Table 1. Our
overall sample (n=273) had a mean (+SD) age of 52.9 (+11.1) years, was 68.5% female, and 87.2%
White with Fisher grades of 2, 3, or 4 accounting for 29.7%, 49.5%, and 20.9% of the sample,
respectively. Mean BMI was 28.1 (£7.2) kg/m? and 53.8% of participants were active smokers. We
observed similar statistics in the subset of participants with both CSF and blood DNAm data
available on days 0 to 2 post-aSAH (n=72). This group had a mean age of 53.0 (+11.5) years, was
69.4% female, and 84.7% White with Fisher grades of 2, 3, or 4 accounting for 27.8%, 51.4%, and
20.8% of the sample, respectively. In this smaller subset of participants with both CSF and blood
DNAm data, mean BMI was 28.8 (+8.8) kg/m? and 51.4% of participants were active smokers. The
sample characteristics observed were comparable to statistics observed in the general aSAH
population (Zacharia et al., 2010).

3.2 Correlation Between DNAm Age and Chronological Age

Across all CSF samples (n=273 at up to five time points over 14 days post-aSAH), DNAm age was
moderately to strongly correlated with chronological age in the Horvath (R = 0.86, p <2.2E-16),
Hannum (R = 0.82, p < 2.2E-16), and Levine (R = 0.66, p < 2.2E-16) clocks as shown in Figure 1.
The relationship between DNAm age and chronological age was similar for all three clocks as shown
in the overlay plot in Supplementary Figure 1. However, the scatterplots in Figure 1 highlight
between participant variation and that the relationship between CSF DNAm age and chronological
age differs as a function of chronological age. For CSF DNAm age computed using all three clocks,
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we observe higher DNAm age than expected in younger participants and lower DNAm age than
expected in older participants (all p <0.00001). Within cross-sectional time points, we observe
similar correlations between chronological age and DNAm age in CSF over time as shown in the
scatterplots presented in Supplementary Figures 2, 3, and 4.

Within the subset of participants for which blood was available (n=72 on days 0 to 2 post-aSAH),
chronological age was highly correlated with DNAm age in the Horvath (R = 0.88, p <2.2E-16),
Hannum (R = 0.92, p <2.2E-16), and Levine (R = 0.83, p <2.2E-16) clocks as shown in Figure 2.
The relationship between DNAm age and chronological age was similar for all three clocks as shown
in the overlay plot in Supplementary Figure 5. While correlations between chronological age and
DNAm age were stronger in blood compared with CSF, for all three clocks, the relationship between
DNAm age and chronological age differed as a function of chronological age (all p < 0.00001).

3.3 Correlation Between DNAm Age in CSF versus Blood

Within the subset of participants for which both CSF and blood DNAm data were available (n=72 on
days 0 to 2 post-aSAH), we observed moderate to strong correlations betwesn DNAm age measured
in CSF versus blood as shown in Figure 3. Specifically, we obsersgd cc selalions between DNAm
age in CSF compared with blood using the Horvath (R= 07, ;1 < Z2E/ 1\, Hannum (R = 0.84, p <
2.2E-16), and Levine (R = 0.69, p = 1.2E-10)¢locl:s. F rtie | correlatio.'s comnparing DNAm age in
CSF versus blood given chronologicai’ag haro shown ir; Sup,“mfientary Figure 6.

3.4 Con latien/oe ween th Hor ath/Hannum, and Levine Epigenetic Clocks

Next, we wa| ‘ed ti \una rstand the correlations between age acceleration estimated using the
Horvath, Han um/uiid Levine epigenetic clocks. First, within cross-sectional time points available
for CSF, we compared the methods using both direct correlations and partial correlations controlling
for age. In comparing the Horvath and Hannum methods, we observed direct correlations of R = 0.84
to 0.89 and partial correlations controlling for age of Rug = 0.39 to 0.56 as shown in Supplementary
Figure 7. In comparing the Horvath and Levine methods, we observed direct correlations of R = 0.67
— 0.76 and partial correlations controlling for age of Ruge = 0.14 to 0.37 as shown in Supplementary
Figure 8. Finally, in comparing the Hannum and Levine methods, we observed direct correlations of
R =0.72 to 0.80 and partial correlations of Ruge = 0.22 to 0.58 as shown in Supplementary Figure 9.
We observed similar relationships between the three epigenetic clocks in blood after aSAH as shown
in Supplementary Figure 10.

Next, we wanted to understand the correlations between age acceleration with and without
adjustment for CTH computed in all methods and available biospecimens (i.e., CSF and blood). As
discussed above, age acceleration was computed by regressing DNAm age on chronological age both
with and without adjusting for CTH resulting in a measure of age acceleration that has no association
with chronological age as shown in the exemplar plots in Supplementary Figures 11 (CSF) and 12
(blood). We used the subset of participants with both CSF and blood available (n=72 at cross-
sectional time point 1 on days 0 to 2 post-aSAH) to compare the methods as shown in the correlation
heatmap presented in Figure 4. We observed a range of correlations as small as R = 0.08 (between
blood age acceleration computed using the Hannum clock and CSF age acceleration computed using
the Horvath clock) to as large as R = 0.90 (between blood age acceleration unadjusted for CTH
computed using the Levine clock and blood age acceleration adjusted for CTH computed using the
Levine clock).
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Lastly, in the sina plot depicting the distribution and density of the age acceleration data shown in
Figure 5, we observed that the CSF age acceleration computed using the Levine clock had the widest
range of values while blood age acceleration adjusted for CTH computed using the Hannum clock
had the narrowest range of values.

3.5 Trajectories of Age Acceleration Over Time in CSF

Finally, in an effort to understand the stability (i.e., trajectories) of CSF age acceleration over time
during recovery from acute neurologic injury, we performed GBTA using the age acceleration data
(both with and without adjusting for CTH) computed from the three epigenetic clocks. Inferred age
acceleration trajectory groups for the Horvath and Hannum clocks are plotted in Figure 6. As
discussed in more detail below, the trajectory models for the Levine clock did not pass posterior
model QC, so are not presented in Figure 6. For age acceleration data computed using the Horvath
clock, both unadjusted and adjusted for CTH, four distinct, flat trajectory groups (Groups 1 through
4) were inferred, suggesting that Horvath DNAm age acceleration does not change over time during
recovery from neurologic injury (Figure 6, Horvath and Horvath + CTH). All unadjusted and CTH-
adjusted model selection parameters including the BICs computed from iterative model testing as
well as posterior model QC indices are presented in SupplementargiTab, »s 2a, 2b, 3a, and 3b.

For age acceleration data unadjusted for CTH.compute | us ng thg Har.' um clock, we again inferred
four distinct trajectory groups. Howey®r, Whiiythe two' rou, mith the highest age acceleration
(Groups 3.amd 4) did not charg (ovel {lime, we G)servea a slow increase in age acceleration in Group
2 and an in{_easaf@iic wved by a| eturt. iehiseline in Group 1 (Figure 6, Hannum). However, when
we controlle \ for | {'TH| n the ca) zlation of age acceleration, this temporal variation was washed out
resulting in £ ur fle | traj_etory groups with no change over time (Figure 6, Hannum + CTH). All
model selectiZ.rparameters including the BICs computed from iterative model testing as well as
posterior model QC indices are presented in Supplementary Tables 4a, 4b, Sa, and 5b. It should be
noted that the plots in Figure 6 depict inferred trajectory groups and are not directly comparable
because group membership changes after adjustment for CTH as shown in Tables 2 (Horvath) and 3
(Hannum) (e.g., in Figure 6, Hannum, Group 1 has only 8 participants while in Figure 6, Hannum +
CTH, Group 1 has 23 participants).

GBTA plots for the Levine clock are presented in Supplementary Figure 13. In performing GBTA for
the Levine age acceleration data unadjusted for CTH, we again inferred four trajectory groups with
the two highest groups (Groups 3 and 4) steady over time with no change, a third group steadily
increasing over time (Group 2), and a fourth group decreasing and then returning to baseline (Group
1). Interestingly, when we controlled for CTH, this temporal variability was washed out as described
with the Hannum method above, resulting in four trajectory groups with no change over time.
However, neither the trajectory model unadjusted for CTH nor the trajectory model adjusted for CTH
passed QC procedures due to inadequate odds of correct classification of the middle groups. In other
words, while we were confident in group participant assignment in the highest and lowest DNA
methylation groups (Groups 4 and 1, respectively), participant assignment couldn’t be distinguished
for the middle groups. All model selection parameters including BICs computed from iterative model
testing as well as posterior model QC indices are presented in Supplementary Tables 6a, 6b, 7a, and
7b.

Next, we computed participant characteristics for identified trajectory groups for the trajectory

models that passed posterior QC (Horvath and Hannum models) and present the results in Tables 2
and 3, respectively. For both clocks, we noticed a difference between sex with a decreasing
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proportion of females as age acceleration increases, though this was only statistically significant in
the Hannum clock (p < 0.0001). This is particularly notable in the age acceleration trajectory groups
unadjusted for CTH computed using the Hannum clock. The group with the lowest age acceleration
(Group 1) was 93.3% female while the group with the highest age acceleration (Group 4) was only
16.7% female. We observed no other differences in participant characteristics by trajectory group.

Lastly, we wanted to understand if DNAm age acceleration was associated with participant
characteristics independent of inferred trajectory groups as shown in the bivariate results in Table 4.
We observed associations between sex and Horvath CSF DNAm age acceleration (p = 0.02),
Hannum CSF DNAm age acceleration (p < 0.0001), and Hannum CSF DNAm age acceleration
controlling for CTH (p = 0.0001). We also observed associations between race and Hannum DNAm
age acceleration in blood (p = 0.04), Levine CSF DNAm age acceleration (p = 0.03), and Levine CSF
DNAm age acceleration controlling for CTH (p = 0.003). Finally, we observed an association
between smoking and Levine CSF DNAm age acceleration controlling for CTH (p = 0.003).

4 Discussion

This study is the first to characterize CSF DNAm agcover the firs@4 a ws post-aSAH. While we
observed similarities between the tissues and epigenetic clgcks ' -sedn tn1)study, some important
differences should be considered. First, the xg'atiolishif bet veen hoth \ SF and blood DNAm age and
chronological age differed substantially t hchidnclogici | agc® shown in Figure 1 (CSF) and Figure
2 (blood)-wall three clocks ari | botl (tissugs exa nined; the chronologically youngest participants
had substari ally¢\ldei, DNAm & re, wilarts for the chronologically older participants the opposite
was observe, \(all|} < 0,90001). s finding underscored the fact that although, in general, DNAm
age is highly| orre! ted’with chronological age across the lifespan, the relationship changes as a
function of chionological age. This phenomenon was recently well-described in detail elsewhere (El
Khoury et al., 2019) and our observations in this study further support this. Several measurements of
age acceleration are reported in the literature. Most commonly, we observed (1) delta age, defined as
the difference between DNAm age and chronological age and (2) age acceleration, defined as the
residuals of DNAm age regressed on age (often with the addition of covariates such as CTH) and the
methodology used in the current study. Initially, we performed our analyses using delta age and then
realized that there was a systematic difference in delta age based on chronological age as discussed
above. The age acceleration method used in the current study is a measure that is completely
independent of age as shown in Supplementary Figures 11 and 12 and is therefore less likely to lead
to confounding in studies using DNAm age.

In general, we observed strong correlations between DNAm age measured in CSF versus blood as
shown in Figure 3. The correlations were the strongest using the Horvath (R = 0.87) and Hannum (R
= 0.84) clocks, but for nearly all participants, Hannum CSF DNAm age observations were
‘biologically younger’ compared with blood. Given chronological age, however, we observed much
lower partial correlations for the Horvath, Hannum, and Levine clocks with Ryge values of 0.46, 0.32,
and 0.44, respectively (Supplementary Figure 6). A notable finding of this study is that for both CSF
and blood, we observed only moderate partial correlations between the three epigenetic clocks after
adjusting for chronological age as shown in Supplementary Figures 7 through 10. There is little
overlap between the probes used to compute DNAm age in each clock. Therefore, each clock
captures different phenomena related to aging. In addition, while the relationship between
chronological age and DNAm age was generally steady in CSF over the five cross-sectional time
points examined, we did observe some possible time-dependent changes as shown in Supplementary
Figures 2 through 4, though statistical significance was not reached. Moreover, as mentioned earlier,
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the Levine clock was developed to predict a ‘phenotypic age’ rather than chronological age (Levine
et al., 2018), so is therefore less directly comparable to the Horvath and Hannum methods.

A strength of this study is the availability of serial CSF samples available over 14 days allowing us to
examine the stability of CSF age acceleration over time during recovery from acute neurological
injury. As shown in Figure 6, our GBTA results indicate that for both the Horvath and Hannum
clocks, we observe four trajectory groups with no change over time once adjusting for CTH.
Although the Hannum clock unadjusted for CTH did show some change over time, an interesting
observation was that this variability was no longer observed after we controlled for CTH resulting in
nearly identical trajectory groups between the Horvath and Hannum methods. Although the Levine
trajectory models shown in Supplementary Figure 13 did not pass posterior QC, we see results nearly
identical to the Hannum clock. In the trajectory model unadjusted for CTH, we observe temporal
changes over time, while in the trajectory model adjusted for CTH, we observe very similar
trajectories to Horvath and Hannum clocks with four groups showing no change over time. Overall,
we observed that the Horvath clock does not appear to be strongly influenced by CTH and may be
the most appropriate methodology for use with CSF, even in cases where CTH data do not exist.

It is important to note that outside of CTH, we did not controlfor® = inj yerce of participant
characteristics (e.g., sex, race, smoking, or BMI) in oud calfulation 0 age (¥ celeration. As shown in
Tables 2 and 3, sex was associated with infesg=d traject ry | roup assigiment. Most notably were the
between-group sex differences ohgerfed or thoyHannur! \cloc."where we observe a steadily
decreasing{ercentage of femal s as ( 2e acgelera: on iricreases (Table 3). This is consistent with
existing lite atur€ fugg 'sting the |\ overciinen have higher DNAm age than women (Horvath et al.,
2016). This | as cafirt, ed by examining associations between participant characteristics and
ungrouped ag | acc| ‘erauon metrics (Table 4), where we again observed associations between sex and
CSF DNAmrage acceleration both with and without adjustment for CTH computed using the
Hannum clock. An unexpected finding in this study was that the group with the lowest age
acceleration (Group 1) had the highest percentage of participants with a history of smoking for both
the Horvath and Hannum methods (Tables 2 and 3), which contrasts with existing literature
suggesting smoking increases age acceleration (Yang et al., 2019). This was not a statistically
significant finding, however, and in our ungrouped analyses (i.e., independent of trajectory groups,
Table 4), we observed higher Levine CSF DNAm age acceleration in participants with a history of
smoking compared with participants who had never smoked.

Although this study has many strengths, there are some limitations that should be acknowledged.
First, as described above, there are several age acceleration metrics (e.g., delta age vs. age
acceleration) available in the literature. Because aSAH outcomes are strongly associated with
chronological age, and that delta age (the difference between DNAm age and chronological age) can
vary as a function of chronological age, we chose to use the residual method. Importantly, our
definition of age acceleration is an attribute that depends on the group of samples that went into the
regression. So, if DNAm was measured on one participant alone, the residual-based definition of age
acceleration could not be used to compute age acceleration without embedding results in a group
from which the regression line could be computed. As such, the residual definition is not specific to
the individual, but is also an attribute of the group. On a related note, an additional limitation of the
regression method is the potential sensitivity to outlying DNAm values. We did not score adjust any
outlying DNAm values which may have been influential in our regression results when computing
age acceleration. The influence of outliers should be carefully considered in studies examining
associations between age acceleration and health related outcomes. Clinically, delta age may be of
more interest than the residual definition of age acceleration because it could be calculated for only
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one participant. However, given (1) the systematic difference in delta age as a function of
chronological age, (2) the wide range of chronological ages in our study (i.e., 25 to 75 years), and (3)
that outcomes following aSAH are strongly associated with chronological age, we felt that the
regression definition of age acceleration was most appropriate for this population.

Next, it should be noted that all blood samples were included on separate plates from CSF samples,
so blood plate batch effects are intractably confounded. Despite our rigorous QC pipeline, this is
something that we could not correct for and should be considered when interpreting correlations
between age acceleration metrics computed in CSF versus blood. In addition, only a subset of 72 of
our participants had blood DNAm data available making our comparisons involving blood DNAm
age or age acceleration quite small. Likewise, for participants with blood available, the DNAm data
were only collected at one cross-sectional time point (on days 0 to 2 post-aSAH) which prevented us
from comparing the trajectories of blood age acceleration over time during recovery from aSAH with
CSF. Finally, this study only used three epigenetic clocks to characterize CSF DNAm age. In the
future, it may be important to expand comparisons of CSF and blood DNAm age and examine the
utility of other epigenetic clocks.

5 Conclusion

We observed moderate to strong correlationggsetwizen | \SF.DNAm age and chronological age that
varied as a function of chronologisal Age: stroix chrrela ions @ ween CSF DNAm age and blood
DNAm aggrand a wide range’¢ | cori tlations bet een €SF and blood age acceleration using the three
clocks and { »nsi¢ xing the effec 5 of U In general, once adjusting for CTH, CSF age acceleration
was stable o er tif e du ing rece’ ery from aSAH. Compared with the Hannum and Levine methods,
the Horvath ¢ bck ¢ apeais'to be less influenced by cell type in CSF.
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12 Figures

Figures have been submitted separately per the author instructions and titles and captions have been
provided here.

Figure 1. Chronological age versus DNAm age in CSF on days 0 to 14 post-aSAH using the
Horvath, Hannum, and Levine epigenetic clocks. (A) Horvath (B) Hannum (C) Levine; Sample
size, n=273 at up to 5 time points (N=850 observations over 14 days post-aSAH); dashed line, x=y;
solid line, predicted model fit; DNAm, DNA methylation; CSF, cerebrospinal fluid; aSAH,
aneurysmal subarachnoid hemorrhage; R, correlation computed using Pearson method

Figure 2. Chronological age versus DNAm age in blood at Time 1 (days 0 to 2) post-aSAH using
the Horvath, Hannum, and Levine epigenetic clocks. (A) Horvath (B) Hannum (C) Levine;
Sample size, n=72 with both CSF and blood DNA methylation data at cross-sectional time point 1
(days 0 to 2 post-aSAH); dashed line, x=y; solid line, predicted model fit; DNAm, DNA methylation;
aSAH, aneurysmal subarachnoid hemorrhage; R, correlation computed using Pearson method

Figure 3. DNAm age in CSF versus blood at Time"l (days 0 te<?7 po. --aSAH using the Horvath,
Hannum, and Levine epigenetic clocks. (A) Horvath(B) Han mam* C) Liwine; Sample size, n=72
with both CSF and blood DNA methylation.data al cro, s-si ctional timi point 1 (days 0 to 2 post-
aSAH); dashed line, x=y; solid line, pfeaitea nodiel fit DNZwi DNA methylation; CSF,
cerebrospinat fluid; aSAH, an€ {ysm il subarachbid heimnorrhage; R, correlation computed using
Pearson me_1od

Figure 4. Cc vela ‘on | 2atmap of unadjusted and CTH-adjusted age acceleration at Time 1
(days 0 to 2), sstzaSAH computed in CSF and blood using the Horvath, Hannum, and Levine
epigenetic clocks. Sample size, n=72 with both CSF and blood DNA methylation data at cross-
sectional time point 1 (days 0 to 2 post-aSAH); CSF, cerebrospinal fluid; aSAH, aneurysmal
subarachnoid hemorrhage; CTH, cell-type heterogeneity; all values presented are R values indicating
age acceleration correlation computed using Pearson method

Figure 5. Sina plots of unadjusted and CTH-adjusted age acceleration at Time 1 (days 0 to 2)
post-aSAH computed in CSF and blood using the Horvath, Hannum, and Levine epigenetic
clocks. Sample size, n=72 with both CSF and blood DNA methylation data at cross-sectional time
point 1 (days 0 to 2 post-aSAH); CSF, cerebrospinal fluid; aSAH, aneurysmal subarachnoid
hemorrhage; CTH, cell-type heterogeneity

Figure 6. Trajectory plots of unadjusted and CTH-adjusted CSF age acceleration from
Horvath and Hannum epigenetic clocks. Note that the above plots portray inferred trajectory
groups and are not directly comparable as the group membership changes between plots as shown in
Table 2 (Horvath) and Table 3 (Hannum); n=273 at up to five time points (N=850 observations over
14 days post-aSAH condensed to 5 cross-sectional time points); times listed correspond to cross-
sectional time points (Time 1 [Days 0 to 2]; Time 2 [Days 3 to 5]; Time 3 [Days 6 to 8]; Time 4
[Days 9 to 11]; Time 5 [Days 12 to 14]); 95% Confidence Intervals shown are for estimated
trajectories and not observed trajectories; CSF, cerebrospinal fluid; CTH, cell-type heterogeneity
aSAH, aneurysmal subarachnoid hemorrhage; note, the Levine trajectory models did not pass
posterior quality control and are presented in the Supplementary Material

.. .. . 12
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493 13  Tables

494 Table 1. Sample Characteristics

2 Overall sample® Sample subset with both
Variable (n=273) CSF and blood (n=72)
Age, mean (SD) 52.9(11.1) 53.0(11.5)
Sex, female, n (%) 187 (68.5) 50 (69.4)
Race, White, n (%) 238(87.2) 61 (84.7)
Fisher, n (%)
2 81(29.7) 20 (27.8)
3 135 (49.5) 37(51.4)
4 57 (20.9) 15(20.8)
Smoking, n (%)
No 88 (32.2) 28 (38.8)
Yes 147 (53.8) 37 (51.4),
Social 3(1.1) 2 (2
Quit 31(11L4) 3(4.2)
Unknown (1.5 7(2.8)
Bil, mean (SD) 28.1(7.2) 28.8 (8.8)

496 *All participai s in fis/stu; v had long udina 5 SFEamples available over 14 days post-aSAH; CSF, cerebrospinal fluid;
497  SD, standard ¢, viatic_; BM \ body ma, \index
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- . . Pittsb! h, PA 15213
Institutional Review Board Tel (412) 383.1430

www.hrpo.pitt.edu

APPROVAL OF SUBMISSION (Expedited)

Date: December 9, 2019

IRB: STUDY19100368

PI: Lacey Heinsberg

Title: Multi-omics of the Iron Homeostasis Pathway in Patient Outcomes Following aSAH
Funding: Name: National Institute of Nursing Research, Funding Source ID: F31NR017311

The Institutional Review Board reviewed and approved the above referenced study. The study may
begin as outlined in the University of Pittsburgh approved application and documents.

Approval Documentation

Review type: Continuing review
Approval Date: 12/9/2019
Expiration Date: | 12/8/2020

As the Principal Investigator, you are responsible for the conduct of the research and to ensure accurate
documentation, protocol compliance, reporting of possibly study-related adverse events and
unanticipated problems involving risk to participants or others. The HRPO Reportable Events policy,
Chapter 17, is available at http://www.hrpo.pitt.edu/.

Continuing review (CR) can be submitted by clicking “Create Modification/CR” from the active study at
least 5 weeks prior to the expiration date.

Clinical research being conducted in an UPMC facility cannot begin until fiscal approval is received from
the UPMC Office of Sponsored Programs and Research Support (OSPARS).

If you have any questions, please contact the University of Pittsburgh IRB Coordinator, Teresa
McKaveney.

Please take a moment to complete our Satisfaction Survey as we appreciate your feedback.
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As the Principal Investigator, you are responsible for the conduct of the research and to ensure accurate
documentation, protocol compliance, reporting of possibly study-related adverse events and
unanticipated problems involving risk to participants or others. The HRPO Reportable Events policy,
Chapter 17, is available at http://www.hrpo.pitt.edu/.

Continuing review (CR) can be submitted by clicking “Create Modification/CR” from the active study at
least 5 weeks prior to the expiration date.

Clinical research being conducted in an UPMC facility cannot begin until fiscal approval is received from
the UPMC Office of Sponsored Programs and Research Support (OSPARS).
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