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Abstract

Previous epidemiologic research studies have investigated the association
between amyotrophic lateral sclerosis (ALS) and cigarette (tobacco) exposure; however,
their results have been inconsistent. In addition, there is limited information available on
the association between cigarette (tobacco) exposure and ALS survival time. We assessed
the association of cigarette (tobacco) exposure with ALS incidence and survival in a
population of ALS subjects. We conducted epidemiological analysis on 125 ALS patients
in accordance with the multi-center Clinical Research in ALS and Related Disorders
(CReATE) Consortium Phenotype, Genotype and Biomarkers (PGB) in ALS and Related
Disorders study. We found that cigarette (tobacco) exposure was not associated with ALS
age of onset, risk, or survival in this population. The smoke exposed ALS patients had a
higher mean age of onset (57.74) and median survival time in months (57.87) compared
to the non-smoke exposed ALS patients mean age of onset (54.56) and median survival
time in months (42.66). Cox proportional hazards models were used to further examine
smoking habits and other patient variables. This prospective study did not provide
substantial evidence of cigarette (tobacco) exposure being associated with ALS age of

onset, risk, or survival time.
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Chapter I.

Introduction

Amyotrophic lateral sclerosis (ALS) also commonly known as Lou Gehrig's
disease is a fatal neurodegenerative disease primarily affecting both upper motor neurons
originating in the cerebral cortex and lower motor neurons in the spinal cord (Xu et al.,
2021). ALS has an increasing prevalence rate currently at around 3.9 per 100,000
individuals per year (Mehta et al., 2016). As indicated in Figure 1, the number of reported
cases of ALS is highest amongst the 70—79-year-old age group, followed by the 60—69-
year age group in the United States in 2015 (Mehta et al., 2018). Currently there is no
cure for ALS, and most patients can live an average of 2-5 years after diagnosis
(Longinetti & Fang, 2019). Some of the prominent early symptoms of ALS include
muscle twitching and weakness, fatigue, slurred speech, and poor balance. As ALS
progresses, symptoms become severe and may include muscle paralysis, and difficulty in
swallowing, chewing and eventually breathing. These symptoms are caused by rapid
neuro degeneration of motor neurons in the motor cortex and spinal cord (Xu et al.,

2021).



Reported ALS Cases in the USA: 2015*
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Figure 1. Reported ALS Cases in the United States in 2015

*Data Source (Mehta et al., 2018)

There is no single test or marker for diagnosing ALS, however, it is important to
diagnose ALS as early as possible for the best chance at managing the fatal disease.

Diagnosis generally consists of a doctor who will examine symptoms and rule out
other diseases. There is currently no cure, and few treatment options available for ALS
(Mehta et al. 2016). The main medications used to treat the symptoms are Riluzole, a
glutamate antagonist and Edaravone, an antioxidant drug (Jaiswal, 2019). Although these
medications ease the symptoms of ALS, and work to slow disease progression, they are
expensive without health insurance and are not a cure for ALS (Jaiswal, 2019). ALS
patients may also deal with the costs associated with job loss, physical alterations to one's

home, or hospital stays.



Like many other neurodegenerative diseases ALS has many unknowns, as there is
no clear picture into the pathology of ALS, as it is believed to be caused by an interplay
of environmental and genetic factors. There has been a variety of epidemiologic research
analyzing ALS incidence, risk factors and etiology. However, one of the major problems
in ALS research is the inconsistency in these research findings. To move forward with
epidemiologic ALS research, it is important to thoroughly analyze the risk and prognostic
factors of the disease.

Cigarette smoking (CS) is suggested to be a risk factor in many diseases,
including ALS. Tobacco products can be classified as either combustible or non-
combustible, the former including cigarettes, cigars, pipes, hookah, and the later
including forms such as e-cigarettes, chewing, and snuffing (Onor et al., 2017). Cigarette
prevalence was the most common form of tobacco usage among adults aged eighteen and
older in the United States in 2013 — 2014 (Hu et al., 20186, as cited in Onor et al., 2017).
Deep inhalation occurs with cigarette usage and allows nicotine to travel to the brain
within seconds (Onor et al., 2017).

There is strong evidence linking cigarette (tobacco) exposure to a variety of
diseases, including cancer, cardiovascular diseases, and respiratory diseases (Onor et al.
2017). It has been estimated that approximately 400,000 individuals die of cigarette
(tobacco) smoke exposure related diseases each year (U.S. Department of Health and
Human Services, 2014, as cited in Onor et al., 2017). In Figure 2, the number of deaths
recorded from smoking and exposure to second hand smoke between the years 1965 to

2014 are displayed.



Cause of Death Total

Smoking-related cancers 6,587,000
Cardiovascular and metabolic diseases 7,787,000
Pulmonary diseases 3,804,000
Conditions related to pregnancy and birth 108,000
Residential fires 86,000
Lung cancers caused by exposure to secondhand smoke 263,000
Coronary heart disease caused by exposure to secondhand smoke 2,194,000
Total 20,830,000

Figure 2. Deaths Caused by Smoking and Exposure to Secondhand Smoke Between 1965
and 2014 in the USA

Data Source (U.S. Department of Health and Human Services., 2014)

The exact mechanism of how cigarette (tobacco) exposure causes disease is
complex, however it is thought that exposure can lead to an excess in free radicals, and
subsequent oxidative stress and inflammation leading to DNA damage (U.S. Department
of Health and Human Services, 2014, as cited in Onor et al., 2017). As toxins in the
cigarette (tobacco) exposure can travel into the blood stream and move to all areas of the
body and can cause a variety of illnesses (Onor et al., 2017). Although cigarette (tobacco)
exposure is more commonly associated with cancers, it has been suggested to be a risk
factor for ALS. While many research studies have linked cigarette (tobacco) exposure
with increased ALS risk, others have not found strong associations between the two
(Calvo et al., 2016; Ophie-Martin et al., 2020a).

Owing to the prevalence of ALS, the lack of effective treatments, and the ensured
fatality of the disease, it is crucial to further analyze existing ALS patient data to gain a
clearer picture of the connection between CS and ALS prognosis and survival rates. By

obtaining clear statistical data on the impact of CS on the survival rate of ALS, more



attention can be paid to the mechanism of CS leading to ALS pathology, and eventually
the improvement of treatment options. This epidemiologic analysis may lead to future

studies, the goal of which is to maximize the survival time of ALS patients.

Definition of Terms

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor: Responsible
for fast excitatory synaptic transmission in the central nervous system.

Amyotrophic Lateral Sclerosis (ALS): A fatal neurodegenerative disease that affects
nerve cells in the brain and spinal cord.

Aryl Hydrocarbon Receptor (AHR): Transcription factor that regulates gene expression.
Plays a role in integrating immune response.

Blood Brain Barrier (BBB): Border of endothelial cells that prevent circulating toxins
from entering the extracellular fluid of the central nervous system.

Blood Spinal Cord Barrier (BSCB): Provides a microenvironment for the spinal cord.
Similar to the BBB.

Cigarette Smoke (CS): Tobacco smoke.

Cristae: Folds that function to increase the capacity of mitochondria to synthesize ATP.
Chromosome 9 Open Reading Frame 72 (C9orf72) gene: Provides instructions for
making proteins found in various tissues that control motor neurons. Alterations in this

gene are linked to familial amyotrophic lateral sclerosis.

Cytokines: small proteins that affect the interactions between cells. Play a role in
regulating inflammation.

Diagnostic Delay: Time between onset of symptoms and confirmed diagnosis of a
disease.

Edaravone: Antioxidant drug used to treat the symptoms of amyotrophic lateral sclerosis.

Excitatory Amino Acid Transporter (EAAT2): Transporter involved in the reuptake of
glutamate in the central nervous system.

Familial Amyotrophic Lateral Sclerosis (FALS): More than one person in the family has
amyotrophic lateral sclerosis. Caused by mutations in one or several genes.



Fused In Sarcoma gene (FUS): A DNA/RNA binding protein that regulates gene
expression. Alterations in it are linked to familial amyotrophic lateral sclerosis.

Glial Cells: Cells that maintain homeostasis and provide support and protection for
neurons.

Glutathione Peroxidase: Protects from oxidative stress and damage.

Glutathione Reductase: A key cellular antioxidant. Plays an important role in the control
of reactive oxygen species.

Gray Matter (GM): Contains most of a neuron's cell body.
Kinesin-1: Motor protein that ensures intracellular distribution, and motor coordination.
Malondialdehyde (MDA): A marker for oxidative stress.

Mast Cells: Serve as the first line of defense against antigens. Important in the
homeostasis and regulation of gut bacteria.

Miyako Island Biden Pilosa (MBP): A plant that can act as an anti-inflammatory agent.

N-methyl D-aspartate (NMDA\) receptors: Activated by excitatory neurotransmitter
glutamate. Involved in learning and memory.

Revised Amyotrophic Lateral Sclerosis Functional Rating Scale (ALSFRS-R): A measure used
to evaluate the functional status of patients with amyotrophic lateral sclerosis. Measures speech,
salivation, swallowing, handwriting, cutting foods, dressing and hygiene, turning in bed and
adjusting bed clothes, walking, climbing stairs, and breathing,

Riluzole: A medication that blocks the release of glutamate and is used to treat the symptoms of
amyotrophic lateral sclerosis.

Sporadic Amyotrophic Lateral Sclerosis (SALS): Patients have no family history of amyotrophic
lateral sclerosis. A complex interaction between genetics and the environment are thought to be
responsible for SALS.

Superoxide Dismutase 1 gene (SOD1): Protein encoded by this gene is responsible for free
superoxide radicals. Mutations in this gene have been linked to familial amyotrophic lateral sclerosis.

TAR DNA-Binding Protein 43 (TDP-43): Protein involved in processing mRNA. Array TDP-43 is
linked to many neurodegenerative disorders.

Total Antioxidant Status (TAS): A measure of the antioxidant status of the body. Antioxidants work
to prevent and slow damage from free radicals.



Tubulin: A protein that forms microtubules that function to form the skeletal system, and work to
Regulate intracellular transport.

White Matter (WM): Brain matter composed of myelinated axons that are used in intercellular
communication between different brain regions.

8-Oxo0-2'-deoxyguanosine (8-OHdG): A measure of oxidative stress.

Background of the Problem

Amyotrophic lateral sclerosis (ALS) is a motor neuron disease in which the brain
gradually loses the ability to communicate with the muscles. The symptoms of ALS
consist of an individual having slurred speech, difficulty walking, and weakness. Around
5 - 10 percent of ALS cases are familial (FALS), meaning there is a genetic link within a
family, while the rest of ALS cases are categorized as sporadic (SALS) meaning there is
no family history of the disease (Mehta et al., 2016). Nearly thirty causative genes are
linked to ALS, with alterations in superoxide dismutase 1 (SOD1), chromosome 9 open
reading frame 72 (C9orf72), and fused in sarcoma (FUS) being the most common causes
of fALS (Pansarasa et al., 2018).

In healthy individuals, SODL1 is a gene that has the functions of removing
metabolic waste and degrading superoxide free radicals (Pansarasa et al., 2018).
However, alterations in the SOD1 gene are associated with ALS as mutated SOD1 can
become disrupted, gain toxic properties, and form insoluble aggregates in motor neurons
disrupting communication and function. Mutated SOD1 can also cause oxidative damage
leading to motor neuron death (Pansarasa et al., 2018). The exact mechanism of how
SOD1 causes ALS has not been confirmed, however, there is a relationship between
mutated SOD1 and ALS pathology, which led to the creation of SOD1 mouse models to

study ALS.



The C90rf72 gene encodes the C9orf72 protein, which is found in neurons in the
brain and spinal cord and is responsible for movement (Belzil et al., 2013). Mutations in
C9orf72 occur as repeat expansions in the form of (GGGGCC), and if too many of these
repeats are expressed ALS pathology can occur (Belzil et al., 2013). These repeats lead to
aggregate formation, and early motor neuron death (Belzil et al., 2013).

As for the FUS gene, its normal function is to regulate transcription, RNA
metabolism and mMRNA splicing (Kamelgarn et al., 2018). Mutations in the FUS gene are
thought to alter RNA processing, inhibit protein translation, and ultimately lead to
neuronal death (Kamelgarn et al., 2018). These are critical processes, and interruptions in
them can lead to the ALS disease phenotype.

As for SALS, the cause is not clear, but it is thought to be related to genetic and
environmental factors. Individuals with genetic variations may require genetic and
environmental triggers for SALS to develop. Environmental factors such as CS, toxin
exposure, and physical activity levels may play a role in the development of ALS.

Our goal is to investigate the link between CS and ALS risk and survival. To
better understand this connection, we will first examine the background research linking
CS and ALS, then delve into the proposed pathogenic mechanism, and discuss our

research goals and limitations.

Cigarette Smoking and ALS
Research on the connection between CS and ALS hasn't been in accord when it
comes to the strength of the connection, however, there is a link between the two. CS is a
proposed risk factor for the development, intensity, and survival time of individuals with

ALS. An analytical study conducted by Peters and her team investigated the effects of



smoking duration (years), intensity (cigarettes/day), and time to quit smoking (years) on
ALS symptoms (2020). Using a logistic regression model, they found that compared with
smoking intensity, smoking duration is a stronger indicator of ALS risk, and the number
of years after quitting smoking is negatively correlated with ALS risk (Peters et al.,
2020). A population-based case-control study conducted by researcher De Jong and
colleagues investigated 494 ALS patients and found that current smokers have an
increased risk of ALS and worse prognosis and survival time (2012). A similar study
examined 650 individuals with ALS in Italy to assess the impact of smoking on the age of
onset and survival (Calvo et al., 2016). Calvo and the team used the ALSFRS-R scale to
measure ALS levels and divided participants into three categories: never smoked,
previously smoked, and current smoker (2016). The age of onset of ALS was 66.3 years
for never-smokers, 67.6 years for previous smokers, and 64.9 years for current smokers,
indicating that current smokers have an earlier age of onset (Calvo et al., 2016). In
addition to the earlier onset, Calvo and the team found the survival time of current
smokers to be 1.9 years, that of previous smokers to be 2.3 years, and that of never-
smokers to be 2.7 years independent of age and gender (2016). A prospective cohort
study examined the ALS mortality rate in a population of 621 cases and found that the
ALS mortality rate of female smokers was significantly higher than non-smokers, while
among men there was not a difference (Weisskopf et al., 2004). Correspondingly, a
population-based case control study of 1,143 ALS causes and over 11 thousand patients
matched controls conducted by Alonso and team examined predictors of survival in ALS
patients (2010). Gender analysis in this population found that women but not men

showed a positive correlation between both ALS risk, and ALS survival (Alonso et al.,



2010). This research shows that there is a connection between CS and ALS risk, and
survival times, and that differences may exist across genders.

However, conflicting studies have shown that there is a weak or non-existent link
between smoking and ALS. A retrospective case study examined the relationship
between smoking and ALS in the UK (Opie-Martin et al., 2020a). Ophie-Martin and her
team measured variables such as smoking intensity and duration and used logistic
regression analysis to measure the risk of ALS in 202 patients (2020a). After adjusting
for education level, gender, and age, they found only a weak association between
smoking and ALS risk (Ophie-Martin et al., 2020a). Ophie-Martin further investigated
the relationship between ALS and smoking through a Mendelian randomization
population-based study of over 20 thousand individuals and found that there was no
significant association that smoking leads to ALS (Ophie-Martin et al., 2020b). Owing to
the inconsistency of CS ALS research, it is important to further study this connection, so

CS can be emphasized, and its mechanism can be used in therapeutic research.

Pathogenic Mechanisms

Glutamate excitotoxicity is a pathogenic mechanism that has been a central idea
around ALS drug treatment. Glutamate excitotoxicity involves excessive activation of
glutamate NMDA and AMPA receptors, leading to excessive calcium influx (Morotz et
al., 2012). Increased calcium levels can lead to mitochondrial dysfunction as well as
protein and lipid dysregulation through the activation of phosphatases, lipases, and
proteases (Morotz et al., 2012). Researchers Spreux-Varoquaux and colleagues examined
the cerebrospinal fluid of patients with ALS and discovered increased levels of glutamate

in 40.8% of the ALS cohort, which correlated with increased impairment of limb function

10



and higher levels of muscle deterioration compared to the ALS group with normal levels
of glutamate (2002). These results may suggest that increased glutamate concentration
can be a predictor of motor neuron wastage (Spreux-Varoquaux et al., 2002). As
mentioned earlier, the ALS drug treatment called Riluzole works by inhibiting the release
of glutamate from synapses, but it has only a moderate effect in improving the survival
time of ALS (Jaiswal, 2019). In addition, Rothstein, and colleagues conducted a study in
which they overexpressed excitability using the excitatory amino acid transporter 2
(EAAT2), which works to inactivate synaptic glutamate, thus reducing neuronal
excitability, and found that when it was overexpressed in an animal model of ALS, the
mutant mice showed slower disease progression, a delay in the loss of muscle strength
and an increased survival time compared to controls (2005). These results suggest that
glutamate and excitotoxicity may be involved in the progression of ALS, but they can
only explain part of the pathology of ALS. Increased calcium influx, increased activation
of NMDA and AMPA receptors can lead to oxidative stress in cells.

Oxidative stress and inflammation are other mechanisms that may contribute to
the pathophysiology of ALS. A study conducted by Blasco, and colleagues examined the
levels of substances that have a protective effect on oxidative stress, such as glutathione
peroxidase and glutathione reductase; they also measured the total antioxidant status
(TAS) (2017). They found that compared with the control group, TAS, and other
protective substances in ALS patients were significantly reduced (Blasco et al., 2017).
They then examined markers for oxidative stress such as malondialdehyde (MDA) and 8-
hydroxy-2’-deoxyguanosine (8-OHdG) and found an increase in these substances in ALS

patients' samples (Blasco et al., 2017). In addition, PET studies have shown that oxidative

11



stress in the brain may contribute to the severity of the disease in patients with ALS
(Tkawa et al., 2015). Scans of patients with ALS showed a greater accumulation of
markers indicative of oxidative stress in the bilateral cortices, central sulcus, and motor
cortex, which agreed with their ALS functional rating scale scores compared to control
subjects (Ikawa et al., 2015). These studies suggest that oxidative stress and inflammation
are involved in the pathology of ALS disease and the rate of disease progression.

In addition to inflammation, glial cell activation is also a research area of the
pathologic mechanism of ALS disease. Previous studies have shown that pro-
inflammatory responses and increased cytokines have been found in spinal cord tissue
samples from post-mortem ALS patients (McCombe & Henderson, 2011). Similarly, it is
believed that the number of microglia found in post-mortem samples is related to the
intensity of disease progression (Brettschneider et al., 2012). Based on this, researcher
Alshikho and his team used MR and PET scanning imaging to examine the cortical
thickness of 10 ALS patients and 10 control groups using glial markers (2016). The
results showed that as white matter and gray matter deteriorated, the uptake of glial
markers and cortical thinning increased (Alshikho et al., 2016). This supports the idea
that glial cell activation and inflammation contribute to the structural changes in the brain
that lead to ALS symptoms and disease progression. Researcher Kosuge and his team
investigated possible treatment strategies to improve the quality of life of ALS patients
by using the anti-inflammatory agent Miyako Island Bidens pilosa (MBP) in a genetically
modified mouse model of ALS (2020). Treatment with MBP was able to slow

inflammation, and reduce astrocyte and microglia activation, and in return prolong mice
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survival by an average of twenty days and improve motor performance suggesting that
MBP may be used as a potential therapeutic treatment for ALS patients in the future.

CS can also cause oxidative stress and inflammation, which are suspected
mechanisms leading to the pathology of ALS. Studies have shown that when comparing
the cerebrospinal fluid of smokers and non-smokers, the levels of biomarkers of free
radical oxidative stress in smokers' samples are higher (Durazzo et al., 2014). As
oxidative stress, free radicals, and neuroinflammation go hand in hand, research has
shown that long term exposure to CS can lead to an immunosuppressive state in which
there is increase in neuroinflammation and an impaired cell immune response, leading to
the symptoms of ALS (Qiu et al., 2017). The pro-inflammatory state may lead to
inflammation of the spinal cord and activation of glial cells (Qui et al., 2017).
Carcinogens found in CS can cause the activation of microglia and can keep them in an
active state which perpetuates ALS disease (Li et al., 2020). Furthermore, CS is linked to
alterations in miRNAs, which can increase inflammation and immune cell activation
(Zong et al., 2019).

New ideas on how CS contributes to the pathogenesis of ALS disease involve
blood-spinal cord barrier dysfunction (BCSB). BCSB is very similar to the more widely
known blood-brain barrier (BBB) because its function is to protect the spinal cord from
toxic substances (Naik et al., 2014). Research in SODL1 transgenic mice has found that
BCSB deterioration leads to motor neuron dysfunction, and that when the BCSB was
restored as much as possible, motor neuron degeneration was delayed (Winkler at al.,
2014). Owing to the similarities of the BBB and the BCSB, and the fact that CS has been

implicated in BBB deterioration, it is possible that CS through oxidative stress and

13



inflammation can damage the BCSB (Naik et al., 2014). With increased oxidative stress
and inflammation, mast cells and macrophages can release cytokines and reactive oxygen
species (ROS) which impar the function of tight junctions (Menounos et al., 2021). The
impairment of tight junction can lead to disruptions in cell communication and activity
leading to BSCB damage as shown in Figure 3 (Menounos et al., 2021). Mast cells near
the BCSB may be able to migrate into the spinal cord if enough BCSB deterioration has

already occurred (Jones et al., 2019).

Cigarette smoking
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Figure 3. Blood—Spinal Cord Barrier (BSCB) Disruption Caused by Cigarette Smoking.

Data Source (Menounos et al., 2021)

In recent years, interest has increased in the microbiome as a possible factor in the

development of many neurological diseases. Gut microbiota is affected by the

14



environment and the immune system, and can regulate toxins and antigens (Blacher et al.,
2019). Blacher and colleagues found that individuals diagnosed with ALS have
differences in the gut microbiome, with a decrease in the number of protective microbes
and an increase in the toxic and inflammatory microbiome (2019). Smoking does damage
the function of the immune system. It is believed that smoking can indirectly affect the
microbiome by interfering with the immune system, leading to the pathology of ALS
(Qiu et al., 2017). Studies have shown that even after an individual quits smoking, the
changes in his gut microbiome will continue for many years (Budden et al., 2017). CS
may disrupt the balance between the protective and toxic immune responses in the
microbiome, which may lead to BSCB disruption and ALS pathology (Logsdon et al.,
2018).

As the neurodegeneration of oxidative stress increases, other stress responses also
occur, including RNA processing dysfunction, mitochondrial dysfunction, impaired
axonal transport, protein misfolding, and protein aggregation (Shibata et al., 2001).
Recently, dysfunction in RNA metabolism has been thought to be involved in the cause
and progression of both familial and sporadic forms of ALS. Researchers have looked
closely at FUS and the TAR DNA Binding Protein-43 (TDP-43) that are involved in
regulating transcription, splicing, transports, and general RNA processing (Li et al.,
2013). Under normal circumstances, TDP-43 and FUS can aggregate and self-associate to
form ribonucleoprotein particles to maintain metabolism and homeostasis, but it is
believed that this pathway is disrupted during the pathogenesis of ALS (Li et al., 2013).
In patients with ALS, studies have shown that TDP-43 is degraded from the nucleus,

undergoes hyperphosphorylation, and accumulates into cytoplasmic aggregates (Li et al.,
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2013). TDP-43 degrading from the nucleus would be considered a loss of function, while
the accumulation in the cytoplasm would be considered a toxic gain of function
mechanism, and it is unclear whether the loss or gain of function or a mix of both is the
contributing factor the ALS pathology (Li et al., 2013). Further research has shown that
the loss of TDP-43 in the nucleus may be related to ALS (Mitra et al., 2019). Researcher
Mitra and colleagues used CRISPR/Cas-9 technology to deplete TDP-43 and found that
this depletion leads to an increase in DNA double-strand breaks, which can make neurons
more sensitive to double-strand break stress and eventually lead to degradation (2019).
They also found a positive correlation between the number of defects in double-strand
break repair and the amount of neuronal genome damage in patients with sporadic ALS
(Mitra et al., 2019). This study shows that TDP-43 may cause motor neuron instability
and is a contributing factor in the pathology of ALS disease. Recent studies have
investigated how toxic products from CS can increase the level of TDP-43. As mentioned
earlier, TDP-43 can increase neurodegeneration and affect SALS (Ash et al., 2017). CS
contains toxins that can activate the aryl hydrocarbon receptor (AHR), which can
increase TDP-43 levels (Ash et al., 2017). Based on this information, Ash and colleagues
performed a study where they treated samples with AHR agonists and found a 3-fold
increase in the level of TDP-43 in neuronal cell lines, in motor neuron iPSCs and in
murine brain samples (2017). This study was important because it demonstrated the link
between genetics, toxins, and ALS disease mechanisms, as through CS TDP-43 can
increase, and directly relate to ALS pathology.

Mitochondrial dysfunction is thought to be involved in the pathogenesis of many

neurodegenerative diseases, including ALS. Healthy mitochondria have many functions,

16



including involvement in energy production, calcium homeostasis, immune regulation,
and apoptosis (Dupuis et al., 2004a). Researchers Sasaki and Iwata studied the skeletal
muscle and spinal cord motor neurons of patients with familial and sporadic ALS and
found morphological changes in their mitochondria (2007). Changes in swelling of the
cristae and mitochondria were found, which is consistent with the findings from ALS
mouse models (Sasaki & Iwata, 2007).

Studies have also shown that changes in mitochondrial axon transport can lead to
the destruction of calcium homeostasis (Morotz et al., 2012). Since calcium homeostasis
is essential for cell survival and aerobic metabolism, dysregulation of this system may
lead to the pathogenesis of ALS (Morotz et al., 2012). Morotz and his team found that the
disruption of mitochondrial axon transport that causes calcium ion disruption affects the
interaction of Kinesin-1 with tubulin, leading to motor neuron dysfunction in patients with
ALS (2012). Researcher Delic and his team used post-mortem lumbar spinal cord
samples from individuals diagnosed with sporadic ALS to study the mitochondrial
electron transport chain (2018). Immunohistochemical samples showed that the activity
of complex 1V in the gray matter of these samples was reduced (Delic et al., 2018).
Furthermore, they found that the cervical and lumbar spinal samples showed an increase
in the density of mitochondria along with unusual placement of mitochondria in the
motor neurons and the capillaries of the cervical white matter (Delic et al., 2018).
Mitochondrial dysfunction and axonal transport can be dysregulated through oxidative
stress mechanisms, and CS can further induce oxidative stress mechanisms.

Protein misfolding and aggregation are another common feature of many

neurodegenerative diseases, including ALS. Researcher Paré and colleagues studied the
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accumulation of SOD1 through the post-mortem spinal cord tissue of individuals
diagnosed with sporadic ALS (2018). Histological and biochemical analysis revealed five
different misfolded SOD1 accumulation stains in the gray matter of motor neurons (Paré
et al., 2018). This study suggests that the accumulation of misfolded SOD1 may
contribute to the pathogenesis of sporadic ALS. However, the exact way in which protein
aggregation affects the motor neurons that cause ALS is unclear, however, it is thought
that this event may occur through aggregation that interferes with important cellular
mechanisms, chaperone activities, or cell transport (Paré et al., 2018).

The exact pathogenesis of ALS is still undetermined; however, it is thought to
involve interplay between genetic and environmental factors. Glutamate excitotoxicity
and oxidative stress are central points to ALS pathology, which signal further destruction
through immune system dysfunction, RNA metabolism dysregulation, mitochondrial
dysfunction, and defects in protein degradation pathways (Ciervo et al., 2017). These
disruptions can lead to synaptic failure and eventually muscle atrophy that is present in
patients with ALS as shown in Figure 4 (Ciervo et al., 2017). Although the exact
mechanism of CS effecting ALS is unknown, CS may work as a trigger, which induces

oxidative stress leading to a pathway of dysregulation and ALS disease pathology.
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Figure. 4 Mechanisms in ALS Pathology

Data Source (Ciervo et al., 2017)

Questions and Hypothesis

Although there is a consensus that CS is a risk factor for ALS, epidemiologic
studies are not concrete, as some show a certain link while others demonstrate a weak
link. There is limited available research on the connection between CS and ALS survival.
Therefore, our aim is to determine whether CS is associated with a difference in survival
with ALS in a population of well-phenotyped ALS patients. We aim to provide insight
into the connection between CS and survival outcome through performing survival
analysis on this population. Cigarette (tobacco) exposure will be our primary factor
affecting ALS survival. We will further divide cigarette smoke (tobacco) exposure by

smoker type: past versus current to see if there is a difference on the survival outcome.
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We will also look at pack years, which is determined by multiplying the number of packs
of cigarettes smoked per day by the number of years the person has smoked to see if there
is an effect on survival outcome. We will also investigate secondary factors to see how
they affect ALS survival. We will examine the age of the onset of ALS, to determine if
differing onset ages will affect survival outcome. We will investigate whether the site of
symptom onset in ALS (spinal versus other sites) affects survival outcomes. We will look
at gender on ALS survival outcome, as previous ALS studies investigating smokers
compared to non-smokers have found differences among genders (Weisskopf et al., 2004;
Alonso et al., 2010). Diagnostic delay (time from symptom onset to diagnosis) on
survival outcome will be a secondary factor that we examine as there has been mixed
results from previous research on its role (Knibb et al., 2016). As body mass index (BMI)
has been regarded as a risk factor for many diseases, we will investigate the effect that
different BMI’s have on ALS survival. Lead exposure has been regarded as a potential
environmental risk factor for ALS; therefore, we will include it as a secondary factor to
determine its impact on survival. As military exposure is commonly linked with lead

exposure, we will also examine the effects that military service has on ALS survival.

Implication of Research
By determining a stronger connection between CS and ALS, and providing
insight into the survival outcome, this research may pave the way for future studies
targeting CS. It may contribute to for therapeutics and for general knowledge on the risks
associated with not only developing ALS, but the survival time one may have if they do

develop the fatal disease.
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Chapter I1.

Materials and Methods

Study Participants

ALS patients included in this study were participants in the multi-center Clinical
Research in ALS and Related Disorders (CReATE) Consortium Phenotype, Genotype
and Biomarkers (PGB) in ALS and Related Disorders study (MODO00047516). The
University of Miami central IRB in accordance with Harvard School of Public Health
approved this work. Data will be processed and analyzed through the Harvard School of
Public Health under the supervision of principal researcher Dr. Marc Weisskopf. Dr.
Marc Weisskopf’s research is funded through the National Institutes of Health (NI1H).

The PGB study enrolled patients with genetic and non-genetic forms of ALS,
including those with variants of ALS such as ALS with behavioral impairment (ALSbi),
ALS with cognitive impairment (ALSci), and ALS and frontotemporal dementia (ALS-
FTD). Patients with ALSbi, ALSci and related motor neuron diseases were excluded
from these analyses that focused on ALS. 125 ALS patients completed the tobacco
questionnaire and were included in analysis.

No direct interactions will take place with human subjects, however review of
data collected from human subjects occurred. To have access to this data, a Biomedical
Researchers Investigators course through the Collaborative Institutional Training
Initiative (CITI) was completed on April 18th, 2021. This course covered modules

‘Belmont Report and Its Principles’, ‘Recognizing Reporting Unanticipated Problems
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Involving Risks to Subjects or Other in Biomedical Research’, ‘Populations in Research
Requiring Additional Considerations and/or Protections’, ‘History and Ethics of Human
Subjects Research’, ‘Basic Institutional Review Board (IRB) Regulations and Review
Processes’, ‘Informed Consent’, ‘Conflict of Interest in Human Subjects Research’,

‘Stem Cell Research Oversight Part II’, ‘Records Based Research’, and ‘Hot Topics’.

Clinical Outcomes Measures
PGB study participants were followed longitudinally at 5 in-person visits
(Baseline, Month 3, Month 6, Month 12, Month 18), and then annually by phone. The
Revised ALS Functional Rating Scale (ALSFRS-R) was administered at both in-person
and remote visits. Periodic medical record reviews, in addition to direct communication
with patients, were performed when needed to make out the timing of survival endpoint
(permanent assisted ventilation [PAV; non-invasive ventilation, 23 hours/day],

tracheostomy, or death).

Lifestyle Related Tobacco Exposure
The self-completed Tobacco History questionnaires were administered online and

included the ‘Tobacco History Before Index Date’ questionnaire and the ‘Tobacco
History After Index Date’ questionnaire (Appendix ). The Tobacco History Before
Index Date’ will examine the participants' use of different tobacco products during their
life before their index date. Index date being the date in which the participant first
developed weakness as part of the onset of ALS. The ‘Tobacco History After Index
Date’ which will examine the participants' use of different tobacco products during their

life after their index date. Patients were categorised into ever/never smoker based on
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answers to the question: “Have you ever smoked one or more cigarettes per day for six
months or longer before the onset of symptoms?” The questionnaires measured how
often participants smoked, at what age they started, if they were still smoking on their
index date, and if there were periods in their life in which they ceased smoking. Cigarette
smoke, cigar smoke, pipe smoke, and snuff or smokeless tobacco usage were all

measured.

Covariates
Age, sex, site of symptom onset, diagnostic delay, lead exposure, military
exposure, and pack years were considered as well as the existence of Chromosome 9
open reading frame 72 (C9orf72) repeat expansion. C9orf72 was determined through the

PGB genetic analysis.

Statistical Analysis

We first conducted a paired - samples t-test to compare ALSFRS-R baseline and
ALSFRS-R last visit scores in not smoke-exposed and smoke-exposed patient conditions.
This analysis gave insight into the difference between the two variables (ALSFRS-R
scores) for the same subjects. Two-factor without replication ANOVAs were performed
to compare the variance across our two populations. Paired — samples t-tests were
conducted using Microsoft Excel 2019 and ANOVAs were conducted using IBM SPSS
Statistics Version 28.0.1.1 (14).

Next, we used Cox proportional hazards models to estimate hazard ratios (HR)
and 95% confidence intervals (CI) for the association between smoke exposure,

covariates, and survival. The time scale was from symptom onset to survival endpoint
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(PAV, tracheostomy, or death), or censoring (late date known to be alive). Covariates
included age at onset, site of symptom onset (spinal or other), diagnostic delay, BMI, lead
exposure, military exposure, and pack years. Predicted survival curves were created using

survival analysis functions in IBM SPSS Statistics Version 28.0.1.1 (14).
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Chapter I11.

Results

Among the 125 ALS patients, 5 (4.0%) had ALS-FTSD (Table 1). The majority
had spinal onset (n= 92, 73.6%) and 77 (61.6%) were male. The mean (SD) age at
symptom onset for the not — exposed smoke group was 54.56 (13.42), and 57.74 (11.93)
for the smoke exposed group. The mean (SD) body mass index (BMI) at symptom onset
was 25.8 (5.4) kg/m? for the not - exposed smoke group, and 26.1 (4.8) kg/m? for the
smoke exposed group. The majority 35 (51%) of non — exposed smoke patients were in
the 18 < 25 BMI category, and 20 (29%) were in the 25 < 30 BMI category. While in the
smoke - exposed patient group 21 (37.5%) of patients were in the 18 < 25 BMI category,
and 20 (35.7%) were in the 25 to < 30 BMI category. Of the 125 patients, 7 (5.6%) had
the C9orf72 repeat expansion mutation. The median diagnostic delay between symptom
onset and ALS diagnosis was 1.0 years (25"-75™ percentile, 0.57, 1.8) for the not —
exposed group, and 1.2 years (25"-75" percentile, 0.59-2.0) for the smoke exposed
group. The median baseline ALSFRS-R score was 38.0 (251-75™ percentile, 32.0 - 41.0)
for non-smoke exposed group, and 36.5 (25™-75™ percentile, 32.0 - 40.0) for the smoke
exposed group. Thirty-six (28.8%) of patients reached survival endpoint during 765 total

person — years of follow-up.
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Table 1. Clinical Characteristics of ALS Patients, According to Smoke Exposure

Characteristics

Not smoke- exposed

Smoke-exposed

n=125 69 (55.20%) 56 (44.80%)
Age at onset (in years), 54.56 (13.42) 57.74 (11.93)
mean (sd)
Age at first visit (in years), 51.94 (7.41) 62.30 (10.25)
mean (sd)
Sex, n (%)
Male 40 (57.97%) 37 (66.07%)
Female 29 (42.03%) 19 (33.93%)
Diagnosis, n (%)
ALS 67 (97.10%) 53 (94.64%)
ALS-FTSD 2 (2.90%) 3 (5.36%)
Site of onset, n (%)
Spinal 51 (75.36%) 41 (73.21%)
Other 18 (24.64%) 15 (26.79%)
Unknown 0 (0.00%) 0 (0.00%)
C9orf72 mutation, n (%)
No 64 (92.75%) 54 (85.71%)
Yes 5 (7.26%) 2 (3.57%)
Unknown 0 (0.00%) 0 (0.00%)
BMI (kg/m™?), n (%)
<18 0 (0.00%) 2 (3.57%)
18-<25 35 (50.72%) 21 (37.50%)
25-<30 20 (28.99%) 20 (35.71%)
>=30 14 (20.29%) 10 (17.86%)
Unknown 0 (0.00%) 3 (5.36%)
Military, n (%)
No 58 (84.06%) 45 (80.36%)
Yes 11 (15.94%) 11 (19.64%)
Unknown 0 (0.00%) 0.00 (0.00%)
Lead Exposure, n (%)
No 52 (75.36%) 39 (69.64%)
Yes 17 (24.64%) 17 (30.36%)
Unknown 0 (0.00%) 0 (0.00%)
Diagnostic delay (years), 1.0 (0.57,1.8) 1.2 (0.59, 2.0)

median (25"%, 75"%)

Baseline ALSFRS-R,
median (25"%, 75"%)

38.0 (32.0, 41.0)

36.5 (32.0, 40.0)

Survival time (months),
median (251%, 75"%))

42.66 (28.42, 69.67)

57.87 (35.24, 87.13)




Characteristics Not smoke- exposed

Smoke-exposed

n=125 69 (55.20%) 56 (44.80%)
Censoring
Censored at end of follow-
up, n (%)

Person-years of follow up 48 (69.57%) 41 (73.21%)
Censored at PAV, 324.12 291.98
tracheostomy, or death, n
(%)

Persons-years of follow 21 (30.43%) 15 (26.79%)
up

83.06 65.67

Among the 125 ALS patients, 56 (44.80%) had been exposed to tobacco smoke

throughout their lifetimes. The distribution of co-variates did not differ drastically by

exposure to smoke. There were 15 (26.79%) who reached survival endpoint (PAV,

tracheostomy, or death) among the 56 smoke exposed cases, 21 (30.43%) among the 69

non- smoke exposed cases, and the total follow-up times were 357.6 person-years among

the smoke exposed and 407.18 person-years among those not exposed to smoke.

A t-test for paired samples was conducted on the two different exposure levels to

to compare change ALSFRS-R scores between first and last visit, and to compare ALS

decline across groups. ALSFRS — R Mean, Std. Deviation and Std. Error Mean were first

determined for condition 1 (not smoke-exposed) patients (Table 2).

Table 2. ALSFRS-R Scores for Not Smoke Exposed Group

ALSFRS — R Score at Last

Not Smoke Exposed ALSFRS — R Baseline Score Visit
Mean 35.90 27.72
N 69 69
Std. Deviation 7.411 10.508
Std. Error Mean 0.892 1.265
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There was a significant average difference for condition 1 (not smoke — exposed)
pair 1 (ALSFRS — R Baseline and Last Visit) (t69 = 8.148, p < 0.001) as shown in Table
3. On average, ALSFRS — R Baseline Scores were 8.147 points higher than ALSFRS —

R Scores at last visit (95% CI [6.172, 10.176]) (Table 3).

Table 3. t-Test: Paired Samples for No Smoke Exposure

Pair 1: ALSFRS — R Baseline and

Not Smoke - Exposed Last Visit
Mean 8.147
Std. Deviation 8.333
Std. Error 1.003
95% Confidence Interval

Lower 6.172

Upper 10.176
t 8.148
df 69
Significance

One - Sided p <0.001

Two - Sided p <0.001

ALSFRS — R Mean, Std. Deviation and Std. Error Mean were determined for condition 2

(smoke-exposed) patients (Table 4).

Table 4. ALSFRS-R Scores for Smoke Exposed Group

ALSFRS — R Baseline ALSFRS — R Score at Last

Smoke Exposure Score Visit
Mean 35.50 28.41
N 56 56
Std. Deviation 6.878 9.289
Std. Error Mean 0.919 1.241
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There was a significant average difference for condition 2 (smoke — exposed)
pair 2 (ALSFRS — R Baseline and Last Visit) (t55 = 6.992, p < 0.001) as shown in
Table 5. On average, ALSFRS — R Baseline Scores were 7.089 points higher than
ALSFRS — R Scores at last visit (95% CI [5.037, 9.142]) (Table 5).

Table 5. t-Test: Paired Samples for Smoke Exposure

Pair 2: ALSFRS — R Baseline and Last

Smoke - Exposure Visit
Mean 7.089
Std. Deviation 7.664
Std. Error 1.024
95% Confidence Interval
Lower 5.037
Upper 9.142
t 6.992
df 55
Significance
One - Sided p <0.001
Two - Sided p <0.001

Two-factor without replication ANOVAs were performed to compare the
variance across our two populations. Our null hypothesis is that there is no significant
difference between the variance across our two populations. First, we calculated the sum,

average and variance values of our smoke exposed group (Table 6).

Table 6. Anova: Two-Factor Without Replication for Smoke Exposure

SUMMARY Count Sum Average Variance
ALS Initial Visit 56 1988 35.5 47.3090909
ALS Last Visit 56 1591 28.4107143 86.2827922

Our calculated F -value is larger than the f critical value, indicating statistical

significance leading us to reject the null hypothesis (Table 7).
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Table 7. Anova: Two-Factor Without Replication for Smoke Exposure

ANOVA
Source of
Variation SS df MS F P-value F crit
Columns 1407.22 1 1407.22 47.92 5.0599E-09 4.02

We then calculated the sum, average and variance values of our not smoke
exposed group (Table 8). Our null hypothesis is that there is no significant difference

between the variance across our two populations.

Table 8. Anova: Two-Factor Without Replication for Non-Smoke Exposed

SUMMARY Count Sum Average Variance
ALS Initial Visit 69 2477 35.90 54.92
ALS Last Visit 69 1913 21.72 110.41

Our calculated F -value is larger than the f critical value, indicating statistical

significance leading us to reject the null hypothesis (Table 9).

Table 9. Anova: Two-Factor Without Replication for Non-Smoke Exposed

ANOVA
Source of
Variation SS df MS F P-value F crit
Columns 2305.04 1 2305.04 66.39 1.1802E-11 3.98

Fifty — Six (100%) of smoke — exposed patients recorded smoking one or more

cigarettes per day (Table 8). Thirty-nine (69.64%) of smokers reported that they were
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previous smokers, while seventeen (30.36%) reported that they still currently smoke.

While only two (4%) of the total smoke patients recorded smoking one or more cigars per

day, and only 1 (2%) of patients recorded smoking one or more pipes, or one or more

snuff per day. The median amount of cigarette packs smoked per day was 0.80 (25"-75®

percentile, 0.29, 1.0). The median pack years which are calculated by multiplying the

number of packs of cigarettes smoked per day by the number of years the person has

smoked was 13.0 (25"-75t" percentile, 6.0, 25.0).

Table 10. Smoke Exposure Characteristics

Characteristics

Smoke-exposed
56 (45%)

Ever (Previous) Smokers

39 (69.64%)

Ever (Current) Smokers

17 (30.36%)

Ever (Previous) Smokers age at onset, mean (SD)  60.95 (10.41)
Ever (Current) Smokers age at onset, mean (SD) 50.34 (12.24)
Ever (Previous) Smoker’s survival time, mean

(months) 63.51

Ever (Current) Smoker’s survival time, mean

(months) 106.69

One or more cigarettes per day 56 (100%)
One or more cigars per day 2 (4%)

One or more pipes per day 1 (2%)

One or more snuff per day 1 (2%)

Packs Per Day, median (25th%, 75th %)

0.80 (0.29, 1.0)

Pack Years, median (25th%, 75th%)

13.0 (6.0, 25.0)

An unadjusted hazard ratio (HR) of 0.719 (95% ClI, 0.371 — 1.380) was calculated

for smoke exposure (Table 11). HR values were then adjusted for age of onset, sex, site

of symptom onset, diagnostic delay, lead exposure, military exposure, and pack years.
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Table 11. Hazard Ratios (HR) and 95% Confidence Intervals (Cl) for Survival by Smoke
Exposure

Smoke Exposure HR 95% CI P-value
Unexposed Ref
Exposed, adjusted for

(none) 0.719 [0.374, 1.380] 0.3208
Age at onset 0.601 [0.310, 1.167] 0.1329
Age at onset, sex 0.612 [0.313, 1.196] 0.1509
Age at onset, sex, site of symptom onset 0.564 [0.286, 1.109] 0.0970
Age at onset, sex, site of symptom onset,

diagnostic delay 0.537 [0.275, 1.050] 0.0691
Age at onset, sex, site of symptom onset,
diagnostic delay, lead exposure 0.484  [0.245, 0.955] 0.0363
Age at onset, sex, site of symptom onset,
diagnostic delay, lead exposure, military exposure 0.490 [0.243, 0.988] 0.0463

Age at onset, sex, site of symptom onset,
diagnostic delay, lead exposure, military exposure,
pack years 0.557 [0.238, 1.302] 0.1768

Abbreviations: ALS, amyotrophic lateral sclerosis; ALS-FTSD, ALS-frontotemporal
spectrum disorder; C9orf72 mutation, chromosome 9 open reading frame 72 repeat
expansion; ALSFRS-R, Revised Amyotrophic Lateral Sclerosis Functional Rating Scale;
HR, Hazard Ratio; CI, confidence interval.

Predicted Cox regression survival curves were created for age of onset, gender,
site of symptom onset, diagnostic delay, BMI, lead exposure, military exposure, smoke
status, current vs. past smoker, and pack years. The Cox regression curve for age on onset
was split at the median onset age of 57 as shown in Figure 5. The horizontal axis (x —
axis) represents time in months, and the vertical axis (y — axis) shows the proportion of
patients surviving. The blue line represents the survival curve of patients whose age of
ALS onset was before the age of fifty — seven, and the green line represents the survival
curve of patients whose age of ALS onset was fifty-seven years or older. Vertical drops
in the curve indicate an event (death). As shown in Figure 5, patients who had ALS onset

at fifty — seven years or older experienced shorter survival.
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Predicted ALS Survival by Age of Onset
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Figure 5. Predicted ALS Survival Curve by Age at Onset

The Kaplan Meier curve for site of symptom onset was split at between spinal
onset, and other site of symptom onset as shown in Figure 6. The horizontal axis (x —
axis) represents time in months, and the vertical axis (y — axis) shows the proportion of
patients surviving. The blue line represents the survival curve of patients whose site of
symptom onset was spinal, the green line represents the survival curve of patients whose
site of symptom onset was other. Vertical drops in the curve indicate an event (death). As
shown in Figure 6, patients who had non-spinal (other) site of symptom onset had shorter

survival.

33



Fredicted ALD dSurvival by Site of Sympton Unset
1.0 -
et | Onset Type
jﬁ_‘_‘:"— I Spinal
- —I10thers

08 \_\ g
ﬁl
L

8]
= L e
E =Ty 1
= =y — \
= 06 e |
& L
- L
—
S i
=
z 1
5 04
& \—‘
-~
_—
2
w
02
0.0

0 25 50 75 100 125 150

Survival Time (months)

Figure 6. Predicted ALS Survival Curve by Site of Symptom Onset

The Kaplan Meier curve for gender (male or female) across all patients as shown in
Figure 7. The horizontal axis (x — axis) represents time in months, and the vertical axis (y
— axis) shows the proportion of patients surviving. The blue line represents those
identifying as female, while the green line represents those identifying as male. Vertical
drops in the curve indicate an event (death). As shown in Figure 7, patients who

identified as female had a shorter survival time.

34



Predicted ALS Survival by Gender
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Figure 7. Predicted ALS Survival Curve by Gender
The Kaplan Meier curve for diagnostic delay (time from symptom onset to
official ALS diagnosis) was split at the median time (years) for diagnostic delay across
all patients as shown in Figure 8. The horizontal axis (x — axis) represents time in months,
and the vertical axis (y — axis) shows the proportion of patients surviving. The blue line
represents the survival curve of patients whose diagnostic delay was less than one year,
and the green line represents the survival curve of patients whose diagnostic delay was
more than one year. Vertical drops in the curve indicate an event (death). As shown in

Figure 8, patients who had a diagnostic delay of less than one year had a shorter survival
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Figure 8. Predicted ALS Survival Curve by Diagnostic Delay

The Kaplan Meier curve for BMI was split in accordance with the CDC BMI

weight categories and shown in Figure 9. A BMI below 18.5 is considered underweight, a

BMI between 18.5 and 24.9 is considered healthy, a BMI between 25.0 and 29.9 is

considered overweight, and a BMI of 30.0 and above is considered obese. The horizontal

axis (x — axis) represents time in months, and the vertical axis (y — axis) shows the

proportion of patients surviving. The blue line represents the survival curve of patients

whose BMI is underweight, the green line represents the survival curve of patients whose

BMI is healthy, the red line represents the survival curve of patients whose BMI is

36



overweight, and the orange line represents the survival curve of patients whose BMI is
obese. Vertical drops in the curve indicate an event (death). As shown in Figure 9,

patients who had a healthy BMI displayed a shorter survival time.

Predicted ALS Survival by BMI
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Figure 9. Predicted ALS Survival Curve by BMI

The Kaplan Meier curve for lead exposure was split between no lead exposure,
and lead exposure as shown in Figure 10. The horizontal axis (X — axis) represents time in
months, and the vertical axis (y — axis) shows the proportion of patients surviving. The
blue line represents the survival curve of patient who were not exposed to lead, the green

line represents the survival curve of patients who were exposed to lead. Vertical drops in
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the curve indicate an event (death). As shown in Figure 10, patients who were exposed to

lead had a shorter survival time.

Predicted ALS Survival by Lead Exposure
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Figure 10. Predicted ALS Survival Curve by Lead Exposure

The Kaplan Meier curve for military exposure was split between no military, and
military exposure as shown in Figure 11. The horizontal axis (x — axis) represents time in
months, and the vertical axis (y — axis) shows the proportion of patients surviving. The
blue line represents the survival curve of patients who had no history of military

exposure, and the green line represents the survival curve of patients who were
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previously employed in a position within the military. Vertical drops in the curve indicate
an event (death). As shown in Figure 11, patients who had no military exposure had a

shorter survival time.
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Figure 11. Predicted ALS Survival Curve by Military Exposure

The Kaplan Meier curve for smoke exposure was split between no smoke
exposure and smoke exposure as shown in Figure 12. The horizontal axis (x — axis)
represents time in months, and the vertical axis (y — axis) shows the proportion of patients
surviving. The blue line represents the survival curve of patient who were not exposed to

smoke, and the green line represents the survival curve of patients who were exposed to
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smoke. Vertical drops in the curve indicate an event (death). As shown in Figure 12

patients who were not exposed to smoke had a shorter survival time.

Predicted ALS Survival by Smoke Exposure
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Figure 12. Predicted ALS Survival Curve by Smoke Exposure

The Kaplan Meier curve for smoke exposure was split between those who
previously smoked and those who are current smokers as shown in Figure 13. The
horizontal axis (x — axis) represents time in months, and the vertical axis (y — axis) shows

the proportion of patients surviving. The blue line represents the survival curve of patient
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who were previous smokers but do not smoke any more, and the green line represents
current smokers. Vertical drops in the curve indicate an event (death). As shown in

Figure 13, patients who were previous smokers had a shorter survival time.
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Figure 13. Predicted ALS Survival Curve by Smoker Type

Furthermore, we created a Kaplan Meier curve for pack years as shown in Figure
14. The Kaplan Meier curve was split at median pack years (13.0). The horizontal axis (x
— axis) represents time in months, and the vertical axis (y — axis) shows the proportion of
patients surviving. The blue line represents the survival curve of patients whose pack

years score was less than the median, and the green line represents patients whose pack
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year score was higher than the median. Vertical drops in the curve indicate an event
(death). As shown in Figure 14, patients who had a pack year score less than the median

had a shorter survival time.
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Figure 14. Predicted ALS Survival Curve by Pack Years

Analyses of the change in ALSFRS-R score over time following the initial PGB

assessment showed similar results to the smoke exposure Kaplan curve as shown in
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Figure 15. The group who was not exposed to smoke declined faster than the exposed and

unknown exposure groups as shown in Figure 13.
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Figure 15. ALSFRS- R Decline Across Exposure Groups
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Chapter IV.

Discussion

Significance of Results

The results of the data indicated relationships between certain variables and
survival rate but did not support a relationship between smoke exposure and decreased
survival time for ALS patients. In the data analysis, we discovered that there was a
younger mean age of ALS onset just under fifty — five years for the group that did not
report personal cigarette (tobacco) exposure in their lifetime, and an older average age of
onset of just under fifty- eight years for the group that did report having personal smoke
exposure in their lifetimes. Furthermore, once we broke up the smoke exposed group into
previous smokers who have quit smoking since their time of questionnaire completion,
and those that are current smokers we found that the average age of onset for previous
smokers was around sixty-one years, while only fifty years for current smokers. The
results of this data supported the findings of a prior research study of six hundred and
fifty individuals investigating the relationship between smoke status and average age of
onset. Calvo et al. found that current smokers had the lowest age of ALS onset, followed
by never smokers, and previous smokers (2016).

Two previous studies have examined the relationship between smoke exposure
and ALS survival. The first study found that current smokers had poorer survival
outcomes compared with past or never smokers (De Jong et al., 2012). The second study
examined survival times and found that current smokers had the shortest survival time,

followed by previous smokers, then non-smokers (Calvo et al., 2016). Our findings
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indicate that the mean survival time (in months) for our ALS patient population is more
than 106 months for current smokers, less than 64 months for past smokers, and less than
71 months for non-smokers.

Previous studies have shown that the effects of smoking duration (years) and
intensity (cigarettes/day) can be used as predictors of ALS risk. Peters et al found that
smoking duration is a significant indicator of ALS risk (2020). A second study found that
the risk of ALS was positively associated with pack-years of smoking (Wang et al, 2011).
Based on this previous research on pack years and ALS risk, we wanted to take it a step
further and examine the relationship between pack years and ALS survival outcome. Cox
proportional hazards analysis showed that in our study, patients with a pack-year score
less than or equal to the median had a shorter survival time, which is inconsistent with
previous literature.

We examined the age of onset and ALS survival by performing Cox proportional
hazards analysis with age of onset split at the median age of 57. We found that those who
had an onset age older than 57 had a shorter survival time compared to those whose ALS
age of onset was 57 of younger. Two studies investigated age at onset and ALS survival
as part of their overall study. Kjeldgaard and team used both the ALSFRS-R scale
progression rate and age of onset to determine ALS survival and found both to be strong
predictors of survival (2021). They found that ALS patients with the age of onset over
their median age of 65.2 had a decreased survival time (Kjeldgaard et al., 2021). A
second study had similar results as they found longer survival rates in those who have

ALS onset at a younger age (Pupillo et al., 2014). Our results are in accord with these two
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studies. However, other studies have suggested that young age is associated with lower
mortality in ALS patients (Louwerse et al., 1997).

Many studies have been curious about the ALS site of symptom onset affecting
ALS prognosis, severity, and survival. ALS onset is classified as either spinal (SALS)
which is when symptom onset is first noticed in the arms or legs, or bulbar (bALS) when
patients’ first notice symptom onset as difficulty with speech or swallowing (Pupillo et
al., 2014). Spinal onset is more common than bulbar onset (Pupillo et al., 2014). Two
research studies have found that spinal onset to be associated with longer survival
(Pupillo et al., 2014; Czaplinski et al., 2006). We performed Cox proportional hazards
analysis with the site of symptom onset as an indicator for survival and found results that
are in accordance with the literature. We found that those with ‘other’ site of symptom
onset had a shorter survival outcome, while those with spinal site of symptom onset had a
longer survival outcome.

Two previous studies examined the connection between ALS for smokers and
non-smokers and noted different findings among men and women. Both studies found a
higher mortality rate in female smokers compared to male smokers (Weisskopf et al.,
2004; Alonso et al., 2010). In line with this research, our study found that female ALS
patients had decreased survival time when compared to male ALS patients.

Our group who did not experience smoke exposure had a median diagnostic delay
value of 1.0 years, and 1.2 years for our group who reported smoke exposure. Many
factors may contribute to diagnostic delay including misdiagnosis and comorbidities. In
ALS patients specifically, it was noted that the wait time for referrals to specialists, and

misdiagnosis typically for cerebral vascular disease or cervical myopathy instead of ALS
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were common reasons for the delay (Richards et al., 2020). Furthermore, it was noted that
patients with spinal onset ALS had a longer diagnostic delay than those with bulbar onset
due to spinal onset patients being more likely to receive a misdiagnosis (Richards et al.,
2020). Owing to the presence of comorbidities in ALS patients, especially those with
ALS-FTD and the neurological symptoms that span across other neurodegenerative
diseases, diagnostic delay is common in ALS patients (Richards et al., 2020). We were
interested in understanding whether reducing diagnostic delays would improve survival
outcomes in patients with ALS. In our set of data, we found that those with a diagnostic
delay of 1 year or less had a shorter survival outcome. Amongst all our Cox proportional
hazards models, the difference in survival with diagnostic delay as a factor was the most
significant. An earlier study of 307 untreated ALS patients showed that longer delays
were associated with lower mortality (Louwerse et al, 1997). Likewise, a recent study
examining 575 patients with ALS found that longer delays in diagnosis were associated
with slower progression of respiratory involvement or death (Knibb et al., 2016).

Our study looked at BMI as a prognostic factor of ALS survival. We grouped our
ALS patients into four categories: underweight, healthy, overweight, and obese according
to the CDC standardized BMI chart (Centers for Disease Control and Prevention, 2022).
Previous research has suggested that having a low BMI may be a risk factor for shortened
ALS survival (Dardiotis et al., 2018). Our cox regression model found similar results, as
patients with a healthy BMI showed the shortest survival rate, followed by underweight
patients. Analogous results have been found in ALS mouse models (Dupuis et al.,
2004b). A study by Dupuis and colleagues found a low body weight in SOD1 mice

compared to their wild type littermates and found an increased chance of survival with
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increasing body weight (2004b). This exact reasoning behind this is unknown, however it
was suggested that hypermetabolism may be involved in motor neuron vulnerability
(Dupuis et al., 2004b).

We examined the effects of the prognostic factors of military exposure and lead
exposure on ALS survival. Twenty-two of our one hundred and twenty-five ALS patients
had a background in the military, while thirty-four of them experienced some form of
lead exposure in their lifetimes. Some, but not all the patients experienced lead exposure
during their time in the military. Individuals with military background are often exposed
to pesticides, lead, and trauma all which have been linked to ALS (McKay et al., 2021).
A link between Gulf War veterans and increased ALS risk has been found (McKay et al.,
2021). Our cox proportional hazard model of military exposure and ALS did not find too
much of a difference between survival, however those with no military exposure had a
slightly shorter survival rate compared to those who were previously enrolled in the
military. As for lead exposure, our model showed that those who had reported lead
exposure in their lifetimes had a shorter survival time than those who did not report lead
exposure.

Smoke from cigarettes contain an estimated 5,600 identified compounds, and
around 100,000 unidentified compounds, some of which are toxic to humans (Brokl et
al., 2013). The exact mechanism in which cigarette smoke exposure can affect ALS onset
and progression is unknown. However, cigarette smoke exposure can induce toxicity
through various mechanisms, such as through increasing neuroinflammation and
impairing the cells' immune response, and affecting the microbiome (Qui et al., 2017).

CS exposure may also induce toxicity through glutamate excitotoxicity, disruption in
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calcium influx and mitochondrial damage, many of which overlap with hypothesized
pathologic mechanisms in ALS (Ciervo et al., 2017). CS contains oxidant compounds
that can generate superoxide, increasing radical production and reducing the gene
expression of SOD1 an enzyme which is heavily implicated in ALS (Russo et al., 2011).
Alterations in SOD1 are associated with a loss of stability, and a protein aggregation,

which are implicated in neurodegenerative diseases such as ALS (Pansarasa et al., 2018).

Study Limitations

The present study had several limitations that are worth noting. Our study relied
on self-reported data through our two Environmental Questionnaires on the patient’s
tobacco history before and after the patient’s index date. There are many limitations to
self-reported data including the risk of recall bias and response bias. Recall bias involves
errors caused by the patients in recalling events from the past. Our tobacco index asked
participants to record their smoking habits from before their index date. The median time
lag between the onset of symptoms and first visit for the group who reported cigarette
smoke exposure was 2.53 years. As well, because our environmental questionnaires
including our tobacco exposure questionnaires were completed by the PGB participants
years after symptom onset, our sample may have been skewed toward longer surviving
ALS cases. In addition, it is possible that the smokers in our studies sample were less
sensitive to CS, which may have accounted for the increased survival found among the
smoke exposed group. Response bias may also exist in our study as it is possible that
participants could downplay their previous smoking habits to look more favorable to the

experimenter.
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Second, when recording patient’s cigarette (tobacco) smoke exposure history
there are a few limitations that we did not account for in our study. We did not ask
patients to record their usual brand of cigarettes smoked. Different brands of cigarettes
may contain different quantities of toxic chemicals, and different levels of nicotine.

Third, when recording patient’s tobacco smoke exposure history, we did not
account for exposure via second-hand smoke inhalation. It would be interesting to see
how many of the participants that did not record smoking in their lifetime grew up in a
second-hand smoke household, or now live with a partner who may expose them to
cigarette (tobacco) smoke. We also did not account for patients who were being treated
for ALS by medications such as Edaravone or Riluzole versus those who were not.
Length of time on these medications may have influenced survival time.

Lastly, our study did have a relatively small sample size compared to previous
research studies on the topic. The sample size initially included 134 participants with
ALS or ALS-FTSD. However, there were 9 participants who did not complete the section
of the environmental questionnaire relating to tobacco exposure and were excluded. Out
of the 125 eligible participants, 69 reported not being exposed to smoke while 56
reported smoke exposure in their lifetimes. A larger sample size might have produced

different results.

Future Research Directions
Since our findings do not support our hypothesis that those exposed to smoke
would have shorter ALS survival, it would be beneficial to conduct a similar study to
address our limitations. E-cigarettes were not relevant to our study, as e-cigarettes were

not introduced to the U.S. market until 2007, and it took several years for them to become
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widespread (Ali et al., 2020). However, it would be interesting to use e-cigarettes as a

method of exposure to smoke for future research on ALS risk and survival.

Conclusions
In survival analysis of a cohort of ALS cases, our results did not suggest that
tobacco exposure, primarily in the form of cigarettes, was associated with ALS age of

onset, risk, or survival
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Appendix 1.

CReATe 8001:

Version 02Jan18

Environmental Questionnaire Page 1of 4
Section E: TOBACCO HISTORY BEFORE INDEX DATE Participant ID:
Site: Local ID:

developed weakness, which you indicated was around ___/ ___/

bECI’IDN E: TOBACCO HISTORY BEFORE INDEX DATE
During one of your previous research visits, we spoke about your earliest symptoms that led to the
diagnaosis of ALS or a related disorder. During that discussion, we also specifically asked when you first

this date as your index date.

. Here we will refer to

When answering the questions below, please consider only your tobacco use BEFORE the index date.
(Information about tobacco use after index date are collected on another form.) This section may take 5-
20 minutes to complete.

+}+ | CIGARETTE SMOKING

E.1a) Had you ever smoked one or more cigarettes per day for six O Yes
?
months or longer? O No [skip to £.2a]
O pon't know [skip to E.2a]
E.1b) If YES, how old were you when you first started smoking one years old
or more cigarettes per day?
O Don’t know
E.lc) Were you still smoking one or more cigarettes per day on O Yes [skip to E.1e]
your index date? 0O
No
O pon't know
E.ld) If NO, at what age did you last smoke cigarettes? years old
O Don't know
E.le) Before your index date was there ever a period of one or O Yes
nl'lore years in which you did not smoke one or more O No [skip to E.1g]
cigarettes per day?
O Don't know [skip to E.1g]
E.1f)  If YES, for how many years did you not smoke one or more years
cigarettes per day?
[ Don’t know
E.1g) During periods when you smoked, for how many years in years
total did you smoke one or more cigarettes per day before
your index date? O Don't know
E.1h) During periods when you smoked before your index date, cigarettes per day
how many cigarettes did you usually smoke in a day? (One
pack contains 20 cigarettes) O Don't know

Figure 16a. Environmental Questionnaire: Tobacco History Before Index Date

53




CReATe 8001: Version 02/an18

Environmental Questionnaire Page2of 3

Section E: TOBACCO HISTORY BEFORE INDEX DATE Participant ID:

Site: Local ID:
CIGAR SMOKING
E.2a) Had you ever smoked one or more cigars per day for six O Yes

months or longer? .
€ O No [skip to E.3a]

QO pon't know [skip to E.3a]

E.2b) If YES, how old were you when you first started smoking one years old
or more cigars per day?
[ pon't know

E.2c) Were you still smoking one or more cigars per day on your O Yes [skip to E.2e]
index date?
O No
O pon’t know
E.2d) If NO, at what age did you last smoke cigars? years old

[ Don't know

E.2e) Before your index date was there ever a period of one or O Yes
;nec:rga\;ars in which you did not smoke one or more cigars O No [skip to £.2g]
’ O Dpon't know [skip to E.2g]
E.2f)  If YES, for how many years did you not smoke one or more years

cigars per day?
[ pen't know

E.2g) During periods when you smoked, for how many years in years
total did you smoke one or more cigars per day before your
index date? O Den't know
E.2h) During periods when you smoked before your index date, cigars per day

how many cigars did you usually smoke in a day?
O Don't know

Figure 16b. Environmental Questionnaire: Tobacco History Before Index Date Cont’d
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CReATe 8001: Version 02Jan18
Environmental Questionnaire Page 3 of 4

Section E: TOBACCO HISTORY BEFORE INDEX DATE Participant |D:

Site: Local ID:
PIPE SMOKING
E.3a) Had you ever smoked one or more pipes per day for six O Yes

months or longer? .
g O No [skip to E.4a]

O pon't know [skip to E.4a]

E.3b) If YES, how old were you when you first started smoking one years old
or more pipes per day?
[ pon't know

E.3c) Were you still smoking one or more pipes per day on your O Yes [skip to E.3e]
index date?
O No
O pon’t know
E3d) If NO, at what age did you last smoke pipes? years old

[ Don’t know

E.3e) Before your index date was there ever a period of one or O Yes
mare years in which you did not smoke one or more pipes per O No [skip to E.3g]

day?
O Dpon't know [skip to E.3g]
E.3f)  If YES, for how many years did you not smoke one or more years
pipes per day?
[ Don’t know
E.3g) During periods when you smoked, for how many years in years
total did you smoke one or more pipes per day before your
index date? [ Don’t know
E.3h) During periods when you smoked before your index date, pipes per day

how many pipes did you usually smoke in a day?
O Don’t know

Figure 16¢. Environmental Questionnaire: Tobacco History Before Index Date Cont’d
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CReATe 8001: Version 02Jan18
Environmental Questionnaire Page 4 of 4

Section E: TOBACCO HISTORY BEFORE INDEX DATE Participant ID:
Site: Local ID:

SNUFF OR SMOKELESS TOBACCO

E.da) Had you ever smoked snuff or smokeless tobacco once O ves

i ?
or more per day for six months or longer? O No [skip to Section EE]

O Don’t know [skip to Section EE]

E.4b) If YES, how old were you when you first started using years old
snuff or smokeless tobacco?
[ Don't know

E.4c) Were you still using snuff or smokeless tobacco once or O Yes [skip to E.de]

more per day on your index date? O No
O Don’t know
E.4d) If NO, at what age did you last use snuff or smokeless years old
tobacco?

[ Don't know

E.de) Before your index date was there ever a period of one or | O Yes
more years in which you did not use snuff or smokeless O No [skip to E-4g]

tobacco once or more per day?
O Don’t know [skip to E.4g]

E.4f)  If YES, for how many years did you not use snuff or years

smokeless tobacco once or more per day?
Opon‘t know

E.4g) During periods when you used snuff or smokeless years
tobacco once or more per day, for how many years in
total did you use it before your index date? [ Don't know

E.4h) During periods when you used snuff or smokeless cans per day
tobacco before your index date, how many cans of snuff
or srokeless tobacco did you usually use per week?? [ Don't know

Figure 16d. Environmental Questionnaire: Tobacco History Before Index Date Cont’d
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CReATe 8001: Version 02Jan18
Environmental Questionnaire Page 1of4

Section EE: TOBACCO HISTORY AFTER INDEX DATE Participant ID:
Site: Local ID:

SECTION EE. TOBACCO HISTORY AFTER INDEX DATE
During one of your previous research visits, we spoke about your earliest symptoms that led to the
diagnosis of ALS or a related disorder. During that discussion, we also specifically asked when you first
developed weakness, which you indicated wasaround __ __/____/___ . Here we will refer to
this date as your index date.

When answering the questions below, please consider only your tobacco use AFTER index date.
{Information about tobacco use before index date are collected on another form.) This section may take
5-20 minutes to complete.

CIGARETTE SMOKING
EE.1a) Have you smoked one or more cigarettes per day for six O ves
months or longer since your index date? O No [skip to EE.2a]

O Don’t know [skip to EE.2a]

EE.1b) If YES, are you still smoking one or more cigarettes per day? | O ves [skip to £E.1d]
O nNo
O Don't know

EE.1c) If NO, at what age after your index date did you last smoke years old
cigarettes?
[ Don’t know
EE.1d) Was there ever a period of one or more years after your O ves
index date in which you did not smoke one or more O No [skip to EE.1f]

cigarettes per day?
O Don't know [skip to EE.If]

EE.1e) If YES, for how many years after your index date did you not years
smoke one or more cigarettes per day?
O bon't know
EE.1f) During periods when you smoked after your index date, for years
how many years in total did you smoke one or more
cigarettes per day? [ Don't know
EE.1g) During periods after your index date when you smoked, how cigarettes/day
many cigarettes did/do you usually smoke in a day? (One
pack contains 20 cigarettes) [ bon't know

Figure 17a. Environmental Questionnaire: Tobacco History After Index Date
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CReATe 8001: Version 02lan18
Environmental Questionnaire Page2of4

Section EE: TOBACCO HISTORY AFTER INDEX DATE Participant ID:
Site: Local ID:

CIGAR SMOKING

EE.2a) Have you smoked one or more cigars per day for six months | O ves
or longer since your index date? O No [skip to EE.3a]

O Don’t know [skip to EE.3a]

EE.2b) If YES, are you still smoking one or more cigars per day? O VYes [skip to EE.2d]
O No
O Don’t know
EE.2c) If NO, at what age after your index date did you last smoke years old
cigars?
[ pon’t know
EE.2d) Was there ever a period of one or more years after your O ves
index date in which you did not smoke one or more cigars O No [skip to EE.2f]
per day? )
O Don’t know [skip to EE.2f]
EE.2e) If YES, for how many years after your index date did you not years
smoke one or more cigars per day?
L bon’t know
EE.2f) During periods when you smoked after your index date, for years
how many years in total did you smoke one or more cigars
per day? L bon’t know
EE.2g) During periods after your index date when you smoked, how cigars/day
many cigars did/do you usually smoke in a day?
[ pon’t know

Figure 17b. Environmental Questionnaire: Tobacco History After Index Date Cont’d
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CReATe 8001: Version 02/an18
Environmental Questionnaire Page 3 of 4

Section EE: TOBACCO HISTORY AFTER INDEX DATE Participant 1D:
Site: Local 1D:

PIPE SMOKING

EE.3a) Have you smoked one or more pipes per day for six months O vYes
or longer since your index date? O No [skip to EE.4a]

O Don’t know [skip to EE.4a]

EE.3b) If YES, are you still smoking one or more pipes per day? O Yes [skip to EE.3d]
O No
O Don't know
EE.3c} If NO, at what age after your index date did you |ast smoke years old
pipes?
[ pon't know
EE.3d) Was there ever a period of one or more years after your O vYes
:xlre;aiite in which you did not smoke one or more pipes O No [skip to EE.3f]
O Don’t know [skip to EE.3f]
EE.3e) If YES, for how many years after your index date did you not years
smoke one or more pipes per day?
[ pon't know
EE.3f) During periods when you smoked after your index date, for years
how many years in total did you smoke one or more pipes
per day? [ Don't know
EE.3g) During periods after your index date when you smoked, how pipes/week
many pipes did/do you usually smoke in a week?
O pon't know

Figure 17c. Environmental Questionnaire: Tobacco History After Index Date Cont’d
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CReATe 8001: Version 02Jan18
Environmental Questionnaire Page 4 of 4

Section EE: TOBACCO HISTORY AFTER INDEX DATE Participant |D:
Site: Local 1D:

SNUFF OR SMOKELESS TOBACCO

EE.4a) Have you used snuff or smokeless tobacco once or more | O yes

per day for six months or longer since your index date? O No [skip to Section F]

O Don’t know [skip to Section F]

EE.4b) If YES, are you still using snuff or smokeless tobacco once | O ves [skip to EE.4d]
or per day? O No

O Don’t know

EE.4c) If NO, at what age after your index date did you |ast use years old

snuff or smokeless tobacco?
O Don't know

EE.4d) Was there ever a period of one or more years after your O ves
index date in which you did not use snuff or smokeless O No [skip to EE.4f]

tobacco once or more per day?
O Don’t know [skip to EE.4f]

EE.4e) If YES, for how many years after your index date did you years
not used snuff or smokeless tobacco once or more per
day? L1 Don’t know
EE.4f) During periods when you used snuff or smokeless years
tobacco after your index date, for how many years in
total did you use snuff or smokeless tobacco once or L1 Don’t know
more per day?
EE.4g) During periods after your index date when you used snuff cans/week
or smokeless tobacco, how many cans of snuff or
smokeless tobacco did/do you usually use per week? [ pon't know

Figure 17d. Environmental Questionnaire: Tobacco History After Index Date Cont’d
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