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Abstract

Multiple sclerosis (MS) is a chronic demyelinating and degenerative condition of the central
nervous system. While the majority of affected individuals show their first symptoms between the
ages of 25-35 years, 3-5% of people have a pediatric-onset (POMS) of the disease, with a first
attack occurring prior to age at 18. POMS leads to a range of physical and cognitive symptoms that
impact everyday functioning and development, however, further research is needed to understand
the cognitive profile and predict outcomes.

The overall objective of this program of research was to better understand processes
facilitating protection against the cognitive presentation of neuropathology in POMS, with a specific
focus on cognitive reserve (CR) and its domain-specificity. Areas of deficit in POMS were first
clarified, with delineation of dysfunction in speed and accuracy across cognitive domains using a
computerized neurocognitive battery. In Study 1, we found that deficits in working memory,
attention/inhibition, visuospatial processing, verbal recognition memory and verbal reasoning exist
separately from and in addition to slowed speed of processing in individuals affected by POMS.
Furthermore, we found that individuals with POMS are afforded some protection by CR (as
estimated by parental education) in Study 2, however, these affects appeared weaker than what
has been observed in adults. CR effects were strongest for tasks of executive functioning, where
patients demonstrated greatest deficit relative to controls, and were not observed for tasks of
information processing speed, potentially owing to differential availability of compensatory
strategies in these networks.

These findings highlight differences in vulnerability to cognitive dysfunction in individuals
with POMS, given impacts of the disease on developing functions and reserves. We propose that
cognitive screening should be expanded beyond assessment of simple processing speed to
identify a greater proportion of youth affected by the cognitive sequelae of MS. While the
mechanisms contributing to the development of CR remain to be elucidated, engagement in a
range of physically and cognitively enriching activities, as well as a focus on mental health may be
helpful towards better cognitive outcomes for youth with POMS. Further research is needed with
direct comparison to adults with MS to understand how the developmental context influences the

profile of cognitive deficits and role of protective factors in POMS.
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Chapter 1: Introduction

1.1 Overview of Multiple Sclerosis

Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system
(CNS), characterized by inflammatory and degenerative processes that lead to a range of
progressive physical and cognitive symptoms. It is the most common inflammatory neurological
disease affecting young adults, with the majority of affected individuals showing their first
symptoms between the ages of 25-35 years, however, 3-5% of people with MS experience their
first attack prior to age 18[1]. MS is estimated to affect upwards of 2.2 million people worldwide,
with the highest prevalence rates found in North America (164 per 100 000 persons) and Canada in
particular (150-180 per 100 000)[2].

Etiology. The precise mechanism by which MS develops remains uncertain, however, its etiology is
thought to be explained by an interaction of genetic susceptibility and environmental exposures.
Support for a genetic influence is evidenced by a concordance rate of 25% in monozygotic female
twins, compared to 5% in dizygotic twins and 3% in siblings[3]. Moreover, about one in eight adults
with MS, and one in six youth with pediatric-onset MS (POMS) report a family history of the
disease[4, 5]. Genome-wide studies have identified more than 150 single nucleotide polymorphisms
with potential association to MS, most of which are believed to be linked to immune function, but
contribute only modestly to one’s risk of MS[6, 7]. Greater evidence exists for risk associated with
the HLA-DRB1 gene, however, with heterozygotes and monozygotes for the HLA-DRB1*15:01
allele showing odds ratios of >3 and >6 for MS, respectively[8]. The HLA gene has been implicated
in several other infectious, autoimmune and inflammatory disorders, and is hypothesized to be
associated with antigen presentation.

Migration studies provide strong evidence that MS susceptibility is largely mediated by early
environmental exposures, with adult migrants retaining the risk of their home countries, while young
migrants and children born to migrants take on the risk of the country migrated to[9]. Further, a
month-of-birth effect[10] and a maternal parent-of-origin effect in half siblings[11] are suggestive
that MS risk is partially modified in utero. According to Belbasis and colleagues[12], 44
environmental risk factors have been studied in relation to MS. Among these, exposure to the
Epstein-Barr Virus (EBV) has shown the most consistent and significant associations to MS. Meta-
analyses suggest that symptomatic EBV, as manifested by infectious mononucleosis, more than
doubles the risk of MS[13]. Seropositivity for EBV is observed in nearly all adult MS patients, as
compared to 90% of the general population[14, 15], and in 85% of youth with POMS, as compared
to 40-45% of regional age-matched controls[16-18]. Notably, high titers of EBV antibodies predict



disease activity on MRI, as well as risk of conversion from the initial demyelination seen in clinically
isolated syndrome (CIS) to definite MS[19, 20].

Apart from EBV infection, smoking exposure also shows robust associations to MS
susceptibility[12]. Although the majority of studies have examined history of cigarette smoking in
the individual with MS, there is also evidence for risk associated with passive smoke exposure[21].
Dose-response relationships have been observed for both MS susceptibility and disease
progression, suggesting the role of cigarette smoke on MS may continue beyond MS-onset[22].
Cigarette smoke may exert its influence via effects on the immune system, demyelination, and/or
disruption of the blood-brain barrier, however, these mechanisms remain speculative[12, 22].
Associations have been found between organic solvents and MS susceptibility[23], but not for
tobacco snuff use[24], suggesting that the mechanism of action may be initiated through the lungs.
Similarly, recent studies have indicated exposure to air pollutants (including particulate matter,
carbon monoxide, nitrogen oxides, sulfur dioxide, ozone, and heavy metals) as a potential
contributor to one’s risk for MS development and relapse[25].

Women appear to be at least twice as likely to be diagnosed with MS than men, however, this
sex difference occurs only for MS-onset that follows puberty[26], suggesting a role of gonadal
hormones on the development of MS. MS disease activity also varies as a function of hormonal
changes related to menstruation and pregnancy, with fewer relapses during pregnancy and
increased risk during the three months post-partum[27, 28]. Interestingly, the female to male sex
ratio of MS is steadily increasing in most developed countries, and appears to be driven by a
disproportional increase in incidence of MS in women, however, the reason for this change in
incidence remains unclear[29].

Finally, low vitamin D levels and reduced exposure to sunlight have also received attention as
potential risk factors for MS[30], to help explain the latitude gradient in MS prevalence observed
historically. Greater risk has been associated with living farther from the equator, or in locations
where there is reduced sunlight exposure; however, this gradient has reduced in recent years[31].
Still, low serum vitamin D is observed in youth and adults affected by MS[5], and early trials for
vitamin D treatment show some promise for reductions in MS disease markers and relapse rate[30],

leading to recommendations for supplementation in people with MS.

Pathophysiology and MRI features. MS was originally named ‘sclerose en plaques’ in reference to
the demyelinating plaques observed by Charcot in the periventricular area, pons and spinal
cord[32]. Since then, MS has been largely characterized by its multiple foci of inflammation

associated with axonal scarring and neurodegeneration in the brain and spinal cord.



Although its exact pathogenesis remains unclear, MS has traditionally been conceptualized
as an autoimmune disorder, whereby peripheral immune cells are activated and cross the blood-
brain barrier, attacking the myelin of the CNS. More recently, this ‘outside-in’ model of MS has
been contrasted with an ‘inside-out’ model by Stys and colleagues[33], which purports that MS
may be a neurodegenerative disease at its outset. In this model, primary degeneration is believed to
occur in the oligodendrocytes and myelin, and products of these degenerative processes are
hypothesized to trigger an autoimmune response, which varies according to the individual’s
immune priming.

Most typically, MS inflammation occurs in an episodic fashion at its outset, with the infiltrate
dominated by T-lymphocytes, but including also B-cells and plasma cells in lower numbers[34].
These episodes are associated with gadolinium-enhancing perivascular lesions on MRI, suggestive
of breakdown of the blood-brain barrier. While there appears to be relative sparing of axons early in
the disease, as well as several neuroprotective pathways that help to preserve cell function, more
substantial damage and/or recurrent injuries lead to permanent axonal and neuronal damage,
occurring through oxidative stress, mitochondrial injury and subsequent ion channel
dysfunction[35]. These pathways ultimately contribute to cell death and axonal loss, mediated by
apoptosis and Wallerian degeneration[35]. Previously active lesions may thus remain visible on T2
and T1-weighted MRI, with the extent of T1 hypointensity correlating with the magnitude of tissue
destruction[34, 36].

Some lesions - termed smoldering plaques — remain chronically active following this acute
stage, and may expand further as a result of sustained inflammatory processes driven by a rim of
activated microglia and macrophages surrounding the inactive lesion core[37, 38]. These lesions
are more characteristic of progressive stages of MS, wherein chronic inflammation appears to be
trapped within the blood-brain barrier of the CNS, and has a greater proportion of B-cells and
plasma in the infiltrate[39, 40].

Importantly, although MS neuropathology is most clearly evident in the white matter on MR,
demyelination, axonal injury and neuronal death also occur in the grey matter of the cortex,
cerebellum and deep nuclei, as well as in normal-appearing grey and white matter[34, 41].
Together, this accumulation of focal and diffuse neuropathology contribute to global atrophy, as
reflected by widening of the ventricles and enlargement of the outer meningeal cerebrospinal fluid
(CSF) spaces|[34].

Cortical lesions have been classified into three types: leukocortical (involving deeper layers of
grey matter and adjacent white matter), intracortical (centered on blood vessels and confined within

the cortex), and subpial (extending from the pial surface into the cortex)[42]. These lesions show a



marked topographic distribution, with greater involvement of the cingulate gyrus, frontal, temporal,
insular and cerebellar cortices, as well as in the hippocampi.

The pathogenic mechanisms leading to damage in the cortex are still under investigation,
however, many appear to overlap with that which is seen in white matter[42]. Conversely, subpial
lesions appear to be initiated by inflammatory infiltrates diffusing from the meninges, while
leukocortical lesions may in part reflect secondary degeneration arising from adjacent transected
neurons in the white matter[42, 43]. Damage to normal-appearing white and grey matter appear
mediated by more diffuse inflammatory processes, as well as Wallerian degeneration[34, 44].

Notably, volume loss appears to occur more quickly in deep grey matter structures than in
other regions of the brain across MS subtypes, with particular susceptibility of the thalamus[45, 46].
This vulnerability of the thalamus is attributable, in part, to its extensive connectivity to cortical grey
matter regions, leading to more significant degeneration from axonal transection of white matter
tracts projecting to and from this structure[41]. Moreover, two types of lesions have been observed
in the thalamus — perivascular ovoid lesions and diffuse periventricular lesions — suggesting
vulnerability to more than one pathologic mechanism[47, 48]. With this heightened sensitivity to MS
neuropathology and its robust associations to clinical outcomes, the thalamus has been put

forward as a promising holistic MRI proxy for neurodegeneration[46, 47].

Diagnostic criteria. The diagnosis of MS requires careful integration of clinical, imaging, and
laboratory findings to confirm the dissemination of lesions in space and time, and to ensure no
other explanation better fits the clinical presentation. The 2017 McDonald criteria define what is
needed to meet criteria for dissemination in space and dissemination in time[49]. These criteria are
utilized primarily (but not exclusively) in the context of a CIS. CIS is defined as a monophasic clinical
episode with patient-reported symptoms and objective findings that are indicative of a focal or
multifocal inflammatory demyelinating event in the CNS, developing acutely or subacutely, with the
duration of at least 24 hours, with or without recovery, and in the absence of a fever or infection.
Dissemination in space can be demonstrated by one or more T2-hyperintense lesions in two
or more of four areas of the CNS: periventricular, cortical or juxtacortical, infratentorial brain
regions, or the spinal cord. Dissemination in time can be demonstrated by the simultaneous
presence of gadolinium-enhancing and non-enhancing lesions at any time, or by a new T2-
hyperintense or gadolinium-enhancing lesion on follow-up MRI, with reference to a baseline scan.
Importantly, the presence of oligoclonal bands in the CSF may be substituted for the requirement of
fulfilling dissemination in time for cases with typical CIS, fulfilment of dissemination in space, and

no better explanation for the clinical presentation.



Primary progressive MS can be diagnosed in people with one year of disability progression
(determined retrospectively or prospectively) and two of the following: (1) one or more T2-
hyperintense lesions in the above-mentioned regions characteristic of MS; (2) two or more T2-
hyperintense lesions in the spinal cord; or (3) presence of CSF-specific oligoclonal bands. At this
time, clinical symptoms are required for a presentation to be considered MS; radiologically-isolated
syndrome, which is characterized by incidental MRI findings consistent with MS, does not meet

criteria, though it is recommended that these individuals be followed closely.

Clinical course. The course of MS moves through several stages, from being at-risk, through
subclinical prodromal and subsequent relapsing and/or progressive phases. Formally, there are
three major classifications for MS disease course, including: relapsing-remitting (RRMS), primary
progressive (PPMS), and secondary progressive MS (SPMS). CIS was added more recently,
referring to the first episode of potential MS[50, 51].

RRMS is the most common MS phenotype, found in approximately 85% and >98% of adults
and youth with MS, respectively. This stage is characterized by relapses of new neurologic
symptoms or worsening of existing symptoms, interspersed with periods of relative clinical stability.
Relapses typically develop subacutely over hours to days, reach a plateau lasting several weeks,
and then gradually recover[6]. Full recovery from relapses often appears complete in early MS;
however, many leave residual deficits. Over time, these deficits begin to accrue, leading to
sustained disability and transition into a secondary progressive stage.

SPMS is phenotypically varied, with periods of progression superimposed with possible
relapse activity and periods of relative stability. Determination of the onset of SPMS is difficult, with
initial progressive symptoms typically presenting in a subtle and fluctuating manner[52]. This
diagnosis is often established retrospectively, based on clinical evidence of accumulating disability
over a period of at least 6 to 12 months[50]. As the disease progresses, however, the clinical course
increasingly takes a progressive form, with fewer bouts of acute inflammatory activity. The median
time to conversion to SPMS ranges from 10-19 years from RRMS onset[53, 54], with shorter time to
conversion for individuals with a higher age at onset, male sex, spinal cord symptoms, and
incomplete relapse recovery[53].

Finally, PPMS is characterized by a lack of initial relapsing and remitting phase; however,
progression is not necessarily uniform, and superimposed relapses, as well as periods of relative
stability, are possible. This variant is observed in approximately 10-15% of cases[55], with a
gradual accrual of disability typically involving one dominant neuronal system. Notably, PPMS is

virtually unheard of in children, and the age at onset is on average 10 years older for PPMS relative



to RRMS (40 years vs 30 years); this age at onset is more similar to that which is found in
SPMS[55].

Importantly, the delineation between MS subtypes exists primarily at a clinical level, with
histological differences occurring mostly in proportion. As such, MS might rather be considered as
a continuum of disease, extending from prodromal (i.e., radiologically isolated disease) to relapsing

(‘inflammatory dominant’) and progressive (‘neurodegeneration dominant’) stages[6].

Clinical features. MS can manifest with a variety of physical and/or cognitive symptoms,
depending on what areas of the CNS are affected. Patients will typically present with motor,
sensory or visual symptoms at the time of their first attack. Although it is also possible for patients
to present initially with cognitive symptoms, this is far less common, with cognitive challenges more
typically developing gradually over time.

Common MS symptoms occurring at onset include unilateral optic neuritis, double vision,
numbness or tingling, dizziness and vertigo, muscle spasticity or weakness, gait difficulties, pain,
bladder problems, and sexual dysfunction[56]. These symptoms have a relapsing-remitting course
in RRMS, but then accumulate and/or worsen as the disease progresses, leading to more
significant disability. The extent of neurological disability is typically monitored using the Expanded
Disability Status Scale (EDSS), with scores ranging from 0 (no disability) to 10 (death due to
MS)[57].

In addition to the physical challenges contributing to disability in MS, fatigue is one of the
most common symptoms, affecting up to 83% of patients, and is reported to be the most
significant contributor to a reduced quality of life[58]. MS-related fatigue is differentiated from that
experienced by healthy persons in that it is persistent, as well as sensitive to heat[59-61]. Several
mechanisms have been proposed to contribute to the development of fatigue in MS, including
primary disease processes of inflammation and neuronal injury[58]. Fatigue may also develop
secondarily to poor sleep, medication, lack of physical activity, cognitive exertion, pain and/or
depression[62].

Psychiatric symptoms are also significant contributors to quality of life in MS. Depression
affects up to 50% of adult patients over the course of their lifetime, and is associated with
increased morbidity and mortality[63]. Risk for depression is increased for individuals reporting
greater stress, use of emotion-focused and avoidant coping strategies, dissatisfaction with their
social supports, and negative conceptions of themselves and the illness (e.g., feelings of
helplessness, lack of control, expectations for poor outcome)[64]. However, inflammatory activity

may contribute directly to one’s risk for depression, as shown in MS and other populations[65].



Anxiety is also common in MS, affecting approximately 22% of patients. Anxious symptoms
typically present as panic disorder, obsessive compulsive disorder or generalized anxiety
disorder[66, 67].

Treatment. The treatment of MS typically includes corticosteroids for acute relapses,
immunomodulatory disease-modifying therapies for long-term suppression of disease activity, and
supplemental interventions for the management of symptoms (such as fatigue, pain, depression,
spasticity). Although comparatively less is known about the effect of MS treatments in POMS, the
pharmacological approach is similar to that for adult-onset MS, with demonstrated safety and
tolerability of first-line treatment regimens in POMS[68]. As such, it is recommended that disease-
modifying therapies are initiated soon after the diagnosis is confirmed[69, 70].

High dose and short-term oral or intravenous steroids (methylprednisone) are recommended
for the management of acute disease activity[68, 71]. IVIg or plasmapheresis may be utilized in the
case of treatment failure[68]. For subsequent and ongoing management of MS, disease-modifying
therapies are applied with the goal of preventing future relapses, slowing disease progression, and
reducing lesion accrual. The first-line of disease-modifying therapies include: glatiramer acetate
(Copaxone), interferon beta-1a (Avonex, Plegridy, and Rebif), interferon beta-1b (Betaseron and
Extavia)[68, 72]. These therapies have shown efficacy and tolerability in POMS, however, poorer
treatment outcomes are more common in youth with MS and may lead to the use of second-line
therapies[68, 73]. Second-line therapies include: natalizumab (Tysabri), fingolimod (Gilenya),
teriflunomide (Aubagio), dimethyl fumarate (Tecfidera), alemtuzumab (Lembtrada), and mitoxantrone
(Novantrone)[72, 74].

In addition to pharmacological treatments for management of disease activity and MS
symptoms, it is recommended that a number of lifestyle-based behavioural changes are also
considered. These include smoking cessation, dietary changes, management of comorbid
cardiovascular disease, and increased physical activity[75]. Physical therapies may be considered
to improve mobility, muscle strength and aerobic capacity, as well as to reduce fatigue[76].
Moreover, psychotherapy — including cognitive behavioural therapy, mindfulness-based
interventions, acceptance and commitment therapy, or motivational interviewing — may be helpful
for improving mental well-being in the context of comorbid depressive or anxious symptoms[76-
79].



1.2 Pediatric MS

Approximately 3-5% of people affected by MS have an onset prior to age 18[1], with an
annual incidence in the range of 0.07-0.29 per 100 000 children[80]. The onset of POMS typically
occurs during adolescence, but can also occur below age 10 and has been observed as low as 2
years of age. As mentioned previously, the female preponderance for MS is only observed after
puberty, with the female:male ratio appearing more equal in patients younger than 10-12 years of
age[80].

Most children present with similar symptoms to those which are seen in adults, including
optic neuritis (10-22%), motor dysfunction (30%), sensory symptoms (15-30%), ataxia (5-15%), and
brainstem symptoms (25%)[81]. Diagnosis of POMS is based on the same criteria as that which is
used in adults (described above), however, special consideration is needed when applying these
criteria to children younger than 11 years of age. Younger children are more likely to present with
polyfocal deficits and encephalopathy, appearing more similar to acute disseminated
encephalomyelitis (ADEM;[82]). ADEM is more common in children overall, relative to adults, and
represents an important differential diagnosis to be distinguished from MS. A second clinical attack
that is characteristic of MS is thus required for a diagnosis of MS to be given in the case of ADEM-
like presentation at onset[83].

POMS is almost exclusively of the relapsing-remitting subtype (>98%), with fewer than 2% of
children and adolescents showing a primary progressive presentation[84]. POMS appears more
inflammatory than adult MS, with a higher number of enhancing lesions and greater frequency of
relapses in the first few years following onset[85-87]. These relapses may be more severe in POMS,
but subsequently show a fuller recovery, with the majority of patients returning to EDSS or
Functional System Scores of zero[88, 89]. Younger patients also show greater reduction in the
number of T2 lesions on scans serially, relative to older POMS patients[90]. In line with this fuller
recovery from relapses, the time to conversion to SPMS is longer in POMS than in adults with MS
(20 versus 10 years)[84]; however, this stage is ultimately reached at a younger chronological
age[91].

Children with MS show greater involvement of the infratentorial white matter, particularly in
the brainstem, relative to adults with similar disease duration[85, 92]. In the supratentorial region,
POMS patients also show a smaller fraction of T2-hyperintense lesions that also appear as T1-
hypointense lesions relative to adults, however, this ratio is more similar in the infratentorial
region[92]. Given that myelination proceeds along a caudorostral gradient, it has been proposed
that there may be a preferential immune targeting of mature myelin infratentorially in POMS.

Moreover, it is possible that primary myelination occurring supratentorially during childhood and



adolescence may serve to reduce T1 lesion load and facilitate recovery post-relapse. Notably,
youth with MS have shown smaller head size compared to age and sex-matched controls,
suggesting that the onset of MS during this maturational period may affect brain and skull
growth[93]. Smaller thalamic volumes are also observed in POMS, and appear to be associated in
part with a failure of age-expected growth[94].

Similar to adults with MS, children and adolescents with POMS experience fatigue,
depression and anxiety to a greater extent than their peers[95-97]. Clinically significant fatigue is
typically reported in the range of 30-50% of youth with POMS[96, 98, 99], and can be of sufficient
severity to require alterations to school programming[98, 100, 101]. Moreover, elevated symptoms
of depression are reported in 15-30% of affected youth, while 5-34% of youth with POMS report
elevated symptoms of anxiety[95, 96, 99, 102-105]. In addition to these internalizing presentations,
emotional distress can be manifested as disruptive or aggressive behaviours in children and
adolescents[106]. Although internalizing presentations appear more common in youth with
POMS[96], elevated symptoms of inattention/hyperactivity and aggression are reported by parents
in 16-48% and 8-23% of these youth, respectively[96, 101, 104].

Importantly, although many of the challenges contributing to difficulties with psychosocial
adjustment likely overlap with adults with MS, the reasons for and implications of such difficulties in
youth also differ. These younger people with MS are navigating different social systems and are
striving for different developmental goals, such as having a sense of belonging with peers and
developing autonomy as they move into young adulthood[107, 108].

As in adults with MS, these different sequelae of MS are often interrelated. Fatigue can
contribute to everyday challenges and in turn lead to or exacerbate low mood, anxiety and
cognitive/academic development; fatigue may arise secondarily to depressive states, persistent
anxiety and/or cognitive load; or these symptoms may together be predicted by common
underlying disease mechanisms. Moreover, the impact of MS to brain systems implicated in self-
control may have implications for emotional and behavioural regulation that contribute to social and
emotional difficulties.

Notably, the frequency and/or severity of fatigue, mood and anxiety symptoms often differ
between self- and parent-reports, with parents consistently endorsing a larger number of or more
severe symptoms. This could reflect a pattern of under-reporting in youth, which may be related to
lack of insight and/or desire not to be differentiated from peers[96, 107, 109]. It has also been
proposed that parental reports could be confounded by parental sadness for the ‘loss’ of a healthy
child, or anticipated losses that their child may experience related to MS[96]. Importantly,

discrepancies between self- and parent-reports indicate that these measures may capture different



aspects of the experience of living with MS, and highlight the need for collection of data from both

sources when possible.

1.3 Cognitive symptoms

Cognitive impairment occurs in 22-53% of individuals with POMS, depending on the
sample characteristics, as well as the methods for measurement of cognitive function and
determination of impairment[101-103, 110-119]. Although the patterns of cognitive dysfunction vary
across individuals with POMS, deficits are most consistently observed in complex attention,
information processing speed and visuomotor integration[95, 100-103, 113, 114]. People with
POMS also frequently demonstrate deficits in executive functions, visuospatial ability, and verbal
and visual learning and memory[95, 97, 100, 101, 120, 121]. Executive dysfunction has been
primarily observed on tasks of working memory[97, 100, 101, 103, 110, 113, 115, 120], and is
reported by parents in the context of everyday metacognitive behaviours[97]. Conversely,
performance on tasks of cognitive flexibility and planning appear less affected in POMS[97, 100,
102, 110]. Visuospatial deficits are shown on tasks of copying/construction and puzzle-
completion[95, 100-102, 115]. Conversely, deficits in nonverbal problem-solving are less consistent
across studies[95, 100-102, 113, 115, 121].

Youth with MS are at risk of impairment in verbal abilities, including expressive and
receptive language, and verbal fluency[100, 102, 103, 122, 123]. Expressive deficits have been
observed for tasks of naming, expressive vocabulary, verbal reasoning, and general knowledge.
Receptive deficits have been observed for tasks of listening comprehension — including tasks where
they must answer questions about information that is read to them, or follow increasingly complex
sets of verbal instructions. Impairments in verbal fluency are less consistent across studies, but
have been seen for both phonemic and category fluency[95, 100-102, 115, 120]. Notably,
difficulties with language are not typically observed in adults with MS, aside from deficits in
confrontation naming and verbal fluency[124].

More recently, studies of cognitive function in MS have begun to examine social cognition,
which refers to the mental operations that underlie social interactions. Youth with POMS
demonstrate poorer performance on both affective (Reading the Mind in the Eyes) and cognitive
theory of mind tasks (Faux-Pas Test, First- and Second-Order False Beliefs) relative to
controls[125]. This pattern is generally similar to what has been observed in adults with MS, with
deficits observed in theory of mind and facial emotion recognition[126].

Longitudinal studies of cognitive function in POMS illustrate a more complex and variable

picture than cross-sectional studies, as relapses occur and attacks are repaired, disease burden is

10



accrued, and these youth progress through maturational improvements in cognitive function. While
youth with POMS can demonstrate improvements in cognitive function over time when examining
raw scores[127, 128], declines in age-adjusted scores have been observed, suggesting a lack of
age-expected maturation at a group level[95, 120, 129]. Importantly, case studies illustrate that
youth with POMS can also show deterioration relative to their own prior level of functioning[120,
130]. Moreover, several studies highlight individual variability in trajectories of cognitive
development, with subsets of participants showing declining, stable, or improving age-adjusted
cognitive scores over time[110, 114, 122, 130]. Comparisons between adults with POMS and adult-
onset MS show poorer performance for POMS patients on a task of information processing speed
that were retained after adjusting for age and disease duration[131]. These results suggest that
cognitive challenges may not only increase as the disease progresses, but individuals with POMS

may be at greater risk for long-term cognitive challenges due to an early onset of the disease.

Impacts to everyday functioning. The cognitive dysfunction and disruptions to schooling
occurring as a consequence of POMS appear to be of sufficient severity to have implications for
academic and daily functioning. School activities are impacted for upwards of 30% of youth with
POMS, with reports of difficulties maintaining focus in class, needing special assistance, reducing
course load, grade retention, and in some cases school drop-out[100, 103, 110]. These academic
challenges may have long-term consequences for academic attainment, as fewer adults with
POMS show high educational attainment relative to those with adult-onset MS, and relative to what
might be expected based on their parent’s level of education[132].

With regards to specific academic abilities, youth with POMS are at greater risk of having
difficulties with language, as well as reduced general and word knowledge, as described above.
Moreover, youth with POMS show poorer performance on tasks of word reading, spelling and math
calculation, with the latter showing associations to processing speed and white matter
integrity[133]. These deficits are not consistently replicated across studies, however[95, 100, 113].

Engagement in hobbies and sports, and relationships with family and peers are also
reported to be affected in 41% and 28% of youth with POMS, respectively[110]. Poorer adaptive
skills have also been reported by parents of children with POMS relative to parents of controls,
while youth with POMS self-report poorer self-reliance, suggesting that these youth feel a lower
sense of confidence in their ability to make decisions, solve problems, and/or be dependable
relative to their peers[96]. Although other aspects of MS surely contribute to these everyday

impacts of POMS (including physical disability, fatigue, psychiatric symptoms, and changes in
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psychological outlook), several of these outcomes correspond closely to incidence of cognitive
impairment[103, 110].

Assessment of neuropsychological function in POMS. The neuropsychological deficits observed
in POMS have been measured through a variety of assessment tools over the years, including
primarily traditional paper-and-pencil tasks administered under a standardized set of testing
conditions, but also behavioural reports such as the Behavioural Rating Inventory of Executive
Functions, and computerized measures such as the Cogstate Brief Battery.

Portaccio and colleagues[115] were the first to propose a set of neuropsychological tests to
screen for cognitive dysfunction in POMS, titled the Brief Neuropsychological Battery for Children
with MS. This battery includes measures of: vocabulary (Wechsler Intelligence Scale for Children-
Revised), sustained attention and working memory (Symbol Digit Modalities Test [SDMT], Trail
Making Tests), and verbal learning and recall (Selective Reminding Test immediate and delayed).
These tasks were found to have 96% sensitivity and 76% specificity in discriminating cognitive
impairment as defined through a full neuropsychological battery (including measures of visuospatial
learning and recall, cognitive flexibility, verbal fluency, and expressive and receptive language),
which identified cognitive impairment in 41% of POMS participants based on criteria of failing (<5
percentile of the healthy control [HC] group) on four or more of a total of 17 tests.

The Brief International Cognitive Assessment for MS (BICAMS) is an assessment battery
developed by an international committee to detect cognitive deficits in adults with MS. The
BICAMS is comprised of: the oral SDMT, the learning trials from the California Verbal Learning Test-
second edition or the Rey Auditory Verbal Learning Test, and the Brief Visual Memory Test-Revised.
This tool was applied in POMS by Charvet and colleagues (2018), and was found to differentiate
between POMS and HC groups, classifying 26% of patients as cognitively impaired based on the
criteria of failing one test (scoring below -1.5 standard deviations from the mean).

The SDMT is the most widely used measure of cognitive function that has been applied in
adults and youth with MS, and has in itself been proposed as a screener for cognitive impairment.
This tool measures the speed at which one can identify the appropriate numbers to match to
symbols, according to how they are paired in a key. In the traditional paper-and-pencil version,
participants are asked to write the appropriate number that goes with each symbol on the page.
The SDMT has also been adapted to remove motor demands, by asking participants to provide the
appropriate numbers orally. The number of correct responses provided within 90 seconds is

recorded as their raw score.
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The SDMT is primarily classified as a task of sustained attention and information processing
speed, although it also relies on visual scanning and perception, decision making, error processing,
and visual working memory. It has been deemed an adequate screener for cognitive dysfunction in
POMS, differentiating between youth with POMS from pediatric patients with other neurological
disorders, as well as from HCs[111]. The SDMT has shown 77% sensitivity and 81% specificity to
detecting cognitive impairment based on a larger battery (with scores at least one SD below the
mean on at least one-third of the tests administered). Concordance was even greater for
participants completing the SDMT and neuropsychological battery closer in time.

The SDMT has gained this ubiquity due to the prevalence of slowed processing speed in
MS. Slowed information processing is one of the most robust cognitive findings in adults and youth
with POMS, and is believed to arise as a consequence of the widespread loss of integrity of white
matter pathways[134]. Slowed performance on the SDMT is indeed associated with structural MRl
measures of MS neuropathology that are reflective of widespread white matter injury, including
smaller volumes of the thalamus, as well as lower fractional anisotropy values in hemispheric,
corpus callosum and thalamic regions in POMS[97, 102, 135].

Importantly, information processing speed is implicated in the effective functioning of other
cognitive domains. For instance, reduced efficiency may interfere with the learning of new
information, and with the coordination of parallel cognitive processes in tasks requiring greater
cognitive demand, as proposed by the Limited Time Mechanism[136]. In fact, it has been proposed
that slowed processing speed may represent a fundamental deficit in MS, that in turn leads to
inefficiencies — and ultimately deficits — in a range of cognitive functions[137]. This theory is termed
the Relative Consequences Model, and is evidenced by associations between processing speed
and performance on tasks of executive function and social cognition[138, 139], as well as by
reductions in group differences on tasks of executive function and memory after adjusting for
information processing speed either statistically or in task demands in adults with MS[140-146].
Some deficits, however, appear to exist over and above deficits in information processing speed,
such as for social cognition in POMS [125]. Whether slowed processing speed is indeed a driving
factor in the profile of neurocognitive deficits in MS remains unclear, and warrants further
investigation in individuals with POMS in particular, given potentially differential relationships
between domains of cognitive functioning in this developmental cohort.

In recent years, there has been a growing interest in computerized tools for
neuropsychological assessment, which offer efficient and standardized measurement of cognitive

function on an interface that is user-friendly for children and adolescents. Importantly, these tools
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facilitate the measurement of both accuracy and response time, allowing for delineation between
performance that is impaired as a result of or independently from slowed processing speed.

One such tool that has been applied in the context of POMS is the Cogstate Brief Battery,
which consists of three speeded processing tasks: Detection (measuring processing speed),
Identification (measuring continuous visual attention), and One-Back (measuring speeded working
memory). Differences between POMS and HC groups were found for Detection and Identification,
but not for the One-Back. Rates of impairment were similar between the Cogstate and BICAMS
(27% and 26%, respectively), with overlap in classification in 74% of cases (69% in POMS and
85% in HCs;[112]). The Cogstate was proposed to be relatively more sensitive to subtle
impairments in cognitive processing, given its targeted assessment of information processing
functions.

Another available computerized battery is the Penn Computerized Neurocognitive Battery
(PCNB), which includes a set of fourteen computerized tests evaluating function across five broad
domains: executive functions (attention, cognitive flexibility, working memory), episodic memory
(verbal and visual recognition), complex cognition (verbal reasoning, nonverbal reasoning,
visuospatial processing), social cognition, and sensorimotor speed[147, 148]. This battery was
developed using tests previously validated with functional neuroimaging[149], and has shown
adequate reliability and validity for use in children and adults[147, 150]. The PCNB has also been
applied to a variety of clinical populations, effectively differentiating neurocognitive profiles between
controls and people with chronic kidney disease, 22g11.2 deletion syndrome, mood disorders, and
exposures to herpes simplex virus or hepatitis C[151-155]. With separate measures for accuracy
and response time across a breadth of cognitive domains, the PCNB may offer new insights on the

neurocognitive profile of POMS.

Management of cognitive symptoms. Our understanding of how to prevent or manage the
cognitive deficits associated with POMS is still limited. To date, there are no approved
pharmacological treatments for cognitive impairment in MS. The majority of early clinical trials for
disease-modifying therapies did not include cognitive endpoints. Moreover, while there is some
limited evidence for beneficial effects of disease-modifying treatments for cognitive outcomes,
these findings remain confounded by practice effects[156-158].

With regards to behavioural approaches, some promise has been shown for cognitive
rehabilitation in adults with MS. Cognitive interventions may vary in their target and approach, with
some focusing on remediation of cognitive function through process-training, while others focus on

teaching compensatory strategies to facilitate adaptation to deficit. Few interventions have met
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criteria for practice standards in the field, however, due to a lack of replication of treatment effects,
active control groups, adequately powered samples, a significant follow-up period for testing,
differentiation of near and far-transfer of cognitive effects, and a consideration of individual
differences[159]. Currently, the strongest evidence exists for memory strategy training via the
modified Story Memory Technique, and for computerized attentional training through the
Attentional Process Training program.

Evidence for effective approaches to cognitive rehabilitation in POMS are even more
sparse[160-162]. As a result, the cognitive symptoms of POMS are more typically managed on a
case-by-case basis. Specific accommodations may be recommended to support these youth at
home and at school, depending on the youth’s area of need. Further research is thus needed to

determine effective approaches to prevent, accommodate, or remediate cognitive dysfunction.

Predictors of cognitive outcome. Cognitive dysfunction in POMS is predicted in part by a
younger age at disease onset, longer disease duration and greater neurological disability, however,
these findings are not consistently found across studies[95, 97, 100-103, 110-114, 118, 120, 121,
127, 129, 163]. Till and colleagues[97, 102] found associations between age at onset and the
majority of cognitive outcomes were washed out after adjusting for disease duration. More
consistent have been associations between an earlier onset and poorer expressive vocabulary[102],
as well as worse longitudinal trajectories of SDMT and visuomotor integration performance[127,
128, 131]. Youth with POMS and a younger age at disease onset also show poorer performance on
tasks of calculation, reading and spelling, suggesting potential impacts of early disruptions to
schooling on the development of academic skills[133]. Associations between cognitive dysfunction
and symptoms of low mood and fatigue have also been observed, though somewhat
inconsistently[95, 99, 101-104, 164].

MRI measures of MS pathology show comparatively stronger associations with cognitive
outcomes in POMS, with r-values ranging from 0.30-0.63 for measures of whole-brain T1 and T2
lesion, normalized whole-brain, frontal lobe, and corpus callosum volumes[97, 102, 163]. Thalamic
volumes, in particular, seem to demonstrate robust associations, accounting for up to 51% of
variability in cognitive outcome (i.e., r-values > .60)[97, 102, 163]. Importantly, despite the relative
efficacy that MRI metrics offer in predicting cognitive outcomes, much of the variability in cognitive
function remains unaccounted for. Moreover, a majority of youth and young adults with POMS
appear to remain cognitively preserved despite accruing MS neuropathology[165]. This disconnect

between disease burden and cognitive function has been observed in adults with MS and has been
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termed the ‘cognitive-pathologic dissociation’, leading to the question of how some individuals can

better withstand MS pathology without cognitive impairment[166].

1.4 Cognitive reserve theory

In 2002, Stern first summarized theories of brain and cognitive reserves (CR), which posit
that individuals will vary in the clinical expression of neuropathology due to differences in brain
structure and function[167]. Brain reserve is a passive and quantitative model, wherein differences
in brain size — believed to reflect the number of neurons and synapses - are proposed to account
for differences in clinical outcome for individuals with comparable levels of neuropathology.
Cognitive deficits are then proposed to arise once a certain threshold of pathology is met. Brain
reserve is typically estimated by generalized measures, such as intracranial volume, however, more
recent studies have incorporated more fine-grained measures, including specific patterns of grey
matter volume, cortical surface area, cortical thickness, positron emission tomography measures of
synaptic integrity, or white matter microstructure[168].

Conversely, Stern defines CR as the adaptability of cognitive processes that helps to explain
differential susceptibility of cognitive abilities or day-to-day function to brain aging, pathology, or
insult[168]. In other words, CR is an active model wherein individuals vary in the expression of
neuropathology as a consequence of differences in capacity to adapt to insult. This is believed to
occur through two neural mechanisms: neural reserve and neural compensation[169].

Barulli and Stern describe neural reserve as differential efficiency and/or capacity of task-
related networks[169]. Network efficiency is the extent to which a network needs to be activated in
order to complete a given task, with more efficient networks requiring less activation to produce the
same level of performance. Network capacity is the extent to which activation can be upregulated
with increasing task difficulty. Healthy individuals with better task performance typically show
greater network efficiency for that task, which in turn gives a larger dynamic range for upregulation
with increasing demand[170]. In the context of brain injury, these individual differences in neural
reserve are believed to lead to differential capacities to engage task-related networks in a
compensatory fashion.

Conversely, neural compensation refers to the maintenance of functionality through the use
of alternate networks — and thus cognitive strategies — when primary task-related networks are
compromised. Individuals with higher CR may have more varied approaches to solving a problem,
and thus be able to flexibly invoke these strategies in the context of injury to brain structures

typically activated when completing a task[169].
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CR is believed to be determined by innate factors (genetics, in utero exposures), as well as
lifetime exposures, such as one’s participation in physically and cognitively stimulating
activities[171]. As such, CR is often measured proximally by sociobehavioural determinants,
including years of education, crystallized intelligence, occupational complexity, socioeconomic
status, and engagement in cognitive leisure or physical activities. Other approaches to measuring
CR include summary proxies (which capture a combination of the above-mentioned proxies),
quantifying residual variance in cognition unaccounted for by demographic and brain predictors,
and identification of resting-state or task-related functional activation of brain networks that may
underlie CR[168].

Importantly, more recent models of reserve highlight the potential for brain structure to be
influenced by experience. Interactions between brain reserve and CR are noted, as heritable
components of brain structure can influence lifetime experiences, and engagement in enriching
activities can lead to structural changes in the brain[169]. The concept of brain maintenance has
been added to these models, which refers to individual differences in neuroprotective or enhancing
mechanisms that influence one’s susceptibility to pathology[169]. Importantly, rather than helping
to explain dissociations between measured pathology and cognitive outcome, brain maintenance
expands reserve theory to illustrate the potential role of genetic and lifestyle factors in the
preservation of brain structure. Notably, several of the proposed formative variables for brain
maintenance overlap with those predicted to influence CR. These recent evolutions in reserve
theory underscore the modifiable nature of reserve and encourage interventions to offset functional
decling[171, 172].

Cognitive reserve in MS. Theories of reserve were initially proposed in the context of aging and
dementia, however, Stern proposed that the concept of reserve should be relevant to any situation
where the brain sustains injury, and should also extend to encompass variation in performance in
healthy individuals, particularly with increasing task demands. These models have now been
applied to several clinical populations, including traumatic brain injuries, Parkinson’s Disease, and
HIV-related dementia, thus supporting the validity of this construct in response to neuropathology
more broadly[166, 173-175].

Evidence for models of reserve have been examined in some depth in adults with MS.
Eighteen studies were summarized in a meta-analysis, which found moderate effects for CR for
tasks of attention, processing speed, verbal and visual memory, verbal fluency, and inhibitory
control in adults with MS[176]. CR has been estimated in a number of ways, including years of

education, occupational attainment, vocabulary knowledge, engagement in cognitive leisure
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activities, and composite measures — all of which have shown association to cognitive
outcomes[177-202]. Greater education and literacy/vocabulary are also protective against MS-
related changes in cognitive efficiency and memory over time [177-179], and of performance in
these same domains in participants with secondary progressive disease[180].

Several studies have differentiated between passive (i.e., accumulated) and active (i.e.,
modifiable) aspects of reserve. Cognitive leisure activity (e.g., engagement in hobbies, reading) has
been shown to contribute to cognitive status independently of lifetime enrichment, supporting the
potential for modification to reserves later in life[181-183]. While some studies show similar but
independent effects sizes across these reserve types [182, 183], others show stronger effects for
passive reserve (education, occupation), relative to engagement in leisure activities[184]. Luerding
and colleagues[185], however, found that the effects of CR activities (i.e., reading, physical activity,
and challenging occupations) were stronger for MS participants with low education, relative to
those pursuing higher education, suggesting that different avenues to bolstering reserve may be of
relevance depending on one’s accumulated CR.

Importantly, engagement in leisure activities appears to vary as a consequence of clinical
and disease factors, with lower active reserve reported over time for MS participants with
progressive disease (relative to RRMS), and with greater physical disability, fatigue and depressive
symptoms[186, 203, 204]. In one study, depressive symptoms were found to account for 17% of
variance in leisure activity (compared to 4.6% and 2.6% for education and physical disability), and
associations between leisure activity and cognitive outcomes were no longer significant after
adjusting for depressive symptoms[203]. Of note, Schwartz and colleagues[187] illustrated
differences in psychological appraisals between MS participants with low and high CR - including a
greater focus on positive and controllable aspects of their life in those with higher CR. It is
proposed that mood symptoms may thus represent an important primary target to facilitating
engagement in cognitive activities. Passive CR effects (i.e., accumulated lifetime contributions to
CR), by contrast, appear robust to mood symptoms[188].

Proxies of CR have shown moderation effects with structural MRl measures of MS
pathology, whereby higher CR attenuates the negative relationship between MS disease burden
and cognitive outcome[177, 178, 183, 189-196, 205]. In other words, the negative impact of MS
pathology on cognition is greater in persons with lower CR than in persons with higher CR. In one
study by Rocca and colleagues[197], this type of interaction was shown specifically for thalamic
volume, and not for other regional brain structures showing reduced volume in MS participants.

Importantly, CR has been shown to protect against cognitive inefficiency independently of maximal
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lifetime brain growth (a proxy for brain reserve), thus providing support for protective effects of
lifetime experiences beyond the association between brain size and intellectual function[177, 205].

Mechanisms for CR have been examined in functional MRI (fMRI) research in adults with
MS. Sumowski and colleagues[198] described a “CR network”, whereby MS patients with greater
CR showed less recruitment of task-related regions and lesser deactivation within the default mode
network during working memory processing. Notably, expression of this network almost fully
mediated the relationship between CR and cognitive status, providing support for network
efficiency as a mechanism for CR. In comparison to controls, cognitively preserved MS patients
show enhanced patterns of activation on tasks of episodic memory, attention, and working memory
[206-215]. This compensatory activity appears to vary as a function of structural damage, with
larger magnitudes of activation shown for patients with larger lesion volumes or more significant
grey matter atrophy[211, 212, 215].

Evidence also exists for a threshold effect, whereby patients demonstrating impaired
cognitive performance show less task-related activation than those whose performance is
intact[211, 213]. In line with this theory, protective effects of CR appear specific to MS patients with
shorter disease duration (< 5 years), while associations between disease burden and cognition vary
less as a function CR in those who have had MS for longer[193, 197, 200].

Together, these findings suggest that having greater CR may enhance the efficiency of
networks involved in task processing, thus increasing the capacity for compensatory upregulation
with increasing injury or task demands; however, these mechanisms may become exhausted once
a certain threshold of injury is met[216]. Interestingly, increases in task-related brain activation have
been associated with fatigue, and in the absence of behavioural decrement in MS patients, raising
the question of whether compensatory activation may be linked to subjective experience of
fatigue[217, 218].

Of note, concepts of reserve have also been applied to adults with MS as a part of a model
to explain the presentation of MS relapses and clinical progression[219]. In addition to individual
differences in reserve, CR is proposed to differ across regions of the CNS. Regions with more linear
structures (such as the spinal cord and optic nerve) are proposed to have fewer redundancies and
less capacity for organizational plasticity, leading to reduced masking of or adaptation to
neuropathology. Conversely, relapses occurring in complex functional networks (such as those
responsible for higher-order cognitive processes) are proposed to have greater resilience to MS-
related injury, leading to subclinical presentations. As neuropathology is accumulated over time,

compensatory mechanisms become insufficient, and the disease takes a progressive course —
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similar to Schoonheim and colleagues’ theory of network collapse[216]. At this stage, disability is

accumulated and symptoms occurring during prior relapses may resurface.

Pediatric models of reserve. Research on cognitive and brain reserves has been comparatively
limited in pediatric populations, and warrants further investigation as reserves may manifest
differentially in response to pathology accrued during periods of neurocognitive maturation. Given
the observation of poorer cognitive outcomes for youth with a younger age at brain injury across
different clinical populations, it has been proposed that actively maturing networks are more
vulnerable to insult[220]. Youth may also have less reserve to employ at first insult, due to a
reduced opportunity to acquire alternate strategies to approaching a task. Early brain injury may
further disrupt the development of reserves, reducing the potential for adaptation to later insult.
Importantly, models of reserve in youth are made more complex by the proposition that there is
greater potential for neuroplasticity in immature networks[221]. This may enable the brain to be
influenced more strongly by environmental enrichment factors, thus increasing the relevance of CR
proxies for predicting cognitive outcomes.

Several methodological challenges arise with the measurement of reserves in youth, as
proxies used in adults are often not appropriate. Education level and occupational attainment are
not suitable proxies of CR for children and adolescents, as most youth have yet to achieve their
educational and occupational potentials. Similarly, typical estimates of premorbid intelligence
quotient (1Q), such as measures of word knowledge, are confounded by age in pediatric cohorts.
Instead, CR has been estimated by measures of premorbid learning problems[222, 223], post-insult
cognitive ability[224, 225], and sociodemographic factors[127, 226].

Importantly, measures of CR which encompass post-injury and/or current cognitive ability
may be confounded by the injury itself, leaving it unclear whether relationships to cognitive
outcome represent much more than common variability across cognitive measures. Similarly,
measures of brain reserve (e.g., maximal lifetime brain growth, estimated by intracranial volume)
may be confounded by disease factors which disrupt brain growth, thus making it unclear to what
extent correspondence to cognitive outcomes reflect contributions of heritable factors
independently of disease processes. For example, youth with MS demonstrate smaller intracranial
volumes relative to HCs, suggesting impact of MS pathology on brain and skull development[93].

Kesler and colleagues[226] utilized maternal education as a proxy for CR in young survivors
of acute lymphoblastic leukemia, and found this to be an effective predictor of cognitive outcome,
improving models over medical and/or demographic predictors. Higher maternal education was

associated with lower global white matter volumes in survivors after controlling for cognitive
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function, suggesting that higher CR allows for greater loss of white matter before cognitive effects
are manifest.

Maternal education was used as a proxy for CR given strong correlations observed between
maternal education level and cognitive outcome in children[227-230]. This relationship is believed to
stem from several factors, including the strong relationship between education level and intellectual
functioning[231], the high correlation between parent and child 1Q[232, 233], and the association
between maternal education, socioeconomic status and home environment[234, 235]. Parents with
higher levels of education typically have higher expectations for their child’s educational attainment,
as well as greater opportunities to provide their children with learning-related activities, which in
turn have been linked to cognitive outcomes[236, 237]. Moreover, it is possible that higher parental
education is associated with greater access to or uptake of remedial resources post-injury[238].
Parental education is thus a unique proxy for reserve, capturing a combination of heritable and

environmental enrichment factors that contribute to brain and cognitive reserves in youth.

Cognitive reserve in POMS. Investigations of CR in POMS are preceded by observations of
differential clinical trajectories according to age of MS onset. As previously described, individuals
with POMS take, on average, 10 years longer to convert to a secondary progressive stage than
adults with MS[84], though this stage is reached at a younger age[91]. This slower rate of disability
accrual may reflect a higher capacity for compensatory or regenerative mechanisms in younger
individuals with MS, as evidenced by a lower likelihood for T2 lesions to convert to permanent T1
black holes[90, 92]. Conversely, the onset of SPMS at a younger age may reflect earlier exhaustion
of reserves, which may follow from disruptions to the development of reserves in childhood and
adolescence.

Research examining the utility of CR for predicting cognitive outcomes in POMS is still in its
infancy. Cross-sectionally, higher parental education has been associated with better spatial
memory performance and reduced risk of cognitive impairment in POMS, but not with measures of
processing speed, expressive language, or global cognition[113, 121]. In a study examining
changes in cognition over one year, Till and colleagues[95] found that patients with higher educated
parents were more likely to show stable or improving cognitive performance, after controlling for
age at testing, age at onset, disease duration, sex, change in mood-related symptoms, IQ at first
assessment, and EDSS scores. Wallach and colleagues[129] found a relationship between maternal
education and risk for impairment on the SDMT at first assessment, however, maternal education
was not predictive of clinically meaningful decline over 2 years. Similarly, no effect was observed

for parental education on risk for decline on one or more tasks over an average of 1.6 years by
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Charvet and colleagues[114], and Hosseini and colleagues found that social status (a composite
measure of parental education and occupation) was not predictive of trajectories of development
for working memory and processing speed[127].

More recently, Pasto and colleagues[224] found that higher CR — as measured by 1Q at first
assessment — was predictive of stable/improving neurocognitive performance in POMS patients
over a 5-year period. Akbar and colleagues[128] also found that higher 1Q at first assessment was
predictive of a more positive trajectory of change in processing speed for POMS patients over time;
however, no effects were observed in this study for parental education, occupation, or social
status. Higher premorbid 1Q (estimated by word knowledge) was also associated with reduced risk
for cognitive impairment and higher occupational complexity in adults with POMS[132].

Associations between proxies for CR and cognitive outcome may be mediated by
compensatory recruitment of task-related networks in POMS, as shown in fMRI studies of
cognitively-preserved patients with POMS[239, 240]. Moreover, aspects of lifestyle tied to CR may
serve to protect against the accumulation of MS pathology. In line with brain maintenance theory,
POMS participants reporting higher physical activity show lower T2 lesion volumes, reduced
relapse rates[241], and larger whole-brain grey and white matter volumes[242]. Further research is
needed to expand on the existing findings, with appropriate estimations of reserve, MRI

assessment of MS pathology, and comparison to HC groups.
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Chapter 2: Aims & Hypotheses

The current study was conducted in coordination with the Canadian Pediatric Demyelinating
Disease Study (CPDDS), and interdisciplinary and multi-site initiative spanning 23 sites in Canada
and the Children’s Hospital of Philadelphia. From a strength-based perspective, the overall
objective of this program of research was to better understand processes facilitating protection
against the cognitive presentation of neuropathology in POMS, with a specific focus on CR and its
domain-specificity. Areas of deficit in POMS were first clarified, with delineation of dysfunction in

speed and accuracy across neurocognitive domains.

Our first aim was to examine neuropsychological function in youth with POMS on the Penn
Computerized Neurocognitive Battery (PCNB) relative to healthy age-matched controls. This is a
comprehensive assessment tool not yet administered in POMS, which facilitates efficient
measurement across a breadth of domains of function commonly affected in POMS, with separate
measurement of accuracy and response time.

Given the proclivity of MS for white matter injury, particular attention has been given to
slowed information processing, which is among the most robust cognitive findings in youth and
adults with MS. Of note, information processing speed is implicated in the effective functioning of
other cognitive domains and appears to contribute to a range of cognitive outcomes in adults with
MS[243]. This has led to the proposition of the Relative Consequences Model, which posits that
slowed information processing represents a fundamental deficit in MS, that in turn leads to other
areas of dysfunction[137]. Following from this, the SDMT has been proposed to be an effective
screener for cognitive dysfunction in MS[111, 244].

Corresponding research has not yet been conducted to examine the role of processing
speed in the cognitive profile of POMS. While deficits in processing speed have been similarly
robust in youth with POMS[245], we propose that these youth may have greater vulnerability to
experience cognitive dysfunction in domains that are distinct from slowed information processing
speed. According to the Neural Noise Hypothesis, it has been suggested that slowed processing
speed corresponds to increased signal-to-noise ratio in the brain resulting from reduced efficiency
and/or disruption of networks[269]. While this increased noise would contribute to dysfunction in
other areas of function concurrently, such as by the Limited Time Mechanism[136], we anticipate
that it would additionally impact the healthy development of other areas of cognitive function in
POMS. Moreover, youth with POMS may demonstrate cognitive deficits which are independent

from slowed processing speed due to injury to functionally-specific areas of the grey matter.
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These investigations are facilitated by the development of computerized neurocognitive
batteries, such as the PCNB, which enable efficient measurement of accuracy and response time
concurrently across domains of cognitive assessment. Importantly, the presence of a breadth of
cognitive deficits existing independently of slowed information processing points to the need for
more comprehensive screening to ensure that youth experiencing cognitive challenges are

effectively identified and supported.

Aim 1a: To characterize the profile of cognitive deficits in youth and young adults with POMS
relative to healthy peers, and separating deficits in accuracy and response time.
Hypothesis: MS patients will show poorer performance relative to controls on PCNB tasks
of processing speed, executive function (working memory, inhibition), episodic memory
(verbal, visual), and complex cognition (verbal, fluid, visuospatial). Due to the onset of MS
during periods of active brain and cognitive maturation, accuracy deficits across these
domains were anticipated to exist over and above slowed response time.
Aim 1b: To examine cognitive impairment as classified on the PCNB relative to the SDMT, an
established measure of processing speed in POMS and proposed screener for cognitive
dysfunction in POMS.
Hypothesis: The PCNB will identify a broader subset of POMS patients with cognitive
impairment relative to the SDMT, due to the inclusion of more diverse areas of cognitive

dysfunction and presence of deficits which are distinct from slowed information processing.

While clinical and structural MRI variables of MS severity have shown some efficacy in
predicting which patients will show poorer cognitive outcomes, these associations are typically
modest, and a majority of youth do not show cognitive impairment until several years into the
disease course[122, 245]. The theory of CR posits that people will vary in their clinical expression of
neuropathology due to individual differences in capacity to adapt to brain injury[168]. CR effects
have been well-established in adults with MS, using several proxies for reserve, and with evidence
for moderation of the relationship between MS neuropathology and cognitive outcomes. While
these effects have been shown across a range of cognitive functions, CR effects appear to have
some domain specificity, with stronger associations observed for tasks of working memory and
verbal learning/memory, relative to simple information processing speed[188].

Preliminary findings in POMS are mixed, and are limited in their measures for CR, as well as
in the breadth of cognitive domains assessed. CR may differ in a developmental context due to the

impact of early neuropathology on the development of reserves, and warrants further investigation
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to inform on targets and potential mechanisms for preservation of function and/or rehabilitation for
youth with POMS. We wish to expand on prior work with POMS, using parental education as a
proxy for reserve and examining the domain-specificity of CR effects across the profile of cognitive

dysfunction identified in Aim 1, with comparison to a HC group.

Aim 2: To examine the association between CR and cognitive function across the profile of cognitive
deficits observed in Aim 1 in POMS patients relative to controls.
Hypothesis: CR will moderate the expression of cognitive deficits in youth with POMS. Youth
with POMS and lower CR will demonstrate greater impairment than patients with a higher
CR. Although CR may relate to cognitive performance in HCs, this relationship will be stronger
in MS patients (see Figure 1). These associations are anticipated for a range of higher-level
cognitive outcomes (i.e., executive functions, reasoning ability, memory, social cognition),

and to a lesser extent for information processing speed.
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Figure 1. Anticipated findings for Aim 2: patients with
high CR will not show deficit relative to controls, whereas
patients with low CR will differ from controls.
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Chapter 3: Examining cognitive speed and accuracy dysfunction in
youth and young adults with pediatric-onset multiple sclerosis using a

computerized neurocognitive battery

3.1 Publication status and author contributions

The following chapter is based on the manuscript: Barlow-Krelina, E., Fabri, T., O’Mahony,
J., Gur, R. C., Gur, R. E., De Somma, E., Bolongaita, L., Dunn, C., Bacchus, M., Yeh, E. A., Marrie,
R. A., Bar-Or, A., Banwell, B., & Till, C. (2021). Examining cognitive speed and accuracy dysfunction
in pediatric-onset multiple sclerosis with a computerized neurocognitive battery. Neuropsychology,
35(4), doi: 10.1037/neu0000729

This manuscript does not exactly replicate the final version published in Neuropsychology.
It is not a copy of the original published article and is not suitable for citation. Emily Barlow-Krelina,
the first author, developed the conceptual rationale for the study, collected, analyzed and
interpreted the data. She was also the primary contributing author to the manuscript, producing the

initial draft and completing all major revisions.
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3.2 Abstract

Objective. We evaluated performance on the Penn Computerized Neurocognitive Battery (PCNB),
a tool assessing accuracy and response time across four cognitive domains, alongside the Symbol
Digit Modalities Test (SDMT), a measure of processing speed commonly used in MS. We
determined whether deficits in accuracy are observed independently of slowed information

processing speed, and vice versa, in pediatric-onset multiple sclerosis (POMS).

Methods. Performance on the SDMT, accuracy on PCNB tests belonging to four domains
(executive function, episodic memory, complex cognition, social cognition), and response time on
the PCNB were compared for 65 POMS patients (age range: 8-29 years) and 76 healthy controls
(HCs) by ANCOVA. Associations between the Overall PCNB score and SDMT were examined for

both groups, and their agreement in classifying impairment was assessed using Cohen’s kappa.

Results. POMS patients (age at testing=18.3+4.0 years; age at POMS onset=14.9+2.3 years)
demonstrated reduced accuracy relative to HCs on tests of working memory, attention/inhibition,
verbal memory and visuospatial processing, after adjusting for response time (p<.002). Patients
demonstrated slower overall response time on the PCNB (p=.003), while group differences on the
SDMT did not meet significance (p=.03). Performance on the PCNB and SDMT were correlated
(MS: r=0.43, HC: r=0.50, both p<.001), however, the degree of agreement for impairment was
minimal (k=0.22, p=.14).

Conclusion. Specific cognitive deficits exist independently of slowed information processing speed
in POMS and may represent more significant areas of dysfunction. Delineation of accuracy and
response time in neuropsychological assessment is important to identify areas of cognitive deficit in
POMS.
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3.3 Introduction

Cognitive impairment occurs in approximately 30% of youth and young adults with
pediatric-onset multiple sclerosis (POMS), with deficits observed in processing speed, executive
function, memory, language, fluid reasoning, visuospatial ability, and visuomotor integration[97,
102, 124, 165, 246-248]. Among these, slowed information processing is one of the most robust
cognitive findings, leading to use of the Symbol Digit Modalities Test (SDMT) as a screening tool for
cognitive impairment[111]. Slowed processing speed is believed to arise as a consequence of the
widespread loss of integrity of white matter pathways[134]. Indeed, slowed performance on the
SDMT has been strongly associated with structural MRI measures that reflect widespread white
matter injury, including smaller thalamic volume and lower fractional anisotropy values in
hemispheric, corpus callosum, and thalamic regions in POMS[97, 102, 135].

Importantly, slowed information processing can interfere with the learning of new
information, and with tasks requiring greater cognitive demand[136]. In fact, it has been proposed
that slowed processing speed may represent the primary deficit in MS, which in turn leads to
inefficiencies — and ultimately deficits — in a range of other cognitive functions [137]. This theory is
termed the Relative Consequences Model, and has been supported by studies showing that
processing speed contributes significantly to variance in performance on tasks of executive
function, social cognition and memory in adults with MS[138-146]. The role of processing speed
has been less studied in the cognitive profile of POMS. This relationship may differ in the context of
developing cognitive function, with some deficits appearing to exist independently of slowed
information processing[125].

In recent years, there has been a growing interest in computerized tools for
neuropsychological assessment, which offer efficient and standardized measurement of cognitive
function on an interface that is user-friendly for children and adolescents[249]. Importantly, these
tools facilitate the measurement of both accuracy and response time, allowing for delineation
between performance that is impaired as a result of, or independently from slowed information
processing.

The Penn Computerized Neurocognitive Battery (PCNB;[147] is one such tool that takes
approximately one hour to complete. Similar to more comprehensive paper-and-pencil
neuropsychological batteries recommended for MS and POMS[115, 244], the PCNB evaluates
executive functions, episodic memory, verbal reasoning, visuospatial processing and sensorimotor
speed. The battery also includes measures of social cognition and fluid reasoning. The PCNB has
shown good internal consistency, as well as a factor structure consistent with domains of Executive

Function, Complex Cognition, Social Cognition and Memory[148, 250]. The PCNB was developed
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to measure neurocognitive function using tests previously validated with functional
neuroimaging[149], and has shown expected sex differences and change in cognitive performance
with age in a sample of 3500 youth and young adults[147]. The PCNB has also been applied to
diverse clinical populations, effectively differentiating neurocognitive profiles between controls and
people with chronic kidney disease, 22g11.2 deletion syndrome, mood disorders, and exposures to
herpes simplex virus or hepatitis C[151-155]. With separate measures for accuracy and response
time that are available across a breadth of cognitive domains, the PCNB may offer new insights on
the neurocognitive profile of POMS.

We used the PCNB to measure neurocognitive functioning in youth and young adults with
POMS relative to age-matched controls. To distinguish poor performance in specific cognitive
domains from slowed processing speed, accuracy of performance was evaluated with adjustment
for task-specific response time, and vice versa. Performance on the PCNB was evaluated alongside
the SDMT to allow for comparison to an established measure of processing speed impairment in
POMS. We examined the association between performance on the PCNB and the SDMT, and
assessed the consistency between these two measures in classifying impairment. Finally, on tasks
where POMS patients demonstrated deficits relative to controls, we examined associations
between task performance and clinical predictor variables (including age at disease onset, disease

duration, neurological disability, fatigue and emotional distress).

3.4 Method
Participants. Between September 2004 and August 2015, youth with acquired demyelinating
syndromes under age 16 years and within 90 days of disease onset were enrolled in the Canadian
Pediatric Demyelinating Disease Study (CPDDS). The CPDDS includes 23 sites across Canada and
the Children’s Hospital of Philadelphia. Participants were classified as having POMS per the 2017
McDonald Diagnostic Criteria [49], monophasic demyelination, relapsing demyelination not
consistent with MS, or diagnosis other than demyelination. Inclusion criteria were modified between
August 2015 and June 2019 such that only youth aged less than 18 years who consented within
180 days of disease onset and met the 2017 McDonald Diagnostic Criteria [49] were enrolled.
Patients with monophasic demyelination, those identified as having MOG-related demyelination,
anti-AQP4-related neuromyelitis optica spectrum disorder, or non-demyelinating disease were
excluded from the present analysis.

Between December 2015 and June 2019, all English-speaking participants involved in the
CPDDS were offered participation in neurocognitive testing. Healthy control participants (HCs) were

also enrolled at this time using flyers and web-based advertising.
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Research ethics approval was obtained by all participating institutions. Written informed

consent was obtained from participants or a parent/legal guardian.

Measures. We used standardized case report forms to record demographics, developmental
milestones and medical histories (including date of MS onset, disease duration from first attack,
and the type and duration of treatment with disease-modifying therapies). Study site neurologists
documented neurological findings as described previously, leading to determination of an
approximated Expanded Disability Status Scale score (EDSS;[57, 89]. We measured symptoms of
depression and anxiety using the Pediatric Index of Emotional Distress (PI-ED;[251] and the
Hospital Anxiety and Depression Scale (HADS[252] for participants below and at/above 16 years of
age, respectively. For each of these measures, scores range from 0-42; a score greater than 20 is
indicative of clinically significant emotional distress. We measured self- and parent-reported fatigue
using the PedsQL Multidimensional Fatigue Scale; scores range from 0-100, with higher scores
reflecting fewer problems[253]. Social status was measured by the Barratt Simplified Measure of
Social Status (BSMSS), which yields a score between 8-66[254]. Participants also reported the
number of years of education completed by themselves and each of their parents; these values
were averaged to give a numerical value for parental education.

Cognitive Evaluation. Participants completed the oral version of the SDMT[255] and the
PCNBJ[256]. The PCNB assesses: executive function (i.e., abstraction and cognitive flexibility,
working memory, attention and inhibition), episodic memory (i.e., face, object, word), complex
cognition (i.e., language, nonverbal reasoning, spatial processing), social cognition (i.e., emotion
identification, emotion and age differentiation), and sensorimotor speed (i.e., finger tapping speed,
motor praxis). Each test on the PCNB provides a measure of both accuracy and response time,
with the exception of sensorimotor tests designed for assessing speed. These tests are described
in Table 1.

All assessors completed a standard training protocol for PCNB administration[147]. The
battery was administered in a single session of approximately one hour, with breaks offered at three
standard intervals. To ensure understanding of task instructions, practice trials were administered
ahead of each task (with the exception of the Penn Conditional Exclusion Task). During
neurocognitive testing, the assessor documented behavioral and environmental observations
pertinent to testing (e.g., distractions, motivation, misunderstanding of instructions). The data
underwent quality control procedures, including identification of outliers for response time and
multiple key-presses[147]. Assessor comments were examined and invalid participant data were

excluded.
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To derive age-normed scores for the PCNB that were appropriate to our predominantly
Canadian sample, we standardized raw scores for each outcome into Z-scores based on the
means and standard deviations (SD) of the HCs. Z-scores were calculated from four age bands (i.e.,
8-10, 11-13; 14-17; =18 years) that were determined based on the developmental curves for each
test[147] and with consideration of the number of participants in each group (n = 10, 12, 40 and 32,
respectively). Response time scores were transformed so that higher Z-scores would reflect better
performance (i.e., shorter response times). For consistency, we used data from our HC group to
derive Z-scores for the SDMT by the same method used for the PCNB; however, scores derived
from the published American norms for the oral SDMT (Smith, 1982) are also reported in our
supplemental table for better comparison to existing studies. We did not derive Z-scores using the
Philadelphia-based normative PCNB dataset as they were deemed non-representative of the
demographics of our primarily Canadian study sample[147], leading to positively skewed Z-scores
for both groups.

Composite domain scores were computed for accuracy according to the established
factors for the PCNB: Executive Function, Episodic Memory, Complex Cognition and Social
Cognition[148]; confirmatory factor analysis supported this factor structure for the youth and young
adults with MS and HCs included in this study (data not shown). These scores were created by
averaging accuracy Z-scores on each test within each of the four domains. Response time was
averaged across tests belonging to three previously established factors (i.e., time-constrained,
open-window, memory;[148]. These factor scores were averaged to create an overall domain score
for Response Time. Scores on the five domains served as the main outcomes along with an Overall
PCNB score (i.e., an average of the 12 accuracy and three response time outcomes). The response
time factors, domain scores, and Overall PCNB score are outlined with their respective subtests in
Table 1.

Participants were deemed impaired on a test if their Z-score fell = 1.5 SD below the mean.
Cognitive impairment was defined as impaired performance on four or more of the 15 PCNB
outcomes included in the Overall PCNB score. Based on studies of healthy, typically-developing
individuals, the probability of exceeding this cutoff criterion by chance is estimated to be less than
7%[257].
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Table 1. Description of neurocognitive tasks and composite scores derived from the Penn Computerized Neurocognitive Battery

Domain Subtests Neurobehavioural Brief Test Description
function
Executive Short Letter N-Back working memory, one letter shown on screen at a time; press
Function® shifting according to three rules, across three different
conditions: (1) press for X, (2) press when the
current letter is the same as the previous letter, (3)
press when the current letter is the same as the
letter that came before the previous letter
Penn Conditional Exclusion Test cognitive flexibility, rule  identify which object of four does not belong
learning, working based on one of three sorting principles; sorting
memory principles switch after 10 consecutive objects
selected correctly
Go-No-Go Task inhibitory control, press for target letter in upper half of screen; do
sustained attention not press for nontarget letter or for letters in lower
half of screen
Episodic Penn Face Memory Test face recognition identify which faces have been seen previously
Memory?® memory
Penn Word Memory Test for Children verbal recognition identify which words have been seen previously
memory
Short Visual Object Learning Test spatial recognition identify which figures have been seen previously
memory
Complex Short Penn Verbal Reasoning Test for Children verbal reasoning select from a list the word that best completes the
Cognition? verbal analogy
Penn Matrix Analysis Test nonverbal reasoning choose the geometric piece that best completes
the pattern
Variable Short Penn Line Orientation Test spatial ability, visual rotate a line until it is parallel to a fixed line of a
discrimination different length and orientation, using as few
clicks as possible
Social Age Differentiation Task age differentiation, identify which of two faces is older
Cognition? visual discrimination

Penn Emotion Recognition Test for Children

Measured Emotion Differentiation Task

emotion identification

emotion differentiation

identify the emotion shown on a given face from a
list of emotions

identify which of two faces is showing an emotion
to a greater degree
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Factor

Subtests

Neurobehavioural Brief Test Description
function

Time-
Constrained
RT®

Open-window
RT®

Short Letter N-Back
Go-No-Go Task

Motor Praxis Test
Short Penn Computerized Finger-Tapping Test

Penn Conditional Exclusion Test

Short Penn Verbal Reasoning Test for Children
Penn Matrix Analysis Test

Variable Short Penn Line Orientation Test

Age Differentiation Task

Penn Emotion Recognition Test for Children

Measured Emotion Differentiation Task

speeded responding
within a fixed response
window

quickly manipulate a computer mouse to click on
a target that moves and changes size
tap the spacebar using only the index finger as
many times as possible within 10 000ms

time taken to respond

when provided with an

open-ended response

window

Memory RT® Penn Face Memory Test speed of retrieval for
. tests of recognition
Penn Word Memory Test for Children memory
Short Visual Object Learning Test
Composite Subtests/Factors Neurobehavioural
function
Response Time-constrained RT global response time
Time

Open-window RT
Memory RT
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Overall PCNB

Short Letter N-Back®

Penn Conditional Exclusion Test®

Go-No-Go Task®

Penn Face Memory Test?

Penn Word Memory Test for Children?

Short Visual Object Learning Test?

Short Penn Verbal Reasoning Test for Children®
Penn Matrix Analysis Test?

Variable Short Penn Line Orientation Test?
Age Differentiation Task®

Penn Emotion Recognition Test for Children®
Measured Emotion Differentiation Task®
Time-constrained RT

Open-window RT

global cognitive
function

Memory RT
Test Neurobehavioural Brief Test Description
function
Symbol Digit information processing  quickly name the numbers that correspond to
Modalities speed symbols listed on a page, according to a key,
Test within 90s

Abbreviations: RT = response time; PCNB = Penn Computerized Neurocognitive Battery

a - accuracy scores
b — response time scores
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Data Analysis. We used one-way analysis of variance (ANOVAs) or chi-squared (X?) tests to
compare the POMS and HC groups on demographic variables, as well as on the fatigue and
emotional distress scores. For all PCNB scores, outliers were Winsorized to 3 SD from the mean.
Statistical significance was established using an adjusted p-value of < .01 (two-tailed) to guard
against a false positive. Analyses were performed using IBM SPSS Statistics version 24 (Armonk,
NY: IBM Corp), with the exception of the partial Spearman correlations, which were conducted on
R Studio AGPL v3, using package RVAideMemoire.

Main Outcomes. Univariate ANCOVAs were run to compare groups on each cognitive
domain, adjusting for sex and demographic variables that differed significantly between groups at p
< .10 (i.e., parental education). The response times for tasks corresponding to each domain were
averaged and included as a covariate for analyses of accuracy on each domain. Similarly, for
analyses of response time factors, accuracy on the corresponding tests were averaged and
included as a covariate. Univariate ANCOVAs were also run for the Overall PCNB score and the
SDMT. Effect sizes were determined using Cohen’s d. Interactions between our covariates
(accuracy, response time) and group were examined to test for homogeneity of regression slopes,
as well as to assess the contribution of these covariates to group differences in the cognitive
outcomes.

Supplemental Outcomes. Where there were significant differences by group for PCNB
domains, univariate ANCOVAs were run to examine group differences at the test- or response time
factor-level. These test-level comparisons were also run for raw scores, controlling for age, to
confirm that the pattern of group differences was robust to our method of score standardization.

Overall cognitive impairment on the PCNB and SDMT was compared between groups using
adjusted binary logistic regression. Rates of impairment were also compared between groups for
PCNB subtests where POMS patients demonstrated significantly poorer performance than HCs.
Sex, task-specific response time/accuracy and parental education were included as covariates for
each of these models.

Cohen’s kappa was obtained to examine the consistency between impairment classification
between the PCNB and SDMT. Pearson correlations were also conducted to examine the
relationship between the Overall PCNB score and SDMT for each group separately.

Finally, partial Spearman correlations were used to examine associations between the
profile of cognitive deficits and clinical predictor variables (i.e., age at disease onset, disease
duration, EDSS, symptoms of emotional distress, self and parent-reported fatigue). We controlled
for response time when examining the association between clinical variables and PCNB task

performance, and vice versa. We also controlled for age at disease onset when looking at
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relationships between disease duration and task performance, and vice versa.

3.5 Results

Of the 80 POMS patients and 139 HCs in the CPDDS who were eligible to complete the
PCNB, neurocognitive data were obtained for 67 (83.7%) POMS patients from nine study sites (51
from Toronto and Philadelphia) and 95 (68.3%) HCs (all from Toronto and Philadelphia; see Figure
2). Thirteen POMS patients declined completion of the PCNB; POMS participants who completed
neurocognitive testing had a later age at onset compared to those who declined, but did not differ
on any other demographic features. We excluded data for one patient due to significant
visual/motor impairment, one patient due to potential impact of intravenous therapy occurring
concurrently with testing on response times, and one HC due to their expressed familiarity with the
assessment battery. Among the 94 HCs with valid data on the PCNB, we excluded 18 participants
who were 13 years and younger to enhance the age-matching between the groups. The retained
HCs were selected at random, after matching to the four MS participants in the 8-13 age range,
based on their age and sex.

The final sample of 65 POMS and 76 HCs did not differ with respect to age, sex, level of
education, socioeconomic status or emotional distress. POMS patients reported significantly higher
self- and parent-reported fatigue relative to HCs (p values < .01), as well as a trend towards lower
parental education (o = .06). Clinical and demographic characteristics of the sample are described
in Table 2.

MS patients eligible for HCs eligible for
PCNB PCNB
(n = 80) (n=139)
I I
| | | |
MS patients who MS patients HCs who HCs declining
underwent PCNB | | declining PCNB unggmae"t PCNB
(n = 67) (n=13) (n = 95) (n=44)

Excluded HCs

(familiarity with the assessment
battery, n = 1; non-matching
for age with MS sample, n =

18)

Excluded MS patients

(visual/motor deficits |
preventing valid assessment,
n =1; IV preventing valid
response time data, n = 1)

Total MS patients TOL?L:C:" in
in study 1 ] y
(n = 65) (n=76)

Figure 2. Patient enrollment from the Canadian Pediatric Demyelinating Disease Study for Study 1.
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Table 2. Demographic and clinical characteristics of pediatric-onset MS and healthy control

participants in Study 1

MS (n=65) HC (n=76) Cohen’s
M(SD) / N (%) M(SD) / N(%) P d

Age at testing (years) 18.3 + 4.0 (8-27) 18.1 + 4.6 (8-29) .87 0.03
Sex (#female, %female) 48 (73.8) 49 (64.5) .28
Participant education (years) 11.7 £ 3.1 (2-19) 12.1 (3-20) .53 0.11
Parental education 14.3 + 1.9 (10-19) 15.0 + 2.3 (10-20) .06 0.33
Socioeconomic status 39.6 +14.6 (8.5-66) 43.1 + 14.4 (10-66) .16 0.25
Ezaé:’nl‘g:;ﬁ)(#canadia”’ 48 (73.8) 58 (76.3) 85
Eﬁ,mhi%tr:;nal Distress' (#high, 6(10.0) 3(5.0) 49
Participant Fatigue

Parent-rated 69.9 + 20.8 (33.3-100) 84.1 + 14.8 (45.8-100)  <.001 0.78

Participant-rated 64.5+20.9 (26.4-98.6)  74.3 + 14.3 (43.1-100)  .002 0.55
Age at disease onset (years) 14.9 + 2.3 (6.3-17.9) - -
Disease Duration (months) 45.3 + 45.8 (0-133) - -
EDSS (median, range) 1.5 (0-6.5) - -
DMT (#Y, %yes) 53 (81.5) - -
DMT duration’ (months;
median, range) 34 (0-123) - -

Abbreviations: MS = multiple sclerosis; HC = healthy control; EDSS = Expanded Disability Status Scale;
DMT = Disease Modifying Therapy

Note. Parental education data was not available for 4 MS and 2 HCs. Social status data was not
available for 4 MS patients and 7 controls. Emotional distress data was not available for 5 POMS
patients and 15 controls. Parent-rated fatigue data was not available for 11 patients and 24 controls.
Participant-rated fatigue data was not available for 3 patients and 7 controls.
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Neurocognitive Outcomes. Performance on the Overall PCNB score was lower for participants
with POMS relative to the HC group (Mean Z-score = -0.34 vs. -0.01, Cohen’s d = 0.73, p < .001).
Accuracy scores were lower for POMS patients relative to HCs on three of the four PCNB domains
(adjusting for response time, sex and parental education): Executive Function, Episodic Memory
and Complex Cognition, but not Social Cognition (Table 3). POMS patients also demonstrated
slower overall Response Time on the PCNB relative to HCs (Mean Z-score = -0.24 vs. 0.05,
Cohen’s d = 0.55, p =.003).

Task-specific group differences were found on the following: Letter N-Back (Mean Z-score
=-0.89 vs. -0.04, Cohen’s d = 0.66, p < .001), Go-No-Go (Mean Z-score = -0.79 vs. -0.01, Cohen’s
d =0.56, p =.002), Verbal Memory (Mean Z-score = -0.63 vs. -0.03, Cohen’s d = 0.56, p = .002),
and Line Orientation tasks (Mean Z-score = -0.69 vs. -0.02, Cohen’s d = 0.59, p = .001). No
significant group differences were found for the specific PCNB response time factors, nor on the
SDMT (Table 3). Group comparison of raw scores and SDMT Z-scores derived from the published
norms revealed a similar pattern of findings; significant differences were observed between groups
on the Letter N-Back, Go-No-Go, Verbal Memory and Line Orientation subtests (Supplemental
Table 1). No significant group x response time interactions were found for analyses of accuracy, nor
were there any significant group x accuracy interactions found in analyses of response time (the
contribution of these covariates to group differences in cognitive outcomes are illustrated in
Supplemental Table 2).

Nineteen of 65 (29.2%) POMS patients met criteria for overall cognitive impairment (i.e., at
least four of 15 tests with a Z-score =1.5 SD below the mean), compared with six of 76 (7.9%) HCs
(OR = 3.68, 95% CI: 1.32, 10.31, p = .01). On the SDMT, 10 of 58 (17.2%) POMS patients
compared with 3 of 60 (5.0%) HCs had impaired performance (OR = 2.94, 95% CI: 0.73, 11.76, p =
.13). Rates of impairment were higher for POMS participants relative to HCs on the Letter N-Back
(OR = 3.68, 95% CI: 1.45, 9.35, p = .006), Go-No-Go (OR = 4.02, 95% CI: 1.41, 11.36, p = .009)
and Line Orientation tasks (OR = 5.52, 95% ClI: 1.66, 18.52, p = .005; Table 3).
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Table 3. Estimated marginal means of composite scores and subtest Z-scores, and the number of participants in each group

demonstrating impaired performance on the Penn Computerized Neurocognitive Battery and the Symbol Digit Modalities Test

MS HC Group difference Proportignal
Domain Test Impaired Impaired Cohen’s anelyets
MSE) % (n/N) MSE) % (n/N) d P

Executive Function -0.57 (0.11) -0.04 (0.10) 0.001 0.62

Letter N-Back -0.89 (0.17) 35.5(22/62) -0.04(0.15) 10.8(8/74) <0.001  0.66 0.006

PCET -0.13 (0.14) -0.06 (0.13) 0.70 0.06

Go-No-Go -0.79 (0.18)  26.2 (17/65) -0.01(0.16) 7.9 (6/76)  0.002 0.56 0.009
mi’:r'; -0.45 (0.10) 0.00 (0.09) 0.001 0.58

Face Memory -0.30 (0.13) -0.01 (0.12) 0.11 0.28

Spatial Memory -0.33 (0.15) -0.02 (0.13) 0.12 0.27

Verbal Memory ~ -0.63 (0.14)  23.0 (15/65) -0.03(0.12) 11.8(9/76)  0.002 0.56 0.15
Complex Cogpnition -0.46 (0.11) -0.01 (0.09) 0.002 0.58

Verbal Reasoning  -0.46 (0.16) -0.01 (0.16) 0.04 0.35

Matrix Reasoning  -0.22 (0.08) -0.02 (0.07) 0.06 0.33

Line Orientation ~ -0.69 (0.15)  26.2 (17/65) -0.02(0.13) 5.3 (4/75)  0.001 0.59 0.005
Social Cognition® 0.01 (0.09) -0.02 (0.08) 0.87 -0.04
Response Time -0.24 (0.07) 0.05 (0.06) 0.003 0.55

Time-constrained -0.14 (0.09) 0.04 (0.08) 0.14 0.26

Open-window -0.14 (0.08) 0.04 (0.07) 0.10 0.29

Memory -0.34 (0.12) -0.01 (0.11) 0.05 0.35
Overall PCNB -0.34 (0.06) 29.2 (19/65) -0.01(0.05) 7.9(6/76) <0.001  0.73 0.01

39



SDMT -0.40 (0.14) 17.2(10/58) 0.02(0.13) 5.0(3/60)  0.03 0.41 0.13

Abbreviations: MS = multiple sclerosis; HC = healthy control; PCET = Penn Conditional Exclusion Test; PCNB = Penn Computerized
Neurocognitive Battery; SDMT = Symbol Digit Modalities Test
a - accuracy scores

Note. P-values represent group differences after adjusting for response time/accuracy, parental education and sex using ANCOVA or logistic
regression. Classification of impairment was based on a score falling 1.5 standard deviations below the mean. For the overall PCNB score,
participants were classified as impaired if 4 or more of the 15 outcomes (12 cognitive tests and 3 RT measures) were below 1.5 standard

deviations from the mean. Cohen’s d’s of 0.2, 0.5, and 0.8 reflect small, medium and large effect sizes. Sample size differs across tests due to
exclusion of invalid data.
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Comparison between the PCNB and SDMT. Performance on the Overall PCNB score was
positively associated with performance on the SDMT for both POMS patients (r = 0.43, 95% CI:
0.19, 0.62, p < .001) and HCs (r = 0.50, 95% CI: 0.28, 0.67, p < .001); however, the degree of
agreement between the PCNB and SDMT for classification of impairment in POMS patients was
weak (k = 0.22, p = .14). Of the 16 POMS patients who completed both SDMT and PCNB testing
and demonstrated impairment on the PCNB, only five (31.3%) showed impaired performance on
the SDMT. Of the 10 POMS patients demonstrating impairment on the SDMT, five (50.0%) were
impaired on the PCNB.

Associations to clinical variables. A longer disease duration was associated with poorer accuracy
on the Line Orientation (rho = -0.32, 95%CI: -0.53, -0.03, p < .001) and Verbal Memory tasks (rho =
-0.19, 95%Cl: -0.42, 0.09, p = .01), after adjusting for age at onset and task-specific response time.
No other significant associations were observed between clinical variables and performance on
tasks where POMS patients demonstrated deficits relative to HCs. Associations were not examined
for the EDSS, given the restricted range of scores for the majority of participants (89.2% with

scores spanning 0-2).

3.6 Discussion

We examined neurocognitive functioning in POMS patients using the PCNB, a
computerized battery that evaluates neurocognitive performance in accuracy and response time.
Approximately 29% of patients were classified as cognitively impaired based on their performance
on the PCNB. POMS participants had lower accuracy on tests of executive function, episodic
memory and complex cognition compared to HCs, as well as slower overall response times on the
PCNB. The rate of cognitive impairment and profile of deficits in our sample was generally
consistent with prior studies examining neurocognitive function in POMS[124, 165, 246, 247], thus
providing evidence for the validity of PCNB in detecting neurocognitive dysfunction in POMS;
however, the PCNB facilitated additional differentiation of deficits in accuracy and response time.

Large effects for reduced accuracy were found in several cognitive domains even after
adjusting for slowed response time, and variance in response time did not contribute significantly to
these group differences. Although slowed information processing may still impact these aspects of
cognitive function, our findings conflict with the hypothesis that slowed information processing
represents a foundational deficit underlying other areas of dysfunction in MS. While greater
evidence exists in support of this theory in adults with MS[137], we anticipated that the role of

processing speed might differ in the neurocognitive profile of POMS. Our findings were indicative
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that some aspects of cognitive dysfunction exist independently of information processing speed in
youth with MS, potentially resulting from the accrual of brain injury during formative years of
cognitive development or greater differentiation of functions in younger individuals (HUlUr et al.,
2015).

Executive function deficits were among the most apparent in our sample, with rates of
impairment reaching up to 35% in POMS patients. As previously observed using paper-and-pencil
tasks of executive function, our POMS patients demonstrated poorer accuracy on tests of
sustained attention/response inhibition and working memory, but not on a test of cognitive
flexibility[100, 102]. Group differences on tests of executive function were apparent after adjusting
for response time, suggesting that these deficits may exist over and above slowed processing
speed. Importantly, these tasks were designed with fixed response intervals of up to 2.5 seconds;
slowed processing speed may thus have contributed to poorer accuracy scores on these tasks, as
participants may have compromised accuracy to maintain speeded responding within the response
window.

Within the domain of Complex Cognition, we found that youth with POMS had reduced
accuracy on a judgement of line orientation task, while performance on the matrix reasoning task
remained relatively unimpaired[124, 165]. Together with the existing literature, these findings
suggest greater difficulty with visuospatial tasks with higher visual-perceptual demands and relative
sparing of visual problem-solving. POMS patients also demonstrated moderately lower accuracy in
verbal reasoning relative to HCs, though group differences did not meet our statistical
threshold[101, 102].

Examining tests of episodic memory, we found that the POMS group demonstrated
reduced accuracy on a test of verbal recognition. This finding was observed after adjusting for
response time, suggesting that the observed deficits are not related to the speed of recognition. It
remains unclear, however, whether a slowed speed of processing could contribute to difficulties
learning the words when they were initially presented at 5s intervals. Contrary to prior studies[95,
101, 112, 121], group differences were not observed on the visual memory tests. Deficits with
recall, which are most commonly observed among patients with POMS[103, 120, 121, 163], cannot
be ruled out as long-term memory was not assessed.

Our groups did not differ on the social cognition measures of the PCNB. In a previous study
on social cognition in POMS, these youth were observed to show poorer theory of mind on both
affective and cognitive tests after adjusting for processing speed[125]. The social cognition tests on
the PCNB are comparatively simpler to the higher-level social cognition tests studied previously,

with greater reliance on visual discrimination and less demand on theory of mind. It is possible that
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we did not observe effects for social cognition due to differences in test requirements or task
sensitivity. Further research is needed to replicate and elucidate the nature of social cognition
deficits in POMS.

Group differences were not significant on the time-constrained, open-window, and memory
response time factors on the PCNB, which are believed to correspond to Cattell-Horn-Carroll’s
decision speed/reaction time and processing speed, and with speed of recognition,
respectively[148, 258]. A moderate effect size was, however, observed for the memory factor,
suggesting that reduced speed may be more apparent for youth and young adults with POMS on
tests of memory. While group effects for the time-constrained tasks were minimal, it is possible that
slowed information processing speed may have had greater impact on accuracy for these tasks, as
described above. Of note, POMS patients demonstrated an overall pattern of slowed responding
relative to HCs when examining response time on the PCNB as a whole. This is consistent with
existing evidence for slowed information processing in individuals affected by POMS, which might
affect speeded performance across several of the response time factors.

Although group differences on the SDMT did not meet our statistical threshold of p < .01,
our patients demonstrated moderately slower processing speed than controls on this task, with
similar effect sizes to what has been reported previously in POMS[101, 111]. These Z-scores were
also in a range similar to prior Canadian cohorts when using the existing American norms for POMS
patients and HCs (Supplemental Table 1;[97, 102].

Overall performance on the PCNB was correlated with the SDMT for POMS patients and
controls, however, the patients identified as impaired differed between these measures. One-third
of participants who were classified as cognitively impaired on the PCNB were also impaired on the
SDMT, while 50% of participants impaired on the SDMT were impaired on the PCNB. This
incongruity is in line with the wider scope of abilities captured within the criteria for impairment on
the PCNB, as compared to the more specific deficits measured using the SDMT. Exclusive use of
the SDMT as a screen for cognitive impairment may thus not identify individuals presenting with
difficulties outside of processing speed and visual working memory.

Examining associations to clinical variables, we found poorer cognitive performance for
youth with a longer history of POMS. Similar to prior studies, this effect was most prominent for
visuospatial processing[95, 110, 130], but was also found for verbal memory. Similar to prior
studies, self- and parent-reported fatigue was greater in POMS patients relative to controls[165],
however, the groups did not differ in their self-report of clinically significant emotional distress, with

fewer patients reporting distress than expected based on the literature (approximately 30%).
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Moreover, no associations were found between reported symptoms of fatigue or emotional distress
and task performance where POMS participants showed cognitive deficits.

Our study has several limitations. We derived Z-scores based on four age bands within our
HC sample of 94 participants with valid neurocognitive data. As such, our Z-scores have limited
specificity to individuals of a particular age. While the Philadelphia Neurodevelopmental cohort of
over 9000 individuals aged 8 to 21 serve as the published normative dataset for the PCNB[148], we
determined that these norms could not be appropriately utilized for non-American populations
(approximately 75% of our sample). Similar to existing literature[259, 260], the application of the
Philadelphia-based norms led to positively skewed Z-scores in our MS and control sample.
Importantly, our HC participants were proportionally representative of our MS participants for
nationality. The data were also analyzed using raw scores (Supplemental Table 1), adjusting for age
and sex, and confirmed a consistent overall pattern of findings to our analysis of standardized
scores.

The pediatric version of the PCNB was used for all participants for consistency in
administration, despite our assessment of participants up to the age of 28 years. Instructions and
vocabulary (for verbal stimuli) are simplified in the children’s version of the cognitive flexibility,
verbal reasoning, verbal memory and emotion identification tests. Of note, we found that the
distribution in raw scores was similar between the 14-17 and 18+ groups. Group differences were
also observed where expected for these tests, suggesting that the pediatric versions were
sufficiently sensitive to detect deficits.

Finally, 16.3% of the CPDDS sample meeting eligibility for the current study declined
participation in neurocognitive testing. While our sample is comparable to other North American
cohorts previously reported with regards clinical and demographic factors, and our results replicate
patterns of neurocognitive dysfunction observed in POMS, it is possible that the current findings
have limited generalizability to POMS patients as a whole.

We show that a one-hour computerized battery identified POMS patients with reduced
processing speed, executive function, episodic memory and complex cognition performance
relative to healthy age-matched youth. Deficits in working memory, attention/inhibition, visuospatial
processing and verbal memory were observed after adjusting for task-specific response time,
suggesting that these areas of dysfunction may represent core deficits that exist over and above
slowed information processing speed. Supports that are specific to these aspects of cognition (e.g.,
seating close to the teacher, visual cueing, repetition of instructions) may thus be important to
facilitate better functioning in POMS, in addition to the provision of additional time for task

completion. Moreover, given the different subset of POMS patients identified as cognitively
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impaired based on the PCNB versus the SDMT, it is recommended that the cognitive screening of
individuals with POMS be expanded beyond simple assessment of processing speed, to include
the above listed aspects of cognitive function.

Given that these same domains have shown impairment in other POMS cohorts and the
overall rates of cognitive impairment were comparable to the literature, we posit that the PCNB may
be valuable for measurement of cognitive dysfunction in research contexts. Research comparing
the PCNB to a full neuropsychological battery is needed, however, to confirm its utility for clinical
screening of cognitive impairment. Future studies should examine the role of processing speed on

tasks of learning and free recall, theory of mind, and untimed tasks of executive function.
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Supplemental Table 1. Comparison of groups on raw scores of the Penn Computerized

Neurocognitive Battery and alternative scoring methods for the Symbol Digit Modalities Test

MS HC Group difference
Domain Test MSE Mse Cohccjan’s
Executive Functic |etter N-Back 92.20 (0.91)  95.82 (0.81) 0.004 0.52
PCET 2.39 (0.09) 2.43 (0.08) 0.74 0.06
Go-No-Go 94.33 (0.55) 96.38 (0.49) 0.005 0.48
EAF:fnogr';f Face Memory 77.96 (1.30)  80.82 (1.19) 0.11 0.28
Spatial Memory 77.43(1.65)  80.53 (1.49) 0.17 0.24
Verbal Memory 93.02 (0.70)  95.72 (0.63) 0.006 0.50
Comr?'?x Verbal Reasoning 83.54 (1.88)  88.72 (1.64) 0.03 0.37
Gognition Matrix Reasoning 60.87 (1.60) 64.63 (1.45) 0.09 0.30
Line Orientation 60.65 (2.34) 69.56 (2.13) 0.006 0.49
Social Cognition Age Differentiation 73.63(1.32)  73.53(1.20) 0.96 0.01
Emotion Recognition  90.61 (0.82) 89.54 (0.74) 0.07 0.45
Emotion Differentiation 75.73 (1.33) 78.08 (1.20) 0.19 0.23
SDMT®? 61.39 (1.77)  64.89 (1.70) 0.16 0.27
SDMT® 0.25 (0.17) 0.76 (0.17) 0.04 0.40

Abbreviations: MS = multiple sclerosis; HC = healthy control; PCET = Penn Conditional Exclusion Test;
SDMT = Symbol Digit Modalities Test

a - raw scores

b — Z-scores derived from American norms for the oral SDMT

Note. P-values represent group differences after adjusting for parental education, age and sex using
ANCOVA. Task-specific response time was included as an additional covariate for the tasks on the Penn
Computerized Neurocognitive Battery. Cohen’s d’s of 0.2, 0.5, and 0.8 reflect small, medium and large
effect sizes. Sample size differs across tests due to exclusion of invalid data.
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Supplemental Table 2. Effect size for group difference in cognitive outcomes with and without

response time/accuracy covariates

Cohen’s d
Domain Test adjusting for _without
RT/accuracy adjustment for
RT/accuracy
Executive Function 0.59 0.62
Letter N-Back 0.64 0.66
PCET 0.06 0.06
Go-No-Go 0.50 0.56
Episodic Memory 0.57 0.58
Face Memory 0.31 0.28
Spatial Memory 0.24 0.27
Verbal Memory 0.66 0.56
Complex Cognition 0.45 0.58
Verbal Reasoning 0.36 0.35
Matrix Reasoning 0.13 0.33
Line Orientation 0.52 0.59
Social Cognition 0.00 0.04
RT 0.36 0.55
Time-constrained 0.16 0.26
Open-window 0.23 0.29
Memory 0.35 0.35

Abbreviations. RT = response time; PCET = Penn Conditional Exclusion Test

47



Chapter 4: Cognitive reserve in pediatric-onset MS: Examining

parental education as a predictor of cognitive dysfunction

4.1 Publication status and author contributions.

The following chapter has been drafted as a manuscript. The contents have been reviewed
by the following authors: Barlow-Krelina, E., Turner, G. R., Wojtowicz, M., Banwell, B., & Till, C.
Authors Fabri, T.L., O’'Mahony, J., Gur, R. C., and Gur, R. E. also contributed to this work through
the development of project ideas, data collection and management, psychometric expertise, and
methodological discussions.

Emily Barlow-Krelina, the first author, developed the conceptual rationale for the study,
collected, analyzed and interpreted the data. She was also the primary contributing author to the

manuscript, producing the initial draft and completing all major revisions.
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4.2 Abstract

Objective. We examined the association between cognitive reserve (CR; estimated via parental
education) and cognitive function in youth and young adults with pediatric-onset multiple sclerosis
(POMS) relative to age-matched healthy controls. This relationship was specifically examined for

tasks on which POMS patients previously demonstrated cognitive deficits.

Methods. Sixty-seven patients with POMS (age range: 8-29 years) and 95 controls completed the
Penn Computerized Neurocognitive Battery and the oral version of the Symbol Digit Modalities
Test. A multiple regression was conducted for each cognitive outcome (working memory,
attention/inhibition, verbal memory, visuospatial processing, verbal reasoning, overall response
time, and processing speed), consisting of: (1) Group; (2) CR, and (3) a Group x CR interaction.

Simple effects for CR were examined per group where there were significant interactions (p < .10).

Results. Higher CR was associated with better performance for all participants on tasks of working
memory, verbal memory, visuospatial processing and verbal reasoning, but not with overall
response time or processing speed (p > .05). CR effects were found to be stronger in POMS
patients (age at testing=18.4+3.8 years; age at POMS onset=15.1+2.0 years) relative to controls on
tasks of executive functioning (working memory, p = .05; attention/inhibition, p = .03), with larger

performance decrements from controls at lower levels of CR.

Conclusion. Greater CR is associated with better cognitive performance on higher-order cognitive
tasks for healthy and MS youth. Furthermore, CR may help to protect against the presentation of
executive dysfunction for youth with POMS. These findings point to potential opportunities for

protection against the presentation of cognitive deficits in POMS.
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4.3 Introduction

Multiple sclerosis is a chronic demyelinating and degenerative condition of the central
nervous system (CNS), with 3-5% of cases diagnosed in childhood and adolescence[1]. Cognitive
impairment occurs in approximately 30% of youth and young adults with pediatric-onset multiple
sclerosis (POMS), with the prevalence and severity of impairment typically increasing as the disease
progresses[165]. Deficits are most consistently observed in information processing speed,
executive functions, language and memory, and can be of sufficient severity to impact everyday
academic and intellectual abilities[101, 103].

The severity of cognitive dysfunction in POMS is associated with a younger age at disease
onset, longer disease duration, greater neurological disability, and more severe symptoms of
fatigue and emotional distress, however, these relationships are modest and are not consistently
found across studies[95, 101-103, 120, 121, 127]. Although MRI measures of MS pathology
demonstrate comparatively stronger associations with cognitive outcomes[97, 102], it is noteworthy
that a majority of youth and young adults with MS remain cognitively intact despite accruing
significant neuropathology[165]. This disconnect between disease burden and cognitive function
has been observed in adults with MS and has been termed the ‘cognitive-pathologic dissociation’,
leading to the question of how some individuals can better withstand MS pathology without
demonstrating cognitive impairment[166].

Similar dissociations have been observed in a variety of clinical populations, leading to the
theory of cognitive reserve (CR)[167, 169]. Stern defines CR as the adaptability of cognitive
processes that helps to explain differential susceptibility of cognitive abilities or day-to-day function
to brain aging, pathology, or insult. In other words, it is posited that individuals will vary in the
expression of neuropathology as a consequence of differences in their capacity to adapt to insult.
This is believed to occur through two mechanisms: neural reserve and neural compensation[169].
Neural reserve refers to differential efficiency and/or capacity of task-related networks —i.e., the
extent to which a network is activated, or has room for upregulation, to complete a task.
Conversely, neural compensation refers to the maintenance of functionality through the use of
alternate networks — and thus cognitive strategies — when primary task-related networks are
compromised.

CR is believed to be determined by innate factors (genetics, in utero exposures), as well as
one’s participation in physically and cognitively stimulating activities[171]. As such, CR is often
measured proximally by sociobehavioural determinants, including years of education, crystallized
intelligence, occupational complexity, socioeconomic status, and engagement in cognitive leisure

or physical activities.
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Since its conception, models of CR have been examined in the context of traumatic brain
injury, Parkinson’s Disease, HIV-related dementia, and MS[166, 173-175]. Greater literacy,
educational/occupational attainment, premorbid 1Q, and engagement in cognitive leisure activities
have shown positive associations with cognitive outcomes in adults with MS[181-183, 188, 190,
192, 193, 199, 205], and are protective against MS-related changes in processing speed and
memory over time[177-179]. Moreover, each of these proxies of CR have shown moderation effects
with structural measures of MS pathology, whereby higher CR attenuates the negative relationship
between MS disease burden and cognitive outcome[177, 178, 183, 189-193, 205]. In line with
theories on the mechanisms for CR, patients with greater vocabulary knowledge show less
recruitment of task-related regions during working memory processing, suggesting that greater CR
may be associated with greater network efficiency, thus increasing the capacity for compensatory
upregulation in the context of injury[198].

Research on CR has been comparatively limited in pediatric populations and warrants
further investigation, as reserves may manifest differentially in response to pathology accrued
during periods of neurocognitive maturation. Further, methodological challenges arise with the
measurement of CR in youth. Proxies such as educational/occupational attainment are not
appropriate in the context of ongoing academic and vocational pursuits. Similarly, typical estimates
of premorbid IQ, such as measures of word knowledge, are confounded by age in pediatric
cohorts.

In POMS, CR has been estimated by parental education, social status (a composite
measure of parental education and occupation), IQ at first assessment, and word knowledge. Of
these metrics, 1Q at first assessment is most consistently associated with outcomes, showing
prediction of more stable or improving trajectories of processing speed and cognitive function
overall[128, 224]. Similarly, higher word knowledge has been associated with a reduced risk for
cognitive impairment and higher occupational complexity in adults with POMS[132]. Importantly,
these measures of CR are confounded by the injury itself, leaving it unclear whether these
relationships are attributable early disease severity or shared variance between cognitive measures
related to a common g factor.

Conversely, parental education may serve as a more effective proxy for CR in youth, given
its independence from disease-related factors, and known associations between education level
and intellectual functioning, parent and child 1Q, and between parental education, socioeconomic
status and home environment[231, 232, 235, 236]. Higher parental education is associated with
expectations for higher educational attainment in their children, as well as greater opportunities to

provide learning-related activities, which in turn have been linked to cognitive outcomes[236, 237].
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Moreover, it is possible that higher parental education may be associated with greater access to or
uptake of remedial resources post-injury[261, 262].

In POMS, Till and colleagues[95] found that youth with higher educated parents were more
likely to show stable or improving cognitive performance over a 1-year period, after adjusting for
age at testing, age at onset, disease duration, sex, change in mood-related symptoms, IQ at first
assessment, and neurological disability. Conversely, Charvet and colleagues found no effect for
parental education on risk for decline on one or more tasks[114], and maternal education was not
predictive of clinically meaningful decline in processing speed in a study by Wallach and
colleagues[129]. Given the holistic assessment of cognitive outcome in these studies, as well as the
potential for limited CR effects in simple processing speed[188], further assessment of CR is
warranted in POMS, with examination of potential domain-specificity. Moreover, comparison to
healthy controls (HCs) is needed to clarify to what extent CR facilitates adaptation to deficit in
POMS, over and above normative variation in cognitive function resulting from enrichment factors.

In the current study, we sought to examine CR across a breadth of neurocognitive functions
in POMS, and relative to age-matched healthy controls, using parental education as a proxy. Given
prior evidence for associations between CR and cognitive outcomes in healthy youth[168, 172], we
anticipate CR effects will be observed across all participants. CR effects are, however, expected to
be most apparent for participants with POMS, and for tasks on which patients demonstrate greater

neurocognitive deficit, given the greater need for adaptive use of CR.

4.4 Method
Participants. Youth with demyelinating syndromes were enrolled between 2004 and 2019 through
the Canadian Pediatric Demyelinating Disease Study (CPDDS), a multi-site, longitudinal study
including 23 sites across Canada and the Children’s Hospital of Philadelphia as described in
Barlow-Krelina and colleagues[263]. Patients with monophasic demyelination, those identified as
having MOG-related demyelination, anti-AQP4-related neuromyelitis optica spectrum disorder, or
non-demyelinating disease were excluded. HCs were enrolled between 2015 and 2019 using flyers
and web-based advertising.

All English-speaking participants engaged in the CPDDS between December 2015 and June
2019 were offered neurocognitive testing. Research ethics approval was obtained by all
participating institutions. Written informed consent was obtained from participants or a parent/legal

guardian.
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Measures. Demographics, developmental milestones, and medical histories were obtained using
standardized case report forms. Neurological findings were documented by study site neurologists,
leading to the determination of an approximated Expanded Disability Status Scale score
(EDSS[57])[89]. Symptoms of emotional distress were measured using the Pediatric Index of
Emotional Distress (PI-ED[251]) and the Hospital Anxiety and Depression Scale (HADS[252]) for
participants below and at/above age 16 years, respectively. A score greater than 20 is indicative of
clinically significant emotional distress[251, 252]. Self- and parent-reported fatigue were measured
using the PedsQL Multidimensional Fatigue Scale[253]. Social status was measured by the Barratt
Simplified Measure of Social Status (BSMSS)[254].

Cognitive evaluation. Participants completed the oral version of the Symbol Digit
Modalities Test (SDMT)[255] and the Penn Computerized Neurocognitive Battery (PCNB)[256], a
computerized assessment tool consisting of 15 tests across five broad domains of function (Table
1): executive function, episodic memory, complex cognition, social cognition, and sensorimotor
speed. The PCNB was initially developed to measure neurocognitive function using tests validated
with functional neuroimaging[149], and has demonstrated sensitivity for detecting neurocognitive
dysfunction in youth with neuropsychiatric and medical conditions[151-154].

All assessors completed a standardized training protocol for administration of the PCNB.
The battery was administered in a single session of approximately one hour, with breaks offered at
three standard intervals. Data underwent quality control procedures, including: identification of
outliers for response time and multiple key-presses, as well as examination of assessor comments
on behavior observations and/or environmental distractions pertinent to testing. Invalid participant
data were excluded.

Each task provides a measure of both accuracy and response time, with the exception of
sensorimotor tests specifically designed for measuring speed. Raw scores for each outcome were
standardized into Z-scores based on the means and standard deviations (SD) of the HCs. Z-scores
were calculated from four age bands (i.e., 8-10, 11-13, 14-17, =18 years), which were determined
based on the developmental curves for the PCNB tasks and with consideration of the number of
participants in each group. Response time scores were transformed, so that higher Z-scores reflect
better performance (i.e., shorter response times).

The current analyses follow from a prior examination of the neurocognitive profile in the
same cohort[263]. Our analyses are thus focused on the neurocognitive tasks on which MS
participants were observed to have moderate performance deficits relative to HCs, with statistical

significance at p < .05. This includes accuracy on the Letter N-back (working memory), Go-No-Go
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(attention/inhibition), Verbal Memory, Line Orientation (visuospatial) and Verbal Reasoning tasks,
overall response time on the PCNB, and performance on the SDMT (processing speed).

Cognitive Reserve. CR was estimated by the average number of years of education
completed by the parents of each participant. Participants self-reported this value for each of their
parents. These data were then cross-checked with the level of schooling reported by parents on the
BSMSS (e.g., High School, College, etc). Years of parental education were imputed if available only
on the BSMSS (17 participants). Parent reports on the BSMSS were also used if discrepant with
participant reports by more than 3 years (i.e., approximate difference of one category-level of
education; 11 participants). BSMSS categories were converted to years of education as follows:
partial high school (10" or 11" grade) = 11 years, high school = 12 years, partial college = 14 years,

college/university = 16 years, graduate degree = 18 years.

Data Analysis. We used one-way analysis of variance (ANOVA), Mann-Whitney U, or chi-squared
(X?) tests to compare the POMS and HC groups on demographic variables, as well as on fatigue
and emotional distress scores. Clinical variables were summarized using descriptive statistics. CR
was examined in association to demographic and clinical variables by Spearman correlations or
ANCOVA/Mann-Whitney U tests. For all PCNB scores, outliers were Winsorized to 3 SD from the
mean; this was done for <2% of all values. All analyses were performed using IBM SPSS Statistics
version 24 (Armonk, NY: IBM Corp).

Statistical analyses were performed separately for each age-normed (i.e., Z-score)
dependent variable: accuracy on the Letter N-back, Go-No-Go, Verbal Memory, Line Orientation
and Verbal Reasoning tasks, overall response time on the PCNB, and performance on the SDMT. A
multiple regression was conducted for each outcome, consisting of: (1) Group; (2) CR, and (3) a
Group x CR interaction term. CR was centered at its mean to reduce multicollinearity between CR
and the interaction term. Analyses were adjusted for task-specific response time/accuracy. Effect
sizes were determined using a partial eta-squared (77).

We probed simple effects for CR when Group x CR interactions showed a p-value < .10
[264]. We performed multivariable linear regression analyses to examine the association between

CR and the cognitive outcome per group, adjusting for task-specific response time/accuracy.

4.5 Results
Of the 80 eligible POMS patients and 139 HCs in the CPDDS, neurocognitive data were
obtained for 67 (83.7%) POMS patients and 95 (68.3%) HCs (see Figure 3). We excluded one

patient due to significant visual/motor impairment, one patient due to impact of intravenous therapy
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on response times, and one HC due to their expressed familiarity with the assessment battery.
Among the 94 HCs with valid data on the PCNB, we excluded 18 participants who were 13 years
and younger to enhance age-matching between the groups. The retained HCs were selected at
random, after matching to the four MS participants in the 8-13 age range based on their age and
sex. Data were also excluded from the current analyses for four POMS patients and two HCs due
to incomplete CR data.

The final sample of 61 POMS patients and 74 HCs were well-matched with regards to age,
sex, level of education and social status (p’s > .05), however, parental education (i.e., CR) was
moderately lower in POMS patients (p = .06). While POMS patients did not differ from HCs with
regards to their risk for clinically elevated emotional distress or level of self-reported fatigue (p >
.05), youth with POMS had higher parent-reported fatigue relative to HCs. Clinical and demographic

characteristics of the sample are described in Table 4.

MS patients HCs eligible for
eligible for PCNB PCNB
(n=80) (n=139)
I I
| | | |
MS patients who MS patients HCs who HCs declining
underwent PCNB declining PCNB ungg"h‘;VBe"t PCNB
(n =67) (n=13) (n = 95) (n=44)
I ] |
' Total MS patients i ' '
patients in -
Total HCs in th
Excluded MS patients Study 1 ° aStudxs/ I1n ¢
(visual/motor deficits (n=865) Excluded HCs (n = 76)
preventing valid (familiarity with the
assessment, n=1; IV assessment battery, n =
preventing valid 1; non-matching for age
response time data, n = egj%::;?‘n;zlta with MS sample, n = 18) egji::;;in(tjzlta
1) | ]
(n=4) (n=2)
Total MS patients in Total HCs in
- Study 2 - Study 2
(n=61) (n=74)

Figure 3. Patient enrollment from the Canadian Pediatric Demyelinating Disease Study for Study 2.
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Table 4. Demographic and clinical characteristics of pediatric-onset MS and healthy control

participants in Study 2

MS (n=61) HC (n=74)
M+ SD (range) /N (%) - o0 1009 /N P
Age at testing (years) 18.4 + 3.8 (10-27) 18.2 + 4.6 (8-29) .61
Sex (#female, %female) 44 (72.1) 48 (64.9) .37
Participant education (years) 12.0+ 2.9 (5-19) 12.2 + 3.6 (3-20) .32
Parental education 14.3+ 1.9 (10-19) 15.0 £ 2.3 (10-20) .06
Socioeconomic status 39.8 + 14.1 (12-66) 43.1 +14.4 (8.5-66) .21
Nationality (#Canadian, % Canadian) 46 (75.4) 56 (75.7) .97
Emotional Distress' (#high, %high)T 6(10.2) 3(5.1) .31
Participant Fatigue
Parent-rated 69.7 + 20.7 (33.3-100) 83.9 £ 14.8 (45.8-100) .004
Participant-rated 64.0 + 20.8 (26.4-98.6) 73.9 +14.3 (43.1-100) .10

Age at disease onset (years)

Disease Duration (months)

15.1 £2.0 (7.3-17.9)
44.9 + 46.4 (0-133)

EDSS (median, range) 1.5 (0-6.5) - -

DMT (#Y, %yes) 49 (80.3) - -
- T . .

DMT duration’ (months; median, 34 (0-123) ) }

range)

Abbreviations: MS = multiple sclerosis; HC = healthy control; EDSS = Expanded Disability Status Scale;

DMT = Disease Modifying Therapy

Note. Emotional distress was measured by the Pediatric Index of Emotional Distress and Hospital
Anxiety Depression Scale, each of which generate emotional distress scores based on a combined

depression and anxiety score. A score greater than 20 is indicative of clinically significant emotional
distress[251, 252]. Emotional distress scores were not available for 2 POMS patients and 16 controls.
Fatigue was measured by the PedsQL Multidimensional Fatigue Scale; scores range from 0-100, with
higher scores reflecting fewer problems[253]. Self-reported fatigue was not available for 2 POMS
patients and 7 controls; parent-reported fatigue was not available for 10 POMS patients and 22 controls.
Social status was measured by the Barratt Simplified Measure of Social Status, which yields a total
education and occupation score between 8-66 for parents/guardians[254].
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Cognitive Reserve Effects. Examining across all participants, higher CR was associated with
lower self- and parent-reported fatigue (rho = -0.23, p = .01 and r = -0.25, p = .01, respectively), as
well as with fewer self-reported symptoms of emotional distress (rho = -0.20, p = .03). No
associations were observed between CR and the demographic or disease variables (p > .05).

Working Memory. POMS participants performed less accurately than HCs on the Letter N-
back task (Estimated marginal mean + SE: MS =-0.84 + 0.17, HC =-0.01 £ 0.15; p < .001; Table 5).
Participants with higher CR demonstrated more accurate Letter N-Back performance (p = .004).
Moreover, there was a Group x CR interaction (p = .05), with MS patients showing a stronger CR
effect (B = 0.26, 95% ClI: 0.05, 0.47, p = .02) relative to HCs (B = 0.06, 95% ClI: -0.04, 0.16, p = .24;
Figure 4A). For participants with lower CR (i.e., one SD below the mean = 12.5 years parental
education), working memory performance was 1.27 SD units lower in the POMS group relative to
HCs. At higher CR (i.e., one SD above the mean = 17.0 years parental education), the difference
between groups is lessened, with the POMS group performing 0.39 SD units lower than HCs.

Attention/Inhibition. POMS participants performed less accurately than HCs on the Go-
No-Go task (MS =-0.73 £ 0.18, HC = -0.02 + 0.16; p = .002; Table 5). Although a main effect of CR
was not observed (p = .23), the Group x CR interaction was significant for the Go-No-Go task (p =
.03; Table 5). Although the adjusted relationship between CR and accuracy on the Go-No-Go was
not statistically significant for either group, this association appeared stronger for MS patients (B =
0.20, 95% CI: -0.04, 0.43, p = .10) relative to HCs (B = -0.05, 95% CI: -0.15, 0.05, p = .36; Figure
4B). POMS participants demonstrated attention/inhibition performance 1.27 and 0.34 SD units
lower than HCs at low and high CR, respectively.

Verbal Memory. POMS participants performed less accurately than HCs on the Verbal
Memory task (MS = -0.62 + 0.14, HC = -0.02 + 0.13; p = .002; Table 6). Participants with higher CR
demonstrated more accurate verbal memory performance (p = .009). No Group x CR interaction
was observed (p > .05; Figure 4C).

Visuospatial. POMS participants performed less accurately than HCs on the Line
Orientation task (MS = -0.71 + 0.15, HC = -0.03 + 0.13; p < .001; Table 6). Participants with higher
CR demonstrated more accurate visuospatial performance (p = .05). No Group x CR interaction
was observed (p > .05; Figure 4D).

Verbal Reasoning. POMS participants performed less accurately than HCs on the Verbal
Reasoning task (MS =-0.45 + 0.16, HC = -0.01 + 0.14; p = .04; Table 6). Participants with higher
CR demonstrated more accurate verbal reasoning performance (o = .05). No Group x CR

interaction was observed (p > .05; Figure 4E).
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Table 5. Multiple regression analysis for variables predicting executive function Z-scores

Letter N-Back Go-No-Go
Variable
B SEB B P B SEB B P

Response Time 0.12 0.10 0.09 .25 -0.39 0.11 -0.29 <.001
Group -0.83 0.22 -0.31 <.001 -0.75 0.24 -0.25 .002
Cognitive Reserve 0.16 0.05 0.25 .004 0.07 0.06 0.10 .23
Group x Cognitive

0.20 0.11 0.16 .05 0.25 0.12 0.18 .03
Reserve
R? .19 .18
F 7.35 <.001 7.00 <.001

Note. Healthy controls were coded as the reference group for the group comparison (HC = -0.5, MS =

0.5).

Table 6. Multiple regression analysis for variables predicting Verbal Memory, Line Orientation, and

Verbal Reasoning Z-scores

Verbal Memory

Line Orientation

Verbal Reasoning

Variable SE 5 B SE 5 B SE 5

B p p p

B B B

Response

0.20 0.08 0.20 .02 -0.12 0.10 -0.11 .21 0.07 0.12 0.05 .57
Time

-060 0.19 -0.26 .002 -0.68 020 -029 <.001 -044 0.21 -0.18 .05
Group
Cognitive 0.12 0.05 0.22 .009 0.09 0.05 0.17 .05 0.10 0.05 0.19 .04
Reserve
Group x

0.05 0.09 0.04 .61 -0.12 0.10 -0.07 .44 0.05 0.10 0.04 .64
Cognitive
Reserve
R? 21 14 .08
F 8.53 <.001 5.14 .001 2.81 .03

Note. Healthy controls were coded as the reference group for the group comparison (HC = -0.5, MS =

0.5).
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Table 7. Multiple regression analysis for variables predicting PCNB Response Time and SDMT Z-
scores

PCNB Response Time SDMT
Variable
B SEB B P B SEB B Je)

Accuracy -0.20 0.08 -0.25 .009
Group -0.29 0.10 -0.27 .003 -0.42 0.19 -0.20 .03
Cognitive Reserve 0.03 0.02 0.13 .16 0.07 0.05 0.16 11
Group x Cognitive

0.02 0.04 0.04 .69 0.04 0.09 0.06 .69
Reserve
R? .09 .07
F 3.26 .01 2.91 .04

Note. Healthy controls were coded as the reference group for the group comparison (HC = -0.5, MS =
0.5). SDMT data was not available for 6 POMS patients and 15 HCs.
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Figure 4. Plots of the regression equations
predicting cognitive outcomes (A — working
memory; B — attention/inhibition; C — verbal
memory; D — visuospatial; E — verbal reasoning; F
— response time on the PCNB; G — processing
speed) by group (multiple sclerosis, MS; healthy
controls, HC) and cognitive reserve (Low vs.
High). Regression equations are plotted with sex
and response time/accuracy held constant at the
sample mean; only sex was adjusted for in the
plot for the SDMT. For the purposes of the figure,
Low CR is defined as one standard deviation
below the mean (12.5 years parental education,
equivalent to high school diploma); High CR is
defined as one standard deviation above the
mean (17.0 years parental education, equivalent
to a partial graduate degree).
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PCNB Response Time. POMS participants demonstrated slower overall PCNB response
time relative to HCs (MS = -0.24 + 0.07, HC = 0.05 + 0.06; p = .003; Table 7). No CR main effect or
Group x CR interaction were observed for PCNB response time (p > .05; Figure 4F).

SDMT. POMS participants demonstrated slower processing speed relative to HCs on the
SDMT (MS =-0.39 + 0.14, HC = 0.03 £ 0.13; p = .03; Table 7). No CR main effect or Group x CR
interaction were observed for the SDMT (p > .05; Figure 4G).

4.6 Discussion

We examined CR across a range of neurocognitive functions found to be affected in youth
and young adults with POMS, using parental education as a proxy for reserve. In line with our prior
research on the same cohort and existing literature in POMS, our MS participants demonstrated
reduced accuracy on tasks of working memory, attention/inhibition, verbal memory, visuospatial
ability and verbal reasoning, as well as slower response time and simple processing speed relative
to controls[165, 263]. Associations between CR and cognitive function were found for all
participants on tasks of verbal memory, visuospatial ability and verbal reasoning, but not for
response time or simple processing speed. Moreover, we found evidence suggesting protective
effects of CR in the context of executive dysfunction in POMS, with MS patients showing poorer
performance overall, as well as a greater discrepancy from controls at lower CR relative to higher
CR.

Given CR’s proposed role in adaptation to pathological change, it is notable that CR effects
were stronger for POMS participants relative to controls on tasks of executive function, and for
working memory in particular, wherein rates of impairment were highest (i.e., 35.5%[263]). These
interaction effects, however, appear to be driven by a lack of association between CR and
executive function in HCs. Given that controls with higher CR obtained near-perfect performance
on the executive function tasks (average accuracy for HCs was 96% and 97 % for the Letter N-Back
and Go No-Go tasks, respectively), ceiling effects may have masked a more generalized
association for CR and executive functions across participants. Despite this, the presentation of
deficit is moderated by CR in POMS. These findings are in line with the expectation that adaptive
CR mechanisms will be most apparent in the context of MS where there is suspected damage to
functional networks and thus a need for compensation.

Among the proposed mechanisms for CR are neural reserve — referring to individual
differences in network efficiency and/or capacity — and neural compensation, which refers to the
maintenance of functionality through the use of alternate strategies[168]. We previously

demonstrated fMRI evidence of greater activation in working memory networks in a cohort of
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cognitively-preserved youth and young adults with POMS, relative to HCs[239], providing evidence
for neural reserve as a potential mechanism for CR. Although these fMRI data were not tied to
sociodemographic proxies of CR, higher engagement in physical activity was associated with larger
whole-brain grey and white matter volumes[242]. In cognitively intact adults with MS, studies have
shown both greater and more extensive activation compared to HCs during working memory
processing[206-209, 211, 214, 215]. Moreover, Sumowski and colleagues[198] isolated a pattern of
activation associated with greater CR across conditions of a working memory task (i.e., lesser
prefrontal recruitment, lesser deactivation of the default mode network), whose expression almost
fully mediated the relationship between CR and behavioural performance.

Importantly, relationships between CR and cognitive outcome do not exist only as a
function of adaptation to neuropathology, but can occur outside of the context of disease models.
For instance, one’s general level of cognitive ability is related to changes in neural activity as
subjects move from low to high levels of task demand[168, 172]. We found that both POMS and
control groups showed CR effects for tasks of verbal reasoning, visuospatial ability and verbal
memory. This is contrasted against prior findings by Sumowski and colleagues[188], who showed
that CR effects were stronger for adult MS participants relative to controls on tasks of verbal
learning and memory, leading to comparable performance between groups at high CR. Given the
more modest CR effects observed in the current study, it is possible that CR may provide less
effective protection for individuals with earlier versus later MS onset; however, direct comparisons
between individuals with pediatric and adult-onset MS are needed to confirm if and how these
effects differ. Importantly, although the associations between CR and these cognitive outcomes
were not stronger in participants with POMS, CR may still afford protection from these deficits in
the context of CNS disease.

We found no CR effects on measures of simple processing efficiency and response time for
POMS participants nor controls. These findings are similar to Sumowski and colleagues[188], and
are consistent with Krieger and Sumowski’s[219] proposal that reserves will vary as a function of a
network’s capacity for organizational plasticity. Reserves are anticipated to be greatest for higher-
order functions, where there are more redundancies in networks or interpersonal variability in how
tasks are processed, and to be comparatively limited for functions relying on more linear structures
with fewer redundancies (e.g., motor/sensory systems, simple processing speed). Although there
may be potential for alternative strategy use on tasks of simple cognitive processing speed, the
range of possible approaches is more restricted and any alternate approaches are likely to be less
efficient than the automatic strategies otherwise taken. Consistent with this theory, relationships

between MRI markers of MS pathology and cognitive outcomes are typically stronger for tasks of
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simple processing efficiency as compared to other cognitive tasks[97, 102, 265, 266], where CR
may better moderate its expression.

CR was estimated by parental education, given its unique relation to both heritable and
environmental enrichment factors[231, 232, 235, 236]. While CR was not correlated with disease-
related factors in POMS, we found associations between higher CR and fewer symptoms of fatigue
and emotional distress across all participants. As parental education has been associated with
psychosocial aspects of the home environment[236], and symptoms of fatigue and low mood have
the potential to impact cognitive function[267, 268], it is possible these findings highlight a
mechanism by which CR could facilitate better cognitive functioning. By contrast, better cognitive
functioning associated with higher parental education may help to reduce symptoms of fatigue or
emotional distress[58]. Further research is needed to elucidate the nature of these associations.

Although parental education is largely invariable for a person over time, CR itself is not
conceptualized as a fixed premorbid factor[168]. On the contrary, an extensive literature on
cognitive rehabilitation highlights the potential for enhancement of function through engagement in
cognitive activities post-injury. Parental education is thus limited as a measure of CR, as it does not
directly measure a person’s engagement in cognitively-enriching activities, nor does it capture how
this might increasingly vary from one’s childhood home environment as they become a young adult.
Future research examining CR effects may benefit from examining this construct at several angles
(i.e., premorbid vs. post-injury/disease, cognitive vs. physical, occupational/educational vs. leisure
activities) to more robustly estimate CR, as well as to assess the unique contributions of each CR
factor to cognitive outcomes.

We show that CR may be protective against the presentation of executive dysfunction in
POMS patients. CR was also associated with better performance on tasks of verbal memory,
visuospatial ability and verbal reasoning for all participants. These findings highlight the potential
role of one’s environment for shaping one’s adaptability to POMS, however, research incorporating
structural and fMRI measures are needed to confirm the role of CR in moderating the expression of
neuropathology in POMS. Longitudinal studies including people with pediatric and adult-onset MS
are also needed to clarify whether the efficacy of CR depends on one’s developmental stage and
how CR behaves as MS neuropathology is accrued. These future clarifications on the scope,
mechanisms, and essential components contributing to CR are recommended with the goal to

inform approaches for prevention or rehabilitation of cognitive dysfunction in POMS.
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Chapter 5: Discussion

5.1 Overview of studies

In this dissertation, we sought to further clarify the profile of cognitive functioning in POMS
using a computerized tool to delineate the role of processing speed from a range of cognitive
deficits, and to examine the protective effects of CR against the presentation of found deficits. The
cognitive sequelae of POMS were examined in 67 youth and young adults with POMS, contrasted
against 95 controls, using the Penn Computerized Neurocognitive Battery. CR was examined using
parental education, given known associations to heritable and environmental factors contributing to
cognitive outcomes and its independence from disease-related factors. CR effects were examined
relative to HCs to distinguish covariance related to adaptation to injury from normative associations

between cognitive function and enrichment factors.

5.2 Summary of results

The results of Study 1 (Chapter 3) found reduced accuracy in youth and young adults with
POMS on tasks of working memory, response inhibition, verbal recognition memory and
visuospatial processing, as well as slowed overall response time. In line with prior research,
accuracy performance was also moderately poorer for patients with POMS on a task of verbal
reasoning, and information processing speed was slower on the SDMT, however, these group
differences did not meet our statistical threshold. While performance on the SDMT was associated
with overall performance on the PCNB, criteria for impairment based on each of these metrics
identified somewhat distinct subsets of patients as cognitively impaired. Moreover, group
differences in task accuracy were found after adjusting for response time, suggesting that these
aspects of cognitive dysfunction exist over and above slowed information processing speed in
youth with MS. While having a longer history of POMS was associated with poorer performance on
tasks of visuospatial processing and verbal memory, no other correlations were found between
disease-related factors (age at onset, disease duration, symptoms of emotional distress, self- and
parent-related fatigue) and the cognitive deficits measured on the PCNB.

In Study 2 (Chapter 4), it was found that higher CR (i.e., parental education) was associated
with more accurate performance for all participants on tasks of working memory, verbal memory,
visuospatial ability and verbal reasoning, but not for response time or simple processing speed.
Notably, the CR effect was shown to a greater extent in POMS patients relative to controls for tasks
of executive function (working memory, attention/inhibition), with MS patients showing a greater
discrepancy from controls at lower CR relative to higher CR. This greater CR advantage for POMS

patients was not found for other domains of cognitive function.

64



5.3 General discussion

Information Processing in POMS. The cognitive sequelae of POMS have been studied in some
depth, with evidence for cognitive impairment in approximately 30% of youth and consistent
impacts on processing speed, attention and executive functioning. Of note, slowed information
processing speed has been a particular focus of study in MS, with theories positing that difficulties
in this area represent a core deficit upon which others are contingent.

Complexities arise regarding the definition and measurement of processing speed when this
construct is examined more closely in MS. Costa and colleagues[243] summarized several
definitions that have been put forward, including those which define processing speed as (1) the
amount of time needed to execute a task or the amount of work completed within a certain period,
(2) a complex construct resulting from the interaction of multiple factors, and (3) those which define
processing speed physiologically, referring to the speed with which the brain can process
information. A number of theories have been put forth to facilitate our understanding of processing
speed in MS as well, including the (1) Relative Consequences Model, (2) Independent
Consequences Model, (3) Limited Time Mechanism, and (4) Neural Noise Hypothesis. These
theories are not all mutually exclusive, but rather explain the construct from different perspectives.
They have, however, been discussed almost exclusively regarding adults with MS, leading to
questions of their relevance in developmental contexts.

While the Relative Consequences Model suggests that slowed processing speed is the
primary deficit in MS, which in turn leads to other areas of cognitive difficulty, the Independent
Consequences Model indicates that deficits in processing speed are independent from but not
mutually exclusive to other areas of deficit[137]. The Neural Noise Hypothesis attempts to explain
deficits in information processing from a neurobiological perspective, postulating that processing
speed is dependent on the signal-to-noise ratio in the brain[269]. While this mechanism has not
been formally clarified at this point in time, it has been proposed that damage to widespread white
matter tracts impacts the coordinated firing of functional networks broadly[270]. Moreover, the
Limited Time Mechanism suggests that slowed processing speed contributes to deficits in higher-
order functions due to a limited time within which information can be processed for a task[136]; in
other words, early information is degraded and impoverished before it can be integrated with later
information, leading to impaired cognitive functioning beyond slowing of speed of processing.

Importantly, processing speed at the simplest level requires efficient functioning of (1)
sensory, (2) cognitive, and (3) motor processes[243]. Given the impacts of MS on sensory and
motor tracts, as well as widespread white matter networks, it is unsurprising that processing speed

represents a core deficit in MS. However, as suggested by the Independent Consequences Model,
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the presence of slowed information processing as an independent and contributing deficit in the
neuropsychological profile of POMS does not exclude the possibility of other areas of difficulty
which represent deficits over and above slowed information processing. In the first study, we
observed the latter, with accuracy deficits in working memory, response inhibition, verbal
recognition memory, visuospatial processing and verbal reasoning after controlling for variations in
response time.

Pulling from neurobiological literature, simple processing speed may be conceptualized as a
true “information processing function” of the brain which relies on the speeded potentiation of
action potentials down the axon. As such, it is anticipated that injury to white matter tracts broadly,
via demyelination and Wallerian degeneration, leads to more disrupted neuronal communication.
Indeed, slower processing speed is demonstrated in youth and adults with MS who demonstrate
reduced white matter integrity[135].

While there has been some lack of clarity in the literature regarding the distinction of simple
and more complex tasks of information processing, which begin to overlap with higher-order
executive functioning tasks (e.g., the PASAT), we posit that these are distinct constructs. While true
information processing speed does not have an associated neural network per se, higher-order
neuropsychological functions require the coordinated action of disparate and functionally-specific
brain regions. As such, while slowed information processing necessarily impacts other areas of
cognitive function (such as by the Limited Time Mechanism), the observation of dysfunction in other
cognitive domains that are statistically independent from slowed information processing may be
explained by impacts to functionally-specific brain areas, such as through injury to grey matter, as
has been observed in MS and POMS alike. Moreover, in line with the Neural Noise Hypothesis, it is
plausible that impacts to processing speed in developing youth is disruptive to healthy

development of cognitive functions more broadly, and of reserves, in turn.

Neuropsychological Assessment in POMS. Despite the prevalence of cognitive difficulties and
the impact of such dysfunction on the everyday functioning and quality of life of persons with MS,
cognitive monitoring is not always part of the standard of care, due to practical challenges
associated with providing one-on-one testing with trained psychometrists for patients in clinic[271].
However, members of the National MS Society recently provided consensus recommendations for
neuropsychological screening for all patients who demonstrate clinical or MRI evidence of
neurological damage consistent with MS[244]. Cognitive screening entails a focused assessment
examining key domains of cognitive function that sufficiently capture the neuropsychological profile

of a clinical population to identify individuals affected by its cognitive symptomatology. A subset of
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affected individuals then typically receives a more thorough cognitive follow-up to assess areas of
need and clarify recommendations. While screeners are understood to be imperfect assessments,
this approach is often applied to streamline resources while still providing more comprehensive
services to those in need.

As such, Kalb and colleagues[244] recommended that patients with MS be provided with
early baseline screening using the SDMT, as a minimum, and that this screening be followed by
annual re-assessment with the same tool to enable evaluation of progression in cognitive
symptoms, detection of disease activity, and/or assessment of treatment effects. Further
neuropsychological evaluation was recommended for pediatric patients with unexplained changes
in school functioning, as well as for adults who test positive on the initial screen or if they
demonstrate significant cognitive decline (e.g., a change of 0.5 SD).

While there are no clear guidelines for screening for cognitive dysfunction in POMS
specifically, it has been proposed that the SDMT may be adequate, with 77% sensitivity and 81%
specificity in detecting impairment based on more comprehensive neuropsychological
assessment[111]. However, given the breadth of cognitive dysfunction that we found to exist
independently of slowed information processing speed in youth and young adults with POMS, as
well as the distinct groups of patients identified as cognitively impaired based on the PCNB (29%)
versus the SDMT alone (17%), we posit that limiting the scope of cognitive screening in this way
would fail to capture an important subset of youth who are experiencing cognitive difficulties.

The PCNB offers efficient measurement of the neuropsychological profile of POMS more
broadly, including measures of executive functioning, verbal and fluid reasoning, visuospatial
ability, verbal and visual memory, and social cognition, along with delineation of processing speed
from accuracy. However, it’s utility as a cognitive screener remains unclear, as it was not assessed
alongside a full clinical neuropsychological battery. We provided evidence for discriminant and
concurrent validity of the PCNB in POMS via our replication of known group differences in cognitive
function and our demonstration of associations between the PCNB and the SDMT. Importantly, the
PCNB remains limited in its assessment of neurocognitive dysfunction in youth with POMS, as data
are not available on visuomotor integration or verbal and visual recall. While these areas of function
are beyond the intended scope of the battery, they represent common areas of difficulty for youth
with POMS, and likely limit the use of the PCNB as a screener. Moreover, while there are well-
established American norms available for standardization of scores, the PCNB’s clinical utility is
currently limited in reporting age-normed scores for Canadian youth. The PCNB is thus effective in
measuring cognitive dysfunction in POMS, but needs further evaluation to clarify its potential role in

clinical contexts.
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Cognitive Reserve in a Developmental Context. We observed associations between higher CR
(i.e., parental education) and better cognitive function in healthy and MS youth, as well as evidence
for protective effects against the presentation of executive dysfunction in youth with POMS. No CR
effects were observed for measures of processing speed, however, and the larger associations
observed between CR and executive functions in POMS patients were found in the context of
potential ceiling effects in controls.

From the outset of the study, it was hypothesized that associations between CR and
outcomes would be stronger in POMS patients relative to controls, in line with findings from prior
studies in adults with MS. Sumowski and colleagues[188] found cognitive deficits only in MS
patients with lower CR, and that MS patients with high CR showed comparable performance to
controls, suggesting that reserves may facilitate adaptation to injury to the extent that functioning is
preserved. By contrast, we observed better performance in POMS patients with higher CR, though
performance decrements were still apparent relative to controls at high CR on most cognitive
outcomes (verbal memory, verbal reasoning, visuospatial processing). Moreover, while high CR
POMS patients performed similarly to controls on tasks of executive functioning, the potential for
ceiling effects on these tasks highlight the possibility that high CR POMS patients might show
deficits in these areas at greater levels of task demand. Thus, while benefits of CR are maintained in
the context of MS, it is not clear whether the protective effects of CR are sufficient to prevent the
presentation of cognitive symptoms in youth and young adults with POMS. Similar to controls,
POMS patients with greater CR show better cognitive performance, and high CR POMS youth are
less likely to meet absolute criteria for cognitive impairment (i.e., -1.5 SD below the mean), however,
given the comparability of performance decrements from controls across levels of reserve for many
tasks, it appears that youth with POMS continue to be at risk for neurocognitive deficits relative to
their expected level of performance despite high CR. Importantly, we found that the degree of
protection afforded by CR appears to be domain-specific, with greater potential for compensation
on higher-order executive functions relative to tasks of simple information processing speed.

Prior research examining CR in POMS has given mixed results, with evidence for protective
effects in some studies but not others[113, 114, 121, 127-129, 132, 224]. Till and colleagues [95]
found that youth with higher educated parents were more likely to show stable or improving
performance on a cognitive battery over 1 year, though these youth still demonstrated deficits
relative to controls and failed to show age-expected levels of cognitive development in most
domains assessed. Moreover, our team found that cognitively intact POMS participants (i.e., those
without cognitive impairment) demonstrated enhanced task-related activation relative to controls on

a working memory task, suggestive of potential compensatory mechanisms at play[239]. By
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contrast, several studies have failed to show associations between parental education and
cognitive outcomes in POMS[114, 127], and others have been limited by measures of CR which
may be confounded by disease severity (e.g., IQ, word knowledge)[128, 132, 224].

Evidence for CR effects has been substantiated somewhat further in other pediatric
populations. Children with pre-existing learning problems have shown worse performance following
traumatic brain injury on tasks of attention, learning and memory relative to those without learning
problems, and non-injured controls[223]. Similarly, survivors of childhood brain tumors with higher
SES show less decline in 1Q and academic skills following radiation treatment[272], and survivors of
childhood acute lymphoblastic leukemia with higher maternal education show better working
memory and verbal memory performance[226]. Of note, Kesler and colleagues[226] found that
survivors of leukemia with higher maternal education also had a higher threshold of white matter
volume loss prior to the presentation of cognitive deficits, suggestive of potential adaptation to
injury afforded by CR. Further evidence for enhanced adaptation afforded by CR in youth was
demonstrated by Donders & Kim[273], who found that parental education moderated the
expression of verbal comprehension, visuospatial processing and global cognitive difficulties in
youth with traumatic brain injury, with more pronounced performance decrements from controls in
youth with low CR relative to high CR.

Taken together, these findings provide evidence in support of CR as a protective factor in
youth. However, whether a younger age at brain injury impacts the efficacy of reserve mechanisms,
and particularly in the context of repeated injury as in POMS, remains in question. A younger age of
MS onset has been associated with poorer outcomes in a variety of cognitive domains, including
simple processing speed, working memory, and verbal abilities[102, 127, 128]. While these
associations are often subtle in cross-sectional studies and were not observed within our group of
POMS participants, investigations of long-term clinical progression in adults with early and late-
onset MS have illustrated poorer cognitive outcomes for individuals with a pediatric-onset[131, 274,
275]. Adults with POMS have shown faster declines in SDMT performance over time than those
with disease onset in adulthood[274], as well as poorer SDMT scores and a higher risk of cognitive
impairment cross-sectionally after controlling for disease duration[131, 274, 275]. Moreover,
Portaccio and colleagues[132] found that a higher proportion of adult POMS vs adult-onset MS
participants achieved a lower educational level compared with that of their parents (13% vs 5%).
These results suggest an increased vulnerability for cognitive deficits stemming from an earlier
onset of the disease. As cognitive difficulties have been proposed to arise once reserves are
exhausted[216], this enhanced vulnerability may result from limits to mechanisms associated with

CR or reduced opportunities to build reserves in youth with POMS.
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A reduced adaptive ability in POMS could arise as a consequence of impacts of POMS on
developing networks. Injury to regions undergoing critical periods of maturation may permanently
alter their trajectories of maturation, leading to arrested development, loss of function or later
growth into deficit ultimately resulting in reduced functioning relative to age-expectations[220]. In
addition, reduced processing efficiency at a young age resulting from widespread demyelination
could contribute to greater difficulty coordinating, developing and strengthening cross-cortical
networks needed for higher-order functions. In other words, young task-related networks may
remain weak with less opportunity to effectively “fire together and wire together”, and thus remain
less efficient for task processing long-term; this may also help to explain the broader pattern of
deficits observed in the current study that were ultimately independent of inefficiency of processing
in POMS. Reserves may also be rendered less flexible or varied in individuals affected by POMS
due to disruptions to learning opportunities resulting from school absences and rest time that are
needed post-relapse. Importantly, given the chronic and relapsing nature of MS, any disruptions to
the development of reserves likely occur at several points in time, thus compounding their impact
on brain development. This is supported by the observation of smaller head size in youth with
POMS relative to age and sex-matched controls[93].

Our results suggest that CR serves to benefit individuals with POMS, but perhaps with
limited strength relative to what has been observed in adults. Further study directly examining CR
effects in adults with pediatric and adult-onset MS is needed, however, to clarify if and how the age
at MS injury impacts the efficacy of these reserve mechanisms. Importantly, challenges with
defining proxies of CR in pediatric populations also leads to questions of the role of measurement

in limiting the assessment of CR relationships in youth with POMS.

Measurement of Reserve. The construct of reserve was initially summarized in response to the
repeated observation that the extent of brain pathology accrued by a person did not directly
correspond to the clinical manifestation of that damage[168]. In other words, individuals with similar
degrees of brain injury could present as functionally quite different. As such, reserves have been
broadly defined as differences in brain structure and function that influence the threshold at which
neuropathology clinically manifests, with CR referring more specifically to active adaptation through
engagement of task-related or compensatory networks. CR is thus determined by individual
differences in cognitive or functional brain processes, which are believed to vary as a function of
both innate (i.e., in utero or genetically-determined) and environmental factors.

Of note, as CR exists as a theoretical construct that has not been consistently operationally

defined or directly assessed[276], difficulties often arise in its measurement. While Stern and
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colleagues[168] proposed that functional neuroimaging approaches may most closely capture the
mechanistic underpinnings of CR, CR has been more commonly measured via sociobehavioural
proxies that are assumed to covary and contribute to the development of CR, such as education,
occupational complexity, and cognitive or physical activities. Given that CR research originated in
the context of aging or brain injured adults, the most commonly used proxies attempt to capture
overall accumulated lifetime enrichment (i.e., educational attainment, word knowledge, 1Q). These
metrics are, however, less appropriate when examining CR in children and adolescents, as they are
inherently tied to age, given that youth have yet to reach their potential in these respects. Moreover,
with the impact of neuropathology on brain maturation and the development of crystallized
intelligence, measures of 1Q are often confounded by the injury itself.

To capture a combination of the protective effects arising from both heritable and
environmental factors, we estimated CR using parental education in the current study. In addition to
being correlated with intellectual functioning, parental education is tied to other indices of
environmental advantage, including advocacy for and uptake of educational and healthcare
resources[231, 232, 235, 236, 238, 261, 262], as well as social and parenting behaviours in the
home. Parents with higher levels of education have higher expectations for their child’s educational
attainment and may thus be more likely to prioritize learning-related experiences[236, 237].
Moreover, parental education has been associated with caregiver warmth, which may
independently influence cognitive outcomes via reduction of psychosocial stress[236] and help to
explain our observed association between higher CR (i.e., parental education) and fewer self-
reported symptoms of emotional distress and fatigue.

Importantly, despite its holistic approach to capturing reserves, parental education is limited
in being a more remote estimate of CR. It does not directly assess a person’s engagement in
cognitively-enriching activities, it is fixed for an individual over time, and does not capture how a
person may differ from their home environment as they enter young adulthood. While parental
education is associated with cognitive outcomes in youth with brain injuries, childhood
socioeconomic factors have been poor predictors of cognitive decline in older adults relative to
individual achievement, suggesting that accumulated life experiences are important for an
individual’s cognitive outcome[277]. Moreover, it has been shown that modifiable aspects of
reserve (i.e., engagement in cognitive and physical leisure activities) contribute to cognitive
outcomes independently from education and occupational experiences[181-183], with stronger
effects for individuals with lower education[185]. It thus seems important for estimates of CR to
include direct measures of cognitive activities to account for the potential for increased variation

from the home environment over time, as well as engagement in activities that are less tied to
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socioeconomic position or the individual/family’s placement of value on attainment in educational
or occupational systems. Studies are needed, however, to validate such measures in youth and
young adults, as well as to clarify if and how patrticipation in leisure activities varies with age.

Mechanistically, each of these factors are likely to contribute uniquely to the development of
reserves. Schwartz and colleagues[182] looked at several contributors to CR in adults with MS
(childhood enrichment, occupational attainment, leisure-time cognitive and physical activities), and
found low-to-moderate correlations between these metrics, suggesting that these variables
represent related but distinct constructs. Heritable factors may influence the inherited risk for
learning and other difficulties that may impact baseline cognitive skills[278], as well as natural
differences in physiological mechanisms for adaptation[279], or other processes that are important
to brain functioning (e.g., vascular health). Physical activity is believed to bolster mechanisms of
learning and repair, which may facilitate adaptation to injury as well as the development of
reserves[280]. By contrast, engagement in cognitively challenging activities is believed to
strengthen and increase the efficiency of networks engaged, while taking part in diverse and
dynamic activities likely enhances the flexibility of network recruitment[170, 281]. Importantly,
evidence exists to suggest a synergistic association between physical and cognitive activity[282].
Thus, while physical activity enhances plastic mechanisms, cognitive engagement may be
necessary for those mechanisms to be utilized toward strengthening relevant networks. Conversely,
exposure to family stress may be deleterious to reserves through impacts on the availability of
parents, reduced prioritization of cognitive and/or physical activities, as well as through impacts of
stress on learning and memory functioning more directly[283]. As such, future research examining
CR effects may benefit from measuring this construct comprehensively to more robustly estimate
CR.

Composite measures have been utilized in prior research in attempt to summarize across
proxies of CR. In one such study, Amato and colleagues[193] created a Z-score composite
including education level, premorbid IQ and premorbid leisure activities, and found associations
between cortical volume and cognitive performance were moderated by this CR composite in
adults with MS. Methods for CR composites need to be further developed to account for common
variance between contributors, as well as for potential differences in the weight of their contribution
towards the latent factor (i.e., CR). Other approaches may also be considered to estimate
contributors toward reserves in youth with MS, such as the Home Observation and Measurement of
Environment-Short Form assessment tool[284]. Although not previously used as an estimate for
CR, this is a tool for scripted interviewing and home observation that assesses developmentally

important parenting interactions and environmental characteristics in a young person’s home. While
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this measure is more involved than typical metrics of CR and has only been validated for use in
youth up to the age of 14, it provides a uniquely direct and holistic measure of social, cognitive and
emotional factors that are pertinent to healthy cognitive development. Scores on this measure have
been found to mediate relationships between risk factors and cognitive or academic outcomes in
youth and young adults[285, 286]. Importantly, studies should take care to concurrently examine
the independent associations of these protective factors with cognitive function alongside summary

measures to elucidate the nature of their unique contributions to functional outcomes.

5.4 Clinical Implications.

In line with prior research examining neurocognitive functioning in POMS, our results
showed specific deficits in working memory, attention/inhibition, visuospatial processing and verbal
memory accuracy that existed in addition to, and over and above slowed information processing
speed. These findings expand upon current understandings of the neurocognitive profile in POMS
to clarify that while slowed processing speed is a common information processing deficit in youth
with MS, it is not sufficient to explain other areas of dysfunction. These results thus highlight the
breadth of challenges faced by youth with POMS, the need for expansion of cognitive screening
beyond measures of processing speed, and the importance of delineating deficits in processing
speed and task accuracy in clinical assessment to properly clarify the areas of difficulty
experienced by youth with POMS. In turn, these data point to the need for supports that are
specific to aspects of cognitive function beyond processing speed. The provision of greater
proximity to the teacher, visual cueing, and repetition of instructions, for example, might be helpful
in addition to the provision of extra time for learning and testing.

Together with the broader literature, our results provide evidence for domain-specific
protective effects of CR in youth with POMS. Most directly, these results help to inform prognostic
assessment of POMS patients to consider that not all individuals will fare the same despite similar
severity of MS injury, and that those from families with higher education may demonstrate better
cognitive performance despite existing neuropathology.

While our proxy for CR (i.e., parental education) is, in itself, tied to socioeconomic position
and is not a modifiable factor, CR is not proposed to be as such, but is rather a dynamic construct
with heritable, lifestyle and environmental loadings, some of which are associated with
socioeconomic factors. In line with prior research tying socioeconomic position to cognitive
outcomes in children with brain tumors[272], however, our findings are suggestive of impacts of
socioeconomic disparities on outcomes in youth with POMS and point to the need for further

research in this area.
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Although modifiable contributors to the CR were not directly measured in the present study
(e.g., engagement in cognitively or physically enriching activities), there is existing evidence for their
impact on cognitive functioning. With consideration of unique challenges that may arise for this
population (e.g., accommodations for engagement in physical activity, fatigue), our results
encourage the uptake of CR-bolstering activities for youth with POMS as a potential preventative or
rehabilitative approach to managing cognitive symptoms. Moreover, our findings point to the need
for social supports to reduce disparities in opportunity for cognitively, emotionally and physically
enriching environments that may exist between people from different social circumstances.

Given that the construct of CR refers to the latent variable of adaptability, definitions of CR
often attempt to capture the impacts of such formative factors holistically. Thus, while evidence for
each formative factor speaks to separate mechanisms of protection from cognitive dysfunction,
theories of CR align with modern holistic approaches to rehabilitation. Recent advances in
rehabilitation are increasingly multifaceted and consider the person as a whole, often incorporating
cognitive, emotional and lifestyle components[287]. This follows from an understanding that these
factors interact, often synergistically, to influence one’s level of functional independence and quality
of life. Intervention at one level may thus affect functioning at another. Moreover, current
understandings of rehabilitation highlight that interventions are most effective when based on a
clients’ personal goals and are situated in their life naturalistically to facilitate the relevance and
sustainability of the intervention, as well as to build more flexible strategies within a challenging and
dynamic real-world context[288, 289]. Evidence for CR effects is thus coherent with this literature
and may lend additional support to these approaches to rehabilitation.

Importantly, the CR literature encourages engagement in accessible, non-invasive, and
cost-effective approaches to improving functional outcomes. Rather than providing evidence for
specific clinical interventions that may require involvement of a specialized health care provider, this
literature provides support for lifestyle modifications that are theoretically possible for any person in
any setting. While limitations in available time and resources are important considerations for
individuals and families in more strained financial and other circumstances, the key message
appears to be that engagement in cognitive and physical activities, as well as efforts towards
management of stress are beneficial towards one’s cognitive functioning. Individuals are thus
empowered to engage actively in their own prevention and rehabilitation from cognitive difficulties.

Importantly, these messages encourage self-efficacy and resiliency in youth with POMS.
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5.5 Limitations and Future Directions

We demonstrated discriminant and construct validity of the PCNB, as well as evidence for
protective effects of CR (i.e., parental education) in youth and young adults with POMS. While the
PCNB shows some promise for use as a neurocognitive screener, given the breadth of areas which
may be assessed with relative ease on a computerized format, further study alongside a full
neuropsychological battery is needed to clarify its utility as such. Additional research is also needed
to establish its psychometric properties in POMS, including its test-retest reliability and ecological
validity[249]. Associations to clinical and functional outcomes, including disability status (e.g.,
EDSS), MRI markers of disease severity, school functioning and measures of quality of life are
necessary to clarify the meaningfulness of these data in the larger context of POMS, and
examination of performance on the PCNB longitudinally are important for establishing its utility in
tracking disease progression. Similarly, examining CR alongside everyday outcomes will be
important to clarify whether reserves not only protect against cognitive symptomatology, but
enables functioning more broadly.

Several questions were raised in the current study regarding the role of age at onset in the
cognitive profile of POMS. Firstly, our results suggest that processing speed may contribute
differentially to the neuropsychological profile in pediatric versus adult-onset MS, however, these
relationships were not directly examined. This area of study can be aided through assessment of
speed and accuracy of cognitive functioning in individuals with MS along a spectrum of disease
onset, as well as with meaningful delineations for critical periods of network development. Similarly,
our results raised questions regarding the protection afforded by CR in those with pediatric versus
adult-onset MS. Whether such effects actually differ can be illustrated through examination of
patients with POMS and adult-onset MS who are matched in disease severity and with consistent
methods for measurement of CR and cognitive functioning. Moreover, investigation of these groups
over time would help to elucidate whether trajectories of CR exhaustion differ as a consequence of
age at disease onset.

As mentioned previously, our study is limited in its measurement of CR. While parental
education provides a holistic estimate of heritable aspects of CR and early exposures to cognitive
enrichment opportunities, more direct and comprehensive measures of reserve (e.g., including
measures of engagement in cognitive and physical activities prior to and following disease onset)
would facilitate stronger conclusions regarding the construct. Furthermore, along with these
improvements on CR measurement, we posit that CR is best studied with estimates of
neuropathology. Given that CR is technically defined not as one’s participation in or exposure to

enriching activities/environments, but as one’s adaptive capacity, particularly in the context of brain

75



injury, this construct cannot be properly assessed without illustrating its moderating role in the
relationship between brain injury and functional outcomes. Such moderation effects were examined
in a pilot project within the current program of research, however, these findings are excluded from
the current discussion due to limitations in our measure of neuropathology. Our measure of MS
disease burden was holistically estimated using thalamic volume, given its association with
widespread brain injury and robust associations to cognitive outcomes in the literature[46, 47, 97,
102], but failed to meet validation criteria, with limited-to-null correlations with our cognitive
outcomes (data not shown).

Of note, this observation highlights limits to the assessment of CR through moderation
effects, as discrepancies between one’s expected level of cognitive functioning given their degree
of injury can also be explained by limitations to chosen measures of neuropathology. While it is
perhaps not possible to identify a measure that will precisely capture one’s extent of
neuropathology to the degree that any discrepancies between it and one’s level of cognitive
performance can be solely attributable to reserve mechanisms, closer approximations may exist
through composite measures that encompass pathology accrued in macro and microstructures of
the brain (e.g., capturing lesions, grey matter loss, and damage to normal-appearing white matter).
The relevance of the location of brain injury should also be considered as it relates to the cognitive

outcome of interest.

5.6 Conclusions

In summary, we found that the PCNB was effective in replicating known patterns of
cognitive dysfunction in POMS and provided new insights regarding the independence of cognitive
deficits in working memory, attention/inhibition, visuospatial processing, verbal recognition memory
and verbal reasoning from slowed processing speed. Different subsets of POMS patients were
classified as impaired using the PCNB and SDMT alone, pointing to the need for broader screening
to capture patients who are affected cognitively.

Individuals with POMS appear to be afforded some protection by CR, in particular for
executive functions (working memory and attention/response inhibition), where patients
demonstrated greatest deficit relative to controls and thus a greater need for adaptation to injury.
However, while individuals with higher CR showed better cognitive performance overall, it is unclear
whether these effects were sufficient to prevent the presentation of deficits relative to their baseline
level of functioning.

Further study is needed to understand the clinical utility of the PCNB, as well as to

understand how processing speed differentially influences the profile of cognitive dysfunction in
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adult-onset versus POMS. Study of CR effects in POMS can be developed with refined
measurement of CR, inclusion of MRI measures of disease severity, as well as examination of CR

effects as a function of age at MS onset.

77



References

10.

11.

12.

13.

14.

Chitnis, T., et al., Demographics of pediatric-onset multiple sclerosis in an MS center
population from the Northeastern United States. Multiple Sclerosis Journal, 2009. 15(5): p.
627-631.

Wallin, M.T., et al., Global, regional, and national burden of multiple sclerosis 1990-2016: a
systematic analysis for the Global Burden of Disease Study 2016. The Lancet Neurology,
2019. 18(3): p. 269-285.

Willer, C., et al., Twin concordance and sibling recurrence rates in multiple sclerosis.
Proceedings of the National Academy of Sciences, 2003. 100(22): p. 12877-12882.
Harirchian, M.H., et al., Worldwide prevalence of familial multiple sclerosis: A systematic
review and meta-analysis. Multiple sclerosis and related disorders, 2018. 20: p. 43-47.
Banwell, B., et al., Clinical, environmental, and genetic determinants of multiple sclerosis in
children with acute demyelination: a prospective national cohort study. The Lancet
Neurology, 2011. 10(5): p. 436-445.

Dobson, R. and G. Giovannoni, Multiple sclerosis—a review. European journal of neurology,
2019. 26(1): p. 27-40.

Beecham, A.H., et al., Analysis of immune-related loci identifies 48 new susceptibility
variants for multiple sclerosis. Nature genetics, 2013. 45(11): p. 1353.

Hollenbach, J.A. and J.R. Oksenberg, The immunogenetics of multiple sclerosis: a
comprehensive review. Journal of autoimmunity, 2015. 64: p. 13-25.

Kurtzke, J.F., Epidemiology in multiple sclerosis: a pilgrim’s progress. Brain, 2013. 136(9): p.
2904-2917.

Willer, C.J., et al., Timing of birth and risk of multiple sclerosis: population based study. Bmj,
2005. 330(7483): p. 120.

Ebers, G., et al., Parent-of-origin effect in multiple sclerosis: observations in half-siblings.
The Lancet, 2004. 363(9423): p. 1773-1774.

Belbasis, L., et al., Environmental risk factors and multiple sclerosis: an umbrella review of
systematic reviews and meta-analyses. The Lancet Neurology, 2015. 14(3): p. 263-273.
Handel, A.E., et al., An updated meta-analysis of risk of multiple sclerosis following
infectious mononucleosis. PloS one, 2010. 5(9).

Haahr, S., et al., Increased risk of multiple sclerosis after late Epstein-Barr virus infection: a

historical prospective study. Multiple Sclerosis Journal, 1995. 1(2): p. 73-77.

78



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Pakpoor, J., et al., The risk of developing multiple sclerosis in individuals seronegative for
Epstein-Barr virus: a meta-analysis. Multiple Sclerosis Journal, 2013. 19(2): p. 162-166.
Yea, C., et al., Epstein-Barr virus in oral shedding of children with multiple sclerosis.
Neurology, 2013. 81(16): p. 1392-1399.

Banwell, B., et al., Clinical features and viral serologies in children with multiple sclerosis: a
multinational observational study. The Lancet Neurology, 2007. 6(9): p. 773-781.

Alotaibi, S., et al., Epstein-Barr virus in pediatric multiple sclerosis. Jama, 2004. 291(15): p.
1875-1879.

Farrell, R., et al., Humoral immune response to EBV in multiple sclerosis is associated with
disease activity on MRI. Neurology, 2009. 73(1): p. 32-38.

Linemann, J.D., et al., Elevated Epstein-Barr virus-encoded nuclear antigen-1 immune
responses predict conversion to multiple sclerosis. Annals of Neurology: Official Journal of
the American Neurological Association and the Child Neurology Society, 2010. 67(2): p.
159-169.

Sundstréom, P., L. Nystrom, and G. Hallmans, Smoke exposure increases the risk for multiple
sclerosis. European journal of neurology, 2008. 15(6): p. 579-583.

Handel, A.E., et al., Smoking and multiple sclerosis: an updated meta-analysis. PloS one,
2011. 6(1).

Napier, M.D., et al., Heavy metals, organic solvents, and multiple sclerosis: An exploratory
look at gene-environment interactions. Archives of environmental & occupational health,
2016. 71(1): p. 26-34.

Hedstrom, A.K., et al., Tobacco smoking, but not Swedish snuff use, increases the risk of
multiple sclerosis. Neurology, 2009. 73(9): p. 696-701.

Abbaszadeh, S., et al., Air pollution and multiple sclerosis: a comprehensive review.
Neurological Sciences, 2021. 42(10): p. 4063-4072.

Huppke, B., et al., Clinical presentation of pediatric multiple sclerosis before puberty.
European journal of neurology, 2014. 21(3): p. 441-446.

Bilbao, M.M., et al., Multiple sclerosis: pregnancy and women's health issues. Neurologia
(English Edition), 2019. 34(4): p. 259-269.

Vorobeychik, G., et al., Multiple sclerosis and related challenges to young women's health:
Canadian expert review. Neurodegenerative Disease Management, 2020. 10(2).

Orton, S.-M., et al., Sex ratio of multiple sclerosis in Canada: a longitudinal study. The
Lancet Neurology, 2006. 5(11): p. 932-936.

79



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Summerday, N.M., et al., Vitamin D and multiple sclerosis: review of a possible association.
Journal of pharmacy practice, 2012. 25(1): p. 75-84.

Koch-Henriksen, N. and P.S. Sgrensen, The changing demographic pattern of multiple
sclerosis epidemiology. The Lancet Neurology, 2010. 9(5): p. 520-532.

Pearce, J., Historical descriptions of multiple sclerosis. European neurology, 2005. 54(1): p.
49-53.

Stys, P.K., et al., Will the real multiple sclerosis please stand up? Nature Reviews
Neuroscience, 2012. 13(7): p. 507-514.

Lassmann, H., Pathology and disease mechanisms in different stages of multiple sclerosis.
Journal of the neurological sciences, 2013. 333(1-2): p. 1-4.

Friese, M.A., B. Schattling, and L. Fugger, Mechanisms of neurodegeneration and axonal
dysfunction in multiple sclerosis. Nature Reviews Neurology, 2014. 10(4): p. 225.

Rovira, A., C. Auger, and J. Alonso, Magnetic resonance monitoring of lesion evolution in
multiple sclerosis. Therapeutic advances in neurological disorders, 2013. 6(5): p. 298-310.
Elliott, C., et al., Slowly expanding/evolving lesions as a magnetic resonance imaging marker
of chronic active multiple sclerosis lesions. Multiple Sclerosis Journal, 2019. 25(14): p. 1915-
1925.

Prineas, J.W., et al., Immunopathology of secondary-progressive multiple sclerosis. Annals
of Neurology: Official Journal of the American Neurological Association and the Child
Neurology Society, 2001. 50(5): p. 646-657.

Correale, J., et al., Progressive multiple sclerosis: from pathogenic mechanisms to
treatment. Brain, 2017. 140(3): p. 527-546.

Frischer, J.M., et al., The relation between inflammation and neurodegeneration in multiple
sclerosis brains. Brain, 2009. 132(5): p. 1175-1189.

Correale, J., M. Marrodan, and M.C. Ysrraelit, Mechanisms of neurodegeneration and
axonal dysfunction in progressive multiple sclerosis. Biomedicines, 2019. 7(1): p. 14.
Popescu, B.F.G. and C.F. Lucchinetti, Meningeal and cortical grey matter pathology in
multiple sclerosis. BMC neurology, 2012. 12(1): p. 11.

Haider, L., et al., The topograpy of demyelination and neurodegeneration in the multiple
sclerosis brain. Brain, 2016. 139(3): p. 807-815.

Howell, O.W., et al., Meningeal inflammation is widespread and linked to cortical pathology
in multiple sclerosis. Brain, 2011. 134(9): p. 2755-2771.

Eshaghi, A., et al., Deep gray matter volume loss drives disability worsening in multiple

sclerosis. Annals of neurology, 2018. 83(2): p. 210-222.

80



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Azevedo, C.J., et al., Thalamic atrophy in multiple sclerosis: a magnetic resonance imaging
marker of neurodegeneration throughout disease. Annals of neurology, 2018. 83(2): p. 223-
234.

Harrison, D.M., et al., Thalamic lesions in multiple sclerosis by 7T MRI: clinical implications
and relationship to cortical pathology. Multiple Sclerosis Journal, 2015. 21(9): p. 1139-1150.
Fadda, G., et al., A surface-in gradient of thalamic damage evolves in pediatric multiple
sclerosis. Annals of neurology, 2019. 85(3): p. 340-351.

Thompson, A.J., et al., Diagnosis of multiple sclerosis: 2017 revisions of the McDonald
criteria. The Lancet Neurology, 2018. 17(2): p. 162-173.

Klineova, S. and F.D. Lublin, Clinical course of multiple sclerosis. Cold Spring Harbor
perspectives in medicine, 2018: p. a028928.

Lublin, F.D., et al., Defining the clinical course of multiple sclerosis: the 2013 revisions.
Neurology, 2014. 83(3): p. 278-286.

Katz Sand, ., et al., Diagnostic uncertainty during the transition to secondary progressive
multiple sclerosis. Multiple Sclerosis Journal, 2014. 20(12): p. 1654-1657.

Rovaris, M., et al., Secondary progressive multiple sclerosis: current knowledge and future
challenges. The Lancet Neurology, 2006. 5(4): p. 343-354.

Weinshenker, B.G., et al., The natural history of multiple sclerosis: a geographically based
study: I. Clinical course and disability. Brain, 1989. 112(1): p. 133-146.

Miller, D.H. and S.M. Leary, Primary-progressive multiple sclerosis. The Lancet Neurology,
2007. 6(10): p. 903-912.

Brownlee, W.J., et al., Diagnosis of multiple sclerosis: progress and challenges. The Lancet,
2017. 389(10076): p. 1336-1346.

Kurtzke, J.F., Rating neurologic impairment in multiple sclerosis: an expanded disability
status scale (EDSS). Neurology, 1983. 33(11): p. 1444-1444.

Manjaly, Z.-M., et al., Pathophysiological and cognitive mechanisms of fatigue in multiple
sclerosis. Journal of Neurology, Neurosurgery & Psychiatry, 2019. 90(6): p. 642-651.

Bol, Y., et al., Fatigue and heat sensitivity in patients with multiple sclerosis. Acta
Neurologica Scandinavica, 2012. 126(6): p. 384-389.

Davis, S.L., et al., Thermoregulation in multiple sclerosis. Journal of Applied Physiology,
2010. 109(5): p. 1531-1537.

Krupp, L.B., D.J. Serafin, and C. Christodoulou, Multiple sclerosis-associated fatigue. Expert
review of neurotherapeutics, 2010. 10(9): p. 1437-1447.

81



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Kos, D., et al., Origin of fatigue in multiple sclerosis: review of the literature.
Neurorehabilitation and neural repair, 2008. 22(1): p. 91-100.

Feinstein, A., Multiple sclerosis and depression. Multiple Sclerosis Journal, 2011. 17(11): p.
1276-1281.

Arnett, P.A., F.H. Barwick, and J.E. Beeney, Depression in multiple sclerosis: review and
theoretical proposal. Journal of the International Neuropsychological Society, 2008. 14(5): p.
691-724.

Gold, S.M. and M.R. Irwin, Depression and immunity: inflammation and depressive
symptoms in multiple sclerosis. Immunology and allergy clinics of North America, 2009.
29(2): p. 309-320.

Boeschoten, R.E., et al., Prevalence of depression and anxiety in multiple sclerosis: a
systematic review and meta-analysis. Journal of the neurological sciences, 2017. 372: p.
331-341.

Korostil, M. and A. Feinstein, Anxiety disorders and their clinical correlates in multiple
sclerosis patients. Multiple Sclerosis Journal, 2007. 13(1): p. 67-72.

Yeh, E.A., Current therapeutic options in pediatric multiple sclerosis. Current treatment
options in neurology, 2011. 13(6): p. 544.

Waldman, A.T., et al., Management of pediatric central nervous system demyelinating
disorders: consensus of United States neurologists. Journal of child neurology, 2011. 26(6):
p. 675-682.

Chitnis, T., et al., Consensus statement: evaluation of new and existing therapeutics for
pediatric multiple sclerosis. Multiple Sclerosis Journal, 2012. 18(1): p. 116-127.

Myhr, K. and S. Mellgren, Corticosteroids in the treatment of multiple sclerosis. Acta
Neurologica Scandinavica, 2009. 120: p. 73-80.

Torkildsen, @., K.M. Myhr, and L. Bg, Disease-modifying treatments for multiple sclerosis-a
review of approved medications. European journal of neurology, 2016. 23: p. 18-27.
Ghezzi, A., et al., Pediatric multiple sclerosis: conventional first-line treatment and general
management. Neurology, 2016. 87(9 Supplement 2): p. S97-S102.

Robertson, D. and N. Moreo, Disease-modifying therapies in multiple sclerosis: overview
and treatment considerations. Federal Practitioner, 2016. 33(6): p. 28.

Jakimovski, D., et al., Lifestyle-based modifiable risk factors in multiple sclerosis: review of
experimental and clinical findings. Neurodegenerative Disease Management, 2019. 9(3): p.
149-172.

82



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Khan, F. and B. Amatya, Rehabilitation in multiple sclerosis: a systematic review of
systematic reviews. Archives of physical medicine and rehabilitation, 2017. 98(2): p. 353-
367.

Fiest, K., et al., Systematic review and meta-analysis of interventions for depression and
anxiety in persons with multiple sclerosis. Multiple sclerosis and related disorders, 2016. 5:
p. 12-26.

Reynard, A.K., A.B. Sullivan, and A. Rae-Grant, A systematic review of stress-management
interventions for multiple sclerosis patients. International journal of MS care, 2014. 16(3): p.
140-144.

Simpson, R., et al., Mindfulness based interventions in multiple sclerosis-a systematic
review. BMC neurology, 2014. 14(1): p. 15.

Waldman, A., et al., Pediatric multiple sclerosis: clinical features and outcome. Neurology,
2016. 87(9 Supplement 2): p. S74-S81.

Banwell, B., et al., Multiple sclerosis in children: clinical diagnosis, therapeutic strategies,
and future directions. The Lancet Neurology, 2007. 6(10): p. 887-902.

Chabas, D., et al., Younger children with MS have a distinct CSF inflammatory profile at
disease onset. Neurology, 2010. 74(5): p. 399-405.

Krupp, L.B., et al., International Pediatric Multiple Sclerosis Study Group criteria for pediatric
multiple sclerosis and immune-mediated central nervous system demyelinating disorders:
revisions to the 2007 definitions. Multiple Sclerosis Journal, 2013. 19(10): p. 1261-1267.
Renoux, C., et al., Natural history of multiple sclerosis with childhood onset. New England
Journal of Medicine, 2007. 356(25): p. 2603-2613.

Waubant, E., et al., Difference in disease burden and activity in pediatric patients on brain
magnetic resonance imaging at time of multiple sclerosis onset vs adults. Archives of
neurology, 2009. 66(8): p. 967-971.

Benson, L., et al., Elevated relapse rates in pediatric compared to adult MS persist for at
least 6 years. Multiple sclerosis and related disorders, 2014. 3(2): p. 186-193.

Gorman, M.P., et al., Increased relapse rate in pediatric-onset compared with adult-onset
multiple sclerosis. Archives of neurology, 2009. 66(1): p. 54-59.

Mowry, E.M., et al., Demyelinating events in early multiple sclerosis have inherent severity
and recovery. Neurology, 2009. 72(7): p. 602-608.

O’Mahony, J., et al., Recovery from central nervous system acute demyelination in children.
Pediatrics, 2015. 136(1): p. e115-e128.

83



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Chabas, D., et al., Vanishing MS T2-bright lesions before puberty: a distinct MR/
phenotype? Neurology, 2008. 71(14): p. 1090-1093.

Simone, |., et al., Course and prognosis in early-onset MS: comparison with adult-onset
forms. Neurology, 2002. 59(12): p. 1922-1928.

Ghassemi, R., et al., Quantitative determination of regional lesion volume and distribution in
children and adults with relapsing-remitting multiple sclerosis. PLoS One, 2014. 9(2).
Kerbrat, A., et al., Reduced head and brain size for age and disproportionately smaller
thalami in child-onset MS. Neurology, 2012. 78(3): p. 194-201.

Aubert-Broche, B., et al., Onset of multiple sclerosis before adulthood leads to failure of
age-expected brain growth. Neurology, 2014. 83(23): p. 2140-2146.

Till, C., et al., Changes in cognitive performance over a 1-year period in children and
adolescents with multiple sclerosis. Neuropsychology, 2013. 27(2): p. 210.

Till, C., et al., Factors associated with emotional and behavioral outcomes in adolescents
with multiple sclerosis. Multiple Sclerosis Journal, 2012. 18(8): p. 1170-1180.

Till, C., et al., Magnetic resonance imaging predictors of executive functioning in patients
with pediatric-onset multiple sclerosis. Archives of Clinical Neuropsychology, 2012. 27(5): p.
495-5009.

MacAllister, W.S., et al., Fatigue and quality of life in pediatric multiple sclerosis. Multiple
Sclerosis Journal, 2009. 15(12): p. 1502-1508.

Holland, A.A., et al., Fatigue, emotional functioning, and executive dysfunction in pediatric
multiple sclerosis. Child Neuropsychology, 2014. 20(1): p. 71-85.

Banwell, B.L. and P.E. Anderson, The cognitive burden of multiple sclerosis in children.
Neurology, 2005. 64(5): p. 891-894.

Amato, M., et al., Cognitive and psychosocial features of childhood and juvenile MS.
Neurology, 2008. 70(20): p. 1891-1897.

Till, C., et al., MRI correlates of cognitive impairment in childhood-onset multiple sclerosis.
Neuropsychology, 2011. 25(3): p. 319.

MacAllister, W., et al., Cognitive functioning in children and adolescents with multiple
sclerosis. Neurology, 2005. 64(8): p. 1422-1425.

Weisbrot, D., et al., Psychiatric diagnoses and cognitive impairment in pediatric multiple
sclerosis. Multiple Sclerosis Journal, 2014. 20(5): p. 588-593.

Goretti, B., et al., Psychosocial issue in children and adolescents with multiple sclerosis.
Neurological sciences, 2010. 31(4): p. 467-470.

84



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Loth, A.K,, et al., Do childhood externalizing disorders predict adult depression? A meta-
analysis. Journal of abnormal child psychology, 2014. 42(7): p. 1103-1113.

Boyd, J.R. and L.J. MacMillan, Experiences of children and adolescents living with multiple
sclerosis. Journal of neuroscience nursing, 2005. 37(6): p. 334.

Thannhauser, J.E., Grief—peer dynamics: Understanding experiences with pediatric multiple
sclerosis. Qualitative Health Research, 2009. 19(6): p. 766-777.

Kalb, R., et al., The impact of early-onset multiple sclerosis on cognitive and psychosocial
indices. International Journal of MS Care, 1999. 1(1): p. 2-18.

Amato, M.P., et al., Neuropsychological features in childhood and juvenile multiple sclerosis:
five-year follow-up. Neurology, 2014. 83(16): p. 1432-1438.

Charvet, L.E., et al., The Symbol Digit Modalities Test is an effective cognitive screen in
pediatric onset multiple sclerosis (MS). Journal of the neurological sciences, 2014. 341(1-2):
p. 79-84.

Charvet, L.E., et al., Cognitive impairment in pediatric-onset multiple sclerosis is detected by
the brief international cognitive assessment for multiple sclerosis and computerized
cognitive testing. Multiple Sclerosis Journal, 2018. 24(4): p. 512-519.

Julian, L., et al., Cognitive impairment occurs in children and adolescents with multiple
sclerosis: results from a United States network. Journal of child neurology, 2013. 28(1): p.
102-107.

Charvet, L., et al., Longitudinal evaluation of cognitive functioning in pediatric multiple
sclerosis: report from the US Pediatric Multiple Sclerosis Network. Multiple Sclerosis
Journal, 2014. 20(11): p. 1502-1510.

Portaccio, E., et al., The brief neuropsychological battery for children: a screening tool for
cognitive impairment in childhood and juvenile multiple sclerosis. Multiple Sclerosis Journal,
2009. 15(5): p. 620-626.

Charvet, L., et al., Behavioral symptoms in pediatric multiple sclerosis: relation to fatigue and
cognitive impairment. Journal of child neurology, 2016. 31(8): p. 1062-1067.

Rocca, M.A., et al., Posterior brain damage and cognitive impairment in pediatric multiple
sclerosis. Neurology, 2014. 82(15): p. 1314-1321.

Rocca, M.A., et al., Cognitive impairment in paediatric multiple sclerosis patients is not
related to cortical lesions. Multiple Sclerosis Journal, 2015. 21(7): p. 956-959.

Rocca, M.A., et al., Regional hippocampal involvement and cognitive impairment in pediatric

multiple sclerosis. Multiple Sclerosis Journal, 2016. 22(5): p. 628-640.

85



120. MacAllister, W.S., et al., Longitudinal neuropsychological assessment in pediatric multiple
sclerosis. Developmental neuropsychology, 2007. 32(2): p. 625-644.

121.  Smerbeck, A., et al., Visual-cognitive processing deficits in pediatric multiple sclerosis.
Multiple Sclerosis Journal, 2011. 17(4): p. 449-456.

122. Amato, M., et al., Cognitive and psychosocial features in childhood and juvenile MS Two-
year follow-up. Neurology, 2010. 75(13): p. 1134-1140.

123. Ross, K., et al., Neurocognitive sequelae in African American and Caucasian children with
multiple sclerosis. Neurology, 2010. 75(23): p. 2097-2102.

124. Nunan-Saah, J., et al., Neuropsychological correlates of multiple sclerosis across the
lifespan. Multiple Sclerosis Journal, 2015. 21(11): p. 1355-1364.

125. Charvet, L., et al., Social cognition in pediatric-onset multiple sclerosis (MS). Multiple
Sclerosis Journal, 2014. 20(11): p. 1478-1484.

126. Cotter, J., et al., Social cognition in multiple sclerosis: a systematic review and meta-
analysis. Neurology, 2016. 87(16): p. 1727-1736.

127. Hosseini, B., et al., Age of onset as a moderator of cognitive decline in pediatric-onset
multiple sclerosis. Journal of the International Neuropsychological Society, 2014. 20(8): p.
796-804.

128. Akbar, N., et al., Maturational trajectory of processing speed performance in pediatric
multiple sclerosis. Developmental neuropsychology, 2017. 42(5): p. 299-308.

129. Wallach, A.l., et al., Cognitive processing speed in pediatric-onset multiple sclerosis:
Baseline characteristics of impairment and prediction of decline. Multiple Sclerosis Journal,
2019: p. 1352458519891984.

130. Marin, S.E., B.B. Banwell, and C. Till, Cognitive trajectories in 4 patients with pediatric-onset
multiple sclerosis: serial evaluation over a decade. Journal of child neurology, 2013. 28(12):
p. 1577-1586.

131. Baruch, N.F., et al., Cognitive and patient-reported outcomes in adults with pediatric-onset
multiple sclerosis. Multiple Sclerosis Journal, 2016. 22(3): p. 354-361.

132. Portaccio, E., et al., Cognitive reserve is a determinant of social and occupational attainment
in patients with pediatric and adult onset multiple sclerosis. Multiple Sclerosis and Related
Disorders, 2020: p. 102145.

133. Till, C., et al., White matter integrity and math performance in pediatric multiple sclerosis: a

diffusion tensor imaging study. Neuroreport, 2011. 22(18): p. 1005-1009.

86



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Turken, U., et al., Cognitive processing speed and the structure of white matter pathways:
convergent evidence from normal variation and lesion studies. Neuroimage, 2008. 42(2): p.
1032-1044.

Bethune, A., et al., Diffusion tensor imaging and cognitive speed in children with multiple
sclerosis. Journal of the neurological sciences, 2011. 309(1-2): p. 68-74.

Salthouse, T.A., The processing-speed theory of adult age differences in cognition.
Psychological review, 1996. 103(3): p. 403.

Deluca, J., et al., Is speed of processing or working memory the primary information
processing deficit in multiple sclerosis? Journal of clinical and experimental
neuropsychology, 2004. 26(4): p. 550-562.

Drew, M.A., N.J. Starkey, and R.B. Isler, Examining the link between information processing
speed and executive functioning in multiple sclerosis. Archives of Clinical Neuropsychology,
2009. 24(1): p. 47-58.

Henry, J.D., et al., Evidence for deficits in facial affect recognition and theory of mind in
multiple sclerosis. Journal of the International Neuropsychological Society, 2009. 15(2): p.
277-285.

Genova, H.M,, et al., Processing speed versus working memory: contributions to an
information-processing task in multiple sclerosis. Applied Neuropsychology: Adult, 2012.
19(2): p. 132-140.

Genova, H.M,, et al., The relationship between executive functioning, processing speed, and
white matter integrity in multiple sclerosis. Journal of clinical and experimental
neuropsychology, 2013. 35(6): p. 631-641.

Leavitt, V.M., et al., The relative contributions of processing speed and cognitive load to
working memory accuracy in multiple sclerosis. Journal of clinical and experimental
neuropsychology, 2011. 33(5): p. 580-586.

Lengenfelder, J., et al., Processing speed interacts with working memory efficiency in
multiple sclerosis. Archives of Clinical Neuropsychology, 2006. 21(3): p. 229-238.

Denney, D.R. and S.G. Lynch, The impact of multiple sclerosis on patients’ performance on
the Stroop Test: processing speed versus interference. Journal of the International
Neuropsychological Society, 2009. 15(3): p. 451-458.

Owens, E.M., D.R. Denney, and S.G. Lynch, Difficulties in planning among patients with
multiple sclerosis: A relative consequence of deficits in information processing speed.

Journal of the International Neuropsychological Society, 2013. 19(5): p. 613-620.

87



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Chiaravalloti, N.D., J. Stojanovic-Radic, and J. Del.uca, The role of speed versus working
memory in predicting learning new information in multiple sclerosis. Journal of clinical and
experimental neuropsychology, 2013. 35(2): p. 180-191.

Gur, R.C,, et al., Age group and sex differences in performance on a computerized
neurocognitive battery in children age 8— 21. Neuropsychology, 2012. 26(2): p. 251.
Moore, T.M., et al., Psychometric properties of the Penn Computerized Neurocognitive
Battery. Neuropsychology, 2015. 29(2): p. 235.

Roalf, D.R., et al., Neuroimaging predictors of cognitive performance across a standardized
neurocognitive battery. Neuropsychology, 2014. 28(2): p. 161.

Gur, R.C,, et al., A cognitive neuroscience-based computerized battery for efficient
measurement of individual differences: standardization and initial construct validation.
Journal of neuroscience methods, 2010. 187(2): p. 254-262.

Gur, R.E., et al., Neurocognitive development in 22q11. 2 deletion syndrome: comparison
with youth having developmental delay and medical comorbidities. Molecular psychiatry,
2014. 19(11): p. 1205.

Ibrahim, I., et al., Hepatitis C virus antibody titers associated with cognitive dysfunction in an
asymptomatic community-based sample. Journal of clinical and experimental
neuropsychology, 2016. 38(8): p. 861-868.

Merikangas, A.K., et al., Neurocognitive performance as an endophenotype for mood
disorder subgroups. Journal of affective disorders, 2017. 215: p. 163-171.

Thomas, P., et al., Exposure to herpes simplex virus, type 1 and reduced cognitive function.
Journal of psychiatric research, 2013. 47(11): p. 1680-1685.

Hartung, E.A., et al., Evaluation of neurocognition in youth with CKD using a novel
computerized neurocognitive battery. Clinical Journal of the American Society of
Nephrology, 2016. 11(1): p. 39-46.

Comi, G., Effects of disease modifying treatments on cognitive dysfunction in multiple
sclerosis. Neurological Sciences, 2010. 31(2): p. 261-264.

Patti, F., Treatment of cognitive impairment in patients with multiple sclerosis. Expert
opinion on investigational drugs, 2012. 21(11): p. 1679-1699.

Niccolai, C., B. Goretti, and M.P. Amato, Disease modifying treatments and symptomatic
drugs for cognitive impairment in multiple sclerosis: where do we stand? Multiple Sclerosis

and Demyelinating Disorders, 2017. 2(1): p. 8.

88



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Goverover, Y., et al., Evidenced-based cognitive rehabilitation for persons with multiple
sclerosis: an updated review of the literature from 2007 to 2016. Archives of physical
medicine and rehabilitation, 2018. 99(2): p. 390-407.

Simone, M., et al., Computer-assisted rehabilitation of attention in pediatric multiple
sclerosis and ADHD patients: a pilot trial. BMC neurology, 2018. 18(1): p. 82.

Till, C., et al., A feasibility study of working memory training for individuals with paediatric-
onset multiple sclerosis. Neuropsychological rehabilitation, 2017: p. 1-16.

Hubacher, M., et al., Cognitive rehabilitation of working memory in juvenile multiple
sclerosis—effects on cognitive functioning, functional MRI and network related connectivity.
Restorative neurology and neuroscience, 2015. 33(5): p. 713-725.

Fuentes, A., et al., Memory performance and normalized regional brain volumes in patients
with pediatric-onset multiple sclerosis. Journal of the international neuropsychological
society, 2012. 18(3): p. 471-480.

Goretti, B., et al., Fatigue and its relationships with cognitive functioning and depression in
paediatric multiple sclerosis. Multiple Sclerosis Journal, 2012. 18(3): p. 329-334.

Amato, M.P., et al., Pediatric multiple sclerosis: cognition and mood. Neurology, 2016. 87(9
Supplement 2): p. S82-S87.

Sumowski, J.F., Cognitive reserve as a useful concept for early intervention research in
multiple sclerosis. Frontiers in neurology, 2015. 6: p. 176.

Stern, Y., What is cognitive reserve? Theory and research application of the reserve
concept. Journal of the International Neuropsychological Society, 2002. 8(3): p. 448-460.
Stern, Y., et al., Whitepaper: Defining and investigating cognitive reserve, brain reserve, and
brain maintenance. Alzheimer's & Dementia, 2018.

Barulli, D. and Y. Stern, Efficiency, capacity, compensation, maintenance, plasticity:
emerging concepts in cognitive reserve. Trends in cognitive sciences, 2013. 17(10): p. 502-
509.

Neubauer, A.C. and A. Fink, Intelligence and neural efficiency. Neuroscience &
Biobehavioral Reviews, 2009. 33(7): p. 1004-1023.

Opdebeeck, C., A. Martyr, and L. Clare, Cognitive reserve and cognitive function in healthy
older people: a meta-analysis. Aging, Neuropsychology, and Cognition, 2016. 23(1): p. 40-
60.

Richards, M. and I.J. Deary, A life course approach to cognitive reserve: a model for
cognitive aging and development? Annals of Neurology: Official Journal of the American
Neurological Association and the Child Neurology Society, 2005. 58(4): p. 617-622.

89



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Levi, Y., et al., Cognitive reserve components as expressed in traumatic brain injury. Journal
of the International Neuropsychological Society, 2013. 19(6): p. 664-671.

Poletti, M., M. Emre, and U. Bonuccelli, Mild cognitive impairment and cognitive reserve in
Parkinson’s disease. Parkinsonism & related disorders, 2011. 17(8): p. 579-586.

Foley, J.M., et al., Cognitive reserve as a protective factor in older HIV-positive patients at
risk for cognitive decline. Applied Neuropsychology: Adult, 2012. 19(1): p. 16-25.
Santangelo, G., et al., Cognitive reserve and neuropsychological performance in multiple
sclerosis: A meta-analysis. Neuropsychology, 2019. 33(3): p. 379.

Sumowski, J.F., et al., Brain reserve and cognitive reserve protect against cognitive decline
over 4.5 years in MS. Neurology, 2014. 82(20): p. 1776-1783.

Modica, C.M., et al., Cognitive reserve moderates the impact of subcortical gray matter
atrophy on neuropsychological status in multiple sclerosis. Multiple Sclerosis Journal, 2016.
22(1): p. 36-42.

Benedict, R.H., et al., Cognitive reserve moderates decline in information processing speed
in multiple sclerosis patients. Journal of the International Neuropsychological Society, 2010.
16(5): p. 829-835.

Sumowski, J.F., et al., Cognitive reserve in secondary progressive multiple sclerosis.
Multiple Sclerosis Journal, 2012. 18(10): p. 1454-1458.

Sumowski, J., et al., Premorbid cognitive leisure independently contributes to cognitive
reserve in multiple sclerosis. Neurology, 2010. 75(16): p. 1428-1431.

Schwartz, C.E., et al., Cognitive reserve and patient-reported outcomes in multiple sclerosis.
Multiple Sclerosis Journal, 2013. 19(1): p. 87-105.

Booth, A.J., et al., Active cognitive reserve influences the regional atrophy to cognition link
in multiple sclerosis. Journal of the International Neuropsychological Society, 2013. 19(10):
p. 1128-1133.

Nunnari, D., et al., Exploring cognitive reserve in multiple sclerosis: new findings from a
cross-sectional study. Journal of clinical and experimental neuropsychology, 2016. 38(10):
p. 1158-1167.

Luerding, R., et al., Influence of formal education on cognitive reserve in patients with
multiple sclerosis. Frontiers in neurology, 2016. 7: p. 46.

Schwartz, C.E., et al., Cognitive reserve and symptom experience in multiple sclerosis: a
buffer to disability progression over time? Archives of physical medicine and rehabilitation,
2013. 94(10): p. 1971-1981. ef.

90



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Schwartz, C.E., et al., Cognitive reserve and appraisal in multiple sclerosis. Multiple
Sclerosis and Related Disorders, 2013. 2(1): p. 36-44.

Sumowski, J.F., N. Chiaravalloti, and J. DelLuca, Cognitive reserve protects against
cognitive dysfunction in multiple sclerosis. Journal of clinical and experimental
neuropsychology, 2009. 31(8): p. 913-926.

Sumowski, J.F., et al., Cognitive reserve moderates the negative effect of brain atrophy on
cognitive efficiency in multiple sclerosis. Journal of the International Neuropsychological
Society, 2009. 15(4): p. 606-612.

Sumowski, J.F., et al., Intellectual enrichment lessens the effect of brain atrophy on learning
and memory in multiple sclerosis. Neurology, 2010. 74(24): p. 1942-1945.

Sumowski, J.F., et al., Searching for the neural basis of reserve against memory decline:
intellectual enrichment linked to larger hippocampal volume in multiple sclerosis. European
journal of neurology, 2016. 23(1): p. 39-44.

Pinter, D., et al., Higher education moderates the effect of T2 lesion load and third ventricle
width on cognition in multiple sclerosis. PloS one, 2014. 9(1): p. e87567.

Amato, M.P., et al., Cognitive reserve and cortical atrophy in multiple sclerosis: a
longitudinal study. Neurology, 2013. 80(19): p. 1728-1733.

Santangelo, G., et al., Cognitive performance in multiple sclerosis: the contribution of
intellectual enrichment and brain MRI measures. Journal of neurology, 2018. 265(8): p.
1772-1779.

Bonnet, M.C., et al., Evidence of cognitive compensation associated with educational level
in early relapsing-remitting multiple sclerosis. Journal of the neurological sciences, 2006.
251(1-2): p. 23-28.

Ghaffar, O., M. Fiati, and A. Feinstein, Occupational attainment as a marker of cognitive
reserve in multiple sclerosis. PloS one, 2012. 7(10).

Rocca, M.A., et al., Cognitive reserve, cognition, and regional brain damage in MS: a 2-year
longitudinal study. Multiple Sclerosis Journal, 2019. 25(3): p. 372-381.

Sumowski, J.F., et al., Intellectual enrichment is linked to cerebral efficiency in multiple
sclerosis: functional magnetic resonance imaging evidence for cognitive reserve. Brain,
2009. 133(2): p. 362-374.

Martins Da Silva, A., et al., Cognitive reserve in multiple sclerosis: protective effects of
education. Multiple Sclerosis Journal, 2015. 21(10): p. 1312-1321.

91



200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

de Medeiros Rimkus, C., et al., The protective effects of high-education levels on cognition
in different stages of multiple sclerosis. Multiple sclerosis and related disorders, 2018. 22: p.
41-48.

Scarpazza, C., et al., Education protects against cognitive changes associated with multiple
sclerosis. Restorative neurology and neuroscience, 2013. 31(5): p. 619-631.

Chillemi, G., et al., Cognitive processess and cognitive reserve in multiple sclerosis. Arch ltal
Biol, 2015. 153(1): p. 19-24.

Patel, V.P., L.A. Walker, and A. Feinstein, Revisiting cognitive reserve and cognition in
multiple sclerosis: A closer look at depression. Multiple Sclerosis Journal, 2018. 24(2): p.
186-195.

Cadden, M.H., E.T. Guty, and P.A. Arnett, Cognitive reserve attenuates the effect of
disability on depression in multiple sclerosis. Archives of Clinical Neuropsychology, 2018.
34(4): p. 495-502.

Sumowski, J.F., et al., Brain reserve and cognitive reserve in multiple sclerosis: what you’ve
got and how you use it. Neurology, 2013. 80(24): p. 2186-2193.

Amann, M., et al., Altered functional adaptation to attention and working memory tasks with
increasing complexity in relapsing-remitting multiple sclerosis patients. Human brain
mapping, 2011. 32(10): p. 1704-1719.

Audoin, B., et al., Compensatory cortical activation observed by fMRI during a cognitive task
at the earliest stage of multiple sclerosis. Human brain mapping, 2003. 20(2): p. 51-58.
Forn, C., et al., Cortical reorganization during PASAT task in MS patients with preserved
working memory functions. Neuroimage, 2006. 31(2): p. 686-691.

Forn, C., et al., Compensatory activations in patients with multiple sclerosis during
preserved performance on the auditory N-back task. Human brain mapping, 2007. 28(5): p.
424-430.

Hulst, H.E., et al., Functional adaptive changes within the hippocampal memory system of
patients with multiple sclerosis. Human brain mapping, 2012. 33(10): p. 2268-2280.
Mainero, C., et al., fMRI evidence of brain reorganization during attention and memory tasks
in multiple sclerosis. Neuroimage, 2004. 21(3): p. 858-867.

Morgen, K., et al., Distinct mechanisms of altered brain activation in patients with multiple
sclerosis. Neuroimage, 2007. 37(3): p. 937-946.

Rocca, M.A., et al., Functional correlates of cognitive dysfunction in multiple sclerosis: a
multicenter fMRI Study. Human brain mapping, 2014. 35(12): p. 5799-5814.

92



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

Staffen, W., et al., Cognitive function and fMRI in patients with multiple sclerosis: evidence
for compensatory cortical activation during an attention task. Brain, 2002. 125(6): p. 1275-
1282.

Sweet, L.H., et al., Functional magnetic resonance imaging response to increased verbal
working memory demands among patients with multiple sclerosis. Human brain mapping,
2006. 27(1): p. 28-36.

Schoonheim, M.M., K.A. Meijer, and J.J. Geurts, Network collapse and cognitive impairment
in multiple sclerosis. Frontiers in neurology, 2015. 6: p. 82.

Genova, H.M,, et al., Examination of cognitive fatigue in multiple sclerosis using functional
magnetic resonance imaging and diffusion tensor imaging. PloS one, 2013. 8(11).

Tartaglia, M., S. Narayanan, and D. Arnold, Mental fatigue alters the pattern and increases
the volume of cerebral activation required for a motor task in multiple sclerosis patients with
fatigue. European journal of neurology, 2008. 15(4): p. 413-419.

Krieger, S.C. and J. Sumowski, New insights into multiple sclerosis clinical course from the
topographical model and functional reserve. Neurologic clinics, 2018. 36(1): p. 13-25.
Dennis, M., et al., Brain reserve capacity, cognitive reserve capacity, and age-based
functional plasticity after congenital and acquired brain injury in children. 2007 .

Johnston, M.V,, et al., Plasticity and injury in the developing brain. Brain and Development,
2009. 31(1): p. 1-10.

Fuentes, A., C. McKay, and C. Hay, Cognitive reserve in paediatric traumatic brain injury:
relationship with neuropsychological outcome. Brain injury, 2010. 24(7-8): p. 995-1002.
Farmer, J.E., et al., Memory functioning following traumatic brain injury in children with
premorbid learning problems. Developmental Neuropsychology, 2002. 22(2): p. 455-469.
Pasto, L., et al., The cognitive reserve theory in the setting of pediatric-onset multiple
sclerosis. Multiple Sclerosis Journal, 2016. 22(13): p. 1741-1749.

Fay, T.B., et al., Cognitive reserve as a moderator of postconcussive symptoms in children
with complicated and uncomplicated mild traumatic brain injury. Journal of the International
Neuropsychological Society, 2010. 16(1): p. 94-105.

Kesler, S.R., H. Tanaka, and D. Koovakkattu, Cognitive reserve and brain volumes in
pediatric acute lymphoblastic leukemia. Brain imaging and behavior, 2010. 4(3-4): p. 256-
269.

Hammer, C.S., G. Farkas, and S. Maczuga, The language and literacy development of Head
Start children: A study using the Family and Child Experiences Survey database. Language,

Speech, and Hearing Services in Schools, 2010.

93



228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Kesler, S.R., et al., Brain volume reductions within multiple cognitive systems in male
preterm children at age twelve. The Journal of pediatrics, 2008. 1562(4): p. 513-520. e1.
Vernon-Feagans, L., et al., Predictors of maternal language to infants during a picture book
task in the home: Family SES, child characteristics and the parenting environment. Journal
of Applied Developmental Psychology, 2008. 29(3): p. 213-226.

Wetherington, C.E., et al., Parent ratings of behavioral functioning after traumatic brain injury
in very young children. Journal of pediatric psychology, 2009. 35(6): p. 662-671.

Gray, J.R. and P.M. Thompson, Neurobiology of intelligence: science and ethics. Nature
Reviews Neuroscience, 2004. 5(6): p. 471.

Deary, I.J., W. Johnson, and L.M. Houlihan, Genetic foundations of human intelligence.
Human genetics, 2009. 126(1): p. 215-232.

Brant, A.M., et al., The developmental etiology of high IQ. Behavior genetics, 2009. 39(4): p.
393-405.

Desai, S. and S. Alva, Maternal education and child health: Is there a strong causal
relationship? Demography, 1998. 35(1): p. 71-81.

Magnuson, K., Maternal education and children's academic achievement during middle
childhood. Developmental psychology, 2007. 43(6): p. 1497.

Davis-Kean, P.E., The influence of parent education and family income on child
achievement: the indirect role of parental expectations and the home environment. Journal
of family psychology, 2005. 19(2): p. 294.

Bradley, R.H. and R.F. Corwyn, Socioeconomic status and child development. Annual
review of psychology, 2002. 53(1): p. 371-399.

Cassedy, A., et al., The impact of socio-economic status on health related quality of life for
children and adolescents with heart disease. Health and quality of life outcomes, 2013.
11(1): p. 99.

Barlow-Krelina, E., et al., Enhanced Recruitment During Executive Control Processing in
Cognitively Preserved Patients With Pediatric-Onset MS. Journal of the International
Neuropsychological Society, 2019: p. 1-11.

Akbar, N., et al., Brain activation patterns and cognitive processing speed in patients with
pediatric-onset multiple sclerosis. Journal of clinical and experimental neuropsychology,
2016. 38(4): p. 393-403.

Grover, S.A., et al., Lower physical activity is associated with higher disease burden in

pediatric multiple sclerosis. Neurology, 2015. 85(19): p. 1663-1669.

94



242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

Barlow-Krelina, E.M., Functional Activation Patterns in Pediatric-Onset Multiple Selerosis:
Does Physical Activity Play a Role in the Maintenance of Working Memory. 2016.

Costa, S.L., et al., Information processing speed in multiple sclerosis: Past, present, and
future. Multiple Sclerosis Journal, 2017. 23(6): p. 772-789.

Kalb, R., et al., Recommendations for cognitive screening and management in multiple
sclerosis care. Multiple Sclerosis Journal, 2018. 24(13): p. 1665-1680.

Portaccio, E., et al., Cognitive Issues in Pediatric Multiple Sclerosis. Brain Sciences, 2021.
11(4): p. 442.

Ekmekci, O., Pediatric Multiple Sclerosis and Cognition: A Review of Clinical,
Neuropsychologic, and Neuroradiologic Features. Behavioural neurology, 2017. 2017.
Cardoso, M., N.R. Olmo, and Y.D. Fragoso, Systematic review of cognitive dysfunction in
pediatric and juvenile multiple sclerosis. Pediatric neurology, 2015. 53(4): p. 287-292.
Parrish, J.B. and E. Fields, Cognitive Functioning in Patients with Pediatric-Onset Multiple
Sclerosis, an Updated Review and Future Focus. Children, 2019. 6(2): p. 21.

Woijcik, C.M., et al., Computerized neuropsychological assessment devices in multiple
sclerosis: A systematic review. Multiple Sclerosis Journal, 2019: p. 1352458519879094.
Gur, R.C., et al., Computerized Neurocognitive Scanning:: I. Methodology and Validation in
Healthy People. Neuropsychopharmacology, 2001. 25(5): p. 766-776.

O’Connor, S., et al., The development and evaluation of the paediatric index of emotional
distress (PI-ED). Social psychiatry and psychiatric epidemiology, 2016. 51(1): p. 15-26.
Zigmond, A.S. and R.P. Snaith, The hospital anxiety and depression scale. Acta psychiatrica
scandinavica, 1983. 67(6): p. 361-370.

Varni, J.W., et al., The PedsQL™ in pediatric cancer: reliability and validity of the pediatric
quality of life inventory™ generic core scales, multidimensional fatigue scale, and cancer
module. Cancer, 2002. 94(7): p. 2090-2106.

Barratt, W., The Barratt simplified measure of social status (BSMSS): Measuring SES.
Unpublished manuscript, Indiana State University, 2006.

Smith, A., Symbol Digits Modalities Test: Manual (10th printing). Western Psychological
Services: Los Angeles, 2007.

Roalf, D.R., et al., Within-individual variability in neurocognitive performance: Age-and sex-
related differences in children and youths from ages 8 to 21. Neuropsychology, 2014. 28(4):
p. 506.

Ingraham, L.J. and C.B. Aiken, An empirical approach to determining criteria for abnormality

in test batteries with multiple measures. Neuropsychology, 1996. 10(1): p. 120.

95



258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

Schneider, W.J. and K.S. McGrew, The Cattell-Horn—Carroll theory of cognitive abilities.
2018.

Babcock, S.E., et al., WISC-V Canadian norms: Relevance and use in the assessment of
Canadian children. Canadian Journal of Behavioural Science/Revue canadienne des
sciences du comportement, 2018. 50(2): p. 97.

Harrison, A.G., et al., Comparing Canadian and American normative scores on the Wechsler
adult intelligence scale. Archives of Clinical Neuropsychology, 2014. 29(8): p. 737-746.
Bennett, P.R., A.C. Lutz, and L. Jayaram, Beyond the schoolyard: The role of parenting
logics, financial resources, and social institutions in the social class gap in structured activity
participation. Sociology of education, 2012. 85(2): p. 131-157.

LaRocque, M., I. Kleiman, and S.M. Darling, Parental involvement: The missing link in school
achievement. Preventing school failure, 2011. 55(3): p. 115-122.

Barlow-Krelina, E., et al., Examining cognitive speed and accuracy dysfunction in youth and
young adults with pediatric-onset multiple sclerosis using a computerized neurocognitive
battery. Neuropsychology, 2021. 35(4): p. 388.

Selvin, S., Statistical analysis of epidemiologic data. Vol. 35. 2004: Oxford University Press.
Benedict, R.H., et al., Neocortical atrophy, third ventricular width, and cognitive dysfunction
in multiple sclerosis. Archives of neurology, 2006. 63(9): p. 1301-1306.

Benedict, R.H., et al., Prediction of neuropsychological impairment in multiple sclerosis:
comparison of conventional magnetic resonance imaging measures of atrophy and lesion
burden. Archives of neurology, 2004. 61(2): p. 226-230.

Diamond, B.J., et al., Relationships between information processing, depression, fatigue
and cognition in multiple sclerosis. Archives of clinical neuropsychology, 2008. 23(2): p.
189-199.

Feinstein, A., Mood disorders in multiple sclerosis and the effects on cognition. Journal of
the neurological sciences, 2006. 245(1-2): p. 63-66.

Kail, R., The neural noise hypothesis: Evidence from processing speed in adults with
multiple sclerosis. Aging, Neuropsychology, and Cognition, 1997. 4(3): p. 157-165.

Covey, T.J., et al., Information processing speed, neural efficiency, and working memory
performance in multiple sclerosis: Differential relationships with structural magnetic
resonance imaging. Journal of clinical and experimental neuropsychology, 2011. 33(10): p.
1129-1145.

Sumowski, J.F., et al., Cognition in multiple sclerosis: State of the field and priorities for the
future. Neurology, 2018. 90(6): p. 278-288.

96



272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

Torres, V.A., et al., The impact of socioeconomic status (SES) on cognitive outcomes
following radiotherapy for pediatric brain tumors: a prospective, longitudinal trial. Neuro-
oncology, 2021.

Donders, J. and E. Kim, Effect of cognitive reserve on children with traumatic brain injury.
Journal of the International Neuropsychological Society, 2019. 25(4): p. 355-361.

McKay, K.A., et al., Long-term cognitive outcomes in patients with pediatric-onset vs adult-
onset multiple sclerosis. JAMA neurology, 2019. 76(9): p. 1028-1034.

Ruano, L., et al., Patients with paediatric-onset multiple sclerosis are at higher risk of
cognitive impairment in adulthood: an Italian collaborative study. Multiple Sclerosis Journal,
2018. 24(9): p. 1234-1242.

Nilsson, J. and M. Lovdén, Naming is not explaining: future directions for the “cognitive
reserve” and “brain maintenance” theories. Alzheimer's research & therapy, 2018. 10(1): p.
1-7.

Gonzalez, H.M., et al., What do parents have to do with my cognitive reserve life course
perspectives on twelve-year cognitive decline. Neuroepidemiology, 2013. 41(2): p. 101-109.
Erbeli, F., S.A. Hart, and J. Taylor, Genetic and environmental influences on achievement
outcomes based on family history of learning disabilities status. Journal of learning
disabilities, 2019. 52(2): p. 135-145.

Lamb, Y.N., et al., Brain-derived neurotrophic factor Val66Met polymorphism, human
memory, and synaptic neuroplasticity. Wiley Interdisciplinary Reviews: Cognitive Science,
2015. 6(2): p. 97-108.

Vaynman, S. and F. Gomez-Pinilla, License to run: exercise impacts functional plasticity in
the intact and injured central nervous system by using neurotrophins. Neurorehabilitation
and neural repair, 2005. 19(4): p. 283-295.

Schoentgen, B., G. Gagliardi, and B. Défontaines, Environmental and cognitive enrichment
in childhood as protective factors in the adult and aging brain. Frontiers in Psychology,
2020. 11: p. 1814.

Lauenroth, A., A.E. loannidis, and B. Teichmann, Influence of combined physical and
cognitive training on cognition: a systematic review. BMC geriatrics, 2016. 16(1): p. 1-14.
Jenkins, J.V.M., et al., Direct and indirect effects of brain volume, socioeconomic status and
family stress on child IQ. Journal of child and adolescent behavior, 2013. 1(2).

Elardo, R. and R.H. Bradley, The Home Observation for Measurement of the Environment

(HOME) Scale: A review of research. Developmental Review, 1981. 1: p. 113-145.

97



285.

286.

287.

288.

289.

Pungello, E.P., et al., Early educational intervention, early cumulative risk, and the early
home environment as predictors of young adult outcomes within a high-risk sample. Child
development, 2010. 81(1): p. 410-426.

Nampijja, M., et al., The role of the home environment in neurocognitive development of
children living in extreme poverty and with frequent illnesses: a cross-sectional study.
Wellcome Open Research, 2018. 3.

Schutz, L.E. and K. Trainor, Evaluation of cognitive rehabilitation as a treatment paradigm.
Brain Injury, 2007. 21(6): p. 545-557.

Shaw, D.R., A systematic review of pediatric cognitive rehabilitation in the elementary and
middle school systems. NeuroRehabilitation, 2016. 39(1): p. 119-123.

Marcantuono, J.T. and G.P. Prigatano, A holistic brain injury rehabilitation program for
school-age children. NeuroRehabilitation, 2008. 23(6): p. 457-466.

98



