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Abstract: Several important questions regarding cognitive aging and dementia in older people
with multiple sclerosis (PwMS) are the focus of this narrative review: Do older PwMS have worse
cognitive decline compared to older people without MS? Can older PwMS develop dementia or other
neurodegenerative diseases such as Alzheimer’s disease (AD) that may be accelerated due to MS?
Are there any potential biomarkers that can help to determine the etiology of cognitive decline in
older PwMS? What are the neural and cellular bases of cognitive aging and neurodegeneration in MS?
Current evidence suggests that cognitive impairment in MS is distinguishable from that due to other
neurodegenerative diseases, although older PwMS may present with accelerated cognitive decline.
While dementia is prevalent in PwMS, there is currently no consensus on defining it. Cerebrospinal
fluid and imaging biomarkers have the potential to identify disease processes linked to MS and other
comorbidities—such as AD and vascular disease—in older PwMS, although more research is required.
In conclusion, one should be aware that multiple underlying pathologies can coexist in older PwMS
and cause cognitive decline. Future basic and clinical research will need to consider these complex
factors to better understand the underlying pathophysiology, and to improve diagnostic accuracy.

Keywords: multiple sclerosis; cognitive aging; cognitive decline; neurodegeneration; dementia

1. Introduction

Thanks to the advancement of disease-modifying therapy in multiple sclerosis (MS),
and the resultant reduction in demyelinating lesions and neurologic sequelae, people with
MS (PwMS) now have increasingly longer life expectancy, although it remains 6–10 years
shorter than that of the general population [1,2]. Improved ability to accurately diagnose
MS has increased our recognition that MS can also manifest after the age of 50 (i.e., late-
onset MS), and may progress more rapidly in older individuals [3]. The net result of these
factors is an increasing number of older PwMS in the US and globally. Cognitive changes
related to the MS disease process have long been recognized [4], and continue to attract
great research interest as a common clinical symptom in PwMS [5,6]. Nevertheless, in older
PwMS, what contributes to the development of new cognitive symptoms or the progression
of cognitive impairment remains a challenging question for both clinicians and researchers.

Case vignette: An older woman presents to the clinic with a long-standing diagnosis
of MS and associated cognitive impairment that has been stable for years. However, she
reports that now, at the age of 71 years, she has noticed more trouble remembering details
of conversations, and she frequently repeats questions. Because of this, she missed her
doctor’s appointments, and had to start using a pill organizer to manage her medica-
tions. Otherwise, there have not been any new or worsening neurological symptoms. A

Geriatrics 2022, 7, 61. https://doi.org/10.3390/geriatrics7030061 https://www.mdpi.com/journal/geriatrics

https://doi.org/10.3390/geriatrics7030061
https://doi.org/10.3390/geriatrics7030061
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geriatrics
https://www.mdpi.com
https://orcid.org/0000-0002-8584-3909
https://orcid.org/0000-0003-3919-8125
https://orcid.org/0000-0002-3440-5191
https://orcid.org/0000-0002-6339-6159
https://doi.org/10.3390/geriatrics7030061
https://www.mdpi.com/journal/geriatrics
https://www.mdpi.com/article/10.3390/geriatrics7030061?type=check_update&version=3


Geriatrics 2022, 7, 61 2 of 15

recent standardized neuropsychological assessment identified a decline to below-average
performance in memory learning and retention in both verbal and non-verbal materials
(i.e., California Verbal Learning Test and Rey–Osterrieth Complex Figure, respectively),
as well as category (animal) fluency, representing a decline in her performance compared
to five years prior, along with previously identified impairments in attention, executive
function, and processing speed (i.e., Digit Span, Trail Making Test A and B, Letter Fluency,
and Digit Symbol Modalities Test) (see a broad overview of these tests in [7]). She wonders
if she is developing dementia, and whether there is any medicine that could help her
memory. In this scenario, is there enough evidence to suggest an alternative diagnosis
(such as Alzheimer’s disease (AD)) other than aging with MS? If so, what are the next steps
to solidify a suspected diagnosis?

Although a well-established body of evidence has demonstrated prevalent cognitive
deficits related to MS in attention, processing speed, and episodic memory in PwMS [4,5,8],
as well as other cognitive phenotypes recognized more recently [6], it is still unclear how
cognitive deficits may progress or change when PwMS become older. In this review article,
we address the current evidence regarding the following questions: Do older PwMS have
worse cognitive decline compared to older people without MS? Can older PwMS develop dementia
or other neurodegenerative diseases such as AD that may be accelerated due to MS? Are there any
potential biomarkers that can help to determine the etiology of cognitive decline in older PwMS?
What are the neural and cellular bases of cognitive aging and neurodegeneration in MS? These
questions are discussed in three main sections. In the first section, cognitive aging in MS and
differentiation in cognitive profiles between MS and other diseases are addressed based on
studies using standardized neuropsychological measures. In the second section, dementia
in MS and its determinants (e.g., underlying pathologies and diagnostic examinations) are
addressed. In the third section, studies looking at the neural and cellular bases of aging
and neurodegeneration associated with MS are discussed. We then return to discuss the
vignette, and conclude with summarized answers to the raised questions. We hope to
provide a focused and critical narrative review of the current literature to improve the
understanding of aging and cognitive changes amongst clinicians and researchers who
work with older PwMS, and to generate ideas for future research.

2. Cognitive Aging and MS: Do Older PwMS Have Worse Cognitive Decline
Compared to Older People without MS?

Cognitive impairment is more prevalent in older MS patients than younger PwMS.
One study found that 77.4% of MS patients older than 55 years may demonstrate impair-
ment in two or more cognitive domains—significantly greater than the figure of 42.8% in
younger PwMS [9]. A Norwegian study found that 48% met their set criteria for cognitive
impairment—defined as having an impaired score (1.5 standard deviations below the
mean) in at least two of the four main cognitive domains (psychomotor speed, attention,
learning/memory, and executive function)—after 30 years of MS disease duration [10].
Given the higher percentage of cognitive impairment in older PwMS, the question arises
as to whether this cognitive impairment is primarily driven by the MS disease process,
expected for aging in MS, or accelerated decline as a result of both MS and aging. One must
also consider that the older are at risk of other causes of cognitive impairment, including
AD, regardless of prior MS diagnosis.

Several studies have attempted to address the question of how cognition evolves over
the lifespan in PwMS. Earlier research suggested that cognitive decline in MS progresses
with age (particularly in processing speed and verbal learning [8,11]), though at the same
pace and degree as age-related changes in healthy control (HC) subjects. This finding
indicates the absence of accelerated cognitive decline in older PwMS, and argues against
interaction between aging and MS. Based on 245 PwMS (18–74 years old) compared to
188 HC subjects on two measures of processing speed (the word reading and color naming
trials of the Stroop Test), Bodling et al. (2009) [12] found that a decrease in processing
speed occurred in both MS (patients compared to HCs) and aging (older compared to



Geriatrics 2022, 7, 61 3 of 15

younger cohorts), but no interaction existed between these two factors. However, these
measures of processing speed are less sensitive to the processing speed impairment typical
of MS (compared to the Paced Auditory Serial Addition Test (PASAT) or Symbol Digit
Modalities Test (SDMT), which require greater executive control and stress the frontal–
subcortical tracts much more [5]). A study by Roy et al. (2017) [13] utilized the SDMT
(for processing speed) and California Verbal Learning Test, Second Edition (CVLT-II; for
verbal learning and memory). In this study, the degree of cognitive impairment in PwMS
remained consistent across the lifespan. The authors concluded that the evidence of
accelerated cognitive decline in older PwMS was absent, and such accelerated change
may suggest other pathologies rather than aging in MS. One cited limitation of this study
was a higher education level in the HC group compared to the MS group, although this
hypothetically should have increased the ability to measure differences between the groups
due to increased cognitive reserve (i.e., the presence of protective factors against cognitive
decline, such as greater levels of education [14]) in the HC group. Based on these studies,
researchers had previously concluded that the rate of cognitive change in PwMS does not
accelerate with aging [2].

In contrast to prior research, more recent studies have shown evidence of interaction
between aging and MS in older PwMS when different study designs were considered and
more comprehensive measures were included in the analysis. Pagnotti et al. (2021) [15]
compared cognitive functions in late-onset MS (LOMS; age of symptom onset > 40 years;
mean 48.4) and adult-onset MS (AOMS; age of symptom onset up to 40 years; mean 28.8).
LOMS patients demonstrated more impaired age-adjusted scores in visual memory and
working memory compared to AOMS patients, after taking into account both disease
duration and comorbid cardiac diseases. The authors posited that inflammatory changes
associated with MS may be exacerbated in older PwMS due to age-related brain changes,
and together these changes may overwhelm the available cognitive reserve, leading to a
faster cognitive decline in LOMS patients. This study used a slightly different cognitive
battery for AOMS versus LOMS. Although this is unlikely to have substantially impacted
the results, it would be important to replicate these results using identical batteries in both
groups. Another study [16] included 84 PwMS (30 young AOMS, 30 older AOMS, and
24 older LOMS) and 50 HC subjects (25 young, 25 older). By comparing young versus older
subgroups across AOMS and HCs, the authors found an interaction effect between age
and MS on attention, executive function, and processing speed performance, while such
an interaction was not found in episodic memory measures. Tremblay et al. also found
that longer disease duration resulted in more impaired processing speed and working
memory [16]. Notably, this study was among the first to include psychosocial variables such
as anxiety, depression, fatigue, and medical comorbidities that could confound the effects
of MS on age. Despite the many merits of the above two studies, it is unclear whether the
definition of symptom onset included cognitive symptoms in the initial presentation that led
to an MS diagnosis, as has been more recognized in recent years [5], which may potentially
have biased the results if such patients were unevenly distributed in AOMS versus LOMS.
A few other studies have also suggested that older age plays a role in cognitive changes in
MS. Ruano et al. (2017) [17] found that the presence of cognitive impairment (i.e., impaired
scores in at least two cognitive domains) was associated with older age regardless of MS
clinical subtypes. Baird et al. (2019) [18] found that processing speed was worse in older
PwMS, while visuospatial learning and memory were worse in both older and middle-aged
PwMS, when controlled for factors such as physical activity and years since diagnosis.
Both Jakimovski et al. (2019) [19] and Roth et al. (2018) [20] confirmed that processing
speed was impaired in older PwMS compared to similarly aged HCs—a finding that is
well-established in young PwMS. Although Roy et al. (2017) [14] concluded that MS did
not accelerate age-related cognitive changes, upon closer examination of their results,
CVLT-II showed a marginally significant trend (p = 0.02, exceeding their threshold of 0.01),
suggesting more rapid decline in verbal learning in MS due to older age.
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One ought to keep in mind when reviewing these studies that cognitive reserve may
also influence the trajectory of cognitive aging in MS, although most evidence thus far is
based on younger rather than older PwMS. Cognitive reserve is a theoretical construct
established in the aging and dementia literature [14]. It is used to explain some degree of
individual variability in cognitive performance, and is thought to explain the observed
association between certain protective factors (education, level of intellectual/leisure activ-
ity, employment status, vocabulary, etc.) and lower incidence and prevalence of cognitive
decline. After controlling for brain atrophy, higher cognitive reserve (using education,
premorbid IQ, and cognitive leisure activities) in MS is associated with better verbal mem-
ory and verbal fluency performance cross-sectionally, but not in attention or processing
speed [21]. However, cognitive change over a two-year follow-up was explained not by
cognitive reserve, but by the degree of brain volume and lesions. Another study showed
that cognitive reserve (defined similarly as in [21]) and cortical atrophy together predicted
the performance of verbal memory and processing speed, while older age and worsening
cortical atrophy, rather than cognitive reserve, were predictive of cognitive deterioration
over 1.6 years [22]. These studies suggest that greater cognitive reserve may be protective
through better compensation for aging-related cognitive changes, but that the ability to
compensate is eventually overwhelmed in the face of the disease’s progression. As opposed
to the above studies showing cognitive reserve alone to not be predictive of subsequent
cognitive decline, one study found that lower cognitive reserve (i.e., education, vocabulary)
was predictive of greater cognitive decline in processing speed measures at the 5-year
follow up [23]. However, this study did not include volumetric measures that could po-
tentially confound the findings, as shown by other studies above. It remains unclear what
role cognitive reserve plays in predicting cognitive decline in older PwMS with LOMS, or
in older PwMS more generally. Answering this question could help us to identify PwMS
who are at risk of cognitive decline, and whether efforts to increase cognitive reserve by
introducing intellectual enrichment programs or other interventions could be helpful in
protecting against cognitive decline [24].

To address more specifically how cognitive changes in older PwMS may differ from
that in older adults with other neurodegenerative conditions, research was conducted
to compare cognitive impairment associated with older PwMS as opposed to those with
amnestic mild cognitive impairment (aMCI—a prodromal stage of AD) [25] or AD—the
most common neurodegenerative disease in the older. Such studies can be quite informative
for clinical management and research involving older PwMS. In the first study of this kind
by Filley et al. (1989) [26], patients with progressive MS showed worse performance in
attention and processing speed, but better performance in learning, memory, and verbal
skills, than those diagnosed with AD. More recently, Roy et al. (2018) [27] examined
older PwMS who were separated into cognitively impaired and unimpaired subgroups,
in comparison to AD, aMCI, and HCs (n = 20 in each group). Despite no confirmatory
biomarkers for AD diagnosis, they found that the impaired MS subgroup showed decreased
category fluency similar to aMCI, but did not demonstrate as much rapid forgetting
(measured by retention of verbal memory) as the AD and aMCI groups. They concluded
that there was some overlap between MS and aMCI regarding their cognitive profiles,
but that MS was distinctly different from AD. However, it is debatable whether impaired
category fluency may represent emerging cognitive impairment due to other etiologies,
as suggested by Jakimovski et al. (2019) [19], who also found impaired category fluency
in older PwMS compared to similarly aged HCs. Other studies support the distinction
between cognitive profiles in older MS and aMCI patients. Synthesizing the available
studies comparing aMCI patients, older PwMS have (1) worse performance in processing
speed, (2) better performance in measures of cued memory, picture naming, and executive
function (after controlling for processing speed) [20], and (3) relatively preserved semantic
autobiographical memory and memory storage (recognition) [28,29]. Overall, these studies
indicate that certain neuropsychological measures, when impaired, should raise concern
for AD-related pathologies in older PwMS.
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Several important comorbidities of cognitive decline are highly prevalent in MS,
which may contribute to the observed cognitive deficits, increased cognitive decline, and
increased mortality—especially in older PwMS [30,31]. In particular, vascular comorbidities
(hypertension, hyperlipidemia, ischemic heart disease, etc.) are more prevalent in MS
compared to the general population, and the prevalence increases with age [30,32]. Very few
studies on cognitive performance in older PwMS have accounted for these comorbidities
thus far [15,16], so future research will need to consider the potential impact of these
MS-related and age-related comorbidities on cognitive aging in MS.

In summary, despite heterogeneity in the samples and methodologies, recent studies
suggest that older PwMS demonstrate more rapid decline in multiple cognitive domains—
both in those typically observed in MS (e.g., attention, executive function, working memory,
processing speed, visual memory), and in domains less typically impaired in MS (e.g., cat-
egory fluency). There is also evidence that the pattern of cognitive impairment in older
PwMS can be distinguished from that of aMCI and AD patients, especially in measures
of semantic memory and memory storage/retention. The effects of cognitive reserve on
this decline are not yet clear. In the future, study designs considering age-related and
MS-related confounding factors (e.g., fatigue, cognitive reserve, depression, and vascular
comorbidities), as well as disease duration and clinical subtypes (e.g., clinically isolated
syndrome, relapsing–remitting MS, primary and secondary progressive MS), will be re-
quired to clarify this area of research. Prospective longitudinal studies are lacking, and
should be conducted to replicate and expand upon the findings of cross-sectional studies.
This could also aid clinical care through establishing age-adjusted normative data for cog-
nitive performance in PwMS as a reference point to identify abnormal cognitive aging in
older PwMS.

3. Dementia and MS: Can Older PwMS Develop Dementia or Other
Neurodegenerative Diseases? Are There Any Potential Biomarkers That Can Help to
Determine the Etiology of Cognitive Decline in Older PwMS?

While cognitive impairment and its contributions to functional impairment and dis-
ability in MS are widely recognized, dementia in MS has been less well-defined. Dementia
describes a condition where cognitive abilities have become impaired to a degree that
they interfere with daily activities. More specific criteria are available; for example, the
diagnostic guidelines for AD [33] have established criteria for all-cause dementia to define
clinical settings where cognitive or behavioral symptoms “(1) interfere with the ability to
function at work or usual activities, (2) represent a decline from previous levels of functioning
and performing, and (3) are not explained by delirium or major psychiatric disorder”, established
based on history and cognitive assessment indicating impairment in at least two cognitive
domains. This decline in the context of dementia should also be progressive over time.
The Diagnostic and Statistical Manual, Fifth Edition (DSM-5) [34] utilizes the synonymous
term Major Neurocognitive Disorder, with the criteria that there is evidence of cognitive
decline from a previous level of performance in at least one cognitive domain based on
concerns from the individual or others, as well as impairments in cognitive assessments
that interfere with independence in everyday activities [34]. The DSM-5 provides more
specific criteria for neurocognitive disorder subtypes (Alzheimer’s disease, frontotemporal,
Lewy bodies, vascular, etc.) as well as major neurocognitive disorders due to other medical
conditions, for which MS is the exemplar.

Estimates of the prevalence of dementia in MS range from 22 to 28% [35,36]. Ac-
knowledging the variability in assessing cognitive impairment in MS, researchers recently
proposed investigational criteria for neurocognitive disorders due to MS, combining the
DSM-5 criteria for major neurocognitive disorder with a requirement of performance
1.5 standard deviations below the normative mean in two or more cognitive domains in
neuropsychological testing [37]. Applying these criteria in an academic MS multidisci-
plinary clinic, 13.8% of patients met the research criteria for neurocognitive disorder due to
MS, compared to 20.5% when using the established DSM-5 criteria alone [37]. These authors
and others [38,39] have provided commentary regarding the controversies surrounding the
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diagnosis of dementia in MS, including societal stigma with the term “dementia” and the
presumed association with neurodegenerative processes when used colloquially, leading to
a reluctance in assigning a diagnosis of dementia to younger PwMS. There are also direct
implications to having a diagnosis of dementia, including limitations on driving, the need
for financial and medication oversight, diminished capacity for informed consent, etc. [38].
These have major implications for the next decades of a person’s life when diagnosed as
demented in their younger or middle adulthood. These issues limit the investigation of
dementia due to MS and, thus, the understanding of the development of other dementing
illnesses in PwMS. For instance, a recent study reported on the higher risk for a diagnosis of
both early- and late-onset dementia in PwMS based on administrative claims data, though
acknowledged the limitation of attributing cognitive impairments to MS, AD, or other
related dementias due to the diagnostic challenges [40].

Although it would be logical to conceptualize MS as an etiology of progressive cogni-
tive impairment and dementia, relatively few studies outside of case reports have done so.
Several case reports [41–43] have described patients with profound cognitive impairment
and dementia along with clinical, radiographic, and neuropathological findings consistent
with MS as the primary etiology, in the absence of pathological hallmarks of other neurode-
generative diseases. In these studies, common neuropathological findings include gross
cerebral atrophy as well as corpus callosal and subcortical demyelinated lesions that can
have predilections for certain brain regions, or can be widespread [41–43]. The pattern of
deficits is often described as a “subcortical dementia”—with more impaired processing
speed, memory retrieval, executive dysfunction, mood disturbances, and neurogenic per-
sonality disorder—in comparison to “cortical dementia”, showing more predominantly
impaired memory retention, language, and visuospatial functions, such as in AD [26].
However, “cortical multiple sclerosis” is becoming increasingly recognized, as highlighted
in cases with prominent cortical dysfunction and dementia without the typical history of
sensory and motor symptoms [44,45]. This variability in patterns of cognitive deficits can
interfere with the determination of the etiology of dementia in patients with MS if based
solely on neuropsychological performance.

The greatest amount of research into neurodegenerative diseases concomitant with
MS has been on AD. In their review of 45 autopsy cases of PwMS, Dal-Bianco et al. reported
that pathological signs of AD—namely, amyloid plaques and neurofibrillary tangles—were
found at an incident rate similar to that seen in the normal aging population, and thus
concluded that the chronic inflammatory state of MS does not impact the pathogenesis
of AD [46]. Another autopsy study [47] came to similar conclusions after analyzing the
inflammatory cell infiltrates in 67 MS autopsies from different disease stages and 28 control
patients without known neurological disease. They found that neurodegeneration con-
tinued to progress, and exceeded the levels in controls only when there were coexisting
age-related pathologies from AD and vascular disease, while neuroinflammation declined
to levels comparable to controls in older patients. The authors concluded that the MS-
related disease process may cease in older PwMS with long-standing disease, and that
other pathologies—including AD and vascular disease—become the primary drivers of
neurodegeneration in older individuals. Similar reports of cases with MS and AD were
reviewed and summarized by Luczynski et al. (2019) [48].

The approach to diagnosing AD has evolved over time, and the most recent research
framework incorporates biomarkers for amyloid β (Aβ), tau, and neurodegeneration into
the AT(N) system [49]. While assessing AD biomarkers may not always be clinically feasible,
it can be effective in providing diagnostic clarity regarding the coexistence of MS and AD,
as illustrated in the case series reported by Flanagan et al. (2014) [50]. These AD biomarkers
include cerebrospinal fluid (CSF levels of amyloid β 42, total tau, and phosphorylated
tau), fluorodeoxyglucose positron emission tomography (FDG-PET), and amyloid PET.
However, assessing AD biomarkers in PwMS is not without caveats, as similar findings
can be seen in MS [51–54]. For example, reduced CSF Aβ is found in MS, and is associated
with worse disease progression, although this is hypothesized to be due to MS-related
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white matter pathology, as white matter demyelination correlates with reduced uptake in
amyloid PET [55]. Further studies with direct comparisons of biomarkers between PwMS
and/or AD are warranted to clarify their interpretation.

However, a potential interaction between the pathologies of MS and AD has been
revealed by in vivo data obtained via PET imaging techniques. Zeydan et al. demonstrated
reduced Aβ binding on Pittsburgh compound B (PiB) PET imaging in areas of white matter
hyperintensities than in normal-appearing white matter in older PwMS [56]. Interestingly,
reduced PiB uptake in PwMS was associated with decreased visuospatial performance,
and was proposed as a marker of large network integrity. In a second study, Zeydan et al.
showed lower overall cortical Aβ deposition in PwMS compared to age-matched HC
subjects, suggesting that the pathology of MS may prevent or slow down the age-related
deposition of Aβ [57]. In contrast, tau-PET imaging (using the radiotracer 18F-flortaucipir,
or AV-1451) did not reveal a difference between PwMS and HCs. These findings support
the hypothesis that MS-specific inflammatory processes—such as via microglial activation—
may facilitate the clearance of and reduction in Aβ protein deposition, while tau pathology
may progress independently from amyloid deposition in older PwMS. However, others
have hypothesized that decreased Aβ protein binding in MS can be linked to demyelination
resulting from white matter injury, or to reduced remyelination with older age [55]. As
previously discussed, in opposition to the PET data, neuropathological examination of
older MS brains has so far not provided clear evidence of a potential interaction between
the pathology of MS and other neurodegenerative conditions [46,47]. Nevertheless, some
preliminary data have shown the presence of (1) soluble amyloid oligomers in MS brain
homogenates and CSF samples [58], and (2) hyperphosphorylated tau and accumulation
of insoluble tau in chronic experimental autoimmune encephalomyelitis in mice and sec-
ondary progressive MS in humans [59]. These findings suggest a role of amyloid and tau
proteins in the pathogenesis of MS and neurodegeneration, and vice versa. Future studies
integrating both ante-mortem cellular and imaging biomarkers as well as post-mortem
neuropathology will help to reconcile these potential discrepancies and elucidate any
underlying pathophysiology that may be shared between MS and AD in the context of
older PwMS.

Vascular dementia (VaD) and dementia with Lewy bodies (DLB) are among the most
common causes of dementia in the older, after Alzheimer’s disease [60,61]. The definition
of VaD and vascular cognitive impairment (VCI) has evolved over time [34,62–66], though
overall requires that the cognitive impairment be temporally related to strokes or be ac-
companied by significant neuroimaging evidence of cerebrovascular disease. PwMS have
an increased risk of stroke [67,68], and would thus be more susceptible to developing VCI
in addition to MS-related cognitive decline. Among the subtypes of vascular dementia,
subcortical vascular dementia due to small-vessel disease [69] can present with progres-
sive fronto-subcortical dysfunction (e.g., slowed psychomotor speed, impaired executive
function, and impaired memory recall, but preserved recognition), similar to subcortical
dementia as a result of MS [70]. Structural MRI showing multiple lacunar infarcts and
microbleeds in the subcortical areas can help to distinguish the primary vascular cause
from MS, thereby informing the underlying etiology. However, white matter changes
(e.g., periventricular hyperintensities) due to small-vessel disease may be mistaken for MS
demyelination if not cautiously interpreted, leading to misdiagnosis of MS [71,72]; on the
other hand, confluent demyelinating lesions due to MS can resemble the appearance of
small-vessel ischemic disease [72]. Careful examination of MRI findings integrated with
the patient’s history and demographics can improve diagnostic accuracy to distinguish
between vascular and MS lesions as the primary cause of cognitive decline [73]. DLB is
characterized by both cortical and subcortical cognitive impairments [74,75]. Although
logically the Lewy body pathology, just as that of AD, should coexist in older PwMS, this
topic is understudied, and there have been no reported cases of MS with concomitant DLB.
However, DLB’s core clinical features of parkinsonism [76], visual hallucinations [77,78],
and rapid eye movement (REM) sleep behavior disorder [79,80] have also been described
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in MS, and may increase the diagnostic uncertainty of DLB in PwMS. Cognitive fluctuation
is the core clinical feature of DLB that is the most difficult to assess [81], and has not been
well-characterized in MS. Future research will be needed to better characterize the clinical
DLB phenotype in MS, and to examine how coexisting Lewy body pathology (i.e., alpha
synuclein) may interact with MS to potentially contribute to cognitive and neurologic
decline in older PwMS.

Treatment options for cognitive impairment and dementia in MS are limited. Medi-
cations typically used for AD and DLB include cholinesterase inhibitors (e.g., donepezil,
rivastigmine, galantamine) and the N-methyl-D-aspartate receptor antagonist memantine.
Unfortunately, these agents do not appear to be effective for treating cognitive impairment
in MS [82,83], and some studies have suggested that memantine may even worsen MS-
related symptoms [84–86]. Whether these treatment options would be safe and effective in
patients with dementia due to MS or with concomitant dementia syndromes remains to
be seen.

To summarize, the evaluation of dementia in older PwMS can be complicated, as
dementia due to MS is not systematically studied and defined, and there can be coexisting
neurodegenerative diseases. Reported case studies may suffer from selection bias, and
may not be representative of older PwMS in general. Hence, larger-scale studies are war-
ranted to systematically examine established biomarkers and neuropathological findings
in older PwMS with or without dementia, and to establish the associations between clinical
presentation, diagnostic testing, and pathology.

4. What Are the Neural and Cellular Bases of Cognitive Aging and Neurodegeneration
in MS?

So far, we have addressed cognitive changes associated with aging and dementia in
PwMS. On the molecular and cellular levels, multiple mechanisms have been proposed to
contribute to cognitive decline in PwMS. Some reports have shown that aging may reduce
the ability of older MS patients’ brains to recover from inflammatory attacks, because of
reduced neuroplasticity due to impaired synaptic functions (e.g., inflammatory synap-
topathy) affecting long-term potentiation and depression, which are strongly associated
with mechanisms of learning and memory [87]. In addition, neuronal senescence has
been discussed as a possible mechanism driving the progression of neurodegeneration in
PwMS by promoting sustained and chronic inflammation, alteration of glial function with
failure of remyelination and cellular recovery, and impairment of the blood–brain barrier’s
integrity [88]. A recent publication has identified the toxic accumulation of the synaptic
protein Bassoon in neurons as a potential driver of neurodegeneration (i.e., proteinopathy)
in MS [89], although this is yet to be replicated in other human studies. A detailed discus-
sion of these and other mechanisms is beyond the scope of this review, and can be found
elsewhere [2,90,91]. Here, we seek to discuss current evidence derived from research using
biomarkers including the CSF and structural magnetic resonance imaging (MRI), as well as
their implications for cognitive aging and neurodegeneration in older PwMS.

Studies using CSF analysis have assessed the potential utility of some biomarkers to
detect cognitive decline and/or neurodegeneration in PwMS. A recent meta-analysis of
64 articles and including >4000 study individuals revealed that markers of axonal damage
(including neurofilament light chain (NfL) and total tau) and glial activation (including
glial fibrillary acid protein (GFAP) and s100B) were higher in PwMS, as well as in patients
with clinically isolated syndrome, compared to control patients. GFAP levels were higher
in progressive MS compared to relapsing–remitting MS, while all other markers did not
differ between MS subtypes [52]. Of note, no difference was found between the relapse
and remission stages of MS in these markers except for NfL, although information was
limited regarding how close in time CSF was sampled relative to the clinical event among
the studies included in this meta-analysis. Even though the meta-analysis did not assess
the association of these markers with cognitive performance, some studies have shown that
CSF total tau is associated with disability and cognitive impairment [53,54]. In addition to
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markers of neurodegeneration, inflammatory markers have been also examined, and found
to correlate with cognitive impairment in MS [92,93]. How aging and other age-related
neurodegenerative processes may play a role in shifting neurodegenerative or inflammatory
profiles in the CSF is less clear, and has only been examined by a few [94].

Imaging studies offer a valuable approach to examine in vivo how changes in gray
and white matter may contribute to cognitive decline in older PwMS. Particularly, reduced
volume in the thalamus and other subcortical gray matter structures based on MRI has
been associated with both aging and neurodegenerative processes in MS. Hasan et al.
(2011) [95] identified thalamic volume loss in a large cohort of PwMS (n = 109, age range
20.8–68.5 years) as a marker for disability compared to HC subjects, after adjusting for nat-
ural aging and whole-brain lesion volume. The thalamic atrophy occurred independently
from lesions in this area, suggesting a neurodegenerative process as the underlying patho-
physiology. Jakimovski et al. (2020) [96] examined a group of 112 older PwMS (mean age
60.3 years), and found that PwMS had reduced deep gray matter and the lowest thalamic
volume compared to patients with Parkinson’s disease, AD, and aMCI. Interestingly, no dif-
ference in whole-brain volume loss was noted between patients with MS and other patient
groups [96]. To further characterize and distinguish MS-related from age-related regional
volumetric changes, a longitudinal study included 520 patients with relapsing–remitting
MS and 130 HC subjects [97]. The authors found that the rate of global atrophy increased
by 0.11% per decade from age 30 to 60 years in normal aging, while it decreased by 0.09%
per decade in MS. Thalamic atrophy followed a similar pattern, increasing by 0.16% per
decade from age 30 to 60 years in normal aging, while it decreased by 0.18% per decade
in MS. Normal aging and MS-specific atrophy in the putamen and caudate did not vary
by age. Notably, these subregions were not pre-selected, but instead ranked as the top
5 regions (among all 83 regions) using a data-driven approach. These results suggest that
age-related thalamic changes may be more prominent than MS-specific changes in older
PwMS. Although thalamic atrophy has been associated with cognitive performance [98],
and is predictive of cognitive decline [99] in younger PwMS, how these dynamic volumetric
changes in the thalamus and other brain regions may contribute to either the degree or the
pattern of cognitive decline in older PwMS remains to be investigated.

The bulk of studies to date have concluded that white matter lesion burden evident on
clinical MRI shows little correlation with the degree of cognitive impairment, compared to
damage in gray matter and disruption in normal-appearing white matter [100,101]. More
advanced MRI techniques have demonstrated decreased white matter integrity in MS
in the corpus callosum, hippocampal and thalamic tracts, and other major white matter
tracts [95,102,103]. Neuropathological studies support these in vivo imaging findings,
demonstrating thalamic and hippocampal demyelination in MS [42,104,105]. Compared
to research focused on gray matter volume, it is less clear how age may interact with MS-
related white matter lesions/changes and contribute to cognitive changes in older PwMS.

Vascular risk factors are associated with brain atrophy and white matter disease in
MS [106]. Drivers of cerebrovascular injury are more prevalent in PwMS, and the prevalence
of these conditions further increases with age [30,32]. Thus, studies seeking to analyze CSF
and imaging biomarkers will need to consider both age and vascular diseases to better
disentangle their impact on the neural basis of cognitive decline and neurodegeneration in
older PwMS.

These findings suggest that cognitive decline in older PwMS is multifactorial, with
both neuroinflammatory and neurodegenerative processes as important contributing fac-
tors. Studies using in vivo biomarkers (i.e., CSF markers for neurodegeneration and
neuroinflammation; imaging markers for gray and white matter changes and other neu-
rodegenerative processes) have promise to elucidate the underlying pathophysiology as
well as identify an active window for more targeted intervention and disease monitoring.
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5. Conclusions

We conclude first by going back to the initial questions: Do older PwMS have worse
cognitive decline compared to older people without MS? Current evidence suggests that aging
interacts with the MS disease process, and more recent studies better account for confound-
ing MS-related symptoms (fatigue, disease duration, depression, etc.) and comorbidities
such as cardiac disease. Cross-sectional work suggests that cognitive profiles of aging and
dementia due to MS in older adults can be distinguished from those in other neurodegen-
erative diseases, except in the case of “cortical MS”. Can older PwMS develop dementia or
other neurodegenerative diseases such as AD that may be accelerated due to MS? Are there any
potential biomarkers that can help to determine the etiology of cognitive decline in older PwMS?
Diagnosis of dementia in older PwMS continues to pose high diagnostic uncertainty given
the overlapping phenotypes associated with variable pathologies that can only be con-
firmed by post-mortem autopsy. Detecting other neurodegenerative diseases (e.g., AD)
based on standardized biomarkers may be useful in making a diagnosis, but how best to
interpret these biomarkers in PwMS remains uncertain. The sensitivity and specificity of
the currently available tests to detect underlying pathologies in MS (e.g., Aβ and tau levels
in CSF, and amyloid PET) remain yet to be determined. Post-mortem neuropathological
studies did not support an accelerated AD pathology in chronic MS, but emerging evidence
introduces contradicting views that MS may interact with (accelerate versus decelerate) AD
pathogenesis. What are the neural and cellular bases of cognitive aging and neurodegeneration in
MS? Multiple pathologies can coexist in the brains of PwMS, with complicated interactions
involving neurodegeneration, neuroinflammation, and neurovascular mechanisms. CSF
analyses to detect neurodegeneration and neuroinflammation, along with neuroimaging
studies that detect regional gray and white matter changes as well as proteinopathies, hold
promise to better elucidate the potential pathophysiology of age-related versus MS-related
changes that often coexist in older PwMS.

Now, we come back to the vignette: The patient mentioned earlier has typical MS-
related cognitive changes in attention, executive function, and processing speed. However,
new-onset decline in memory retention and category fluency may be a warning sign of
other disease processes—especially AD. Further studies are warranted to better answer the
patient’s question. Structural brain MRI can help to evaluate the progression of regional
atrophy (such as in the mesial temporal lobe), which may be more suggestive of AD,
although MS may also cause cortical lesions and hippocampal demyelination, leading to
atrophy. Small-vessel disease can also cause atrophy and white matter changes in older
PwMS, and contributes to cognitive decline. Even though atrophy in particular structures—
such as the thalamus—is linked to the MS disease process, it is not yet clinically applicable
for making individual diagnosis and prognosis. To assist with diagnosis, CSF analysis
for AD biomarkers versus amyloid PET can be considered to assess for comorbid AD
pathology that can coexist with MS, with the caveat that the MS disease process may also
interact with Aβ and tau, thus affecting the interpretation of the test results. Eventually,
a good understanding of the existing diagnostic uncertainty and careful interpretation of
the data will be necessary to make a well-formed clinical judgment. One should closely
involve the patient in the thought process, with an open discussion if a potential treatment
for a suspected diagnosis is considered.

6. Future Directions

As PwMS are living longer, it is important that more research efforts be directed to bet-
ter understand how these processes contribute to cognitive decline in older PwMS. Several
future directions are suggested and summarized here. To better characterize age-related
versus MS-related cognitive changes and their potential interaction (e.g., accelerated aging
in MS), study designs will need to consider potential confounding variables, disease dura-
tion, and clinical MS subtypes. Prospective longitudinal studies are needed to characterize
the cognitive trajectory and replicate findings from cross-sectional studies to address how
cognitive changes evolve as younger PwMS age. Establishing age-adjusted normative data
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for cognitive performance in PwMS will guide and serve as a reference for clinicians in the
early detection of abnormal cognitive aging and consideration of alternative treatment in
older PwMS. More systematic research is warranted to better define dementia and its cog-
nitive/functional trajectory in older PwMS, combined with the examination of biomarkers
and neuropathological correlates to establish the associations between clinical presentation,
diagnostic testing, and pathology. Future research will need to investigate how MS and
other coexisting age-related pathologies (such as AD, Lewy body disease, and cerebrovas-
cular disease) may contribute to different patterns or progression of cognitive impairment.
This research will benefit from using multimodal methodologies to better elucidate the
pathophysiology at the cellular, systemic, and behavioral levels of cognitive aging and
neurodegeneration in MS. The expected results will have significant clinical impact on the
care of older PwMS by better measuring the progression of coexisting diseases, developing
targeted therapies, and monitoring therapeutic responses.

Author Contributions: Conceptualization, H.-S.C.; Literature Review, H.-S.C., A.K., B.E.S., O.S., B.K.,
and T.N.; Writing—Original Draft Preparation, H.-S.C., A.K., B.E.S., and T.N.; Writing—Review and
Editing, H.-S.C., A.K., B.E.S., O.S., J.H.J., B.K., and T.N. All authors have read and agreed to the
published version of the manuscript.

Funding: There was no external funding for this work.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest relevant to this review article.

References
1. Lunde, H.M.B.; Assmus, J.; Myhr, K.M.; Bø, L.; Grytten, N. Survival and Cause of Death in Multiple Sclerosis: A 60-Year

Longitudinal Population Study. J. Neurol. Neurosurg. Psychiatry 2017, 88, 621–625. [CrossRef] [PubMed]
2. Vaughn, C.B.; Jakimovski, D.; Kavak, K.S.; Ramanathan, M.; Benedict, R.H.B.; Zivadinov, R.; Weinstock-Guttman, B. Epidemiology

and Treatment of Multiple Sclerosis in Elderly Populations. Nat. Rev. Neurol. 2019, 15, 329–342. [CrossRef]
3. Martinelli, V.; Rodegher, M.; Moiola, L.; Comi, G. Late Onset Multiple Sclerosis: Clinical Characteristics, Prognostic Factors and

Differential Diagnosis. Neurol. Sci. 2004, 25, S350–S355. [CrossRef]
4. Rao, S.M.; Leo, G.J.; Bernardin, L.; Unverzagt, F. Cognitive Dysfunction in Multiple Sclerosis. I. Frequency, Patterns, and

Prediction. Neurology 1991, 41, 685–691. [CrossRef] [PubMed]
5. Benedict, R.H.B.; Amato, M.P.; DeLuca, J.; Geurts, J.J.G. Cognitive Impairment in Multiple Sclerosis: Clinical Management, MRI,

and Therapeutic Avenues. Lancet Neurol. 2020, 19, 860–871. [CrossRef]
6. De Meo, E.; Portaccio, E.; Giorgio, A.; Ruano, L.; Goretti, B.; Niccolai, C.; Patti, F.; Chisari, C.G.; Gallo, P.; Grossi, P.; et al.

Identifying the Distinct Cognitive Phenotypes in Multiple Sclerosis. JAMA Neurol. 2021, 78, 414–425. [CrossRef]
7. Schroeder, R.W.; Martin, P.K.; Walling, A. Neuropsychological Evaluations in Adults. Am. Fam. Physician 2019, 99, 101–108.
8. Demaree, H.A.; DeLuca, J.; Gaudino, E.A.; Diamond, B.J. Speed of Information Processing as a Key Deficit in Multiple Sclerosis:

Implications for Rehabilitation. J. Neurol. Neurosurg. Psychiatry 1999, 67, 661–663. [CrossRef]
9. Branco, M.; Ruano, L.; Portaccio, E.; Goretti, B.; Niccolai, C.; Patti, F.; Chisari, C.; Gallo, P.; Grossi, P.; Ghezzi, A.; et al. Aging with

Multiple Sclerosis: Prevalence and Profile of Cognitive Impairment. Neurol. Sci. 2019, 40, 1651–1657. [CrossRef] [PubMed]
10. Smestad, C.; Sandvik, L.; Landrø, N.I.; Celius, E.G. Cognitive Impairment after Three Decades of Multiple Sclerosis. Eur. J. Neurol.

2010, 17, 499–505. [CrossRef]
11. Lafosse, J.M.; Mitchell, S.M.; Corboy, J.R.; Filley, C.M. The Nature of Verbal Memory Impairment in Multiple Sclerosis: A

List-Learning and Meta-Analytic Study. J. Int. Neuropsychol. Soc. 2013, 19, 995–1008. [CrossRef] [PubMed]
12. Bodling, A.M.; Denney, D.R.; Lynch, S.G. Cognitive Aging in Patients with Multiple Sclerosis: A Cross-Sectional Analysis of

Speeded Processing. Arch. Clin. Neuropsychol. 2009, 24, 761–767. [CrossRef] [PubMed]
13. Roy, S.; Frndak, S.; Drake, A.S.; Irwin, L.; Zivadinov, R.; Weinstock-Guttman, B.; Benedict, R.H.B. Differential Effects of Aging on

Motor and Cognitive Functioning in Multiple Sclerosis. Mult. Scler. J. 2017, 23, 1385–1393. [CrossRef]
14. Stern, Y. Cognitive Reserve. Neuropsychologia 2009, 47, 2015–2028. [CrossRef] [PubMed]
15. Pagnotti, R.; Hua, L.H.; Miller, J.B. Cognition and Disease Characteristics in Adult Onset versus Late Onset Multiple Sclerosis.

Mult. Scler. J. 2021, 28, 933–941. [CrossRef]
16. Tremblay, A.; Charest, K.; Brando, E.; Roger, E.; Duquette, P.; Rouleau, I. The Effects of Aging and Disease Duration on Cognition

in Multiple Sclerosis. Brain Cogn. 2020, 146, 105650. [CrossRef] [PubMed]

http://doi.org/10.1136/jnnp-2016-315238
http://www.ncbi.nlm.nih.gov/pubmed/28365589
http://doi.org/10.1038/s41582-019-0183-3
http://doi.org/10.1007/s10072-004-0339-8
http://doi.org/10.1212/WNL.41.5.685
http://www.ncbi.nlm.nih.gov/pubmed/2027484
http://doi.org/10.1016/S1474-4422(20)30277-5
http://doi.org/10.1001/jamaneurol.2020.4920
http://doi.org/10.1136/jnnp.67.5.661
http://doi.org/10.1007/s10072-019-03875-7
http://www.ncbi.nlm.nih.gov/pubmed/31011932
http://doi.org/10.1111/j.1468-1331.2009.02889.x
http://doi.org/10.1017/S1355617713000957
http://www.ncbi.nlm.nih.gov/pubmed/24059259
http://doi.org/10.1093/arclin/acp076
http://www.ncbi.nlm.nih.gov/pubmed/19820246
http://doi.org/10.1177/1352458516679036
http://doi.org/10.1016/j.neuropsychologia.2009.03.004
http://www.ncbi.nlm.nih.gov/pubmed/19467352
http://doi.org/10.1177/13524585211039112
http://doi.org/10.1016/j.bandc.2020.105650
http://www.ncbi.nlm.nih.gov/pubmed/33212390


Geriatrics 2022, 7, 61 12 of 15

17. Ruano, L.; Portaccio, E.; Goretti, B.; Niccolai, C.; Severo, M.; Patti, F.; Cilia, S.; Gallo, P.; Grossi, P.; Ghezzi, A.; et al. Age
and Disability Drive Cognitive Impairment in Multiple Sclerosis across Disease Subtypes. Mult. Scler. J. 2017, 23, 1258–1267.
[CrossRef]

18. Baird, J.F.; Cederberg, K.L.J.; Morghen Sikes, E.; Jeng, B.; Sasaki, J.E.; Sandroff, B.M.; Motl, R.W. Changes in Cognitive Performance
with Age in Adults with Multiple Sclerosis. Cogn. Behav. Neurol. 2019, 32, 201–207. [CrossRef]

19. Jakimovski, D.; Weinstock-Guttman, B.; Roy, S.; Jaworski, M.; Hancock, L.; Nizinski, A.; Srinivasan, P.; Fuchs, T.A.; Szigeti, K.;
Zivadinov, R.; et al. Cognitive Profiles of Aging in Multiple Sclerosis. Front. Aging Neurosci. 2019, 11, 105. [CrossRef]

20. Roth, A.K.; Denney, D.R.; Burns, J.M.; Lynch, S.G. Cognition in Older Patients with Multiple Sclerosis Compared to Patients with
Amnestic Mild Cognitive Impairment and Healthy Older Adults. Neuropsychology 2018, 32, 654–663. [CrossRef]

21. Rocca, M.A.; Riccitelli, G.C.; Meani, A.; Pagani, E.; Del Sette, P.; Martinelli, V.; Comi, G.; Falini, A.; Filippi, M. Cognitive Reserve,
Cognition, and Regional Brain Damage in MS: A 2-Year Longitudinal Study. Mult. Scler. J. 2019, 25, 372–381. [CrossRef] [PubMed]

22. Amato, M.P.; Razzolini, L.; Goretti, B.; Stromillo, M.L.; Rossi, F.; Giorgio, A.; Hakiki, B.; Giannini, M.; Pastò, L.; Portaccio, E.; et al.
Cognitive Reserve and Cortical Atrophy in Multiple Sclerosis: A Longitudinal Study. Neurology 2013, 80, 1728–1733. [CrossRef]
[PubMed]

23. Benedict, R.H.B.; Morrow, S.A.; Weinstock Guttman, B.; Cookfair, D.; Schretlen, D.J. Cognitive Reserve Moderates Decline in
Information Processing Speed in Multiple Sclerosis Patients. J. Int. Neuropsychol. Soc. 2010, 16, 829–835. [CrossRef] [PubMed]

24. Sumowski, J.F. Cognitive Reserve as a Useful Concept for Early Intervention Research in Multiple Sclerosis. Front. Neurol. 2015, 6.
[CrossRef] [PubMed]

25. Sperling, R.A.; Aisen, P.S.; Beckett, L.A.; Bennett, D.A.; Craft, S.; Fagan, A.M.; Iwatsubo, T.; Jack, C.R.; Kaye, J.; Montine,
T.J.; et al. Toward Defining the Preclinical Stages of Alzheimer’s Disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association Workgroups on Diagnostic Guidelines for Alzheimer’s Disease. Alzheimer’s Dement. 2011, 7,
280–292. [CrossRef] [PubMed]

26. Filley, C.M.; Heaton, R.K.; Nelson, L.M.; Burks, J.S.; Franklin, G.M. A Comparison of Dementia in Alzheimer’s Disease and
Multiple Sclerosis. Arch. Neurol. 1989, 46, 157–161. [CrossRef] [PubMed]

27. Roy, S.; Drake, A.; Snyder, S.; Cline, B.; Khan, A.; Fuchs, T.; Zivadinov, R.; Weinstock-Guttman, B.; Szigeti, K.; Benedict, R.H.B. Pre-
liminary Investigation of Cognitive Function in Aged Multiple Sclerosis Patients: Challenges in Detecting Comorbid Alzheimer’s
Disease. Mult. Scler. Relat. Disord. 2018, 22, 52–56. [CrossRef] [PubMed]

28. Müller, S.; Saur, R.; Greve, B.; Melms, A.; Hautzinger, M.; Fallgatter, A.J.; Leyhe, T. Similar Autobiographical Memory Impairment
in Long-Term Secondary Progressive Multiple Sclerosis and Alzheimer’s Disease. Mult. Scler. J. 2013, 19, 225–232. [CrossRef]
[PubMed]

29. Müller, S.; Saur, R.; Greve, B.; Melms, A.; Hautzinger, M.; Fallgatter, A.J.; Leyhe, T. Recognition Performance Differentiates
between Elderly Patients in the Long Term Course of Secondary Progressive Multiple Sclerosis and Amnestic Mild Cognitive
Impairment. Mult. Scler. J. 2013, 19, 799–805. [CrossRef]

30. Marrie, R.A.; Cohen, J.; Stuve, O.; Trojano, M.; Sørensen, P.S.; Reingold, S.; Cutter, G.; Reider, N. A Systematic Review of the
Incidence and Prevalence of Comorbidity in Multiple Sclerosis: Overview. Mult. Scler. J. 2015, 21, 263–281. [CrossRef] [PubMed]

31. Magyari, M.; Sorensen, P.S. Comorbidity in Multiple Sclerosis. Front. Neurol. 2020, 11. [CrossRef] [PubMed]
32. Palladino, R.; Marrie, R.A.; Majeed, A.; Chataway, J. Evaluating the Risk of Macrovascular Events and Mortality among People

with Multiple Sclerosis in England. JAMA Neurol. 2020, 77, 820–828. [CrossRef]
33. McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.J.; Manly, J.J.;

Mayeux, R.; et al. The Diagnosis of Dementia Due to Alzheimer’s Disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association Workgroups on Diagnostic Guidelines for Alzheimer’s Disease. Alzheimer’s Dement. 2011, 7,
263–269. [CrossRef] [PubMed]

34. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Association:
Washington, DC, USA, 2013; pp. 451–459.

35. Benedict, R.; Bobholz, J. Multiple Sclerosis. Semin. Neurol. 2007, 27, 078–085. [CrossRef]
36. Huber, S.J.; Paulson, G.W.; Shuttleworth, E.C.; Chakeres, D.; Clapp, L.E.; Pakalnis, A.; Weiss, K.; Rammohan, K. Magnetic

Resonance Imaging Correlates of Dementia in Multiple Sclerosis. Arch. Neurol. 1987, 44, 732–736. [CrossRef]
37. Hancock, L.M.; Hermann, B.; Schoonheim, M.M.; Hetzel, S.J.; Brochet, B.; DeLuca, J. Comparing Diagnostic Criteria for the

Diagnosis of Neurocognitive Disorders in Multiple Sclerosis. Mult. Scler. Relat. Disord. 2022, 58, 103479. [CrossRef] [PubMed]
38. Westervelt, H.J. Dementia in Multiple Sclerosis: Why Is It Rarely Discussed? Arch. Clin. Neuropsychol. 2015, 30, 174–177.

[CrossRef]
39. Giovannoni, G. Should We Rebrand Multiple Sclerosis a Dementia? Mult. Scler. Relat. Disord. 2017, 12, 79–81. [CrossRef]

[PubMed]
40. Mahmoudi, E.; Sadaghiyani, S.; Lin, P.; Kamdar, N.; Norcott, A.; Peterson, M.D.; Meade, M.A. Diagnosis of Alzheimer’s Disease

and Related Dementia among People with Multiple Sclerosis: Large Cohort Study, USA. Mult. Scler. Relat. Disord. 2022, 57, 103351.
[CrossRef]

41. Mendez, M.F.; Frey, W.H. Multiple Sclerosis Dementia. Neurology 1992, 42, 696. [CrossRef]

http://doi.org/10.1177/1352458516674367
http://doi.org/10.1097/WNN.0000000000000200
http://doi.org/10.3389/fnagi.2019.00105
http://doi.org/10.1037/neu0000453
http://doi.org/10.1177/1352458517750767
http://www.ncbi.nlm.nih.gov/pubmed/29303036
http://doi.org/10.1212/WNL.0b013e3182918c6f
http://www.ncbi.nlm.nih.gov/pubmed/23576622
http://doi.org/10.1017/S1355617710000688
http://www.ncbi.nlm.nih.gov/pubmed/20609273
http://doi.org/10.3389/fneur.2015.00176
http://www.ncbi.nlm.nih.gov/pubmed/26347706
http://doi.org/10.1016/j.jalz.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21514248
http://doi.org/10.1001/archneur.1989.00520380061013
http://www.ncbi.nlm.nih.gov/pubmed/2916954
http://doi.org/10.1016/j.msard.2018.03.008
http://www.ncbi.nlm.nih.gov/pubmed/29574353
http://doi.org/10.1177/1352458512450352
http://www.ncbi.nlm.nih.gov/pubmed/22685064
http://doi.org/10.1177/1352458512461392
http://doi.org/10.1177/1352458514564491
http://www.ncbi.nlm.nih.gov/pubmed/25623244
http://doi.org/10.3389/fneur.2020.00851
http://www.ncbi.nlm.nih.gov/pubmed/32973654
http://doi.org/10.1001/jamaneurol.2020.0664
http://doi.org/10.1016/j.jalz.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21514250
http://doi.org/10.1055/s-2006-956758
http://doi.org/10.1001/archneur.1987.00520190040015
http://doi.org/10.1016/j.msard.2021.103479
http://www.ncbi.nlm.nih.gov/pubmed/35033839
http://doi.org/10.1093/arclin/acu095
http://doi.org/10.1016/j.msard.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28283112
http://doi.org/10.1016/j.msard.2021.103351
http://doi.org/10.1212/WNL.42.3.696


Geriatrics 2022, 7, 61 13 of 15

42. Fontaine, B.; Seilhean, D.; Tourbah, A.; Daumas-Duport, C.; Duyckaerts, C.; Benoit, N.; Devaux, B.; Hauw, J.J.; Rancurel, G.;
Lyon-Caen, O. Dementia in Two Histologically Confirmed Cases of Multiple Sclerosis: One Case with Isolated Dementia and One
Case Associated with Psychiatric Symptoms. J. Neurol. Neurosurg. Psychiatry 1994, 57, 353–359. [CrossRef] [PubMed]

43. Tobin, W.O.; Popescu, B.F.; Lowe, V.; Pirko, I.; Parisi, J.E.; Kantarci, K.; Fields, J.A.; Bruns, M.B.; Boeve, B.F.; Lucchinetti, C.F.
Multiple Sclerosis Masquerading as Alzheimer-Type Dementia: Clinical, Radiological and Pathological Findings. Mult. Scler.
2016, 22, 698–704. [CrossRef]

44. Zarei, M. Clinical Characteristics of Cortical Multiple Sclerosis. J. Neurol. Sci. 2006, 245, 53–58. [CrossRef] [PubMed]
45. Staff, N.P.; Lucchinetti, C.F.; Keegan, B.M. Multiple Sclerosis with Predominant, Severe Cognitive Impairment. Arch. Neurol. 2009,

66, 1139–1143. [CrossRef]
46. Dal Bianco, A.; Bradl, M.; Frischer, J.; Kutzelnigg, A.; Jellinger, K.; Lassmann, H. Multiple Sclerosis and Alzheimer’s Disease. Ann.

Neurol. 2008, 63, 174–183. [CrossRef]
47. Frischer, J.M.; Bramow, S.; Dal-Bianco, A.; Lucchinetti, C.F.; Rauschka, H.; Schmidbauer, M.; Laursen, H.; Sorensen, P.S.; Lassmann,

H. The Relation between Inflammation and Neurodegeneration in Multiple Sclerosis Brains. Brain 2009, 132, 1175–1189. [CrossRef]
48. Luczynski, P.; Laule, C.; Hsiung, G.-Y.R.; Moore, G.R.W.; Tremlett, H. Coexistence of Multiple Sclerosis and Alzheimer’s Disease:

A Review. Mult. Scler. Relat. Disord. 2019, 27, 232–238. [CrossRef]
49. Jack, C.R.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.; Jessen, F.;

Karlawish, J.; et al. NIA-AA Research Framework: Toward a Biological Definition of Alzheimer’s Disease. Alzheimer’s Dement.
2018, 14, 535–562. [CrossRef] [PubMed]

50. Flanagan, E.P.; Knopman, D.S.; Keegan, B.M. Dementia in MS Complicated by Coexistent Alzheimer Disease: Diagnosis
Premortem and Postmortem. Neurol. Clin. Pract. 2014, 4, 226–230. [CrossRef]

51. Bartosik-Psujek, H.; Stelmasiak, Z. The CSF Levels of Total-Tau and Phosphotau in Patients with Relapsing-Remitting Multiple
Sclerosis. J. Neural Transm. 2006, 113, 339–345. [CrossRef]

52. Momtazmanesh, S.; Shobeiri, P.; Saghazadeh, A.; Teunissen, C.E.; Burman, J.; Szalardy, L.; Klivenyi, P.; Bartos, A.; Fernandes, A.;
Rezaei, N. Neuronal and Glial CSF Biomarkers in Multiple Sclerosis: A Systematic Review and Meta-Analysis. Rev. Neurosci.
2021, 32, 573–595. [CrossRef] [PubMed]

53. Virgilio, E.; Vecchio, D.; Crespi, I.; Puricelli, C.; Barbero, P.; Galli, G.; Cantello, R.; Dianzani, U.; Comi, C. Cerebrospinal Fluid
Biomarkers and Cognitive Functions at Multiple Sclerosis Diagnosis. J. Neurol. 2022, 269, 3249–3257. [CrossRef]

54. Virgilio, E.; Vecchio, D.; Crespi, I.; Serino, R.; Cantello, R.; Dianzani, U.; Comi, C. Cerebrospinal Tau Levels as a Predictor of Early
Disability in Multiple Sclerosis. Mult. Scler. Relat. Disord. 2021, 56, 103231. [CrossRef] [PubMed]

55. Pietroboni, A.M.; Colombi, A.; Carandini, T.; Scarpini, E.; Galimberti, D.; Bozzali, M. The Role of Amyloid-β in White Matter
Damage: Possible Common Pathogenetic Mechanisms in Neurodegenerative and Demyelinating Diseases. J. Alzheimers Dis. 2020,
78, 13–22. [CrossRef] [PubMed]

56. Zeydan, B.; Lowe, V.J.; Schwarz, C.G.; Przybelski, S.A.; Tosakulwong, N.; Zuk, S.M.; Senjem, M.L.; Gunter, J.L.; Roberts, R.O.;
Mielke, M.M.; et al. Pittsburgh Compound-B PET White Matter Imaging and Cognitive Function in Late Multiple Sclerosis. Mult.
Scler. J. 2018, 24, 739–749. [CrossRef]

57. Zeydan, B.; Lowe, V.J.; Reichard, R.R.; Przybelski, S.A.; Lesnick, T.G.; Schwarz, C.G.; Senjem, M.L.; Gunter, J.L.; Parisi, J.E.;
Machulda, M.M.; et al. Imaging Biomarkers of Alzheimer Disease in Multiple Sclerosis. Ann. Neurol. 2020, 87, 556–567. [CrossRef]

58. David, M.; Tayebi, M. Detection of Protein Aggregates in Brain and Cerebrospinal Fluid Derived from Multiple Sclerosis Patients.
Front. Neurol. 2014, 5. [CrossRef]

59. Anderson, J.M.; Hampton, D.W.; Patani, R.; Pryce, G.; Crowther, R.A.; Reynolds, R.; Franklin, R.J.M.; Giovannoni, G.; Compston,
D.A.S.; Baker, D.; et al. Abnormally Phosphorylated Tau Is Associated with Neuronal and Axonal Loss in Experimental
Autoimmune Encephalomyelitis and Multiple Sclerosis. Brain 2008, 131, 1736–1748. [CrossRef] [PubMed]

60. Hogan, D.B.; Fiest, K.M.; Roberts, J.I.; Maxwell, C.J.; Dykeman, J.; Pringsheim, T.; Steeves, T.; Smith, E.E.; Pearson, D.; Jetté, N. The
Prevalence and Incidence of Dementia with Lewy Bodies: A Systematic Review. Can. J. Neurol. Sci. 2016, 43, S83–S95. [CrossRef]

61. Wolters, F.J.; Arfan Ikram, M. Epidemiology of Vascular Dementia: Nosology in a Time of Epiomics. Arterioscler. Thromb. Vasc.
Biol. 2019, 39, 1542–1549. [CrossRef]

62. Chui, H.C.; Victoroff, J.I.; Margolin, M.; Jagust, W.; Shankle, R.; Katzman, R. Criteria for the Diagnosis of Ischemic Vascular
Dementia Proposed by the State of California Alzheimer’s Disease Diagnostic and Treatment Centers. Neurology 1992, 42, 473–480.
[CrossRef] [PubMed]

63. Román, G.C.; Tatemichi, T.K.; Erkinjuntti, T.; Cummings, J.L.; Masdeu, J.C.; Garcia, J.H.; Amaducci, L.; Orgogozo, J.M.; Brun, A.;
Hofman, A.; et al. Vascular Dementia: Diagnostic Criteria for Research Studies: Report of the Ninds-Airen International
Workshop*. Neurology 1993, 43, 250–260. [CrossRef]

64. Gorelick, P.B.; Scuteri, A.; Black, S.E.; Decarli, C.; Greenberg, S.M.; Iadecola, C.; Launer, L.J.; Laurent, S.; Lopez, O.L.;
Nyenhuis, D.; et al. Vascular Contributions to Cognitive Impairment and Dementia: A Statement for Healthcare Professionals
from the American Heart Association/American Stroke Association. Stroke 2011, 42, 2672–2713. [CrossRef]

65. Sachdev, P.; Kalaria, R.; O’Brien, J.; Skoog, I.; Alladi, S.; Black, S.E.; Blacker, D.; Blazer, D.G.; Chen, C.; Chui, H.; et al. Diagnostic
Criteria for Vascular Cognitive Disorders: A VASCOG Statement. Alzheimer Dis. Assoc. Disord. 2014, 28, 206–218. [CrossRef]

66. Skrobot, O.A.; Love, S.; Kehoe, P.G.; O’Brien, J.; Black, S.; Chen, C.; DeCarli, C.; Erkinjuntti, T.; Ford, G.A.; Kalaria, R.N.; et al. The
Vascular Impairment of Cognition Classification Consensus Study. Alzheimer’s Dement. 2017, 13, 624–633. [CrossRef]

http://doi.org/10.1136/jnnp.57.3.353
http://www.ncbi.nlm.nih.gov/pubmed/8158186
http://doi.org/10.1177/1352458515604382
http://doi.org/10.1016/j.jns.2005.08.025
http://www.ncbi.nlm.nih.gov/pubmed/16626743
http://doi.org/10.1001/archneurol.2009.190
http://doi.org/10.1002/ana.21240
http://doi.org/10.1093/brain/awp070
http://doi.org/10.1016/j.msard.2018.10.109
http://doi.org/10.1016/j.jalz.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29653606
http://doi.org/10.1212/CPJ.0000000000000030
http://doi.org/10.1007/s00702-005-0327-z
http://doi.org/10.1515/revneuro-2020-0145
http://www.ncbi.nlm.nih.gov/pubmed/33594840
http://doi.org/10.1007/s00415-021-10945-4
http://doi.org/10.1016/j.msard.2021.103231
http://www.ncbi.nlm.nih.gov/pubmed/34492629
http://doi.org/10.3233/JAD-200868
http://www.ncbi.nlm.nih.gov/pubmed/32925075
http://doi.org/10.1177/1352458517707346
http://doi.org/10.1002/ana.25684
http://doi.org/10.3389/fneur.2014.00251
http://doi.org/10.1093/brain/awn119
http://www.ncbi.nlm.nih.gov/pubmed/18567922
http://doi.org/10.1017/cjn.2016.2
http://doi.org/10.1161/ATVBAHA.119.311908
http://doi.org/10.1212/WNL.42.3.473
http://www.ncbi.nlm.nih.gov/pubmed/1549205
http://doi.org/10.1212/WNL.43.2.250
http://doi.org/10.1161/STR.0b013e3182299496
http://doi.org/10.1097/WAD.0000000000000034
http://doi.org/10.1016/j.jalz.2016.10.007


Geriatrics 2022, 7, 61 14 of 15

67. Hong, Y.; Tang, H.R.; Ma, M.; Chen, N.; Xie, X.; He, L. Multiple Sclerosis and Stroke: A Systematic Review and Meta-Analysis.
BMC Neurol. 2019, 19, 139. [CrossRef] [PubMed]

68. Doskas, T.; Dardiotis, E.; Vavougios, G.D.; Ntoskas, K.T.; Sionidou, P.; Vadikolias, K. Stroke risk in multiple sclerosis: A critical
appraisal of the literature. Int. J. Neurosci. 2022, 1–21. [CrossRef]

69. Tomimoto, H. Subcortical Vascular Dementia. Neurosci. Res. 2011, 71, 193–199. [CrossRef]
70. Bonelli, R.M.; Cummings, J.L. Frontal-Subcortical Dementias. Neurologist 2008, 14, 100–107. [CrossRef]
71. Solomon, A.J.; Bourdette, D.N.; Cross, A.H.; Applebee, A.; Skidd, P.M.; Howard, D.B.; Spain, R.I.; Cameron, M.H.; Kim, E.;

Mass, M.K.; et al. The Contemporary Spectrum of Multiple Sclerosis Misdiagnosis. Neurology 2016, 87, 1393–1399. [CrossRef]
[PubMed]

72. Solomon, A.J.; Naismith, R.T.; Cross, A.H. Misdiagnosis of Multiple Sclerosis: Impact of the 2017 McDonald Criteria on Clinical
Practice. Neurology 2019, 92, 26–33. [CrossRef] [PubMed]

73. Filippi, M.; Preziosa, P.; Banwell, B.L.; Barkhof, F.; Ciccarelli, O.; De Stefano, N.; Geurts, J.J.G.; Paul, F.; Reich, D.S.; Toosy, A.T.; et al.
Assessment of Lesions on Magnetic Resonance Imaging in Multiple Sclerosis: Practical Guidelines. Brain 2019, 142, 1858–1875.
[CrossRef]

74. Weisman, D.; McKeith, I. Dementia with Lewy Bodies. Semin. Neurol. 2007, 27, 42–47. [CrossRef]
75. McKeith, I.; O’Brien, J. Dementia with Lewy Bodies. Aust. N. Z. J. Psychiatry 1999, 33, 800–808. [CrossRef] [PubMed]
76. Mehanna, R.M.; Jankovic, J. Movement Disorders in Multiple Sclerosis and Other Demyelinating Diseases. J. Neurol. Sci. 2013,

328, 1–8. [CrossRef] [PubMed]
77. Chen, C.-S.; Lin, S.-F.; Chong, M.-Y. Charles Bonnet Syndrome and Multiple Sclerosis. Am. J. Psychiatry 2001, 158, 1158-a-1159.

[CrossRef]
78. Alao, A.O.; Hanrahan, B. Charles Bonnet Syndrome: Visual Hallucination and Multiple Sclerosis. Int. J. Psychiatry Med. 2003, 33,

195–199. [CrossRef]
79. Plazzi, G.; Montagna, P. Remitting REM Sleep Behavior Disorder as the Initial Sign of Multiple Sclerosis. Sleep Med. 2002, 3,

437–439. [CrossRef]
80. McCarter, S.J.; Tippmann-Peikert, M.; Sandness, D.J.; Flanagan, E.P.; Kantarci, K.; Boeve, B.F.; Silber, M.H.; Louis, E.K.S.

Neuroimaging-Evident Lesional Pathology Associated with REM Sleep Behavior Disorder. Sleep Med. 2015, 16, 1502–1510.
[CrossRef]

81. Cummings, J.L. Fluctuations in Cognitive Function in Dementia with Lewy Bodies. Lancet Neurol. 2004, 3, 266. [CrossRef]
82. He, D.; Zhang, Y.; Dong, S.; Wang, D.; Gao, X.; Zhou, H. Pharmacological Treatment for Memory Disorder in Multiple Sclerosis.

Cochrane Database Syst. Rev. 2013, 12, CD008876. [CrossRef]
83. Cotter, J.; Muhlert, N.; Talwar, A.; Granger, K. Examining the Effectiveness of Acetylcholinesterase Inhibitors and Stimulant-Based

Medications for Cognitive Dysfunction in Multiple Sclerosis: A Systematic Review and Meta-Analysis. Neurosci. Biobehav. Rev.
2018, 86, 99–107. [CrossRef] [PubMed]

84. Lovera, J.F.; Frohman, E.; Brown, T.R.; Bandari, D.; Nguyen, L.; Yadav, V.; Stuve, O.; Karman, J.; Bogardus, K.; Heimburger, G.; et al.
Memantine for Cognitive Impairment in Multiple Sclerosis: A Randomized Placebo-Controlled Trial. Mult. Scler. J. 2010, 16,
715–723. [CrossRef] [PubMed]

85. Peyro Saint Paul, L.; Creveuil, C.; Heinzlef, O.; De Seze, J.; Vermersch, P.; Castelnovo, C.; Cabre, P.; Debouverie, M.; Brochet,
B.; Dupuy, B.; et al. Efficacy and Safety Profile of Memantine in Patients with Cognitive Impairment in Multiple Sclerosis: A
Randomized, Placebo-Controlled Study. J. Neurol. Sci. 2016, 363, 69–76. [CrossRef]

86. Turalde, C.W.R.; Espiritu, A.I.; Anlacan, V.M.M. Memantine for Multiple Sclerosis: A Systematic Review and Meta-Analysis of
Randomized Trials. Front. Neurol. 2021, 11, 1919. [CrossRef] [PubMed]

87. Musella, A.; Gentile, A.; Rizzo, F.R.; De Vito, F.; Fresegna, D.; Bullitta, S.; Vanni, V.; Guadalupi, L.; Bassi, M.S.; Buttari, F.; et al.
Interplay between Age and Neuroinflammation in Multiple Sclerosis: Effects on Motor and Cognitive Functions. Front. Aging
Neurosci. 2018, 10, 238. [CrossRef]

88. Papadopoulos, D.; Magliozzi, R.; Mitsikostas, D.D.; Gorgoulis, V.G.; Nicholas, R.S. Aging, Cellular Senescence, and Progressive
Multiple Sclerosis. Front. Cell. Neurosci. 2020, 14, 178. [CrossRef] [PubMed]

89. Schattling, B.; Engler, J.B.; Volkmann, C.; Rothammer, N.; Woo, M.S.; Petersen, M.; Winkler, I.; Kaufmann, M.; Rosenkranz, S.C.;
Fejtova, A.; et al. Bassoon Proteinopathy Drives Neurodegeneration in Multiple Sclerosis. Nat. Neurosci. 2019, 22, 887–896.
[CrossRef] [PubMed]

90. Lassmann, H. What Drives Disease in Multiple Sclerosis: Inflammation or Neurodegeneration? Clin. Exp. Neuroimmunol. 2010, 1,
2–11. [CrossRef]

91. Correale, J.; Marrodan, M.; Ysrraelit, M.C. Mechanisms of Neurodegeneration and Axonal Dysfunction in Progressive Multiple
Sclerosis. Biomedicines 2019, 7, 14. [CrossRef]

92. Pitteri, M.; Magliozzi, R.; Nicholas, R.; Ziccardi, S.; Pisani, A.I.; Pezzini, F.; Marastoni, D.; Calabrese, M. Cerebrospinal Fluid
Inflammatory Profile of Cognitive Impairment in Newly Diagnosed Multiple Sclerosis Patients. Mult. Scler. J. 2021, 28, 768–777.
[CrossRef] [PubMed]

93. Giedraitiene, N.; Drukteiniene, E.; Kizlaitiene, R.; Cimbalas, A.; Asoklis, R.; Kaubrys, G. Cognitive Decline in Multiple Sclerosis Is
Related to the Progression of Retinal Atrophy and Presence of Oligoclonal Bands: A 5-Year Follow-Up Study. Front. Neurol. 2021,
12, 678735. [CrossRef]

http://doi.org/10.1186/s12883-019-1366-7
http://www.ncbi.nlm.nih.gov/pubmed/31234793
http://doi.org/10.1080/00207454.2022.2056459
http://doi.org/10.1016/j.neures.2011.07.1820
http://doi.org/10.1097/NRL.0b013e31815b0de2
http://doi.org/10.1212/WNL.0000000000003152
http://www.ncbi.nlm.nih.gov/pubmed/27581217
http://doi.org/10.1212/WNL.0000000000006583
http://www.ncbi.nlm.nih.gov/pubmed/30381369
http://doi.org/10.1093/brain/awz144
http://doi.org/10.1055/s-2006-956754
http://doi.org/10.1046/j.1440-1614.1999.00650.x
http://www.ncbi.nlm.nih.gov/pubmed/10619205
http://doi.org/10.1016/j.jns.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23522528
http://doi.org/10.1176/appi.ajp.158.7.1158-a
http://doi.org/10.2190/0NUQ-Y5Q9-TA6H-RJHH
http://doi.org/10.1016/S1389-9457(02)00042-4
http://doi.org/10.1016/j.sleep.2015.07.018
http://doi.org/10.1016/S1474-4422(04)00728-8
http://doi.org/10.1002/14651858.CD008876.pub3
http://doi.org/10.1016/j.neubiorev.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29406017
http://doi.org/10.1177/1352458510367662
http://www.ncbi.nlm.nih.gov/pubmed/20483885
http://doi.org/10.1016/j.jns.2016.02.012
http://doi.org/10.3389/fneur.2020.574748
http://www.ncbi.nlm.nih.gov/pubmed/33658967
http://doi.org/10.3389/fnagi.2018.00238
http://doi.org/10.3389/fncel.2020.00178
http://www.ncbi.nlm.nih.gov/pubmed/32694983
http://doi.org/10.1038/s41593-019-0385-4
http://www.ncbi.nlm.nih.gov/pubmed/31011226
http://doi.org/10.1111/j.1759-1961.2009.00003.x
http://doi.org/10.3390/biomedicines7010014
http://doi.org/10.1177/13524585211032510
http://www.ncbi.nlm.nih.gov/pubmed/34328817
http://doi.org/10.3389/fneur.2021.678735


Geriatrics 2022, 7, 61 15 of 15

94. Hu, W.T.; Howell, J.C.; Ozturk, T.; Gangishetti, U.; Kollhoff, A.L.; Hatcher-Martin, J.M.; Anderson, A.M.; Tyor, W.R. CSF Cytokines
in Aging, Multiple Sclerosis, and Dementia. Front. Immunol. 2019, 10, 480. [CrossRef] [PubMed]

95. Hasan, K.M.; Walimuni, I.S.; Abid, H.; Frye, R.E.; Ewing-Cobbs, L.; Wolinsky, J.S.; Narayana, P.A. Multimodal Quantitative Mag-
netic Resonance Imaging of Thalamic Development and Aging across the Human Lifespan: Implications to Neurodegeneration
in Multiple Sclerosis. J. Neurosci. 2011, 31, 16826–16832. [CrossRef] [PubMed]

96. Jakimovski, D.; Bergsland, N.; Dwyer, M.G.; Hagemeier, J.; Ramasamy, D.P.; Szigeti, K.; Guttuso, T.; Lichter, D.; Hojnacki, D.;
Weinstock-Guttman, B.; et al. Long-Standing Multiple Sclerosis Neurodegeneration: Volumetric Magnetic Resonance Imaging
Comparison to Parkinson’s Disease, Mild Cognitive Impairment, Alzheimer’s Disease, and Elderly Healthy Controls. Neurobiol.
Aging 2020, 90, 84–92. [CrossRef]

97. Azevedo, C.J.; Cen, S.Y.; Jaberzadeh, A.; Zheng, L.; Hauser, S.L.; Pelletier, D. Contribution of Normal Aging to Brain Atrophy in
MS. Neurol. Neuroimmunol. Neuroinflamm. 2019, 6, e616. [CrossRef] [PubMed]

98. Houtchens, M.K.; Benedict, R.H.B.; Killiany, R.; Sharma, J.; Jaisani, Z.; Singh, B.; Weinstock-Guttman, B.; Guttmann, C.R.G.;
Bakshi, R. Thalamic Atrophy and Cognition in Multiple Sclerosis. Neurology 2007, 69, 1213–1223. [CrossRef] [PubMed]

99. Pinter, D.; Khalil, M.; Pirpamer, L.; Damulina, A.; Pichler, A.; Fruhwirth, V.; Ropele, S.; Schmidt, R.; Fuchs, S.; Enzinger, C.
Long-Term Course and Morphological MRI Correlates of Cognitive Function in Multiple Sclerosis. Mult. Scler. J. 2021, 27, 954–963.
[CrossRef]

100. Rocca, M.A.; Amato, M.P.; De Stefano, N.; Enzinger, C.; Geurts, J.J.; Penner, I.K.; Rovira, A.; Sumowski, J.F.; Valsasina, P.;
Filippi, M. Clinical and Imaging Assessment of Cognitive Dysfunction in Multiple Sclerosis. Lancet Neurol. 2015, 14, 302–317.
[CrossRef]

101. Curti, E.; Graziuso, S.; Tsantes, E.; Crisi, G.; Granella, F. Correlation between Cortical Lesions and Cognitive Impairment in
Multiple Sclerosis. Brain Behav. 2018, 8, e00955. [CrossRef]

102. Planche, V.; Ruet, A.; Coupé, P.; Lamargue-Hamel, D.; Deloire, M.; Pereira, B.; Manjon, J.V.; Munsch, F.; Moscufo, N.;
Meier, D.S.; et al. Hippocampal Microstructural Damage Correlates with Memory Impairment in Clinically Isolated Syndrome
Suggestive of Multiple Sclerosis. Mult. Scler. J. 2017, 23, 1214–1224. [CrossRef] [PubMed]

103. Blecher, T.; Miron, S.; Schneider, G.G.; Achiron, A.; Ben-Shachar, M. Association between White Matter Microstructure and Verbal
Fluency in Patients with Multiple Sclerosis. Front. Psychol. 2019, 10, 1607. [CrossRef]

104. Geurts, J.J.G.; Bö, L.; Roosendaal, S.D.; Hazes, T.; Daniëls, R.; Barkhof, F.; Witter, M.P.; Huitinga, I.; Van Der Valk, P. Extensive
Hippocampal Demyelination in Multiple Sclerosis. J. Neuropathol. Exp. Neurol. 2007, 66, 819–827. [CrossRef] [PubMed]

105. Vercellino, M.; Masera, S.; Lorenzatti, M.; Condello, C.; Merola, A.; Mattioda, A.; Tribolo, A.; Capello, E.; Mancardi, G.L.;
Mutani, R.; et al. Demyelination, Inflammation, and Neurodegeneration in Multiple Sclerosis Deep Gray Matter. J. Neuropathol.
Exp. Neurol. 2009, 68, 489–502. [CrossRef] [PubMed]

106. Geraldes, R.; Esiri, M.M.; DeLuca, G.C.; Palace, J. Age-Related Small Vessel Disease: A Potential Contributor to Neurodegeneration
in Multiple Sclerosis. Brain Pathol. 2017, 27, 707–722. [CrossRef]

http://doi.org/10.3389/fimmu.2019.00480
http://www.ncbi.nlm.nih.gov/pubmed/30930904
http://doi.org/10.1523/JNEUROSCI.4184-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22090508
http://doi.org/10.1016/j.neurobiolaging.2020.02.002
http://doi.org/10.1212/NXI.0000000000000616
http://www.ncbi.nlm.nih.gov/pubmed/32330116
http://doi.org/10.1212/01.wnl.0000276992.17011.b5
http://www.ncbi.nlm.nih.gov/pubmed/17875909
http://doi.org/10.1177/1352458520941474
http://doi.org/10.1016/S1474-4422(14)70250-9
http://doi.org/10.1002/brb3.955
http://doi.org/10.1177/1352458516675750
http://www.ncbi.nlm.nih.gov/pubmed/27780913
http://doi.org/10.3389/fpsyg.2019.01607
http://doi.org/10.1097/nen.0b013e3181461f54
http://www.ncbi.nlm.nih.gov/pubmed/17805012
http://doi.org/10.1097/NEN.0b013e3181a19a5a
http://www.ncbi.nlm.nih.gov/pubmed/19525897
http://doi.org/10.1111/bpa.12460

	Introduction 
	Cognitive Aging and MS: Do Older PwMS Have Worse Cognitive Decline Compared to Older People without MS? 
	Dementia and MS: Can Older PwMS Develop Dementia or Other Neurodegenerative Diseases? Are There Any Potential Biomarkers That Can Help to Determine the Etiology of Cognitive Decline in Older PwMS? 
	What Are the Neural and Cellular Bases of Cognitive Aging and Neurodegeneration in MS? 
	Conclusions 
	Future Directions 
	References

