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Summary

Cognitive impairment occurs in 40–70% of patients with multiple sclerosis (MS). It is 
observed even at the early stage of disease, including clinically isolated syndrome (CIS). 
Cognitive dysfunction develops irrespectively of the physical disability. Affected domains 
include: information processing speed, visuospatial abilities, attention, verbal memory and 
executive functions. Cognitive deficits have relevant implication because of their impact on 
daily living, quality of life and increased risk of conversion from CIS to MS. In the recent years 
the issue of cognitive impairment in MS became an important research problem. The funda-
mental aim is to understand the neurobiological substrates of these mental symptoms. As we 
know neurodegenerative process associated with the disease, pathology of cerebral cortex 
and damage to the normal appearing brain tissue are potentially involved in the development 
of cognitive symptoms. Better assessment of these cerebral changes is possible through the 
improvement of magnetic resonance imaging techniques. Influence of genetic profile on the 
course of MS, including cognitive dysfunction, is still under evaluation. Despite using the 
new neuroimaging methods, the substrate of cognitive impairment in MS has not been clearly 
defined so far. Understanding the mechanisms underlying cognitive symptoms may extend 
our knowledge of the pathophysiology of the disease and also contribute to the development 
of new strategies and objectives for treatment. This paper provides a summary of the results 
obtained from the application of conventional and modern magnetic resonance imaging tech-
niques to assess structural pathologies occurring in MS as well as genetic factors and their 
association with cognitive dysfunction.
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Introduction

In the recent years the issue of cognitive impairment in multiple sclerosis (MS) 
became an important research problem. The fundamental aim is to understand the 
neurobiological substrates of these mental symptoms in patients suffering from MS. 
Some factors, which may allow selecting a group of patients at increased risk of cog-
nitive impairment, are sought.

Cognitive dysfunction occurs in 40–70% of patients in the course of MS [1, 2]. 
It has significant influence on the quality of life caused by increased unemployment 
rate, restriction of social activities and interpersonal relationships, sexual dysfunction 
and difficulties in performing routine household tasks [3]. Sartori and Edan determined 
that the unemployment rate among individuals suffering from MS who were cognitively 
impaired was 79% compared to 27% among patients without cognitive dysfunction [4].

Clinically isolated syndrome (CIS) is an individual’s first episode of neurological 
symptoms, lasting at least 24 hours, caused by demyelination. The risk of conversion 
from CIS to MS mainly depends on the presence of demyelinating lesions in the central 
nervous system detected by magnetic resonance imaging (MRI). In case of individu-
als with MRI lesions the risk of conversion is from 60 to 80%, while absence of MRI 
lesions is associated with approximately 20% risk for developing MS [5]. Cognitive 
impairment occurs in 18–57% of patients after CIS [6–9]. Postulated causes of such 
discrepancies are: usage of diverse batteries of neuropsychological tests, different 
reference values ​​for tests and various criteria used to distinguish between cognitively 
preserved and impaired individuals. Occurrence of cognitive dysfunction after CIS is 
clinically significant not only through the impact on quality of life, it is also important 
because of association with the increased risk of conversion from CIS to MS [9, 10]. 
Thus it turned out that the process of cognitive deterioration may start from the early 
stage of MS. An additional evidence for the early development of cognitive symptoms 
in case of some individuals is provided by the research on a group of patients with 
radiologically isolated syndrome (RIS). It is a recently defined entity characterized by 
the presence of lesions suggestive of MS on brain MRI images without neurological 
symptoms expression and with a normal neurological examination [11]. This stage 
of disease is apparently asymptomatic, however, in case of some patients cognitive 
impairment was demonstrated [12].

Neuropsychological examination essentially extends the overall assessment of a pa-
tient suffering from MS. Presence of cognitive impairment and its progression should 
be considered as a marker of disease progression and an important factor determining 
the early initiation of disease-modifying therapy after CIS. This is particularly impor-
tant in the context of clinical trials which indicate that early initiation of treatment is 
beneficial for patients [13]. Moreover, significant impact of this therapy on cognitive 
function was proved [14].
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Profile and substrate of cognitive impairment in MS

The profile of cognitive dysfunction in MS and CIS is similar. Negative impact 
on various aspects of cognitive processes was observed, however, mostly affected 
domains include: information processing speed, visuospatial perception, attention, 
verbal memory and executive functioning [6, 8, 9, 15–18]. The most commonly used 
neuropsychological tests assessing cognitive functioning in MS and CIS include: SDMT 
(Symbol Digit Modalities Test) – the most sensitive test for cognitive dysfunction in 
MS [19], PASAT (Paced Auditory Serial Attention Test), TMT (Trail Making Test), 
verbal fluency tests, WCST (Wisconsin Card Sorting Test), SRT (Selective Reminding 
Test) and SPART (10/36 Spatial Recall Test). ‘Brief Repeatable Battery of Neuropsy-
chological Tests’ (BRB-N) is a frequently used set of neuropsychological tests used to 
assess cognitive function in MS. It contains: Selective Reminding Test, 10/36 Spatial 
Recall Test, Symbol Digit Modalities Test, Paced Auditory Serial Addition Test and 
Word List Generation [20, 21].

The substrate of cognitive impairment in MS has not been clarified so far. Many 
studies were conducted to find some factors associated with the occurrence of cognitive 
dysfunction. It was determined that the risk factors for cognitive deterioration are: male 
sex, early onset of disease, secondary progressive course and low premorbid cognitive 
status [22]. Correlation between neurological status (scored in EDSS) and cognition 
was proved to be low [23, 24]. It follows that cognitive impairment develops irrespec-
tively of physical disability. Moreover, there are reported cases of MS characterized 
by predominant or exclusive cognitive symptoms (cog-MS) [25].

In case of patients in the early stage of MS, including individuals after CIS, there 
was found no correlation between cognitive functioning and neurological status scored 
in EDSS [6, 7, 26]. It was shown that the course of cognitive disorders in MS is pro-
gressive. Individuals presenting dysfunction at the early stage deteriorate later, while 
cognitive status in case of patients cognitively preserved does not change over time [27].

Correlations between cognitive function, demyelinating lesions 
and atrophy assessed with MRI

MRI provides many findings related to the substrate of cognitive impairment in 
MS. Two pathophysiological components of MS can be assessed with support of the 
MRI scans – inflammatory activity and neurodegeneration. Correlates of the first com-
ponent are demyelinating lesions occurring as hyperintense on T2-weighted images 
and isointense or hipointense on T1-weighted images. Neurodegenerative component 
is reflected primarily by atrophy of the brain tissue.

It was determined in the studies that correlation between T2 hyperintense lesions 
(taking into account number of lesions and total lesion volume) and the occurrence of 
cognitive dysfunction is modest at best [28–30]. In addition, correlation between total 
lesion volume and severity of cognitive deterioration was not observed [31]. Presence 
of gadolinium enhancing lesions did not affect cognitive function in MS patients [28, 
32]. However, it was noticed in another study that patients during relapse (optic nerves 
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and motor function of upper extremities were not involved), among which 93% had 
active lesions, performed significantly worse in SDMT than before and 3 months after 
relapse [33]. Moreover, study showed that active lesions are common (72%) in MS 
patients with a pure cognitive onset, which subsequently remains the predominant 
manifestation (cog-MS) – this relation requires further evaluation [34].

In contrast to neurological deficits in MS, cognitive impairment is not associated 
with specific focal lesions, it rather reflects global structural and functional disorder of 
the brain. However, some studies proved the association between changes in certain 
brain structures with a specific pattern of cognitive deficits, for instance location of 
lesions in the frontal area affected executive functioning, solving problems, verbal 
memory and verbal fluency, while lesions occurring in left parieto-occipital area were 
correlated with visuospatial skills and verbal memory impairment [35, 36]. Another 
research did not indicate any association between cognitive dysfunctions and location 
of lesions [32].

Besides demyelinating process, neurodegeneration is an important aspect of the 
pathophysiology of MS. Degeneration markers, such as brain atrophy, are significantly 
associated with the cognitive deterioration in MS patients [28, 30, 37, 38]. Such cor-
relations were also shown for the assessment of regional atrophy, for instance gray 
matter atrophy. The studies provided many evidences for the involvement of the cerebral 
cortex in MS. The occurrence of lesions located in the gray matter was confirmed [39]. 
The association between cognitive functioning and the number and volume of these 
cortical lesions was also determined [28, 40, 41]. Moreover, cerebral cortex atrophy 
is an important factor differentiating between cognitively impaired and cognitively 
preserved individuals [7, 28, 42–44].

Atrophy of other brain structures is also associated with cognitive deterioration in 
MS patients. It applies to the corpus callosum and hippocampus [45, 46]. In case of 
corpus callosum, impact of lesions location was also shown – anterior region atrophy 
affected memory impairment, while posterior region atrophy was related to information 
processing speed [45]. Atrophy of the central nervous system, especially diencephalon, 
is reflected in the width of the third ventricle, which turned out to be another parameter 
correlated with cognitive efficiency [44, 47].

Impact of damage to the normal appearing brain tissue 
on cognitive dysfunction

Normal appearing brain tissue (NABT) is the area of brain presenting no abnor-
malities in standard MRI images. It is possible to detect a damage to NABT through 
the use of more sensitive neuroimaging techniques such as diffusion tensor imaging 
(DTI), magnetization transfer imaging (MTI) and proton magnetic resonance spec-
troscopy (1H-MRS). NABT consists of normal appearing white matter (NAWM) and 
normal appearing grey matter (NAGM).

It appears that abnormalities in the area of NABT are significant factors determin-
ing cognitive dysfunction in MS patients. Those can be measured with DTI which 
provides the quantitative measurement and direction of water molecules diffusion. 
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It is used to visualize the white matter tract as a tractography. Fractional anisotropy 
(FA), a measure derived from DTI, reflects the degree of white matter fibers integrity. 
Correlation between cognitive performance and FA was proved in previous studies [48, 
49]. One of the mechanism explaining this phenomenon is disconnection of regions 
important for cognitive processes secondary to the damage to white matter fibers. 
The significant role of corpus callosum fibers damage, principally in anterior part, was 
demonstrated [50–52]. This fact seems understandable due to the engagement of this 
area in connecting prefrontal regions, which are responsible for cognitive processes, 
especially operative memory and executive function. DTI technique is still developing. 
One of the novel method is High Angular Resolution Diffusion Imaging (HARDI), 
which enables analyzing the number of distinct diffusion orientations in the tissue. 
It reflects crossing the tracts. The lower number of diffusion directions in the frontal 
cortex predicted executive function deficit, independently from FA decrease [53].

Magnetization transfer ratio (MTR) is another parameter defining NABT ab-
normalities. MTI is a method used to obtain additional tissue contrast based on the 
exchange of magnetization between two proton groups – bound to macromolecules 
and free contained in the water. MTR is primarily determined by the content of myelin 
in the tissue, therefore it is a sensitive marker of axonal integrity. This ratio appeared 
to be more important factor determining cognitive impairment than brain volume, 
total lesion volume in T2‑weighted images and cortical lesions [54, 55]. In addition, 
reduction of cortical MTR correlated with cognitive functioning in individuals with 
benign MS [56]. It was also proved, that MTR measured at the early stage of disease is 
a predictive factor for the development of cognitive impairment after a few years [57].

Interesting results were also obtained in researches employing 1H-MRS to assess 
abnormalities in NABT. This technique is used to determine the metabolic composition 
in a selected region of the brain. The results indicate an association between decrease 
in N‑acetylaspartate (NAA), a marker of neuronal integrity, and cognitive deteriora-
tion. Cognitively impaired individuals were characterized by decrease in NAA in some 
locations, for example frontal regions of white matter, regions around occipital horn 
of lateral ventricles, anterior part of cingulate cortex and right nucleus locus ceruleus, 
the latter one was related to attention deficit [58–61].

Cognitive impairment after CIS

Cognitive dysfunction may also occur in the early stage of disease, including CIS 
[6, 8, 15, 17, 26, 62, 63]. As previously mentioned, it develops less frequently than 
in MS, still the profile of deterioration is similar. A form of the CIS has no effect on 
cognitive symptoms [26].

Most studies revealed no relation between cognitive impairment and demyelinat-
ing lesions in T2-weighted images [6, 7, 9, 62]. Various methods for evaluation of the 
lesions were used in these researches – the number of lesions, total lesion volume, 
meeting the criteria of dissemination in space (McDonald’s criteria revised in 2005 
[64]). However, in one study a correlation between cognitive functioning and total le-
sion volume in case of patients with acute optic neuritis was noticed [17]. It is proved 
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that the neurodegenerative processes reflected by brain atrophy have a crucial role 
for the induction of cognitive symptoms in MS. Nonetheless, a question whether this 
mechanism applies to the early stage of disease remains to consider. Brain tissue loss 
enhances with the disease duration, therefore atrophy is more pronounced at a later 
stage of MS [65]. Nevertheless, atrophy, primarily in the cerebral cortex, is observed 
even in patients who had a first episode of neurological symptoms caused by demy-
elination [66–68]. Khalil et al. did not confirm the hypothesis, that the early cognitive 
impairment results from neurodegenerative process reflected by brain atrophy. In this 
research cerebral cortex volume was a main predictive value for cognitive deteriora-
tion in individuals with MS, in contrast, this value did not correlate with cognitive 
functioning in patients after CIS [7]. In addition, correlation with brain volume was not 
observed in another research on the group of patients with MS at the early stage [49].

There are other structural abnormalities than T2 hyperintensities, T1 hypointen-
sities and brain atrophy through the brain tissue which occur in MS. A few studies 
conducted so far detected damage to NABT after CIS similar to abnormalities noticed 
in MS. Decrease of NAA in brain was observed in this population with use of 1H-MRS 
[69–71]. Moreover, one study revealed increase of myo-inositol (density and activ-
ity of glial cells marker) in NABT [72]. MTR as well as FA, which are the sensitive 
indicators of brain tissue damage, were also found to be impaired – decreased MTR 
in NAWM and the reduction of FA in NAWG, subcortical nuclei and thalamus was 
noticed in patients after CIS [73, 74].

Only one research evaluating the relation between NABT abnormalities and cogni-
tive function in CIS patients was conducted so far. The study revealed such correlation 
in case of cortical MTR while cerebral cortex atrophy was not related to cognitive 
performance [7]. It allows formulating the hypothesis that cognitive impairment at the 
early stage of disease are related to the neurodegenerative process, which is reflected 
primarily by NABT abnormalities rather than brain atrophy. However, this issue re-
quires further investigation.

Influence of genetic factors on the course of MS and the occurrence 
of cognitive dysfunction

 Genetic contribution to MS susceptibility is known. However, estimated heritabili-
ties are inconsistent – in Swedish population it was 64%, in Italian 48% and in Finnish 
15% [75–77]. The experiments emerged more than 50 loci underlying the susceptibility 
and severity of disease [78, 79]. Most of them are genes encoding proteins of the im-
mune system. The histocompatibility antigens allele HLA‑DRB1*1501 carriers have 
an increased risk of MS development [80]. Other HLA loci‑A, B, C, DQA1 and DQB1 
are also correlated with MS, as well as genes associated with cytokines such as IL7R, 
IL2RA and other elements of inflammatory system [79, 81]. Glutathione S-transferase 
(GST) supergene family, which encodes isoenzymes involved in the removal of oxida-
tive damage is another potential genetic factor associated with MS. Studies indicate that 
mutations in the GST gene, which reduce enzymatic activity of its protein, worsen the 
course of MS in patients with a disease duration of at least 10 years [82], while GSTT1 
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deletion increases the risk of developing MS [83]. Researches on the 19q13 region 
containing the gene encoding apolipoprotein E, which takes part in the regulation of 
brain homeostasis [84], revealed three alleles and 7 single nucleotide polymorphisms 
(SNP) associated with the course of disease and cognitive dysfunction [85–87].

Presence of HLA-DRB1*1501 allele is most precisely described genetic factor 
associated with MS. Despite number of studies it is not established whether this allele 
correlates with the severity of disease, including the occurrence of cognitive dysfunc-
tion. Depending on the analyzed population contradictory results were obtained – in 
the countries of Western Europe and Scandinavia correlation between presence of the 
allele and clinical course of MS was proved [88, 89], while corresponding relation 
was not found in the groups from North America and Australia [90, 91]. No similar 
studies on the population of Central and Eastern Europe were conducted. Available 
analysis of a large group of patients from the United States showed that the genotype 
HLA-DRB1*1501 is more common in female than male patients and is associated 
with an earlier onset of MS [92]. Its presence correlates with information processing 
speed and memory impairment. Moreover HLA-DRB*1501 is related to increase of 
T2-lesions volume and reduction of NAA in NAWM, but not affecting NAWG [92].

Apolipoprotein E (APOE) gene polymorphism is another factor associated with 
cognitive functioning. Differences in three alleles – APOE e2, e3 and e4 alter protein 
structure and function. Presence of APOE e4 is well known Alzheimer’s disease risk 
factor [93]. Moreover, it correlates with cognitive function in MS patients [86]. APOE 
e4 carriers have 6‑fold increase in the risk of impairment in verbal learning [94]. In 
30–40 years old patients APOE e4 correlated with the occurrence and the severity of 
cognitive deficits in domains of learning and memory [95, 96]. The relation between 
the presence of APOE e4 allele and level of NAA in NAWM was also analyzed. As in 
the case of allele HLA-DRB1*1501, allele e4 was associated with a significant decrease 
of NAA in NAWM, which is likely due to the increased degree of neuronal damage. 
In addition, 2-year follow-up study showed that APOE e4 carriers had a significantly 
greater reduction of NAA in NAWM versus non-carriers [97].

Conclusions

Understanding the nature of cognitive dysfunction in MS would be the next step 
of explaining the complex pathomechanism of disease development. The clinical data 
and demyelinating lesions provided by MRI do not reflect the occurrence and sever-
ity of cognitive deterioration, while it seems to be more related to neurodegenerative 
aspect of disease process than inflammatory activity. The application of modern MRI 
techniques contributed to improve the understanding of the mechanism responsible 
for the development of cognitive disfunction in MS. Indeed, the role of abnormalities 
within NABT was revealed. Much attention is paid to the pathology of gray matter, 
both cortical lesions and cerebral cortex atrophy. Development of researches on the 
genetic background of MS resulted in some reports concerning relations between the 
genetic profile and cognitive dysfunction. The substrate of cognitive deterioration in 
MS has not been explained so far, thus there is a necessity for further investigation 
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on this issue. Neuroimaging evaluation as well as genetic and immunological factors 
should be taken into consideration as a predictors of MS form linked with cognitive 
symptoms.

References

1.	 Chiaravalloti ND, DeLuca J. Cognitive impairment in multiple sclerosis. Lancet Neurol. 2008; 
7(12): 1139–1151.

2.	 Lovera J, Kovner B. Cognitive impairment in multiple sclerosis. Curr. Neurol. Neurosci. Rep. 
2012; 12(5): 618–627.

3.	 Rao SM, Leo GJ, Ellington L, Nauertz T, Bernardin L, Unverzagt F. Cognitive dysfunction in 
multiple sclerosis. II. Impact on employment and social functioning. Neurology 1991; 41(5): 
692–696.

4.	 Sartori E, Edan G. Assessment of cognitive dysfunction in multiple sclerosis. J. Neurol. Sci. 
2006; 245(1–2): 169–175.

5.	 Marcus JF, Waubant EL. Updates on clinically isolated syndrome and diagnostic criteria for 
multiple sclerosis. Neurohospitalist 2013; 3(2): 65–80.

6.	 Glanz BI, Holland CM, Gauthier SA, Amunwa EL, Liptak Z, Houtchens MK. et al. Cognitive 
dysfunction in patients with clinically isolated syndromes or newly diagnosed multiple sclerosis. 
Mult. Scler. 2007; 13(8): 1004–1010.

7.	 Khalil M, Enzinger C, Langkammer C, Petrovic K, Loitfelder M, Tscherner M. et al. Cogni‑
tive impairment in relation to MRI metrics in patients with clinically isolated syndrome. Mult. 
Scler. 2011; 17(2): 173–180.

8.	 Potagas C, Giogkaraki E, Koutsis G, Mandellos D, Tsirempolou E, Sfagos C. et al. Cognitive 
impairment in different MS subtypes and clinically isolated syndromes. J. Neurol. Sci. 2008; 
267(1–2): 100–106.

9.	 Zipoli V, Goretti B, Hakiki B, Siracusa G, Sorbi S, Portaccio E. et al. Cognitive impairment 
predicts conversion to multiple sclerosis in clinically isolated syndromes. Mult. Scler. 2010; 
16(1): 62–67.

10.	 Portaccio E, Stromillo ML, Goretti B, Zipoli V, Siracusa G, Battaglini M. et al. Neuropsycho‑
logical and MRI measures predict short-term evolution in benign multiple sclerosis. Neurology 
2009; 73(7): 498–503.

11.	 Okuda DT, Mowry EM, Beheshtian A, Waubant E, Baranzini SE, Goodin DS. et al. Incidental 
MRI anomalies suggestive of multiple sclerosis: the radiologically isolated syndrome. Neurol-
ogy 2009; 72(9): 800–805.

12.	 Lebrun C, Blanc F, Brassat D, Zephir H, de Seze J, CFSEP. Cognitive function in radiologically 
isolated syndrome. Mult. Scler. 2010; 16(8): 919–925.

13.	 Coyle PK. Early treatment of multiple sclerosis to prevent neurologic damage. Neurology 2008; 
71(24, supl. 3): S3–S7.

14.	 Fischer JS, Priore RL, Jacobs LD, Cookfair DL, Rudick RA, Herndon RM. et al. Neuropsy‑
chological effects of interferon beta-1a in relapsing multiple sclerosis. Multiple Sclerosis Col‑
laborative Research Group. Ann. Neurol. 2000; 48(6): 885–892.



905Neuroimaging and genetic correlates of cognitive dysfunction in multiple sclerosis

15.	 Anhoque CF, Domingues SCA, Teixeira AL, Domingues RB. Cognitive impairment in clinically 
isolated syndrome. A systematic review. Dement. Neuropsychol. 2010; 4(2): 86–90.

16.	 Calabrese P. Neuropsychology of multiple sclerosis: an overview. J. Neurol. 2006; 253(supl.1): 
i10–i15.

17.	 Feinstein A, Youl B, Ron M. Acute optic neuritis. A cognitive and magnetic resonance imaging 
study. Brain 1992; 115(5): 1403–1415.

18.	 Tyburski E, Potemkowski A, Chęć M, Sołtys A, Mak M, Samochowiec A. Specificity of atten‑
tion and cognitive inhibition processes in relapsing-remitting multiple sclerosis patients with 
consideration of their mood level. Psychiatr. Pol. 2014; 48(2): 307–318.

19.	 Parmenter BA, Weinstock-Guttman B, Garg N, Munschauer F, Benedict RH. Screening for cogni‑
tive impairment in MS using the Symbol Digit Modalities Test. Mult. Scler. 2007; 13(1): 52–57.

20.	 Boringa JB, Lazeron RH, Reuling IE, Adèr HJ, Pfennings L, Lindeboom J. et al. The brief 
repeatable battery of neuropsychological tests: normative values allow application in multiple 
sclerosis clinical practice. Mult. Scler. 2001; 7(4): 263–267.

21.	 Rao SM, The Cognitive Function Study Group of the National Multiple Sclerosis Society. 
A manual for the Brief Repeatable Battery of Neuropsychological Tests in multiple sclerosis. 
Milwaukee: Section of Neuropsychology, Medical College of Wisconsin; 1990.

22.	 Benedict RH, Zivadinov R. Risk factors for and management of cognitive dysfunction in multiple 
sclerosis. Nat. Rev. Neurol. 2011; 7(6): 332–342.

23.	 Beatty WW, Goodkin DE, Hertsgaard D, Monson N. Clinical demographic predictors of cogni‑
tive performance in multiple sclerosis. Arch. Neurol. 1990; 47(3): 611–619.

24.	 Lynch SG, Parmenter BA, Denney DR. The association between cognitive impairment and 
physical disability in multiple sclerosis. Mult. Scler. 2005; 11(4): 469–476.

25.	 Zarei M. Clinical characteristics of cortical multiple sclerosis. J. Neurol. Sci. 2006; 245(1–2): 
53–58.

26.	 Feuillet L, Reuter F, Audoin B, Malikova I, Barrau K, Cherif AA. et al. Early cognitive impair‑
ment in patients with clinically isolated syndrome suggestive of multiple sclerosis. Mult. Scler. 
2007; 13(1): 124–127.

27.	 Huijbregts SC, Kalkers NF, de Sonneville LM, de Groot V, Reuling IE, Polman CH. Differ‑
ences in cognitive impairment of relapsing remitting, secondary, and primary progressive MS. 
Neurology 2004; 63(2): 335–339.

28.	 Calabrese M, Agosta F, Rinaldi F, Mattisi I, Grossi P, Favaretto A. et al. Cortical lesions and 
atrophy associated with cognitive impairment in relapsing-remitting multiple sclerosis. Arch. 
Neurol. 2009; 66(9): 1144–1150.

29.	 Filippi M, Rocca MA, Benedict RH, DeLuca J, Geurts JJ, Rombouts SA. et al. The contribu‑
tion of MRI in assessing cognitive impairment in multiple sclerosis. Neurology 2010; 75(23): 
2121–2128.

30.	 Rovaris M, Comi G, Filippi M. MRI markers of destructive pathology in multiple sclerosisrelated 
cognitive dysfunction. J. Neurol. Sci. 2006; 245(1–2): 111–116.

31.	 Karlińska I, Siger M, Lewańska M, Selmaj K. Cognitive impairment in patients with relapsin‑
gremitting multiple sclerosis. The correlation with MRI lesion volume. Neurol. Neurochir. Pol. 
2008; 42(5): 416–423.



Wojciech Guenter et al.906

32.	 Heesen C, Schulz KH, Fiehler J, Von der Mark U, Otte C, Jung R. et al. Correlates of cognitive 
dysfunction in multiple sclerosis. Brain Behav. Immun. 2010; 24(7): 1148–1155.

33.	 Benedict RH, Morrow S, Rodgers J, Hojnacki D, Bucello MA, Zivadinov R. et al. Characterizing 
cognitive function during relapse in multiple sclerosis. Mult. Scler. 2014; 20(13): 1745–1752.

34.	 Assouad R, Louapre C, Tourbah A, Papeix C, Galanaud D, Lubetzki C. et al. Clinical and MRI 
characterization of MS patients with a pure and severe cognitive onset. Clin. Neurol. Neurosurg. 
2014; 126: 55–63.

35.	 Arnett PA, Rao SM, Bernardin L, Grafman J, Yetkin FZ, Lobeck L. Relationship between frontal 
lobe lesions and Wisconsin Card Sorting Test performance in patients with multiple sclerosis. 
Neurology 1994; 44(3 Pt 1): 420–425.

36.	 Swirsky-Sacchetti T, Mitchell DR, Seward J, Gonzales C, Lublin F, Knobler R. et al. Neuropsy‑
chological and structural brain lesions in multiple sclerosis: a regional analysis. Neurology 
1992; 42(7): 1291–1295.

37.	 Sastre-Garriga J, Arévalo MJ, Renom M, Alonso J, González I, Galán I. et al. Brain volumetry 
counterparts of cognitive impairment in patients with multiple sclerosis. J. Neurol. Sci. 2009; 
282(1–2): 120–124.

38.	 Zivadinov R, Sepcic J, Nasuelli D, De Masi R, Bragadin LM, Tommasi MA. et al. A longitudi‑
nal study of brain atrophy and cognitive disturbances in the early phase of relapsing-remitting 
multiple sclerosis. J. Neurol. Neurosurg. Psychiatry 2001; 70(6): 773–780.

39.	 Kutzelnigg A, Lucchinetti CF, Stadelmann C, Brück W, Rauschka H, Bergmann M. et al. Corti‑
cal demyelination and diffuse white matter injury in multiple sclerosis. Brain 2005; 128(11): 
2705–2712.

40.	 Rinaldi F, Calabrese M, Grossi P, Puthenparampil M, Perini P, Gallo P. Cortical lesions and 
cognitive impairment in multiple sclerosis. Neurol. Sci. 2010; 31(Supl. 2): 235–237.

41.	 Roosendaal SD, Moraal B, Pouwels PJ, Vrenken H, Castelijns JA, Barkhof F. et al. Accumulation 
of cortical lesions in MS: relation with cognitive impairment. Mult. Scler. 2009; 15(6): 708–714.

42.	 Amato MP, Bartolozzi ML, Zipoli V, Portaccio E, Mortilla M, Guidi L. et al. Neocortical vol‑
ume decrease in relapsing–remitting MS patients with mild cognitive impairment. Neurology 
2004; 63(1): 89–93.

43.	 Amato MP, Portaccio E, Goretti B, Zipoli V, Battaglini M, Bartolozzi ML. et al. Association 
of neocortical volume changes with cognitive deterioration in relapsing-remitting multiple 
sclerosis. Arch. Neurol. 2007; 64(8): 1157–1161.

44.	 Benedict RH, Bruce JM, Dwyer MG, Abdelrahman N, Hussein S, Weinstock-Guttman B. et al. 
Neocortical atrophy, third ventricular width, and cognitive dysfunction in multiple sclerosis. 
Arch. Neurol. 2006; 63(9): 1301–1306.

45.	 Yaldizli Ö, Penner IK, Frontzek K, Naegelin Y, Amann M, Papadopoulou A. et al. The relation‑
ship between total and regional corpus callosum atrophy, cognitive impairment and fatigue in 
multiple sclerosis patients. Mult. Scler. 2014; 20(3): 356–364.

46.	 Sicotte NL, Kern KC, Giesser BS, Arshanapalli A, Schultz A, Montag M. et al. Regional hip‑
pocampal atrophy in multiple sclerosis. Brain 2008; 131(4): 1134–1141.

47.	 Benedict RH, Weinstock-Guttman B, Fishman I, Sharma J, Tjoa CW, Bakshi R. Prediction 
of neuropsychological impairment in multiple sclerosis: comparison of conventional mag‑
netic resonance imaging measures of atrophy and lesion burden. Arch. Neurol. 2004; 61(2): 
226–230.



907Neuroimaging and genetic correlates of cognitive dysfunction in multiple sclerosis

48.	 Roca M, Torralva T, Meli F, Fiol M, Calcagno M, Carpintiero S. et al. Cognitive deficits in multiple 
sclerosis correlate with changes in fronto-subcortical tracts. Mult. Scler. 2008; 14(3): 364–369.

49.	 Rovaris M, Iannucci G, Falautano M, Possa F, Martinelli V, Comi G. et al. Cognitive dysfunction 
in patients with mildly disabling relapsing-remitting multiple sclerosis: an exploratory study 
with diffusion tensor MR imaging. J. Neurol. Sci. 2002; 195(2): 103–109.

50.	 Llufriu S, Blanco Y, Martinez-Heras E, Casanova-Molla J, Gabilondo I, Sepulveda M. et al. 
Influence of corpus callosum damage on cognition and physical disability in multiple sclerosis: 
a multimodal study. PLoS One 2012; 7(5): e37167.

51.	 Mesaros S, Rocca MA, Riccitelli G, Pagani E, Rovaris M, Caputo D. et al. Corpus callosum 
damage and cognitive dysfunction in benign MS. Hum. Brain Mapp. 2009; 30(8): 2656–2666.

52.	 Roosendaal SD, Geurts JJ, Vrenken H, Hulst HE, Cover KS, Castelijns JA. et al. Regional DTI 
differences in multiple sclerosis patients. Neuroimage 2009; 44(4): 1397–1403.

53.	 Muhlert N, Sethi V, Schneider T, Daga P, Cipolotti L, Haroon HA. et al. Diffusion MRI-based 
cortical complexity alterations associated with executive function in multiple sclerosis. J. Mag. 
Reson. Imaging 2013; 38: 54–63.

54.	 Filippi M, Tortorella C, Rovaris M, Bozzali M, Possa F, Sormani M. et al. Changes in the normal 
appearing brain tissue and cognitive impairment in multiple sclerosis. J. Neurol. Neurosurg. 
Psychiatry 2000; 68(2): 157–161.

55.	 Rovaris M, Filippi M, Minicucci L, Iannucci G, Santuccio G, Possa F. et al. Cortical/subcorti‑
cal disease burden and cognitive impairment in patients with multiple sclerosis. AJNR Am. J. 
Neuroradiol. 2000; 21(2): 402–408.

56.	 Amato MP, Portaccio E, Stromillo ML, Goretti B, Zipoli V, Siracusa G. et al. Cognitive assess‑
ment and quantitative magnetic resonance metrics can help to identify benign multiple sclerosis. 
Neurology 2008; 71(9): 632–638.

57.	 Summers M, Fisniku L, Anderson V, Miller D, Cipolotti L, Ron M. Cognitive impairment in 
relapsing-remitting multiple sclerosis can be predicted by imaging performed several years 
earlier. Mult. Scler. 2008; 14(2): 197–204.

58.	 Christodoulou C, Krupp LB, Liang Z, Huang W, Melville P, Roque C. et al. Cognitive per‑
formance and MR markers of cerebral injury in cognitively impaired MS patients. Neurology 
2003; 60(11): 1793–1798.

59.	 Gadea M, Martínez-Bisbal MC, Marti-Bonmatí L, Espert R, Casanova B, Coret F. et al. Spec‑
troscopic axonal damage of the right locus coeruleus relates to selective attention impairment 
in early stage relapsing-remitting multiple sclerosis. Brain 2004; 127(1): 89–98.

60.	 Staffen W, Zauner H, Mair A, Kutzelnigg A, Kapeller P, Stangl H. et al. Magnetic resonance 
spectroscopy of memory and frontal brain region in early multiple sclerosis. J. Neuropsychiatry 
Clin. Neurosci. 2005; 17(3): 357–363.

61.	 Vingara LK, Yu HJ, Wagshul ME, Serafin D, Christodoulou C, Pelczer I. et al. Metabolomic 
approach to human brain spectroscopy identifies associations between clinical features and the 
frontal lobe metabolome in multiple sclerosis. Neuroimage 2013; 82: 586–594.

62.	 Achiron A, Barak Y. Cognitive impairment in probable multiple sclerosis. J. Neurol. Neurosurg. 
Psychiatry 2003; 74(4): 443–446.

63.	 Anhoque CF, Biccas-Neto L, Domingues SC, Teixeira AL, Domingues RB. Cognitive impair‑
ment and optic nerve axonal loss in patients with clinically isolated syndrome. Clin. Neurol. 
Neurosurg. 2013; 115(7): 1032–1035.



Wojciech Guenter et al.908

64.	 Polman CH, Reingold SC, Edan G, Filippi M, Hartung HP, Kappos L. et al. Diagnostic criteria 
for multiple sclerosis: 2005 revisions to the “McDonald Criteria”. Ann. Neurol. 2005; 58(6): 
840–846.

65.	 Rooney WD, Coyle PK. Recent advances in the neuroimaging of multiple sclerosis. Curr. Neurol. 
Neurosci. Rep. 2005; 5(3): 217–224.

66.	 Di Filippo M, Anderson VM, Altmann DR, Swanton JK, Plant GT, Thompson AJ. et al. Brain 
atrophy and lesion load measures over 1 year relate to clinical status after 6 years in patients 
with clinically isolated syndromes. J. Neurol. Neurosurg. Psychiatry 2010; 81(2): 204–208.

67.	 Pérez-Miralles F, Sastre-Garriga J, Tintoré M, Arrambide G, Nos C, Perkal H. et al. Clinical 
impact of early brain atrophy in clinically isolated syndromes. Mult. Scler. 2013; 19(14): 
1878–1886.

68.	 Rojas JI, Patrucco L, Besada C, Bengolea L, Cristiano E. Brain atrophy in clinically isolated 
syndrome. Neurologia 2010; 25(7): 430–434.

69.	 Tourbah A, Stievenart JL, Abanou A, Iba-Zizen MT, Hamard H, Lyon-Caen O. et al. Normalap‑
pearing white matter in optic neuritis and multiple sclerosis: a comparative proton spectroscopy 
study. Neuroradiology 1999; 41(10): 738–743.

70.	 Wattjes MP, Harzheim M, Lutterbey GG, Klotz L, Schild HH, Träber F. Axonal damage but 
no increased glial cell activity in the normal-appearing white matter of patients with clinically 
isolated syndromes suggestive of multiple sclerosis using high-field magnetic resonance spec‑
troscopy. AJNR Am. J. Neuroradiol. 2007; 28(8): 1517–1522.

71.	 Wattjes MP, Harzheim M, Lutterbey GG, Bogdanow M, Schild HH, Träber F. High field MR 
imaging and 1H-MR spectroscopy in clinically isolated syndromes suggestive of multiple 
sclerosis: correlation between metabolic alterations and diagnostic MR imaging criteria. J. 
Neurol. 2008; 255(1): 56–63.

72.	 Fernando KT, McLean MA, Chard DT, MacManus DG, Dalton CM, Miszkiel KA. et al. Elevated 
white matter myo-inositol in clinically isolated syndromes suggestive of multiple sclerosis. Brain 
2004; 127(6): 1361–1369.

73.	 Cappellani R, Bergsland N, Weinstock-Guttman B, Kennedy C, Carl E, Ramasamy DP. et al. 
Diffusion tensor MRI alterations of subcortical deep gray matter in clinically isolated syndrome. 
J. Neurol. Sci. 2014; 338(1–2): 128–134.

74.	 Fooladi M, Alam NR, Harirchyan MH, Firuznia K, Oghabian MA, Shakiba M. et al. Prognostic 
value of brain tissue pathological changes in patients with clinically isolated syndromes (CIS) 
suggestive of multiple sclerosis using magnetization transfer ratio (MTR). Conf. Proc. IEEE 
Eng. Med. Biol. Soc. 2007; 2007: 2031–2033.

75.	 Ristori G, Cannoni S, Stazi A, Vanacore N, Cotichini R, Alfò M. et al. Multiple sclerosis in twins 
from continental Italy and Sardinia: a nationwide study. Ann. Neurol. 2006; 59: 27–34.

76.	 Kuusisto H, Kaprio J, Kinnunen E, Luukkaala T, Koskenvuo M, Elvaara I. Concordance and 
heritability of multiple sclerosis in Finland: study on a nationwide series of twins. Eur. J. Neurol. 
2008; 15: 1106–1110.

77.	 Westerlind H, Ramanujam R, Uvehag D, Kuja-Halkola R, Boman M, Bottai M. et al. Modest 
familial risks for multiple sclerosis: a registry-based study of the population of Sweden. Brain 
2014; 137(3): 770–778.



909Neuroimaging and genetic correlates of cognitive dysfunction in multiple sclerosis

78.	 International Multiple Sclerosis Genetics Consortium, Hafler DA, Compston A, Sawcer S, 
Lander ES, Daly MJ. et al. Risk alleles for multiple sclerosis identified by a genomewide study. 
N. Engl. J. Med. 2007; 357(9): 851–862.

79.	 Kantarci OH. Genetics and natural history of multiple sclerosis. Semin. Neurol. 2008; 28(1): 
7–16.

80.	 Van der Walt A, Stankovich J, Bahlo M, Taylor BV, Van der Mei IA, Foote SJ. et al. Heterogeneity 
at the HLA-DRB1 allelic variation locus does not influence multiple sclerosis disease severity, 
brain atrophy or cognition. Mult. Scler. 2011; 17(3): 344–352.

81.	 International Multiple Sclerosis Genetics Consortium; Wellcome Trust Case Control Consortium 
2, Sawcer S, Hellenthal G, Pirinen M, Spencer CC. et al. Genetic risk and a primary role for 
cell-mediated immune mechanisms in multiple sclerosis. Nature 2011; 476(7359): 214–219.

82.	 Mann CL, Davies MB, Boggild MD, Alldersea J, Fryer AA, Jones PW. et al. Glutathione S-trans‑
ferase polymorphisms in MS: their relationship to disability. Neurology 2000; 54(3): 552–557.

83.	 Živković M, Životić I, Dinčić E, Stojković L, Vojinović S, Stanković A. The glutathione 
S-transferase T1 deletion is associated with susceptibility to multiple sclerosis. J. Neurol. Sci. 
2013; 334(1–2): 6–9.

84.	 Gee JR, Keller JN. Astrocytes: regulation of brain homeostasis via apolipoprotein E. Int. J. Bio-
chem. Cell Biol. 2005; 37(6): 1145–1150.

85.	 Schmidt S, Barcellos LF, DeSombre K. Association of polymorphisms in the apolipoprotein 
E region with susceptibility to and progression of multiple sclerosis. Am. J. Hum. Genet. 2002; 
70(3): 708–717.

86.	 Savettieri G, Messina D, Andreoli V. Gender-related effect of clinical and genetic variables on 
the cognitive impairment in multiple sclerosis. J. Neurol. 2004; 251(10): 1208–1214.

87.	 Parmenter BA, Denney DR, Lynch SG, Middleton LS, Harlan LM. Cognitive impairment in 
patients with multiple sclerosis: association with the APOE gene and promoter polymorphisms. 
Mult. Scler. 2007; 13(1): 25–32.

88.	 Weatherby SJ, Thomson W, Pepper L, Donn R, Worthington J, Mann CL. et al. HLA-DRB1 and 
disease outcome in multiple sclerosis. J. Neurol. 2001; 248(4): 304–310.

89.	 Smestad C, Brynedal B, Jonasdottir G, Lorentzen AR, Masterman T, Akesson E. et al. The impact 
of HLA-A and – DRB1 on age at onset, disease course and severity in Scandinavian multiple 
sclerosis patients. Eur. J. Neurol. 2007; 14(8): 835–840.

90.	 Barcellos LF, Sawcer S, Ramsay PP, Baranzini SE, Thomson G, Briggs F. et al. Heterogeneity at 
the HLA-DRB1 locus and risk for multiple sclerosis. Hum. Mol. Genet. 2006; 15(18): 2813–2824.

91.	 Wu JS, Qiu W, Castley A, James I, Mastaglia FL, Christiansen FT. et al. Modifying effects of 
HLA-DRB1 allele interactions on age at onset of multiple sclerosis in Western Australia. Mult. 
Scler. 2010; 16(1): 15–20.

92.	 Okuda DT, Srinivasan R, Oksenberg JR, Goodin DS, Baranzini SE, Beheshtian A. et al. Genotype-
Phenotype correlations in multiple sclerosis: HLA genes influence disease severity inferred by 
1HMR spectroscopy and MRI measures. Brain 2009; 132: 250–259.

93.	 Ghaffar O, Reis M, Pennell N, O’Connor P, Feinstein A. APOE ε4 and the cognitive genetics 
of multiple sclerosis. Neurology 2010; 74(20): 1611–1618.

94.	 Koutsis G, Panas M, Giogkaraki E, Potagas C, Karadima G, Sfagos C. et al. APOE epsilon4 is 
associated with impaired verbal learning in patients with MS. Neurology 2007; 68(8): 546–549.



Wojciech Guenter et al.910

95.	 Shi J, Zhao CB, Vollmer TL, Tyry TM, Kuniyoshi SM. APOE epsilon 4 allele is associated 
with cognitive impairment in patients with multiple sclerosis. Neurology 2008; 70(3): 185–190.

96.	 Shi J, Tu JL, Gale SD, Baxter L, Vollmer TL, Campagnolo DI. et al. APOE ε4 is associated 
with exacerbation of cognitive decline in patients with multiple sclerosis. Cogn. Behav. Neurol. 
2011; 24(3): 128–133.

97.	 Enzinger C, Ropele S, Strasser-Fuchs S, Kapeller P, Schmidt H, Poltrum B. et al. Lower levels 
of N-acetylaspartate in multiple sclerosis patients with the apolipoprotein E epsilon4 allele. 
Arch. Neurol. 2003; 60(1): 65–70.

Address: Wojciech Guenter
Chair of Clinical Neuropsychology
Nicolaus Copernicus University
Collegium Medicum
85-094 Bydgoszcz, M. Skłodowskiej-Curie Street 9


