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Abstract

Processing speed is one of the most commonly found cognitive deficits in multiple sclerosis.
Sclerotic lesions, brain atrophy, and white matter damage have been identified as
neuropathological consequences of MS, and have been linked to deficits in processing speed.
The ability of processing speed performance to predict structural brain damage is still unclear,
however. The purpose of the present study is to explore how dysfunction in processing speed, as
measured by the Symbol Digit Modalities Test (SDMT) and Symbol Copy test, might predict
structural brain damage (i.e., lesions, atrophy, white matter damage) a decade later. Results
indicate that the SDMT and Symbol Copy tests predict lesion volume, brain atrophy, and white
matter damage 10 years later. Future research should aim to replicate these findings and
investigate how processing speed performance may also predict functional neural correlates.
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Processing Speed Performance Predicts Structural Brain Indices in Multiple Sclerosis a
Decade Later
Multiple sclerosis (MS) is a debilitating degenerative disease of the central nervous
system. It is characterized by white matter damage involving recurrent focal inflammatory
demyelination followed by the formation of multifocal sclerotic lesions (Raine, McFarland, &
Hohlfeld, 2008). Brain atrophy and white matter damage in normal appearing white matter
(NAWM) have also been identified as neuropathological consequences of MS, and along with
lesions, have been linked to cognitive difficulties in various domains, especially processing
speed (Arnett & Strober, 2014). Magnetic resonance imaging (MRI) has proved to be a powerful
diagnostic tool for detecting and measuring lesions, observing brain atrophy, and evaluating
white matter pathology. Although functional MRI has proven useful in evaluating behavioral
functioning and dysfunction in-vivo, it is thought that structural damage underlies these
functional deficits and will therefore be the focus of this study. Structural images obtained
through conventional MRI, such as T1- and T2-weighted images, allow for the quantification of
white matter damage (i.e., lesions) and brain atrophy in MS, while more non-conventional
neuroimaging, such as diffusion tensor imaging (DTI), offers a more precise look at the
microstructure of white matter. The following research study aims to explore the longitudinal
relationship between performance on processing speed tasks at baseline (Time 1) and structural
brain indices a decade later (Time 2). First, an overview of MS will be presented, followed by a
review of cognitive dysfunction in MS, primarily focusing on processing speed. Three separate
indices of structural brain damage in MS - sclerotic lesions, atrophy, and damage in NAWMwill then be discussed and connected to processing speed dysfunction. The aims and hypotheses
will then be presented followed by the methodology, results, and conclusion.
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Multiple Sclerosis
Multiple Sclerosis: Classification, Diagnosis, and Disease Course
MS affects approximately 2.3 million people worldwide, although true estimates of the
prevalence of MS are difficult to identify due to the inconsistency in reporting of new cases and
the possibility of an absence of symptoms for many years (National Multiple Sclerosis Society).
MS is an inflammatory disease of the central nervous system that is degenerative. It is
characterized by a recurrent inflammatory response (i.e., attack) within the central nervous
system that results in damaging sclerotic lesions, demyelination, axonal loss, and gliosis (Paty &
Ebers, 1998). Attacks, also referred to as exacerbations or relapses, have been defined by
McDonald et al. (2001) as an “episode of neurological disturbance of the kind seen in MS, when
clinicopathological studies have established that the causative lesions are inflammatory and
demyelinating in nature” that lasts more than 24 hours. These damaging “attacks” have been
shown to contribute to depression, cognitive impairment, spasticity, bladder and sexual
dysfunction, fatigue, optic neuritis, dysarthria, pain, visual disturbances, sleep difficulties,
dysphagia, vertigo, hearing loss, epilepsy, and respiratory symptoms (Raine et al., 2008). The
disease manifests between the ages of 20 and 40, is more prevalent in women, and has been
shown to follow a north-to-south geographic gradient (Pugliatti et al., 2006; Swingler &
Compston, 1986).
Current diagnosis and classification criteria for MS are largely based on the McDonald
criteria (McDonald et al., 2001), which were based on Poser et al.’s (1983) “New Diagnostic
Criteria for MS.” According to the McDonald (2001) criteria, diagnosis of MS depends on
objective evidence of the distribution of lesions in space and time outside of symptoms. That is,
while symptoms may guide medical personnel toward a diagnosis of MS, symptoms alone are
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not adequate enough to diagnose the disease. Lesions, or brain abnormalities, must include three
of four following criteria: (1.) One gadolinium-enhancing lesion or nine T2 hyperintense lesions
(if no gadolinium enhancing lesion); (2.) At least one infratentorial lesion; (3) A least one
juxtacorical lesion; (4) At least three periventricular lesions (McDonald et al., 2001). The criteria
for dissemination of lesions in time depends on the presence of a gadolinium-enhancing lesion at
least three months following the onset of a clinical event, or, if the scan occurs less than three
months after a clinical event, a follow-up scan is scheduled three months or more after the
clinical event. If no gadolinium-enhancing lesion is seen at this follow-up scan, another scan is
scheduled three or more months afterward. More advanced radiological and laboratory tests (i.e.,
MRI, analysis of cerebrospinal fluid) can also be used to make diagnostic judgments, especially
when the clinical presentation alone does not allow a diagnosis to be made. Table 1, taken from
McDonald et al. (2001), illustrates possible clinical presentations and the criteria needed to build
upon those clinical presentations to make a diagnosis of MS. If criteria from the right column are
not fully met, a classification of “possible MS” diagnosis or “not MS” can be made.
MS can fall into one of four different courses: Relapsing-remitting (RRMS), primary
progressive (PPMS), secondary progressive (SPMS), and progressive relapsing (PRMS) (Lublin
& Reingold, 1996). RRMS is characterized by clearly defined disease relapses followed by full
recovery and no progression of the disease in between relapses. Individuals most often
experience some residual deficits following a relapse (Lublin & Reingold, 1996). PPMS is
characterized by a continuous progression of the disease over time with no distinct relapses
(Lublin & Reingold, 1996). SPMS starts as RRMS but is followed by a worsening of the disease,
regardless of whether relapses occur or not (Lublin & Reingold, 1996). Approximately 85% of
patients start out with a RRMS diagnosis, but most progress into SPMS (Joy & Johnson, 2001).
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Table 1.
McDonald Criteria for MS Diagnosis
Clinical Presentation
Two or more attacks; objective clinical evidence of 2 or more
lesions
Two or more attacks; objective clinical evidence of 1 lesion

Additional Data needed for MS Diagnosis
None
Dissemination in space, demonstrated by MRI
or
Two or more MRI-detected lesions consistent with MS plus positive
CSF
or
Await further clinical attack implicating a different site

One attack; objective clinical evidence of 2 or more lesions

Dissemination in time, demonstrated by MRI
or
Second clinical attack

One attack; objective clinical evidence of 1 lesion (monosymptomatic presentation; clinically isolated syndrome)

Dissemination in space, demonstrated by MRI
or
Two or more MRI-detected lesions consistent with MS plus positive
CSF
and
Dissemination in time, demonstrated by MRI or
Second clinical attack

Insidious neurological progression suggestive of MS

Positive CSF
and
Dissemination in space, demonstrated by 1) Nine or more T2 lesions in
brain or 2) 2 or more lesions
in spinal cord, or 3) 4–8 brain plus 1 spinal cord lesion or
abnormal VEP associated with 4–8 brain lesions, or with fewer than 4
brain lesions plus 1 spinal cord lesion demonstrated by MRI
and
Dissemination in time, demonstrated by MRI
Or Continued progression for 1 year
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Lastly, PRMS has a progressive disease course from onset with relapses occurring later in the
disease. Full recovery is not always guaranteed from the latter, and despite a patient’s condition
of recovery, they continue to experience progression between relapses (Lublin & Reingold,
1996).
Given the recurrent attacks experienced by MS patients, disability is common and
important to identify. The Kurtzke Expanded Disability Status Scale (EDSS) is one of the most
widely used scales in MS monitoring and treatment (Kurtzke, 1983). The scale ranges from 0 to
10, where 0 represents a “Normal Neurological Exam” and 10 represents “Death due to MS.”
Once a patient reaches a score of 5, their disability impairs their full daily activities, and as the
scale continues to increase, patient loses more and more of their mobility. Disability in MS also
stems from cognitive decline, which impacts various domains, including processing speed.
Cognitive Functioning in MS
Cognitive impairment is widespread in MS, affecting approximately 43% to 70% of
individuals at all stages of the disease (Amato, Ponziani, Siracusa, & Sorbi, 2001; Peyser, Rao,
LaRocca, & Kaplan, 1990; Rao, Leo, Bernardin, & Unverzagt, 1991), with processing speed
most often affected.

Processing Speed
Processing speed has been shown to be the most common cognitive deficit in MS
(Bergendal, Fredrikson, & Almkvist, 2007; DeLuca, Chelune, Tulsky, Lengenfelder, &
Chiaravalloti, 2004). Processing speed, which is how quickly an individual can process
information (i.e., visual, auditory, etc.), plays an integral part in various cognitive and life
functions, and deficits in this domain can significantly impact an MS patient’s quality of life
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(Barker-Collo, 2005). Various tests are used to measure processing speed, including the
Sternberg memory scanning test (Sternberg, 1969), Symbol Search, Coding, and Cancellation
from the Wechsler Adult Intelligence Scale-IV (WAIS-IV), Letter Digit Substitution Test
(LDST; Jolles, Houx, Van Boxtel, & Ponds, 1995), and Symbol Digit Modalities Test (SDMT;
Smith, 1982). The latter has been identified as a “sentinel” test of not only processing speed
deficits in MS patients, but for cognitive functioning in MS as a whole. Van Schependom and
colleagues (2014) examined the utility of the SDMT as a screening tool for global cognitive
dysfunction by assessing its ability to predict patients’ outcomes on an extensive
neuropsychological battery. Three hundred fifty-nine participants were administered the SDMT
and Neuropsychological Screening Battery for Multiple Sclerosis (NSBMS), which included the
PASAT, COWAT, Selective Reminding Task (controlled long-term retrieval), and 7/24 Spatial
Recall. A Receiver Operating Characteristic (ROC) curve was used to determine specificity and
sensitivity of the SDMT. After controlling for age, disease duration, onset type, and EDSS, the
SDMT had a specificity of .60, a sensitivity of .91, and outperformed all of the individual tests
with the NSBMS, indicating that it may serve as a valid predictor of cognitive impairment in
MS. Similar results were found by Parmenter, Weinstock-Guttman, Garg, Munschauer, and
Benedict (2007). In their study of 100 MS patients (70 RRMS, 30 PPMS) and 50 healthy
controls, Parmenter et al. (2007) used Bayesian statistics to investigate the effectiveness of the
SDMT as a screen for cognitive dysfunction. Using the SDMT and Minimal Assessment of
Cognitive Function in Multiple Sclerosis (MACFIMS) battery, which includes the Judgment of
Line Orientation test (JLO), COWAT, California Verbal Learning Test-II (CVLT-II), Brief
Visuospatial Memory Test – Revised (BVMT-R), The D-KEFS Sorting Test, and PASAT, they
showed that a total score of 55 or less on the SDMT categorized approximately 72% of patients
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with cognitive impairment (as measured by the MACFIMS). Thus, this study again illustrated
the effectiveness of the SDMT in predicting cognitive impairment. These results also have
economic implications, as full neuropsychological testing can be costly and time consuming,
while the SDMT is a 5-minute test that can be administered by medical personnel without much
economic burden on patients.
Similar results have been found with other measures of processing speed. Saul Sternberg
developed the Sternberg memory-scanning test in 1966, which required participants to remember
a string of digits (0-9) and then state whether a subsequent single digit was in the preceding
string of digits. The test was designed to increase the amount of processes needed over time by
increasing the size of the string of digits across trials. Rao, Aubin-Faubert, and Leo (1989) were
among the first individuals to use the Sternberg test to evaluate information-processing speed in
patients with MS. They tested 36 patients with MS and 26 matched controls and showed that
even when accuracy between groups was almost perfectly equivalent, MS patients exhibited
slowed processing speed independent of motor abilities. Similar results were found in a later
study examining 35 MS patients (20 RRMS, 15 SPMS) and 35 healthy controls. Results
indicated that MS patients were significantly slower at processing information than healthy
controls, even when there was no significant difference in sensory and memory processing
between groups (Archibald and Fisk, 2000).
Processing speed deficits can also be seen across individuals (i.e., individual variability)
and disease phenotypes. Not only do MS patients respond more slowly on reaction time tasks,
but they also show greater inconsistency in their responses, thereby contributing to the
discrimination between MS patients and control groups (Bruce, Bruce, & Arnett, 2010; Bodling,
Denney, & Lynch, 2012). More progressed MS phenotypes also appear to show greater deficits
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in processing speed. Deluca et al. (2010) evaluated 215 adults with MS (162 RRMS, 53 SPMS)
using the Processing Speed (Symbol Search and Digit Symbol Coding) and Working Memory
(Letter-Number Sequencing, Spatial Span) Indices of the WAIS-III. They showed that, after
correcting for dominant hand motor speed, processing speed deficits were significantly more
prominent than working memory deficits. In addition, SPMS patients showed significantly lower
t-scores on individual tests of working memory and processing speed than RRMS patients, and
also showed an overall deficit in processing speed compared to RRMS patients.
Processing speed is the most common cognitive difficulty encountered by MS patients.
Although some delays in processing speed can be attributed to motor dysfunction (which is
common in MS), the above studies show that deficiencies in processing speed are widespread
and can be attributed to a pure cognitive component.

Conventional MRI and Neural Correlates of MS
Sclerotic Lesions
Regional MRI studies of sclerotic lesions have pointed to a characteristic distribution
pattern in central white matter, often involving periventricular areas, corpus callosum, and
central semiovale (Calabrese et al., 2010; Filli et al., 2012; Narayanan et al., 1997). The anterior
cingulate and gray matter, such as frontotemporal areas and the motor cortex, have also been
identified as areas that show a significant distribution and frequency of sclerotic lesions
(Calabrese et al., 2010; Kidd et al., 1999; Lassmann, Bruck, & Lucchinetti, 2007). The presence
of lesions has been shown to differ across the three primary clinical phenotypes of MS – PPMS,
RRMS, and SPMS - with SPMS patients showing a higher lesion probability than RRMS
patients and a greater number of larger, confluent lesions than PPMS patients, especially in

	
  

9	
  
periventricular areas (Filli et al., 2012; Thompson et al., 1991). Lesion differences between
PPMS and RRMS patients are not as stark, however. Calabrese et al. (2010) showed a greater
occurrence and widespread effect of sclerotic lesions in PPMS patients compared to RRMS
patients, but these differences were not significant.

Brain Atrophy
Brain atrophy has also been shown to be a consequence of MS (Chard et al., 2004; De
Stefano et al., 2003; Riccitelli et al., 2012). Voxel-Based Morphometry (VBM), introduced in
1995 by Wright and colleagues, was developed to characterize regional cerebral gray and white
matter. VBM analyses require normalization of high-resolution images, gray matter
segmentation and smoothing, and finally voxel-wise comparisons between groups are conducted
(Ashburner & Friston, 2000). VBM allows researchers to answer the question: how do groups
differ in brain structure (i.e., how do the intensities differ between groups in specific regions).
Another program, FreeSurfer (http://surfer.nmr.mgh.harvard.edu/), can also be used to
investigate structural brain differences in MS. First, T1 images are corrected for motion, non
brain tissue is removed, images are transformed into Talairach space, then white and gray matter
are segmented, white matter gray matter boundaries are formalized, and a topology correction
conducted (Dale, Fischl, & Sereno, 1999; Dale & Sereno, 1993; Fischl & Dale, 2000; Fischl,
Liu, & Dale, 2001; Fischl et al., 2002; Fischl et al., 2004; Fischl, Sereno, & Dale, 1999a; Fischl,
Sereno, Tootell, & Dale, 1999b; Fischl et al., 2004b; Han et al., 2006; Jovicich et al., 2006;
Segonne et al., 2004; Reuter, Rosas, & Fischl, 2010; Reuter, Schmansky, Rosas, & Fischl, 2012).
These methods provide images that can be further processed to analyze cortical thickness,
volume quantification of subcortical structures, measurement of cortical folding patters,
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parcellation of cortical regions, and sulcal depth. Additional measures of brain atrophy include
normalized brain volume (NBV), normalized neocortical gray matter volume (NCV), relative
brain volume (RBV), gray matter volume (GMV), white matter volume (WMV), brain
intracranial volume ratio (BICVR), and third ventricle size. With these methods and
measurements in mind, atrophy in this study will be represented by decreases in whole brain and
regional gray and white matter volume, increases in third and lateral ventricle size, and decreased
cortical thickness. Longitudinal MRI studies of MS have shown significant decreases in gray and
white matter volumes compared to healthy controls (Chard et al., 2004; Fisher, Lee, Nakamura,
& Rudick, 2008). These changes are dependent on disease severity, with patients who convert
from RRMS to SPMS showing lower baseline gray and white matter volumes and greater
atrophy over time when compared to RRMS patients who never convert (Fisher et al., 2008).
Atrophy in gray and white matter can be detected very early on in MS, but the trajectory of
change between these two tissue types appears to differ (Chard et al., 2004; De Stefano et al.,
2003; Riccitelli et al., 2012). Chard et al. (2004) found that at baseline, MS patients showed
significant differences in white matter but no differences in gray matter compared to healthy
controls; however, after an 18-month follow-up, there were significant differences in the rate of
change of gray matter but no significant changes in white matter.

Advanced MRI and Structural Neural Correlates of MS
The aforementioned studies demonstrate the effectiveness of conventional MRI to quantify
structural brain damage and abnormalities in MS; however, white matter pathology outside of
damaged tissue, known as NAWM, is harder to quantify with conventional MRI, and therefore
requires more advanced techniques to identify damage. Diffusion tensor imaging (DTI), a
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neuroimaging technique that uses the three-dimensional diffusion of water to evaluate the
microstructure of white matter tracts in the brain, can be used to effectively examine white
matter damage in lesions and NAWM in MS patients. Various DTI measures can be used to
examine the microstructural integrity of white matter in MS patients. The collinear structure of
white matter enables DTI to provide information about the directional coherence (anisotropy) of
water diffusion, thereby providing information about the microstructural integrity of white
matter. Three mutually perpendicular eigenvectors with eigenvalues λ1 (primary/major), λ2
(minor), and λ3 (minor) are derived from the diffusion tensor and are used within numerous DTI
analysis pipelines to calculate diffusion metrics, such as: fractional anisotropy (FA; a measure of
the variance between the three eigenvalues), mean diffusivity (MD; an average of the three
eigenvalues), axial diffusivity (AD; a measure of the primary eigenvalue; parallel to white matter
tract), and radial diffusivity (RD; the average of the two minor eigenvalues, perpendicular to
white matter tract). Directional measures of diffusivity, RD and AD, provide more specific
information about the microstructure of white matter. Animal studies have shown, for example,
that RD reflects demyelination, whereby greater levels of RD represent increased demyelination
(Song et al., 2002; Song et al., 2005). AD, however, has been shown to be more representative of
axonal damage, and more recent research has suggested that increased AD may represent gliotic
processes (Song et al., 2005).
Recently, DTI has begun to gain momentum as an effective neuroimaging technique to
examine demyelination and damage in the white matter of individuals with MS. Filippi,
Cercignani, Inglese, Horsfield, and Comi (2001), for example, used DTI to examine tissue
damage in NAWM and lesions in 78 MS patients exhibiting one of the three major phenotypes of
MS and 20 healthy controls. The data showed that NAWM in MS patients is compromised
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compared to healthy controls, indicating that white matter damage in MS can occur outside of
focal lesion areas that do not appear to be abnormal on conventional MRI scans. Additional DTI
studies have replicated these results and shown the ability of DTI to better characterize white
matter lesions and NAWM than conventional MRI (Elshafey, Hassanien, & Khahil, 2014;
Roosendaal et al., 2009; Senda et al., 2012; Werring, Clark, Barker, Thompson, & Miller, 1999).
Major white matter tracts, such as the corpus callosum, fornices, corona radiata, inferior and
superior longitudinal fasciculi, and internal capsule, have been found to have abnormal
diffusivity patterns compared to healthy controls, which points to compromised white matter
integrity (Liu et al., 2012; Ozturk et al., 2010; Roosendaal et al., 2009; Sigal, Shmuel, Mark, Gil,
& Anat, 2012). DTI is not limited to examining damage in NAWM, however. There has been
growing evidence that MS is not purely a demyelinating disease of white matter, but rather a
demyelinating disease of white and gray matter (Sander & Frankfurt, 1898 and Schob, 1907 as
cited in Honce, 2013). Rovaris et al. (2005) were among he first to use DTI to show that MD
increased in NAGM over a 15-month period in individuals with MS independent of lesion load
and brain volume. These results were supported by Oreja-Guevara et al. (2005), who also
demonstrated that that changes in NAGM occurred over time, independent of whole brain and
gray matter volumes. For the purposes of this study, only white matter will be examined using
DTI.

Association of Structural Neural Correlates and Cognitive functioning in MS
Processing Speed in MS
Processing Speed and Sclerotic Lesions
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Given that slowed processing speed appears to be the most common cognitive deficit in
MS, it is important to consider the role of structural brain indices, such as sclerotic lesions, in
cognitive slowing. White matter lesion volume, cortical lesion number, cortical lesion volume,
and overall and regional lesion load have all been used to examine the relationship between
slowed processing speed and sclerotic lesions. Mike et al. (2011), for example, focused on
cortical and white matter lesion volume and cortical lesion number when evaluating 26 patients
at different stages of MS (7 early RRMS, 13 late RRMS, 6 SPMS). Early RRMS duration was
greater than or equal to 5 years; late RRMS duration was greater than or equal to 10 years; and
SPMS duration at least three years within the SP stage. They used the SDMT to measure
processing speed and found a dose dependent relationship between disease phenotype and
processing speed, such that the mean and median cortical lesion number and white and cortical
lesion volume was greatest in SPMS patients compared to late and early RRMS (although not
statistically significant), and late RRMS patients had greater lesion damage compared to early
RRMS (significant). All three lesion measurements were significantly correlated with SDMT
performance even after age, depression, and premorbid intelligence were taken into account.
Although Mike et al. (2011) showed a relationship between white and gray matter lesions and
processing speed, it was noted that cortical lesions might play a particularly important role in
MS-related cognitive impairment, given that they were found to be related to both information
processing speed and verbal learning abilities. Additional studies have also found that global
lesion volume and/or lesion number significantly contribute to information processing speed
deficits (Calabrese et al., 2009; Deloire et al., 2005; Fulton et al., 1999; Randolph et al., 2005).
Regional and longitudinal studies offer additional information about the consequences of
sclerotic lesions. Lazeron et al. (2005) examined the effect of total and regional (frontal, parietal,
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temporal, occipital lobe) lesion load on Brief Repeatable Battery performance in 82 MS patients.
Focusing on the SDMT, results showed that the SDMT was the most affected subtest in the Brief
Repeatable Battery, with approximately 67% of patients scoring 2 standard deviations or more
below the norm. When compared to measures of sclerotic lesions, poor SDMT performance was
significantly correlated with T2 lesion load in the left and right frontal, parietal, and temporal
lobes and T1 lesion load in the left and right frontal and parietal lobes, left temporal lobe, and
right occipital lobe. Sperling and colleagues (2001) looked at regional MRI lesion burden on
cognitive performance using the Brief Repeatable Battery and identified similar regions;
however, unlike Lazeron et al. (2005), they did find a significant relationship between SDMT
performance and TLV in the temporal and occipital lobes. Studies focusing on more specific
brain regions, such as the posterior fossa, have also found links between sclerotic lesions and
slowed processing speed. For example, Archibald et al. (2004) looked at the relationship between
global and regional (posterior fossa) T1 and T2 lesion volume and performance on the Sternberg
memory scanning test in 20 (7 RRMS, 13 SPMS) patients, and found that T2 lesion volume in
the posterior fossa distinguished patients with information processing speed deficits (poor
performance on the Sternberg). No significant correlations were found between processing speed
and whole brain and frontal T2 lesion load or whole brain and frontal T1 hypointense lesion
load.
Studies examining the accumulation of lesions over time have showed an increase in
lesion number after only a few years. A 2009 study showed that median cortical and white matter
lesion numbers increased over a 3-year study period, and at follow-up (after 3-years), SPMS
patients showed a higher cortical lesion number than RRMS patients (Roosendaal et al., 2009).
Moreover, performance on the LDST at follow-up significantly correlated with cortical and
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white mater lesion number, showing that the number of MS lesions can visibly increase over a 3year period, and they are associated with worse performance on he LDST (Roosendaal et al.,
2009).

Processing Speed and Brain Atrophy
Brain atrophy has been shown to be a strong contributor to deficits in processing speed,
possibly above sclerotic lesions. White matter atrophy, NBV, NCV, Relative Brain Volume, and
third ventricle width have all been linked to slowed processing speed, as measured by the SDMT
(Calabrese et al., 2009; Lazeron et al., 2005; Sanfilipo et al., 2006). Benedict et al. (2004) used
MRI to examine the relationship between brain atrophy, as measured by third ventricle width and
brain parenchymal fraction in 37 MS patients and 27 healthy controls. An analysis of processing
speed showed that MS patients performed more poorly on the SDMT than healthy controls. After
controlling for age and premorbid intelligence, third ventricle width was shown to be the
strongest predictor of SDMT performance, accounting for approximately 57% of the variance.
Benedict et al. (2004) then took their analysis a step further by removing third ventricle width;
brain parenchymal fraction and T2 lesion volume then became the best predictors of SDMT
performance. The predictive power of third ventricle width on SDMT performance was again
demonstrated in another, later study by Benedict et al. (2006). MRI scans were conduced on 119
MS patients (77 RRMS, 42 SPMS) and 27 healthy controls. Atrophy measures included GMV,
neocortical volume, and third ventricle width. Overall, these three measures of atrophy
accounted for the most variance in cognitive performance, but it was third ventricle width that
was the best and sole predictor of SDMT performance. These results also appeared to hold true
when additional tests were combined with the SDMT to calculate a composite measure of
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processing speed. Sanchez, Nieto, Barrosos, Martin, and Hernandez (2008) created an Attention
and Processing Speed index (APS) made up of the SDMT, Stroop, and a simple and interference
reaction time test for 52 RRMS patients and 51 healthy controls. They focused on measures of
“central atrophy,” which included third ventricle width, bicaudate ratio, and CC atrophy. Results
showed that MS patients with high third ventricle atrophy were approximately twice as likely to
show APS impairment, even when motor dysfunction was controlled for. Although lesion load
was also measured in this study, the researchers concluded that in the case of their study,
cognitive impairment was better predicted by central brain atrophy than sclerotic lesion load.
Regional brain atrophy studies have also been conducted. Nocentini et al. (2010), for
example, used VBM to investigate regional gray matter volume and cognitive impairment in 18
MS (13 RRMS, 5 SP) and 18 healthy controls. They measured processing speed using the SDMT
and showed that performance correlated with gray matter volume in the frontal pole (bilaterally),
right pre- and post-central gyri, the right middle gyrus, right inferior frontal gyrus, the right
central opercular cortex, right planum polare, and right temporal pole. They also found a
significant relationship between global brain volume (i.e., brain parenchymal fraction) and
SDMT performance. Other studies have taken a more focused regional approach by making a
priori decisions about the regional areas that would be investigated. Yaldizli et al. (2014) focused
solely on CC atrophy and its impact on cognitive performance. The SDMT was administered to
113 MS patients and total and regional CC atrophy was measured using a Corpus Callosum
Index (CCI). Results indicated that approximately 55% of patients showed abnormal
performance on the SDMT. In addition, the CCI for the anterior portion of the CC was higher
than the posterior CCI, and overall CCI was significantly correlated with SDMT performance,
although lower posterior CCI was independently and significantly related to a poor SDMT
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outcome score. Overall, results pointed to a significant association between CC atrophy and
processing speed. Atrophy of subcortical structures, such as the caudate, putamen, globus
pallidius, nucleus accumbens, and thalamus, have also been linked to SDMT performance
(Batista et al., 2012).

Processing Speed and Diffusion Tensor Imaging Parameters
DTI studies of MS have further illustrated the impact of structural brain damage in MS
patients by elucidating damage that is not easily seen on conventional MRI. Roosendaal et al.
(2009) investigated regional damage to NAWM using TBSS. Thirty MS patients with low focal
lesions and 31 healthy controls were evaluated. Overall, MS patients showed decreased FA in the
fornices, left corona radiata, bilateral inferior longitudinal fasciculus, bilateral optic radiations,
and parts of the CC. Impaired processing speed, as measured by the LDST, was associated with
decreased FA and increased RD in the body of the CC. Damage to the CC has also been found to
be correlated with poor performance on the SDMT (Rimkus et al., 2011). Additional TBSS
analyses have pointed to significant reductions in FA in the cingulum, right external capsule,
right fornix, superior fronto-occipital fasciculus, right UF, anterior limb of the internal capsule,
cerebellar peduncle, right cerebral peduncle, corticospinal tract, and medial lemniscus in RRMS
patients compared to healthy controls (Yu et al., 2011). Moreover, increased MD, which was
thought to be driven by increased RD, was seen in all white matter tracts that showed decreases
in FA. Within this study, the strongest predictor of low SDMT performance was FA, with the
posterior thalamic radiation, sagittal striatum, and the CC showing the greatest FA reduction and
strongest correlations with the SDMT. Significant correlations were also found for MD and RD
with the SDMT for similar tracts.
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Intra-individual variability also provides information about the role of white matter
damage in processing speed deficits. Mazerolle, Wojtowicz, Omisade, and Fisk (2013) used
TBSS to evaluate the neural basis of intra-individual variability on processing speed tasks in 20
mildly impaired RRMS patients and 20 healthy controls. Increased intra-individual variability in
processing speed was associated with more white matter tracts than overall processing speed.
Overall, damage to white matter tracts has been shown to significantly affect processing
speed in MS patients. While taking an a priori approach to identifying the relationship between
white matter tracts and behavioral functioning has proven to be useful, the above studies
illustrate the utility of taking a more data-driven approach with TBSS.

Present Study
With the above considerations in mind, the purpose of the present study is to explore how
dysfunction in processing speed might predict structural brain damage a decade later. The aims
and hypotheses of the study are as follows:

Specific Aim 1: Determine whether processing speed at baseline predicts lesion volume, atrophy,
and white matter damage a decade later in MS patients.
Hypothesis 1: Poor performance on processing speed tests will predict greater structural
brain damage a decade later by way of:
a. Increased lesion volume;
b. Decreased cortical thickness and volume, decreased subcortical volume, and
greater lateral ventricle volume;
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c. and overall white damage (i.e., decreased FA, increased/decreased AD,
increased RD, and increased MD).
Specific Aim 2: Examine whether decreased performance on processing speed tests at baseline
predicts decreased neuropsychological performance a decade later.
Hypothesis 2:
a. Processing speed performance at baseline will significantly predict poor
neuropsychological performance at Time 2 across multiple domains.

Method
Participants
Twenty-two participants were recruited for this study. One participant was excluded due
to extensive sclerotic lesions that significantly interfered with structural imaging analyses. All
included participants took part in the initial phase of an ongoing longitudinal study. In the initial
phase of the study, MS patients were recruited via flyers posted in the State College,
Pennsylvania area and through an ad placed in a newsletter distributed to individuals with MS in
Western and Central Pennsylvania. Potential participants contacted study personnel and were
screened over the telephone to determine eligibility for the study. Participants were excluded if
they endorsed a history of: (a) neurological disease other than MS; (b) drug or alcohol abuse; (c)
learning disability; or (d) visual or motor impairments that would alter test administration
procedures. Participants not excluded from the study had their diagnoses and MS course types
confirmed by board-certified neurologists. These evaluations were based on established
guidelines for research protocols in MS (Lubin & Reingold, 1996; Poser et al., 1982). Eligible
participants were scheduled for testing and consented on the day of their session. Graduates
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students, trained by a clinical neuropsychologist and licensed psychologist, administered a
battery of measures to evaluate physical, cognitive and emotional functioning. No participants
were experiencing a clinical exacerbation at the time of the assessment. Participants were paid
$75 for their participation and were given a brief neuropsychological report characterizing their
functioning.
Approximately 10 years after the initial phase of the study, study personnel contacted
participants who agreed to be contacted for future research to inquire about their interest in
participating in the current study. Interested participants then went through a telephone interview
to determine eligibility for the study and to ensure they were safe to undergo MRI scanning.
Similar to Time 1, participants were excluded if they endorsed a history of neurological disease
other than MS, drug or alcohol abuse, a learning disability or ADHD, and visual or motor
impairments that would alter test administration procedures. In addition, participants were
required to be free of MS relapse and corticosteroid use within four weeks of the assessment.
Participants were scheduled and brought in for neuropsychological testing and an MRI scan. The
MS Functional Composite (MSFC) and a neurologist’s rating on Kurtzke’s Expanded Disability
Status Scale (EDSS) were used to determine the disability level of each participant. The study
was approved by The Pennsylvania State University’s Institutional Review Board.

Neuropsychological Testing
Participants were administered a battery of neuropsychological tests that evaluated executive
functioning and processing speed. Descriptions of these tests are detailed below.

Time 1 Neuropsychological Battery:
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Processing Speed:
Symbol Copy. The Symbol Copy test is a supplementary measure from the Wechsler
Adult Intelligence Scale-III (WAIS-III) that measures perceptual motor speed. The Symbol Copy
is used to gauge an examinee’s “pure” motor and processing speed relatively independent of
cognitive processing speed demands. An examinee is given a sheet with rows. Each row is made
up of two rows of 15 boxes stacked one on top of the other. In the top boxes are symbols and the
bottom boxes are blank. The examinee is asked to copy the symbol in the top box into the empty
box directly below it as quickly as they can. Examinees are given 120 seconds. Total symbols
copied in 120 seconds are used as the raw score.
Symbol Digit Modalities Test-Oral (SDMT). The SDMT is a test of divided attention,
visual scanning, and processing speed (Strauss et al., 2006). Written and oral versions of the test
exist; however, the oral version was used in this study to help control for motor-writing
difficulties - often found in patients with MS - that might confound results (Arnett et al., 1999).
To administer this test, examinees are provided a sheet with a key at the top of the page followed
by eight rows. Similar to the Symbol Copy test, each row, including the key, is comprised of two
rows of boxes stacked on top of each other. Each row has 15 box pairs. The key has nine box
pairs with symbols in the top boxes and the numbers 1-9 in the bottom boxes, while the rest of
the rows have symbols in the top boxes and blank boxes underneath. Examinees are asked to use
the key to match each symbol with its correct number by saying the correct number aloud as
quickly as they can in 90 seconds. The raw score is the total correct symbol-number pairs
completed in 90 seconds. Test-retest reliability for the oral version of the SDMT is
approximately .76 (Smith, 1982).
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Time 2 Neuropsychological Battery:
Delis-Kaplan Executive Function System (D-KEFS) Sorting Test. The Sorting Test is one
of nine executive functioning tests that comprise the D-KEFS battery of executive functioning.
The Sorting Test measures problem solving, conceptual flexibility, and verbal and non-verbal
concept formation (Strauss et al., 2006). Two separate conditions make up the Sorting Test. In
Condition 1, Free Sorting, examinees are given a set of six cards and asked to sort the cards into
two groups of three according to as many rules as possible (e.g., color, shape). Examinees are
asked to sort two different sets of cards. In Condition 2, Sort Recognition, examinees are asked
identify and describe the rules used by the examiner to sort the cards into two groups of three.
The same two sets of cards are used for both conditions. Sort Description Total (across both card
sets) and Total Number of Correct Sorts (across both card sets) are used as raw scores.
Paced Auditory Serial Addition Test-3s (PASAT-3). The PASAT-3 is a test of divided
attention, working memory, and processing speed (Strauss et al., 2006). Various versions of the
PASAT exist, however, the Rao, Leo, Haughton, St. Aubin-Faubert, and Bernardin (1989) 60item, 3-second version was used for this study. Examinees listen to a standardized audio
recording that presents single digit numbers every 3s. Examinees are asked to add each
successive digit to the digit presented right before. Test-retest reliability for the PASAT has been
shown to range from .73-.90 (McCaffrey et al., 1995; Schächinger et al., 2003; Sjogren et al.,
2000, all as cited by Strauss et al., 2006). The raw score was calculated from the number of
correct additions out of 60.
COWAT-Alternate Version. Controlled Oral Word Association Test (COWAT). The
COWAT is an executive functioning test that primarily measures phonemic verbal fluency,
maintenance, and switching (Damasio & Anderson, 1993; Strauss et al., 2006). Examinees are
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given a specific letter and asked to name as many words as they can that begin with that letter in
one minute, excluding proper names. Three trials are given per COWAT administration, and a
different letter is used per trial. The primary form of the COWAT uses letters F, A, and S. The
COWAT has been shown to be a valid and reliable test of verbal fluency with a test-retest
reliability of .88 for adults 19-42 days after he first administration (des Rosiers & Kavenagh,
1987). To account for practice effects, the alternate version of the COWAT, which uses letter P,
R, and W was used at this time point.
Animal Fluency. Animal Fluency is another test of verbal fluency, except focusing on
semantic rather than phonemic fluency. Similar to the COWAT, examinees are given a category
(i.e., animals) and asked to name aloud as many animals as they can in one minute. One trial is
given for the category, although numerous alternate forms exist (e.g., fruits, vegetables, boy’s
names, etc.) should re-administration be necessary. The semantic cue is thought to aid
examinees’ performance on this task by lessening the executive demand. The test-retest
reliability of this test has been shown to be approximately .70 for both long and short intervals
(Basso, Bornstein, & Lang, 1999; Dikmen, Heaton, Grant, & Temkin, 1999; Harrison, Buxton,
Husain, & Wise, 2000; Levine, Miller, Becker, Selnes, & Cohen, 2004, all as cited by Strauss et
al., 2006).
WAIS-III Digit Span. Digit Span is a subtest of working memory included in the
Wechsler Adult Intelligence Scale-III (WAIS-III) containing two separate components - Digits
Forward and Digits Backward. For Digits Forward, the examinee is asked to repeat a number
sequence (ranging from 2-9 digits) in the same order presented by the examiner. Subsequently,
Digits Backward is administered during which the examinee is asked to repeat a number
sequence (ranging from 2-8 digits) in reverse order from how the examiner presented the
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sequence. Each item of Digits Forward and Backward has two trials. If the examinee receives a
correct score on the first trial, the examiner processed to the next item; however, if the first trial
is missed, the second trial is administered. When both trials of an item are scored as incorrect,
the task is discontinued. The test-retest reliability of this test has been estimated to be high,
falling in the .80s (Iverson, 2001; Strauss et al., 2006).
California Verbal Learning Test-II (CVLT-II). The CVLT- II is a verbal learning and
memory test that assesses recall and recognition of two word lists over immediate and delayed
memory trials. The examinee is first read a list of 16 words composing four semantic categories
(furniture, vegetables, ways of traveling, and animals) five times and asked to recall the list of
words “in any order” immediately after each presentation (List A Immediate Free Recall Trials
1-5). A second list of 16 words is then presented, and the examinee is asked to immediately
recall as many words as they can (List B Immediate Free Recall). The examinee is subsequently
asked to recall as many words as they can remember from the first list (List A Short-Delay Free
Recall). Cued short-delay recall trials are then administered, where the examinee is asked to
recall “all the words from the first list that are furniture/vegetables/ways of traveling/animals”
(List A Short-Delay Cued Recall). After a 20-minute delay, the examinee is asked to recall as
many words as they can from the first list (List A Long-Delay Free Recall), which is followed by
a second cued recall (List A Long-Delay Cued Recall). A recognition trial is then administered
(List A Long-Delay Yes/No Recognition). Test-retest reliability for the various components of
this test range from low to high (≤.59-.89; Delis et al., 2000; Strauss e al., 2006). Trials 1-5
Correct, Short-Delay Free Recall, and Long-Delay Free Recall were used as measures of verbal
memory in this study; the test-retest reliability for these specific measures fall within .80-.89
(Delis et al., 2000; Strauss e al., 2006).
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Brief Visuospatial Memory Test-Revised (BVMT-R). The BVMT-R is a test of visual
learning and memory that uses a multiple trial paradigm. Examinees are shown a stimulus with
six simple geometric visual designs in a 2 x 3 matrix for 10-seconds (Strauss et al., 2006). After
10-seconds, the stimulus is removed and the examinee is asked to draw as many of the designs as
“accurately as she can and in their correct location on the page” (Trial 1 Immediate Recall). This
process is repeated two more times (Trials 2-3 Immediate Recall). After a 25-minute delay, the
examinee is asked to recall as many of the designs as she can (Delayed Recall Trial). Lastly, a
recognition trial is administered. Test-retest reliability ranges from .60-.84 for Trials 1-3
(separately) and .80 for total recall (Benedict, 1997).
Symbol Copy Test. Please see above description.
SDMT Oral. Please see above description.

Standard scores (z-scores) were calculated for each raw neuropsychological test score
using a sample-based control group, with the exception of the D-KEFS Sorting Test. Due to a
lack of sample-based control scores for the D-KEFS Sorting Test, scaled scores were calculated
using the Pearson D-KEFS scoring computer software. Scaled scores were then converted to zscores.

Image Acquisition
All MRI data were collected on a 3T Siemens Trio scanner. Prior to scanning,
participants were told the importance of remaining still during the MRI scans and Styrofoam
pads were used within the scanner to keep the participant’s head still. A 3D high-resolution
anatomical scan (T1) was acquired for each participant during each session and included the
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following parameters: TR = 1650 ms, TE = 2.03, flip angle = 9°, FOV = 256 mm, slices = 160,
voxel size = 1 x 1 x 1 mm3, TA = 4 minutes 34 seconds. In addition, a T2 Fluid Attenuated
Inversion Recovery (FLAIR) scan was also acquired and included the following parameters: TR
= 2000 ms, TE = 388 ms, flip angle = 9°, FOV = 250 mm, slices = 160, voxel size = 1 x 1 x 1
mm3, TA = 7 minutes 37 seconds.
Whole-brain diffusion-weighted data was acquired using a spin-echo EPI sequence (TR =
8700 ms, TE = 89 ms, 256 mm FOV, 2.0 x 2.0 x 2.0 mm3 voxels, 2 averages, no gap). Parallel
imaging with an IPAT = 2 GRAPPA was used to acquire 132 volumes (66 slices, slice thickness
= 2.0 mm) in 9 min 27 sec. Diffusion weighted images were distributed along 30 directions (b =
1000 s/mm2). An additional b image (b = 0) was acquired prior to the diffusion-weighted scans.

Sclerotic Lesion Quantification
White matter lesions were quantified using the Lesion Segmentation Toolbox v1.2.3,
developed by Schmidt and colleagues (2012), in Statistical Parametric Mapping 8 (SPM8). Prior
to being entered into the Lesion Segmentation Toolbox, each participant’s T1-weighted and T2
FLAIR-weighted scans were manually inspected for artifacts and distortions. Those T1-weighted
and T2 FLAIR-weighted images that did not contain significant artifacts were then be used to
calculate whole brain lesion volume in milliliters (mL). These analyses were primarily conducted
within T1-weighted image native space.
T1-weighted images were segmented into three different tissue classification maps - gray
matter (GM), white matter (WM), and cerebrospinal fluid (CSF). The T2 FLAIR-weighted
images were bias-corrected and coregistered to the T1-weighted image. Next, the FLAIR
intensity distribution for each tissue classification map was obtained and FLAIR-hyperintense
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outliers, representing sclerotic lesions, were added together to create a combined conservative
lesion belief map. The conservative lesion belief map of each participant underwent an iterative
process using a lesion growth model. During this process, each voxel within the neighborhood of
a conservatively identified lesion was labeled as “lesion” or “other” depending on whether
voxels share a common border or not; the lesion growth algorithm assumes that voxels that are
completely surrounded by lesion voxels are more likely to represent lesions. The program then
moves from conservative assumptions about the lesion map to more liberal assumptions by
weighting the likelihood of a voxel belonging to gray or white matter versus lesions. This
process is enhanced by a hidden MRF segmentation model and a priori knowledge of the
location of white matter (Schmidt et al., 2012). The final outputted lesion maps were used to
quantify lesion volume (mL) for each participant. Due to the constraints of the Lesion
Segmentation Toolbox, two participants were excluded due to lesion volumes exceeding the
Lesion Segmentation toolbox limit of 66mL.

Brain Atrophy
Cortical thickness, cortical and subcortical volume, and third and lateral ventricle volume
were used as measures of atrophy. FreeSurfer, an image analysis suite that characterizes surfaceand volume-based anatomy (http://freesurfer.net), was used to examine atrophy in the study
sample. The technical details of FreeSurfer analyses can be found in numerous previous
publications (Dale et al., 1999; Dale and Sereno, 1993; Fischl and Dale, 2000; Fischl et al., 2001;
Fischl et al., 2002; Fischl et al., 2004a; Fischl et al., 1999a; Fischl et al., 1999b; Fischl et al.,
2004b; Han et al., 2006; Jovicich et al., 2006; Segonne et al., 2004, Reuter et al. 2010, Reuter et
al. 2012) but will be described in brief here. For structural analyses, T1-weighted images were
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inputted into FreeSurfer and underwent motion correction, skull stripping, automated Talairach
transformation, volumetric labeling intensity normalization of cortical and subcortical structures,
tessellation of the white and gray matter boundary, automated topology correction, and surface
deformation

following

intensity

gradients

to

optimally

place

the

gray/white

and

gray/cerebrospinal fluid borders at the location where the greatest shift in intensity defines the
transition to the other tissue class. Unlike other anatomical analyses programs, FreeSurfer
constructs models of the cortical surface using a “mesh of triangles,” the location of which is
dictated by the location of the vertices of the triangles. The positions of vertices are adjusted to
follow the gray-white matter boundary of the T1, and smoothness constraints are implemented to
go within a voxel and account or partial volume effects, thereby providing subvoxel accuracy of
the surface location (Greve et al., 2013). From here, various deformable procedures for
processing and analyzing the data may be performed, such as surface inflation (Fischl et al.,
1999), registration to a spherical atlas (Fischl et al., 1999), parcellation of the cerebral cortex
(Desikan et al., 2006; Fischl et al., 2004), segmentation of subcortical structures, and creation of
a variety of surface- and subcortical-based data. Cortical thickness and volume of parcellated
gray matter (i.e., cortex), volume of subcortical structures, and volume of the third and lateral
ventricles were used to measure atrophy in this study.
FreeSurfer defines cortical thickness as the distance between the white and pial surfaces
at a vertex (Fischl & Dale, 2000). Gray matter volume of a vertex is defined as the area of a
vertex (the average area of the triangles of the vertex) times thickness, whereas the overall gray
matter volume of an area is defined as the sum of all of the vertices in that particular region
(Greve et al., 2013). Procedures for the measurement of cortical thickness have been validated
against histological analysis (Rosas et al., 2002) and manual measurements (Kuperberg et al.,
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2003; Salat et al., 2004). FreeSurfer morphometric procedures have been demonstrated to show
good test-retest reliability across scanner manufacturers and across field strengths (Han et al.,
2006; Reuter et al., 2012).
Surface-based analyses were conducted within FreeSurfer following an intersubject
registration process.

First, FreeSurfer was used to estimate the surface curvature of each

participant’s brain, which is a quantification of the folding patterns of the sulci and gyri of the
brain. Next, a nonlinear surface-based inter-subject registration was conducted to align the
cortical folding patterns of each participant’s brain to standard space (Fischl, Soreno, Tootell, &
Dale, 1999; Fischl et al., 2008). Cortical thickness and volume were also resampled into standard
space so that vertex-wide comparisons may be conducted. To account for the effects of
stretching or compression on the resampling of cortical volume to standard space, a “jacobian
correction” was be used (similar to Winkler et al., 2012).
Volumetric values for subcortical structures (i.e., thalamus, caudate, putamen, pallidum,
hippocampus, and amygdala) were pulled from aseg_sats files following segmentation
procedures from the left and right hemispheres separately. These values were then transferred
into SPSS for statistical analyses. Multiple regression analyses were used to examine the
relationship between processing speed performance and volume of subcortical structures,
correcting for Estimated Total Intracranial Volume (eTIV).
To examine the relationship between processing speed performance at Time 1 and gray
and white matter volume at Time 2, volumes for left and right hemisphere cortical gray matter,
total cortical gray matter, left and right hemisphere cortical white matter, and total white matter
were obtained from FreeSurfer’s aseg.stats output. Three participants were excluded due to poor

	
  

30	
  
registration of cortical gray and white matter. Multiple regression analyses were performed using
sex and age as covariates.
Vertex-to-vertex group analyses were also performed in FreeSurfer to identify specific
locations on the surface of the cortex that may exhibit decreased thickness or volume in relation
to poorer performance on processing speed tasks at Time 1. Prior to analyses, three participants
were excluded due to poor registration of the pial surface. Taking the sample of 19 participants,
mris_preproc was used to put all of the participant’s left and right hemispheres in a common
space and concatenate all participants into a single file. Spatial smoothing was implemented
using mri_surf2surf at a 10mm FWHM. Cortical thickness for the left and right hemispheres was
modeled as a function of SDMT performance or Symbol Copy performance, controlling for age.
Clusterwise correction for multiple comparisons, based on Hagler, Saygin, and Sereno (2006),
was applied to each GLM analysis using a precomuted Z Monte Carlo simulation and vertexwise/cluster-forming threshold of 1.3 (p < .05). P-values were adjusted for two hemispheres.
Corrected results were obtained from outputted cluster summaries, where all clusters with a P <
.05 were listed. Corrected results were visualized in Freeview.

Preprocessing and Analysis of Diffusion Imaging Data
All DTI data processing and analyses were carried out using FMRIB Software Library
tools (FSL) (http://www.fmriib.ox.ac.uk/fsl/). Protocols established by Smith et al. (2007; 2006)
and Yeh et al. (2009) were followed. Raw diffusion data was pre-processed by correcting for
eddy-current distortion, motion, and B0 inhomogeneity distortion. DTI Fit, a component of
FSL’s Diffusion Toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fdt), was used to generate FA maps
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for each participant. All FA maps and associated histograms were checked for artifacts, intensity
range problems, and general data quality. These FA maps were used to conduct a TBSS analysis.
All participants’ FA maps were put into a higher-resolution standard space using FSL’s
Non-linear Image Registration Tool. First, a study-specific “target image” was created by
aligning every FA image to every other one and then identifying the “most representative”
image. The target image was then aligned into 1x1x1mm MNI152 space using a combined
nonlinear transform and affine transform. Each participant’s FA image was then aligned to this
target. The mean of all FA images were calculated and thinned to create an FA skeleton, which
encompasses the centers of all of the white matter tracts common to the sample. The threshold
for the FA skeleton was set to 0.2. This threshold value was chosen because it has been
established as an appropriate threshold for segmenting white matter and gray matter (Cercignania
et al., 2001). Prior to running the voxel wise cross-subject statistics, all aligned FA images were
quality checked to ensure that there were no errors in registration, the FA skeleton was
appropriately thresholded, and that each threshold within the FA skeleton could be matched to a
white matter tract for each participant. Individual FA maps were then projected onto the mean
FA skeleton. Similar methods were repeated to generate AD, RD, and MD data. Age was used as
a covariate of no interest in the statistical design matrix for TBSS analyses.
Regression analyses were conducted using FSL’s General Linear Model (GLM) Setup
utility and TBSS. First, a GLM script was created using the GLM Setup GUI by designating the
group, explanatory variables (EV), and covariates of no interest. Since regression analyses were
conducted, only one group was designated. Neuropsychological data represented the primary
EV, while age was entered as a covariate of no interest in the statistical design matrix for TBSS
analyses. The four design matrices used in this study were as follows: (1) SDMT as the only
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variable of interest; (2) SDMT as variable of interest, age as a covariate; (3) Symbol Copy as the
only variable of interest; and (4) Symbol Copy as the variable of interest, age as a covariate. Two
contrasts were included in each design matrix designating 1 or -1 to the variable of interest. This
was done to help determine the direction of the relationship between the variable of interest and
white matter skeleton.
Voxel-wise regression analyses were run on the FA, RD, AD, and MD maps separately
using the aforementioned statistical design matrices and FSL’s Randomise tool. For the latter, a
permutation-based inference (5000 permutations) correction for multiple comparisons with a
Threshold-Free Cluster Enhancement was implemented (Smith & Nichols, 2009). The demean
option in Randomise (i.e., -D) was used to demean the data and model in all analyses. Lastly, a
family-wise error (FWE) correction was used to correct for multiple comparisons. Several white
matter atlases were used to identify significant white mater tracts, including Mori, van Ziji,
Oishi, and Farla’s (2005) MRI Atlas of Human White Matter and The John Hopkins University
DTI-based white matter atlases (ICBM-DTI-81 white matter atlas labels and JHU white-matter
tractography atlas; Hua et al., 2008; Mori et al., 2005; Wakana et al., 2007). All results were
visualized using FSLview.

Results
Demographics
Demographic information at Time 1 and Time 2 for all 22 study participants can be found in
Table 2.
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Time 1

Time 2

N

22

22

Age

47.23 (9.14)

57.91 (9.45)

Sex (f)

18

18

Education

13.95 (1.67)

13.95 (1.89)

EDSS

4.09 (1.29)

4.64 (1.50)

Diagnosis Duration

10.36 (8.62)

20.38 (8.62)

Table 2. Demographics for participants at Time 1 and Time 2.

Lesions
A logarithmic transformation was used to account for the non-normal distribution of the
lesion volume variable. Due to the inability of the ln function to transform values of zero, 1 was
added to each participant’s lesion volume prior to transforming the values. Two participants
were excluded from the analysis due to insufficient T2-FLAIR scans. Lesion volume was then
correlated with variables thought to possibly influence lesion volume (i.e., age, disease duration,
EDSS) to determine whether covariates should be included in the analysis. Lesion volume at
Time 2 was not significantly related to age, disease duration, or EDSS. As a result, Pearson
product-moment correlation analyses were conducted to assess whether performance on tasks of
processing speed at Time 1, as measured by the SDMT-oral and Symbol Copy scores, predicted
lesion volume a decade later (i.e., Time 2).
There was an inverse correlation between SDMT oral performance at Time 1 and lesion
volume at Time 2 (r=-.43, n=20, p = .058); though this effect was at the level of a statistical trend
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by typical metrics due to relatively low sample size, the effect size was in the medium-large
range. Performance on the Symbol Copy test at Time 1 was also inversely correlated with lesion
volume at Time 2, with a comparable medium to large effect size (r=-45, n=20, p = .044).
Scatterplots summarizing the results can be found in Figure 1.

A.

B.

Figure 1. Scatter plots demonstrating the relationships between the SDMT Oral (A) and Symbol Copy (B) tests and
lesion volume. Neuropsychological performance scores (y-axis) are presented in z-scores and lesion volume (x-axis)
is presented in transformed (ln) milliliters.

Atrophy
Subcortical and Ventricle Volumes
After accounting for eTIV and age, performance on the SDMT was shown to predict
third ventricle volume (Adjusted R2 = .17, F (1,17) = 3.12, p = .095) at a trend level, such that
greater performance on the SDMT at Time 1 predicted smaller third ventricle volume at Time 2
(Table 3a). Performance on the Symbol Copy test at Time 1 significantly predicted lateral
ventricle volume at Time 2 (R2 = .53, F (1,17) = 5.812, p < .05) , accounting for 13.7% of the
variance (Table 3b) In addition, Symbol Copy performance also predicted third ventricle
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(Adjusted R2 = .18, F (1,17) = 3.32, p = .086) left pallidum (Adjusted R2 = .05, F (1,17) = 2.19, p
= .157) and right hippocampus (Adjusted R2 = .01, F (1,17) = 2.58, p = .127) volume, where is
Symbol Copy performance accounted for 10.4-13.6% of the variance of these volumes. Results
from these analyses are further summarized in Tables 3c-e. Although the p-values for these
effects varied from being below traditional statistical significance levels (i.e., p < .05) to slightly
above the typical cutoff for a statistical trend (< .10), all of the effect sizes were in the medium
range.
Contrary to the hypotheses, performance on the SDMT was shown to negatively predict
left thalamus volume (Adjusted R2 = .33, F (1,17) = 4.84, p = .042) such that better performance
on the SDMT at Time 1 predicted lower volume in the left thalamus at Time 2 (Table 3f). It
should also be noted that intracranial volume appeared to account for a significant amount of
variance in numerous subcortical and lateral ventricle volumes (e.g., caudate, putamen,
hippocampus, pallidum).

Gray and White Matter Volumes
Results from multiple regression analyses did not show significant relationships between
performance on the SDMT or Symbol Copy and gray or white matter volume (i.e., volumes for
left and right hemisphere cortical gray matter, total cortical gray matter, left and right hemisphere
cortical white matter, and total white matter) at Time 2.

Group Analyses in FreeSurfer
Results from vertex-to-vertex analyses identified five significant clusters of thickness in the left
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Note. * p<.0 5, **p<.01
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hemisphere as being significantly (all p-values < .006) associated with Symbol Copy
performance (accounting for age), with clusters falling in the inferior parietal, precuneus,
superior frontal, and transverse temporal (Figure 2). Similarly, five significant clusters (all pvalues < .005) of thickness in the right hemisphere were also found to be associated with Symbol
Copy performance, with clusters falling in the inferior parietal, middle temporal, precuneus, and
fusiform gyrus (Figure 3). With regard to volume, the only significant cluster identified was
related to Symbol Copy performance and fell in the left lingual gyrus (p = .03). No areas of
volume or thickness were found to be significantly associated with SDMT performance.

DTI
Voxel-wise analysis of the DTI data was conducted using TBSS. Four regression models
(as described above) were used to examine the relationship between processing speed
performance (i.e., SDMT, Symbol Copy) and FA, RD, AD, and MD. After correcting for
multiple comparisons, SDMT performance at Time 1 (not accounting for age) was shown to
significantly predict (p = .05) increased MD in six regions: right superior longitudinal fasciculus,
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Figure 2. Areas of significant left hemisphere thickness clusters in relation to Symbol Copy performance.

Figure 3. Areas of significant right hemisphere thickness clusters in relation to Symbol copy performance.

forceps major, splenium of the corpus callosum, right anterior thalamic radiation, right inferior
fronto-occipital fasciculus, and right inferior longitudinal fasciculus (Figure 4). Additionally,
poorer performance on the SDMT and Symbol Copy tests predicted compromised white matter
at Time 2 in the form of decreased FA, increased RD, deceased AD, and increased MD at trend
levels. These results are summarized in Table 4.

Figure 4. Areas of increased MD predicted by performance on the SDMT at Time 1, not accounting for age,
including the right superior longitudinal fasciculus, forceps major, splenium of the corpus callosum, right anterior
thalamic radiation, right inferior fronto-occipital fasciculus, and right inferior longitudinal fasciculus. Green lines
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represent the white matter skeleton created from all participants using TBSS and the red spots indicate areas of
significant increases in MD.

Neuropsychological Functioning
Data analyses were conducted using SPSS. Multiple regression analyses were used to determine
the predictive power of processing speed performance on various neuropsychological tests a
decade later. Time 2 age and cognitive reserve, which is defined as the sum of WTAR standard
score and education, were used as covariates. Results for these analyses can be found in Table 4.

Discussion
The main purpose of the current study was to examine whether performance on
processing speed tasks can predict lesion volume, brain atrophy, and white matter damage in
individuals already diagnosed with MS a decade later. Findings indicate that poorer performance
on the SDMT and Symbol Copy task predict greater lesion volume in patients with MS. Atrophy
of the lateral and third ventricles was also shown to be predicted by processing speed
performance. Furthermore, Symbol Copy performance predicted atrophy in the left pallidum and
left inferior parietal, precuneus, superior frontal, and transverse temporal cortical areas, and the
right hippocampus and right inferior parietal, middle temporal, precuneus, and fusiform cortical
areas. Damage to white matter tracts, as measured by decreased FA, increased RD, decreased
AD, and increased MD, was also shown to be predicted by processing speed performance.
Lastly, poorer performance on processing speed tasks at Time 1 was related to poorer
neuropsychological performance at Time 2.
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Table 4. Relationships between processing speed and FA, RD, AD, and MD. The sign noted (i.e., +, -) denotes the direction
of the relationship between processing speed performance and aforementioned DTI indices. Abbreviations are defined as
follows: SLF = Superior Longitudinal Fasciculus, IFOF = Inferior Fronto-Occipital Fasciculus, ATR = Anterior Thalamic
Radiation, ILF = Inferior Longitudinal Fasciculus, CsT = Cortisospinal Tract, PR = Posterior Radiata, Cing = Cingulum,
PTR = Posterior Thalamic Radiation, UF = Uncinate Fasciculus, CC = Corpus Callosum. * = p < .1. ** = p < .05.
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Processing speed has been shown to be the most common cognitive deficit in MS
(Bergendal, Fredrikson, & Almkvist, 2007; DeLuca, Chelune, Tulsky, Lengenfelder, &
Chiaravalloti, 2004) and has strong predictive power for future functioning and brain structure in
MS patients, as shown in this study. Various tests are used to measure processing speed (i.e.,
Symbol Copy and SDMT), although the SDMT has been identified as a “sentinel” test of not
only processing speed deficits in MS patients, but for cognitive functioning in MS as a whole
(Van Schependom et al., 2014). While processing speed deficits have been shown to be strong
predictors of cognitive and everyday functioning and brain structure in MS, it is important to
note that secondary factors can influence processing speed and therefore its predictive power.
Fatigue, emotional disturbances, depression, anxiety, personality, and physical symptoms are just
some of the secondary factors shown to contribute to cognitive deficits in MS, including
processing speed (Bruce, Thelen, & Westervelt, 2013); therefore, it is possible that some of these
factors contribute to the variance found within this study (in relation to structural brain indices).
Future studies should aim to account for the impact of secondary factors on processing speed
performance by either statistically controlling for them or by examining how they might be
moderating/mediating the relationship between processing speed and variables of interest, while
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at the same time understanding that a true separation of processing speed and secondary factors
may not be possible.
Sclerotic lesions serve as one of the primary neuropathological symptoms of MS. This
study focused on global white matter lesion volume and showed that poorer performance on the
SDMT and Symbol Copy tests predicted greater lesion volume a decade later. White matter
lesions have been the focus of research for decades, but more recently, the impact of gray matter
lesions in MS has also begun to be explored. Calabrese et al. (2009), for example, examined the
impact of cortical lesions on cognitive functioning in 70 individuals with RRMS. Results showed
that cognitively impaired patients had a significantly higher cortical lesion volume when
compared to cognitively unimpaired patients. Analysis of cortical lesion volume in conjunction
with white matter lesion volume may offer more information about brain damage in MS and its
relationship with processing speed.
In addition to lesions, brain atrophy is also a neuropathological consequence of MS
(Chard et al., 2004; De Stefano et al., 2003; Riccitelli et al., 2012), which has been shown to be
related to processing speed performance (Calabrese et al., 2009; Lazeron et al., 2005; Sanfilipo et
al., 2006). Results from the current study revealed a longitudinal relationship between processing
speed and brain atrophy in MS, such that better performance on the SDMT predicted smaller
third ventricle volume a decade later at a trend level, while better performance on the Symbol
Copy test significantly predicted smaller lateral ventricle volume at Time 2. Better Symbol Copy
performance also predicted smaller third ventricle volume and larger left pallidum and right
hippocampus volume at a trend level. Contrary to the hypotheses, better performance on the
SDMT was shown to negatively predict left thalamus volume, such that better performance on
the SDMT at Time 1 predicted lower volume in the left thalamus at Time 2. Vertex-to-vertex
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analyses pointed to performance on the Symbol Copy test predicting atrophy (i.e., decreased
cortical thickness) in the left inferior parietal, precuneus, superior frontal, and transverse
temporal and right inferior parietal, middle temporal, precuneus, and fusiform gyrus.
Ventricular atrophy has been shown to be associated with processing speed deficits
(Christodoulou et al., 2003), but up until now, there has been a paucity of studies looking at the
relationship between regional atrophy and processing speed. The vertex-to-vertex regional
analyses within this study were exploratory, and therefore offer some insight into specific areas
that might be related to brain atrophy, but further investigations of regional atrophy need to be
conducted before more concrete conclusions can be made. The scarcity of regional atrophy
studies in MS may be due to the issues that can arise when trying to segment diseased brains.
FreeSurfer relies on segmentation to obtain gray matter, white matter, and subcortical volumes;
however, FreeSurfer was primarily created to evaluate and segment “healthy” brains (i.e., those
without significant neuropathological damage). The brains of individuals suffering from MS
often have neurological damage, such as lesions, which have been shown to negatively impact
segmentation by blurring the white-gray matter boundary. The contrast of sclerotic lesions on T2
FLAIR scans is very close to that of gray matter, so lesions are often mistaken for gray matter,
thereby inflating gray matter measures (Chard, Jackson, Miller, & Wheeler-Kingshott, 2010).
This leaves one to question whether automated segmentation/volume calculation programs, such
as FreeSurfer, can adequately provide measures of gray and white matter. A 2010 paper by
Derakhshan et al. addressed this issue by comparing manual segmentation to six automated
techniques. Results showed that FreeSurfer held up as a comparable segmentation and volume
quantification program to manual segmentation, surpassing SIENAx and SPM. Therefore, this,
combined with the thorough quality checks of outputted FreeSurfer images completed by the
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author, increases confidence that the volume and cortical thickness measures reported here
provide accurate estimations.
Voxel-wise DTI analyses showed evidence of poorer processing speed performance
predicting white matter damage by way of decreased FA, increased RD, decreased AD, and
increased MD in the superior longitudinal fasciculus, inferior fronto-occipital fasciculus, inferior
longitudinal fasciculus, thalamic radiation, corpus callosum, cingulum, forceps minor and major,
and corticospinal tract. FA has long been established as a measure of “white matter integrity,”
with lower values of FA denoting more white matter damage. FA, however, does not provide
information about the direction of water diffusion, and therefore cannot provide information
about the neuroarchitectural damage underlying decreased white matter integrity. Directional
measures of diffusivity, RD and AD, provide more specific information about the microstructure
of white matter (Afranakis et al., 2002; Mac Donald et al., 2007; Song et al., 2002; Song et al.,
2005). Results from this study show that performance on the SDMT and Symbol Copy offer
clues into the specific kinds of damage (i.e., demyelination, RD; axonal damage, AD) that can
occur a decade later.
There was also evidence of the predictive power of processing speed performance on
later neuropsychological functioning. Performance on the SDMT and Symbol Copy also
predicted neuropsychological performance a decade later, such that better performance on the
SDMT predicted better performance on the COWAT a decade later. The Symbol Copy appeared
to be a better predictor of the SDMT, and CVLT Immediate and Long Delay Free Recall a
decade later. Contrary to what was hypothesized, better performance on the SDMT at Time 1
predicted poorer performance on CVLT Immediate Free Recall and CVLT Short Delay Free
Recall. The meaning of this idiosyncratic finding is unclear.
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The effects of structural brain damage are not limited to processing speed. They cut
across various neurocognitive and functional domains. For this reason, it is important to be able
to predict how a patient’s brain may fare as MS progresses, as this study aimed to do. Two
separate, quick, and easily administrable tests were shown to predict numerous indices of
structural brain damage a decade later. Such predictive power allows for treatment planning and
intervention early on in the disease, which may help to mitigate the functional consequences of
MS. In addition, this study shows that an economically feasible diagnostic tool for determining a
patient’s neurological prognosis is available. MRI and CT scans are expensive and not always
available to patients, especially those coming from lower SES groups. The ability of a 90-120
second test (that can be administered right in a doctor’s office) to tell a patient and their treating
physician how their disease might progress could be a significant contribution to patients’
treatment and outcome management. Furthermore, poor performance on processing speed tasks
might provide a good reason for individuals from low SES backgrounds to pursue means of
paying for scans and seeking further treatment.
The results of this study illustrate the predictive power of processing speed performance
on structural brain indices a decade later, yet there are some additional limitations to note. First,
given the interval between time periods (i.e., ~10 years), the sample size is small. Many of the
analyses conducted in this study (e.g., TBSS, vertex-to-vertex) require hundreds to thousands of
iterations for multiple corrections, which significantly reduces statistical power. In addition,
given that the mean EDSS for our sample remained ~4 across the 10 years, it is possible that this
study is only examining a very select sample of MS patients who are doing better than those
individuals who dropped out of the study across the 10 years. Second, TBSS only focuses on the
center of white matter tracts, rather than the whole tract, yet white matter damage is thought to
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start from the outside of the tracts and work its way in; therefore, TBSS may be missing
important neuroarchitectural qualities of white matter damage in the study sample. Third, zscores for the Symbol Copy test had a large range (.20 to -23.91), and although the skewness,
kurtosis, and Q-Q plots were found to be within normal limits, it is still possible that the more
extreme low scores influenced the results. Lastly, while the Symbol Copy test is considered a test
of processing speed, it is still heavily reliant on fine motor writing capacity. Given the significant
motor difficulties MS patient’s face, it is possible that Symbol Copy results are partly driven by
fine motor functioning deficits, rather than pure processing speed difficulties.

Conclusion
To the author’s knowledge, this is the first study to examine the ability of processing speed tasks
to predict structural brain indices a decade later. This study provides evidence that the SDMT
and Symbol Copy tests predict lesion volume, brain atrophy, and white matter damage 10 years
later. Future research should aim to replicate these findings and investigate how processing speed
performance may also predict functional neural correlates.
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