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Abstract

Cognitive impairment is often reported in pediatric-onset multiple sclerosis (MS). Using serial cognitive data from
35 individuals with pediatric-onset MS, this study examined how age at disease-onset and proxies of cognitive reserve
may impact cognitive maturation over the course of childhood and adolescence. Neuropsychological evaluations
were conducted at baseline and up to four more assessments. Of the 35 participants, 7 completed only one assessment,
5 completed two assessments, 13 completed three assessments, 10 completed four or more assessments. Growth curve
modeling was used to assess longitudinal trajectories on the Trail Making Test-Part B (TMT-B) and the Symbol Digit
Modalities (SDMT; oral version) and to examine how age at disease onset, baseline Full Scale IQ, and social status
may moderate rate of change on these measures. Mean number of evaluations completed per patient was 2.8. Younger
age at disease onset was associated with a greater likelihood of cognitive decline on both the TMT-B (p = .001) and
SDMT (p = .005). Baseline IQ and parental social status did not moderate any of the cognitive trajectories. Findings
suggest that younger age at disease-onset increases the vulnerability for disrupted performance on measures of informa-
tion processing, visual scanning, perceptual/motor speed, and working memory. Proxies of cognitive reserve did not
protect against the progression of decline on these measures. Young patients with MS should be advised to seek
follow-up cognitive evaluation to assess cognitive maturation and to screen for the potential late emergence of
cognitive deficits. (JINS, 2014, 20, 796–804)
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INTRODUCTION

Multiple sclerosis (MS) is a neurodegenerative and demye-
linating disorder of the central nervous system (CNS) that
occurs in the pediatric age range in 3–5% of those with the
disease (Ghezzi et al., 1997; Krupp, Banwell, & Tenembaum,
2007). Cognitive impairment is reported to occur in 30–50%
of pediatric-onset MS patients with greatest deficits in “fluid”
skills such as attention, information processing, and execu-
tive skills (Amato et al., 2008; MacAllister, Belman, &
Milazzo, 2005; Till et al., 2012).
Maturation of cognitive abilities may be vulnerable to the

diffuse neuronal and axonal damage associated with pediatric
MS, particularly for skills that have yet to be established

(Anderson et al., 2009). However, mixed findings have been
reported in pediatric MS studies examining how the develop-
mental stage of the child at the time of disease onset influences
outcome. Relative to older age at disease onset, young age at
disease onset has been associated with greater cognitive
impairment (Banwell & Anderson, 2005; MacAllister et al.,
2005) and lower IQ (Amato et al., 2008). However, in some
studies (e.g., MacAllister et al., 2005; Till et al., 2012), the effect
of age at onset is no longer significant after accounting for
disease duration. More recently, a study of 26 pediatric MS
patients did not find an association between age at onset, nor
disease duration, on performance-based measures of executive
functions (Holland, Graves, Greenberg, & Harder, 2014).
Timing of assessment is also critical as deficits may emerge

later in development as children “grow into the deficit.” Indeed,
older age at testing has been associated with worse cognitive
outcome over a 2-year follow-up of pediatric-onset MS patients
(Amato et al., 2010). Thus, evaluation of cognitive performance

Correspondence and reprint requests to: Christine Till, Department of
Psychology, York University, 4700 Keele Street, Toronto, Ontario, M3J
1P3, E-mail: ctill@yorku.ca

796

https://doi.org/10.1017/S1355617714000642 Published online by Cambridge University Press

mailto:ctill@yorku.ca
https://doi.org/10.1017/S1355617714000642


in pediatric-onset MS patients must consider age at disease
onset, time from disease onset, chronological age at the time of
assessment, and the increasing complexity of expected norma-
tive cognitive capacity with increasing age.
Studies in pediatric MS have emphasized information

processing and attention as being most sensitive to detect
failure of age-expected changes over time (Amato et al.,
2010; MacAllister, Christodoulou, Milazzo, & Krupp, 2007;
Marin, Banwell, & Till, 2012; Till et al., 2013). For example,
over a 1-year follow-up interval, pediatric patients with MS
revealed less age-expected maturation in information pro-
cessing and visual scanning as compared with age-matched
controls (Till et al., 2013). However, an understanding of the
maturation of specific cognitive skills and the impact of age at
disease onset on their maturation remains unclear because of
the limited number of longitudinal cognitive studies using the
same instruments over multiple assessments.
When considering changes over time, it is important to

recognize that deficits in one cognitive domain may negatively
impact other cognitive skills and their development. For
example, in adults with MS, difficulties in working memory
may emerge or be exacerbated as a consequence of slow pro-
cessing speed, a likely consequence of the reliance of working
memory on efficient processing (e.g., Archibald & Fisk, 2000;
DeLuca, Chelune, Tulsky, Lengenfelder, & Chiaravalloti,
2004; Demaree, DeLuca, Gaudino, & Diamond, 1999;
Drew, Starkey, & Isler, 2009; Leavitt et al., 2011). How such
co-dependency of different cognitive domains is impacted by
the onset of MS during the primary maturation of these
domains requires longitudinal analyses of pediatric MS patients
during the key periods of cognitive maturation.
Another potential predictor of cognitive change relates to

the construct of cognitive reserve, which has received much
attention as a protective factor in coping with brain insult
in adult and pediatric populations (Dennis, Yeats, Taylor,
& Fletcher, 2006; Fay et al., 2010; Kesler, Tanaka, &
Koovakkattu, 2010; Stern, 2002). Cognitive reserve refers to
an individual’s capacity for adaptive and efficient cognitive
processing arising from the sum of genetic cognitive
endowment, education, and experience (Stern, 2002). This
concept is typically estimated using proxies such as educa-
tion attainment and vocabulary knowledge, but these
proxies are not appropriate in children since most have yet to
achieve their educational potentials. In children, estimates of
pre-insult academic functioning and intelligence (Statz,
1993), as well as parental socioeconomic status (Hart, Petrill,
Deater Keckard, & Thompson, 2007), can be used to estimate
reserve capacity. Premorbid learning difficulties are also
considered a proxy of cognitive reserve and have been shown
to predict risk of memory deficits following traumatic brain
injury in children (Farmer et al., 2002).
In the MS literature, adults with a higher cognitive reserve

have greater capacity and flexibility to withstand a greater
extent of neuropathology, as measured by brain atrophy, before
measurable cognitive impairment (Sumowski, Chiaravalloti,
Wylie, & DeLuca, 2009; Sumowski, Wylie, DeLuca, &
Chiaravalloti, 2010). In other words, those with higher

cognitive reserve have been shown to cope better than those
with lower reserve even when the magnitude of neuropathol-
ogy is similar. The cognitive reserve hypothesis has also been
extended to include protection against the progression of cog-
nitive impairment in adult MS (Benedict, Morrow, Cookfair, &
Schretlen, 2010). Another study conducted in adultMS patients
over a 3-year interval reported that the presence of moderate
cognitive impairment at baseline was the only predictor of
further cognitive decline (Amato et al., 2010). These findings
point toward the protective role of a higher initial level
of cognitive functioning, or a higher cognitive reserve, in
protecting against the negative effect of the disease on cog-
nition. Consistent with the cognitive reserve hypothesis, we
have shown that pediatric-onset MS patients whose cognitive
abilities remained stable or improved over a 1-year interval
were more likely to have higher educated parents (a proxy of
higher cognitive reserve) compared to individuals who
showed deterioration in function (Till et al., 2013). These
findings raise the question of whether cognitive reserve plays
a role in moderating the cognitive trajectories of pediatric-
onset MS patients.
Changes in cognition need to be evaluated at multiple time

points and over a lengthy time interval spanning critical
developmental periods. Growth curve modeling (often
implemented using mixed-effects or multilevel modeling) is
a flexible method for the analysis of this type of longitudinal
data because, in addition to providing information about how
an outcome changes over time with respect to both the rate of
change and level (i.e., outcome at any specific point in time),
it can provide information about how certain predictors
may moderate change for individual patients. Growth curve
models offer several advantages over traditional methods
for analyzing longitudinal data such as repeated-measures
ANOVA. Most importantly, multilevel growth modeling
explicitly recognizes that there is likely to be heterogeneity
across individuals with respect to change over time, whereas
repeated-measures ANOVA assumes that the rate of change
is constant across individuals. Another advantage is the
ability to estimate change over time even when the data set is
not perfectly balanced (Singer &Willett, 2003). Longitudinal
analysis of the entire dataset is still possible even if indivi-
duals vary in the number of time points to which they
contributed data or if the spacing of data points differs
between study participants. Given the heterogeneity in the
number of evaluations for each patient, a multilevel growth
model is fitted to the entire sample without excluding an
individual who has one or more missing time points. Growth
curve modeling also offers the possibility of estimating
nonlinear change processes (e.g., quadratic change). Further-
more, the opportunity to examine correlates of change is
particularly relevant to the study of pediatric-onset MS
because this type of analysis can provide insight into early
identification of patients who are at risk, which is essential for
targeting individuals for rehabilitation.
The present study uses growth curve analysis to under-

stand cognitive maturation over childhood and adolescence.
In particular, this study addresses how younger age at
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disease-onset and cognitive reserve impacts performance
trajectories on two neuropsychological measures used to
assess visual scanning, information processing, and working
memory. Cognitive reserve capacity was estimated using the
patient’s baseline Full Scale IQ and parental social status.
We hypothesized that younger age at disease onset and lower
cognitive reserve would have a negative impact on the
developmental progression of these specific cognitive skills.

METHODS

Participants

Participants included 35 pediatric-onset MS patients who
were assessed from year 2000 to 2012 and were between the
ages of seven and 18 years at first assessment. Participants
were recruited from the Pediatric MS Clinic at The Hospital
for Sick Children in Toronto, Canada as part of a longitudinal
research study that was initiated in 2007 and involved three
serial assessments over a three year period. Because some of
these patients underwent cognitive testing between 2000 and
2001 as part of an earlier study (n = 3; Banwell & Anderson,
2005) and a later study (n = 7; 2011–2013), data from these
additional assessments were also included. Participants were
included if they were diagnosed with clinically definite
MS before age 18, were English speaking, had no history of
head injury, no neurologic impairment that could interfere
with cognitive testing (e.g., visual impairment), and no
history of alcohol or illicit drug abuse. All patients were
evaluated more than four weeks from any recent relapse
or corticosteroid therapy and were not preselected for neuro-
psychological evaluation on the basis of cognitive com-
plaints. Since depression, anxiety, and problems of attention
can co-occur with MS, patients were not excluded if they
reported a history of mood disorder or ADHD.

Procedures

Neuropsychological evaluations were conducted at baseline
and up to four more assessments, with each evaluation
separated by a minimum of 1 year. Of the 35 participants,
seven completed only one assessment, five completed two
assessments, 13 completed three assessments, seven com-
pleted four assessments, and three completed five assess-
ments. While all of the participants included in this study
were invited to return for re-testing, some of the patients
missed re-assessments due to refusals, inability to locate the
patient, scheduling problems, or moving to a city that was
more than three hours from the greater Toronto area. To
avoid bias that may result from partial datasets, all data were
included in the analysis.
Participants received a $10 lunch voucher and a $25 gift

certificate. Parking costs were covered for each appointment.
Participants received a written report and verbal feedback by
a clinical neuropsychologist following each assessment.
Ethical approval was granted by the Institutional Research
Ethics Board for collection and storage of clinical data for

longitudinal data analysis. All participants provided written
consent/assent for participation in the study.

Cognitive assessment

Two standardized and widely used neuropsychological mea-
sures that are known to be sensitive to change in pediatric-onset
MS (Portaccio et al., 2009) were chosen from a larger battery
(see Till et al., 2011 for a description). The measures included
the Symbol Digit Modalities Test (SDMT) - oral version
(Smith, 2002) and the child and adult version of the Trail
Making Test (TMT). The SDMT, which involves speeded
verbal transcription of symbol-number pairings, was adminis-
tered to assess perceptual speed and visual search. The total
number of correct items within a 90-s time limit was used as the
dependent outcome given that the exact same test is adminis-
tered at each evaluation. The test–retest reliability for the
SDMT is strong (r> 0.80) (Benedict et al., 2008). Raw scores
were analyzed instead of standardized scores to avoid the
challenges related to interpreting changes in standardized
scores that are influenced by norms that differ by stratified
sampling methods (i.e., child norms are stratified by sex
whereas adult norms are stratified by education level) and are
based on different populations.
Parts A and B of the TMT were administered according

to guidelines presented by Reitan (1959), and total time in
seconds was recorded. Part B of the TMT (TMT-B) was used
to assess working memory, in addition to perceptual/motor-
speed and visual search, which are cognitive mechanisms that
are shared with Part A of the TMT (TMT-A) (Sánchez-Cubillo
et al., 2009). If the interaction between the predictor and TMT-
B was significant, then performance on the TMT-A was used
to statistically control for the shared abilities between TMT-A
and TMT-B, allowing for a more pure assessment of working
memory. The TMT-B requires the participant to keep alpha-
betical and numerical sequences in mind while alternating
between numbers and letters (i.e., 1→A→ 2→B) and
simultaneously searching for the correct stimulus on a page,
whereas the TMT-A requires the participant to search for and
connect sequential numbers on a page (i.e., 1→ 2→ 3).
Reliability for the TMT in adolescents is adequate, reported to
be 0.65 in healthy adolescents (Barr, 2003), and has been
reported to be less reliable in the 9–14 year age range (Strauss,
Sherman, & Spreen, 2006). The child version of the TMT
(15 stimuli) was used for participants aged 14 and under
whereas the adult version of the test (25 stimuli) was used
for persons 15 years of age and older. Because two different
versions of the TMT were used that differ in terms of the
length and complexity of the trails, Z-scores were analyzed
instead of time-to-completion scores.
Full Scale IQ (FSIQ) was calculated using the four subtest

estimate of the Wechsler Abbreviated Scale of Intelligence
(WASI, Wechsler, 1997), except for three individuals who
were assessed before 2007 using the Wechsler Intelligence
Scale for Children – Third Edition (WISC-III; Wechsler,
1991). The General Ability Index (GAI) was used for these
three individuals. The correlation coefficient between the
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WASI and WISC-III is 0.81 for FSIQ (Wechsler, 1991),
despite variation between test items across the two tests. The
GAI and FSIQ of the WISC-III are also highly correlated
(0.98) in a Canadian WISC-III standardization sample
(Weiss, Saflofske, Prifitera, Chen, & Hildebrand, 1999). All
cognitive testing was conducted by experienced psychome-
trists supervised by a clinical neuropsychologist.

Assessment of covariates

Age at first MS attack (defined as disease onset), total number
of relapses (defined as physician-confirmed presence of a
new neurologic symptom or deficit persisting for 24 h),
and medications were retrieved from a clinical database.
Social status, which is a proxy for socioeconomic status,
was estimated using the Barratt Simplified Measure of
Social Status (BSMSS) (Barratt, 2006). The BSMSS is based
on average years of parental education and occupation of
each parent.

Statistical methods

Growth curve models were estimated using the mixed-effects
modeling approach implemented with the PROC MIXED
procedure in SAS (version 9.3). Because individual profile
trajectories for each participant were visualized and suggested a
linear time effect, models with higher-order polynomial terms
for non-linear change were not estimated.
Unconditional growth models were first estimated to

describe within-subjects initial status and rate of change on
the unadjusted SDMT raw scores and TMT-B Z-scores,
respectively, over multiple time points. Conditional models
were then estimated for the SDMT and TMT-B longitudinal
outcomes to assess the impact of covariates on these cogni-
tive trajectories. Separate conditional models were fitted for
each of three time-invariant covariates (age of disease onset,
baseline FSIQ scores, and BSMSS score), with particular
focus on whether there was an interaction between time
and the covariate, which would indicate that the covariate
moderated change over time. For all analyses, disease dura-
tion (in years, defined from time of first attack) was used as
the measure of time to allow for comparison of the rate of
cognitive decline among individuals who experienced the
disease for the same duration. This method allows one to
identify whether differences in the rate of cognitive decline
are distinct from the effect of disease progression. Use of
“disease duration” as the time variable also allows one to
interpret the trajectory intercept as corresponding to the
value of the dependent variable at disease onset. Standardized
score on the TMT-A (at each evaluation) was entered
as a covariate in the conditional model for TMT-B to statis-
tically control for the abilities that are shared between the
two tests, and thus to allow for a more pure assessment of
the working memory component that is unique fto TMT-B.
Two main factors are involved in the growth curve modeling:
the ‘random intercept’, which represents the initial status,
or level, of the cognitive outcome at time zero (i.e., first

presentation of disease-related symptoms), and the “random
slope”, which represents the rate of linear change per year in
cognitive outcome from the time of disease onset. A two-
tailed alpha level of 0.05 was used to judge statistical
significance.

RESULTS

Sample Characteristics

Table 1 lists the characteristics of the MS cohort. Most of the
participants (n = 27; 77.1%) in the study were female, con-
sistent with the higher female preponderance reported in
pediatricMS literature (Boiko, Vorobeychik, Paty, Devonshire,
& Sadovnik, 2002). Mean age at disease-onset was 12.1 years
(SD = 3.8; range: 4.6–16.7). Mean age at baseline evaluation
was 15.3 years (SD = 2.3; range: 9.4–18.7 years), reflecting an
average disease duration of 3.2 years (SD = 2.3; range: 0.2–8.8
years) at the time of initial testing. The mean age at subsequent
evaluations is shown in the table; the sample size at each eva-
luation gets smaller as only 23 (65.7%) of the patients under-
went three or more evaluations. Themean FSIQ at baseline was
100.7 (SD = 13.4; range from 67–120). Mean FSIQ was 96.4
(SD = 13.6; range from 67–112) for young-onset and 102.9
(SD = 13.0; range from 76–120) for older-onset patients. This
difference in baseline FSIQ between the young- versus the
older-onset patients was not significant, controlling for disease
duration (F(2,32) = 2.01; p = .17). Themean years of parental
education level was 15.5 years (SD = 2.1; range: 11.0–19.5
years). Using the BSMSS, mean social status score was 45.71

(SD = 9.5; range: 23.0–64.5).
Visual inspection of individual growth trajectories on the

TMT-B and SDMT revealed considerable variability with
respect to both the individuals’ initial scores and how scores
changed over time. Some patients showed decline, some
showed improvement, and others showed a more stable pattern,
although the trajectories all showed an approximate linear form.
Variability in initial status and rates of change was explicitly
modeled next by the growth curve models.

Unconditional Models: Examination of Within-
Subject Change Over Time

The results of the unconditional model are summarized in
Table 2. Mean initial status, as determined by the mean of
the random intercepts, was Z = − 1.08 on the TMT-B and
59.3 (raw score units) on the SDMT. These values indicate
that when disease duration is extrapolated to a value of
zero (i.e., time of first clinical symptom), performance on
the TMT-B is slightly below average whereas the SDMT
score falls within the average range (as determined by
converting the raw score to a scaled score for the average

1 This mean value is consistent with both parents having a college edu-
cation and an occupation type consistent with the level of a supervisor,
administrator or electrician.
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age of the sample). Regarding rate of cognitive change, the
estimated mean of the random slopes representing change
over time was not significant for either TMT-B or SDMT
performance. In other words, on average, the “growth,” or
rate of change in the study sample is stable with increasing
disease duration. However, there are substantial individual
differences in the rate of change, as indicated by the standard
deviation of the random slopes, which equals 0.22 for
TMT-B and 1.62 for SDMT. Consequently, this variability in
the growth curves may be predicted from theoretically
meaningful variables (e.g., age at disease onset, cognitive
reserve factors).

Conditional Models: Correlates of within Subject
Parameters

Results of the conditional model investigating the moderation
of TMT-B and SDMT by age at disease onset are shown in
Table 3a. The effect of age at onset on the random intercept,
that is, the level of the cognitive outcome at disease onset, was
not significant for either TMT-B (estimate = -0.14; SE = 0.09;
p = .12) or SDMT (estimate = 0.96; SE = 1.40; p = .49),
indicating that participants with different disease onset ages
started at roughly the same point for each test. However, on the
TMT-B, there was a significant interaction between age at
disease onset and time (estimate = 0.06; SE = 0.02; p< .001),
indicating that age of onset predicts the slope of the TMT-B
trajectories, such that later age of disease onset is associated
with greater increases in TMT-B scores over time. The condi-
tional model examining the moderation of TMT-B by age
at disease onset was then repeated by entering TMT-A as a
covariate to examine the impact of age at disease onset on the
development of working memory (as opposed to other cogni-
tive skills that are shared with TMT-A). Using this covariate,
both the random intercept (estimate = -0.16; SE = 0.07;
p = .025) and the interaction between age at disease onset
and time were significant (estimate = 0.029; SE = 0.012;
p = .016). These findings indicate that patients who were older
at disease onset tended to have higher scores on the working
memory component of the TMT-B at disease onset and greater
increases in TMT-B scores over time. Likewise, there was a
significant interaction between age at disease onset and time for
SDMT (estimate = 0.48; SE = 0.16; p = .005), such that later
age of onset is associated with greater increases in SDMT
scores over time. These interactions are represented in Figure 1,
which illustrates that individuals with a younger age at disease
onset experienced smaller increases compared to individuals
with an older age at disease onset.

Table 1. Demographic and clinical characteristics of the study sample
(n = 35)

Variable M or n SD Range

Females 27 (77.1%)
Age (in years)
Disease onset 12.1 3.8 4.6 – 16.7
First assessment (n = 35) 15.3 2.3 9.4 – 18.7
Second assessment (n = 28) 16.6 2.7 10.5 – 21.3
Third assessment (n = 23) 18.1 2.4 13.3 – 21.4
Fourth assessment (n = 10) 19.7 2.3 17.0 – 23.5
Fifth assessment (n = 3) 20.1 0.9 19.0 – 20.8

Disease duration at baseline
(in years)

3.2 2.3 0.2 – 8.8

Full Scale IQ (baseline) 100.7 13.4 67 – 120
Age of onset< 11 years (n = 14) 96.4 13.6 67 – 112
Age of onset≥ 11 years (n = 21) 102.9 13.0 76 – 120

Socioeconomic Status 45.7 9.5 23.0 – 64.5

Note. Full Scale IQ estimated using the WASI (Wechsler, 1997), except for
three individuals who were assessed before 2007 using the WISC-III
(Wechsler, 1991); Full Scale IQ was estimated for these individuals using
only the Verbal Comprehension Index and the Perceptual Reasoning Index
scores. Socioeconomic status estimated by the Barratt Simplified Measure of
Social Status (BSMSS) (Barratt, 2006). Total score on this social status
measure can range from 8 (very low) to 66 (very high).

Table 2. Unconditional model: change over time

Outcome measure
Estimated
parameter SE df p-Value

TMT-B
Mean intercept − 1.08 0.41 34 .01
Intercept variance 2.69 1.16
Mean rate of change − 0.008 0.07 61 .91
Slope variance 0.049 0.036

SDMT-Total
Mean intercept 59.3 4.19 34 < .0001
Intercept variance 239.3 161.9
Mean rate of change 0.51 0.70 53 .47
Slope variance 2.63 3.27

Note. SDMT = Symbol Digit Modalities Test - oral version (Smith, 2002),
total raw score used; TMT-B = Trail Making Test - Part B (Reitan, 1959),
Z-score used.

Table 3a. Conditional model: moderation of TMT-B and SDMT by age at
disease-onset

Variable Estimate SE df t Value p-Value

TMT-B†

Age at onset − 0.14 0.09 59 − 1.57 .12
Interaction 0.06 0.015 59 3.60 .0007

TMT-B† *

TMT-A 0.70 0.09 57 7.84 < .001
Age at onset − 0.16 0.07 57 − 2.30 .025
Interaction 0.029 0.012 57 2.49 .016

SDMT
Age at onset 0.96 1.40 33 0.69 .49
Interaction 0.48 0.16 52 2.97 .005

†For TMT, model convergence was not achieved when the residual variance
of the intercept factor randomly varied; hence, this parameter was con-
strained to zero. SDMT = Symbol Digit Modalities Test - oral version
(Smith, 2002), total raw score used; TMT-B = Trail Making Test - Part B
(Reitan, 1959), Z-score used.
*Trail Making Test – Part A (TMT-A) was included as a covariate in the
model to control for processing speed, visual scanning and motor speed.
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Results of the conditional model examining baseline FSIQ
as a covariate are shown in Table 3b. The effect of baseline
FSIQ on the initial status of the cognitive outcome was sig-
nificant for SDMT (estimate = 0.78; SE = 0.17; p< .0001)
and for TMT-B (estimate = 0.042; SE = 0.021; p = .042),
indicating that participants with higher IQ levels tended to

have higher scores on these two measures at disease onset.
There was no significant interaction between baseline FSIQ
and time for either TMT-B (estimate = 0.0022; SE = 0.004;
p = .56) or SDMT (estimate = 0.034; SE = 0.032; p = .28),
indicating that baseline IQ did not predict rates of change in
the cognitive outcomes.
Using BSMSS as a covariate (see Table 3c), there was

no significant relationship with the initial status for either
TMT-B (estimate = -0.05; SE = 0.05; p = .33) or SDMT
(estimate = -0.16; SE = 0.48; p = .74), indicating that parti-
cipants from different levels of social status started at similar
points on these cognitive measures. Interactions between social
status and time were also non-significant for both the TMT-B
outcome (estimate = 0.009; SE = 0.009; p = .31) and the
SDMT outcome (estimate = 0.08; SE = 0.09; p = .36), indi-
cating that social status did not predict rates of change in these
cognitive measures.

DISCUSSION

This is the first longitudinal study to examine changes in cog-
nitive maturation in a cohort of pediatric-onset MS patients as a
function of age at disease onset and cognitive reserve factors.
The TMT-B and SDMT, measures that have been identified to
be particularly sensitive to decline in children withMS (Amato
et al., 2008; Portaccio et al., 2009; Till et al., 2012), were used
to assess information processing, visual scanning, perceptual/
motor speed, and working memory. Several conclusions can
be made about changes on these cognitive skills from the
current study. First, results showed that growth curves varied
considerably across individuals. Second, age at disease onset
predicted the slope of the TMT-B and SDMT trajectories. As
predicted, younger age of disease onset was associated with
less developmental gain on the TMT-B and SDMT. Finally,
proxies of cognitive reserve, including baseline Full Scale IQ
and parental social status, did not predict cognitive outcome
trajectories. However, this finding should be interpreted with
caution because the use of IQ as a proxy of cognitive reserve
capacity may have been influenced by the disease or, in the
case of social status, limited in its range of values.
Despite varying from 4.6 to 16.7 years at age at first attack,

patients did not differ on the TMT-B and SDMT at the

Table 3b. Conditional model: moderation of TMT-B and SDMT-total by
baseline Full Scale IQ

Variable Estimate SE df t value p-Value

TMT-B†

Baseline IQ 0.042 0.021 58 2.08 .042
Interaction 0.0022 0.004 58 0.59 .56

SDMT-Total
Baseline IQ 0.78 0.17 50 4.62 < .0001
Interaction 0.034 0.032 50 1.09 .28

†For TMT, model convergence was not achieved when the residual variance
of the intercept factor randomly varied; hence, this parameter was con-
strained to zero. SDMT = Symbol Digit Modalities Test - oral version
(Smith, 2002), total raw score used; TMT-B = Trail Making Test - Part B
(Reitan, 1959), Z-score used.

Table 3c. Conditional model: moderation of TMT-B and SDMT-total by
social status score

Variable Estimate SE df t value p-Value

TMT-B†

BSMSS − 0.05 0.05 33 − 0.99 .33
Interaction 0.009 0.009 60 1.02 .31

SDMT-Total
BSMSS − 0.16 0.48 33 −0.33 .74
Interaction 0.08 0.09 52 0.93 .36

Note. BSMSS = Barratt Simplified Measure of Social Status; SDMT =
Symbol Digit Modalities Test - oral version (Smith, 2002), total raw score
used; TMT-B = Trail Making Test - Part B (Reitan, 1959), Z-score used.
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Fig. 1. Interaction between age at disease onset and SDMT and
TMT-B performance. Predicted trajectories of (A) SDMT and (B)
TMT are shown for MS patients with a disease onset age at the
10th percentile (6.7 years; dotted line), 50th percentile (12.3 year;
solid line) and 90th percentile (16.3 years; dashed line).
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baseline assessment, as compared to normative data (age at
actual first assessment between 9.4 and 18.7 years). This
finding is important because it demonstrates that the decline
in functioning among younger disease-onset patients is not
related to their initial level of functioning, and suggests
that cognition is not measurably impacted by the presumed
subclinical pathobiological processes that likely occur before
the first clinical attack.
Given that MS is a chronic disease, it is perhaps not sur-

prising that longitudinal analyses allow for a better under-
standing of cognitive sequelae associated with the disease
as compared with cross-sectional studies in pediatric-onset
MS. Cross-sectional studies cannot address the key issue of
whether patients who are young at onset start at a lower level
or grow into deficit. Even “growing into a deficit” requires
further consideration; is the patient experiencing progressive
loss of function, or have they experienced a relatively static
insult to a cognitive trajectory that was impacted early in its
maturation, but not necessarily in a progressively deteriorat-
ing manner? Further to this point, it is important to note that
the negative SDMT trajectory in the young-onset patients
does not merely indicate a loss of developmental gain, which
would be reflected by participants achieving the same raw
score at each evaluation, but rather suggests an actual loss of
ability over the course of childhood and adolescence. The
current results thus provide compelling evidence of a greater
vulnerability, rather than a greater resiliency, of the immature
brain. This finding is consistent with prior cross sectional
studies showing an association between younger age at dis-
ease onset and cognitive impairment (Banwell & Anderson,
2005), lower IQ (Amato et al., 2008), and executive dys-
function (Till et al., 2012), but not another study showing no
relation between age at disease onset and executive function
performance (Holland et al., 2014). It is possible that the
patients in this latter study had yet to manifest executive
dysfunction given the relatively short disease duration of
the group (14 months), or, the discrepancy may reflect differ-
ences with respect to how executive functioning was assessed
across studies.
There were no significant moderating effects of Full Scale

IQ and parental social status on the cognitive trajectories. It
was hypothesized that individuals with higher cognitive
reserve would be better able to cope with brain insult and
keep pace cognitively with healthy children by relying upon
established and more efficient cognitive resources. One rea-
son why IQ did not moderate the trajectories in the current
study may be that we know little about the evolution of IQ
outcome as no studies have included longitudinal assessment
of IQ from time of MS disease onset. In the current study,
baseline IQ was estimated on average 3.2 years post-disease
onset, which is still considered an early time point in the
disease. Nonetheless, we cannot exclude the possibility that
the IQ metrics measured at this point may have already been
negatively impacted by the disease, with the extent of impact
possibly interacting with age of disease onset as suggested
by a previous pediatric MS study (e.g., Amato et al., 2008)
whereby early disease onset was associated with lower IQ.

In the current study, baseline IQ was approximately 1/3 of a
standard deviation lower among the 14 patients who were
10 years or younger at disease onset as compared with the
21 patients who were 11 years and older at disease onset,
consistent with an early-onset vulnerability hypothesis; how-
ever, the finding failed to reach significance, perhaps owing to
the small sample sizes. Given the limitations associated with IQ
in this population, future studies should consider other proxies
for estimating cognitive reserve that might be less prone to the
effects of the disease, such as intellectual and environmental
enrichment.
We note that our measure of parental social status, which

takes into account years of education and type of occupa-
tion in the parents, may not be as strongly correlated with a
child’s cognitive reserve because of inherent challenges in
the measurement of social status. Moreover, it might be
necessary to include a broader range of social status in the
patient population to detect a relationship with cognitive
outcomes. In the current sample, 80% had a BSMSS score
that was 40 or above, signifying middle-class social status
or greater, consistent with the established higher risk of
MS among individuals with a higher socioeconomic status
(Marrie et al., 2008).
One limitation of this study relates to the small sample size

and relatively short overall follow-up interval. Even though
one-third of the sample had data spanning 5 or more years,
assessment of more individuals and over a longer period of
time would allow greater precision in determining how cog-
nition is affected over the course of development.
Another limitation is that the current study only examined

performance on two measures that overlap in terms of the
cognitive mechanisms required to perform each test. It is
possible that information processing and visual scanning
speed are more vulnerable to the effects of the disease given
that weaknesses in these skills are commonly reported in
cross-sectional studies of pediatric-onset MS (Amato et al.,
2008; MacAllister et al., 2005; Till et al., 2012). Given the
wide range of cognitive abilities related to the TMT, perfor-
mance on the TMT-A was statistically controlled to isolate a
more pure measure of the executive component of this test
and thus differentiate it from the SDMT. Further research will
be required to examine whether the results of the current
study—with respect to both rate and predictors of change—
generalize to other cognitive domains (e.g., language, memory).
Other potential patient-related moderators, such as mood
and the use of disease-modifying treatments, should also
be explored.
An additional limitation of this study is that it did not

include healthy controls. The incorporation of age-matched
healthy controls could control for potential practice effects
and would provide a measure of normal developmental
changes that occur in cognitive abilities. Performance gains
may occur due to familiarity associated with repeated test
administration of the SDMT and TMT-B, even when assess-
ments are separated by a minimum of one year. If anything,
such a concern would tend to reduce our ability to detect a
negative trajectory over time, as the observed trajectories
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would be inclined toward a more positive direction. In addi-
tion, the child and adult version of the TMT-B were used to
assess working memory. The use of different test versions
prevented an investigation of how reaction time changed
over time and required the use of Z-scores instead of reaction
time scores. Moreover, it is possible that the interaction
between TMT-B and age at disease onset could potentially
be related to using two test versions with different normative
data for younger and older pediatric patients. The use of
standardized values is a limitation in longitudinal research
because the derivation of the Z-score is dependent on the
quality of the normative data, which in turn introduces more
variability.
In summary, our data demonstrate that younger age at MS

onset places children and adolescents at greater risk of
decline in information processing, visual scanning, percep-
tual/motor speed, and working memory. These findings
refute the idea that childhood is a period in which brain
plasticity may offset the potential consequences of central
nervous system damage. Considering that age at disease
onset emerged as the strongest predictor of long-term
outcome, young patients with MS should be advised to seek
follow-up cognitive evaluation as the demands at school
grow and new challenges may be presented. It is now
imperative to determine whether the negative prognosis for
cognitive functioning on the basis of age at disease onset is
influenced by sex, psychosocial factors, use of neuroprotec-
tive strategies, and whether MRI metrics such as the rate of
brain atrophy or accrual of T2 lesions correlate with cognitive
trajectories. Such correlations will aid in identification of
patients in greatest need for cognitive intervention.
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