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Accumulation of central nervous system (CNS) pathology affects cognitive processing speed and effi-
ciency and is thought to underlie attentional and executive deficits in multiple sclerosis (MS). Most
clinical neuropsychological tests are multifactorial and are limited in their sensitivity to specific cog-
nitive processes. This may, in part, account for the low to moderate correlations between clinical test
results and magnetic resonance imaging (MRI) indices of brain pathology. We compared the ability of
a clinical and an experimental test of cognitive processing speed to differentiate domain-specific cog-
nitive changes in MS, and examined relations between test performance and MRI measures of brain
pathology. Twelve MS patients and 12 controls completed the Paced Auditory Serial Addition Test
(PASAT) and the Attention Networks Test—Interactions (ANT-1), a computerized response latency
task. Subjects also had MRI scans that included T1, T2, and fluid-attenuated inversion recovery
(FLAIR) sequences that provided global and localized volumetric measures. Patients made more errors
on the PASAT and were slower on the ANT-1. The ANT-I also revealed specific deficits in response
inhibition. In addition, ANT-I performance was associated with changes in a number of MRI mea-
sures, which was not the case for the PASAT. Reaction time paradigms that manipulate within-task
demands on distinct cognitive functions may provide meaningful markers of brain disease burden in
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ognitive impairment is evident in up to 70% of

people with definite multiple sclerosis (MS).!

The most affected abilities include memory,
attention, and executive functions.>® The degree of
impairment varies between individuals, and it is usually
manifested as poor performance on timed neuropsycho-
logical tests. Thus, it has been hypothesized that reduced
cognitive processing speed is the fundamental cognitive
deficit in MS, which either accounts for or influences the
impairments seen in other cognitive abilities.’

On magpnetic resonance imaging (MRI), MS patients
frequently demonstrate evidence of pathology affect-
ing thalamocortical networks involving the prefrontal
cortex that are presumed to subserve attentional and
executive functions.®” While this would be expected to
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result in domain-specific cognitive deficits in addition
to a decline in general cognitive processing speed, the
reported relationship between localized and global MRI
changes and cognitive test performance in these domains
has not been strong.* Most evidence to date demon-
strates small to moderate relations of total and localized
brain atrophy, T2 lesion burden, and T2 fluid-attenu-
ated inversion recovery (FLAIR)-defined lesions with
broadly defined cognitive deficits.® This likely reflects
limitations in both structural MRI approaches and con-
ventional neuropsychological tasks for understanding
functional neuroanatomical relationships in MS.

Most clinical neuropsychological tests are multifacto-
rial, and none measure response latencies directly. As
such, they are limited in sensitivity to domain-specific
cognitive deficits and do not adequately distinguish
impairments in higher-order functions from those
caused by slowed cognitive processing. Stuss and Levine’
point out that most cognitive functions consist of mul-
tiple independent processes with diffuse neuroanatomi-
cal substrates, so that it can be unclear how a specific
test score is achieved. One of the most widely used tests
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of speed and complex attention in MS that exemplifies
these limitations is the Paced Auditory Serial Addition
Test (PASAT).' In the PASAT, patients are presented
with a series of 61 single-digit numbers at variable rates.
They are asked to add each digit to the one that directly
preceded it, and to provide the sum of the two most
recent consecutive digits. The outcome of the PASAT
is the number of correct responses at each presentation
rate. Although numerous studies have demonstrated
the PASAT’s sensitivity to brain pathology, many limi-
tations of the PASAT have been pointed out.!" These
include 1) the test’s dependence on a variety of cognitive
abilities including attentional, executive, computational,
and working memory skills, in addition to processing
speed, with all summarized in a single score, precluding
differentiation of domain-specific deficits; 2) the test’s
vulnerability to use of a “chunking” strategy that reduces
task complexity without a commensurate decrease in
performance'?; and 3) influences of factors such as age,
education, and test-related anxiety."!

Reaction time paradigms that measure response laten-
cies in addition to performance accuracy may overcome
some of these limitations and better dissociate overall
slowing from domain-specific cognitive changes in MS,
thereby providing stronger associations with MRI indi-
ces of brain pathology. However, to advance our under-
standing of cognitive deficits in MS, reaction time tasks
must examine cognitive processes known to be impaired
in this disorder, such as attention and executive func-
tions. The Attention Networks Test—Interactions
(ANT-I)" has this potential.

The ANT-I is a modified version of the Attention
Networks Test (ANT)," which examines the efficiency
of alerting, orienting, and “executive” attentional net-
works, as described by Posner and Petersen.!” Posner'®
proposed an inhibitory relationship between alerting
and executive networks, where higher processing and
decision making are slowed when the alerting system is
activated in order to enable quick responses. Interactions
between these networks have been explored further by
Funes and Lupidfez,'> who described a facilitatory inter-
action between the executive and orienting networks, as
well as by Callejas et al.,'” who demonstrated a facilita-
tory interaction between the alerting and orienting net-
works.

Previous studies have found the ANT sensitive to
attentional network abnormalities in both Alzheimer’s
disease'® and MS." In this latter study, relative deficien-
cies were found in MS patients’ alerting network perfor-
mance compared with healthy controls. Some differenc-
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es in response inhibition were also found, but only in the
context of an alerting cue. However, a methodological
limitation of the ANT is the potential confounding fac-
tor introduced by using the same visual cue (an asterisk)
to define both the alerting and orienting networks.*® By
contrast, the ANT-I uses separate sensory modalities
for alerting (auditory) and orienting (visual). To date,
ANT-I performance and its potential associations with
pathological changes in MS have not yet been examined.

The objectives of this exploratory study were to
compare clinical and experimental tests of cognitive
processing speed and efficiency (PASAT and ANT-I)
in their ability to differentiate domain-specific cognitive
changes in mildly affected MS patients, and to examine
relations between test performance and MRI indices of
brain pathology in MS using multiple measures derived
from conventional clinical MRI sequences. We hypoth-
esized that 1) ANT-I performance would be sensitive to
impairments in processing speed among mildly affected
MS patients; 2) ANT-I performance would demonstrate
changes in specific attentional and executive functions
for MS patients; and 3) ANT-I performance would
demonstrate stronger relations to MRI indices of brain

pathology than the commonly used PASAT.
Methods

Ethical approval for the study was obtained from
the Capital District Health Authority Research Ethics
Board, and all participants provided written informed
consent following the approved procedures.

Participants

Twelve female patients with MS and 12 healthy
female controls participated. The MS participants were
recruited from patients attending the Dalhousie MS
Research Unit (DMSRU). All were right-handed, were
between 25 and 55 years of age, had been diagnosed
with clinically definite relapsing-remitting MS according
to the Poser criteria,” and had an Expanded Disability
Status Scale (EDSS)?? score between 0 and 6. All were
clinically stable, and none had experienced a symptom
relapse or had taken corticosteroids within the past 3
months. Eight of the 12 MS patients were taking a first-
line disease-modifying therapy,” and none were taking
other disease-modifying therapies or immunosuppres-
sants. None had comorbid neurodegenerative or psychi-
atric disorders or a history of substance abuse, learning
disability, stroke, head trauma, or seizures. Those with a
history of depression or anxiety disorder were included if
this was not an active problem at the time of the study.
Healthy control participants who met the same exclu-
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sion criteria were recruited through local advertisements
and were matched to patients, using the case-control
method, on the basis of age (+5 years) and education (+3
years). All participants reported normal or corrected-to-
normal vision.

Neuropsychological Assessments

Both the 3-second and 2-second versions of the
PASAT were administered.'® The standard scoring
method (ie, the total number of correct responses) as
well as the “dyad” scoring method, in which only con-
secutive correct responses are counted, were used.'” The
version of the ANT-I (Figure 1) used in this study'"”
employed a 2 (alerting) x 3 (orienting) x 2 (executive)
design. It included 25 practice trials with visual feedback
for correct and incorrect responses followed by 288 test
trials without feedback. Participants were presented with
a fixation cross in the middle of a computer screen. The
alerting stimulus was a 50-ms, 2000-Hz tone that fol-
lowed the interstimulus interval in half of the trials. The
orienting cue was an asterisk that was presented for 50
ms in two-thirds of the trials, 100 ms after the presenta-
tion of the alerting tone (or the period when the tone
would have been presented). Ninety-six trials presented
a “valid cue” in the location where the stimulus would
subsequently appear, while another 96 trials presented
an “invalid cue” in which the asterisk was in the opposite
location. The cues had only a 50% chance of predicting
the subsequent target location and did not inform the
subject of where the target would actually occur. The

400-1600 ms

50 ms

400 ms

Trial duration = 4450 ms

RT<1700 ms

3500 ms

Figure 1. Attention Networks Test-Interactions
(ANT-1)

Following a 400- to 1600-ms intertrial period, the stimulus
is preceded by an alerting tone (second panel from the top)
and a valid orienting cue (fourth panel from the top). The
target arrow is surrounded by congruent flankers (second
panel from the bottom). Trials are response-terminated. RT,
reaction time.

target stimulus was an arrow that appeared either above
or below the fixation cross. Participants identified its
direction by pressing either the “m” key (right-pointing

« »

arrow) or the “c” key (left-pointing arrow). The “execu-
tive” (or target congruency) variable was manipulated by
surrounding this target arrow with two arrows of equal
size on each side that pointed in either the same or the
opposite direction. In half of the trials these flankers
were congruent with the target direction, while in the
other half they were incongruent.

Alerting network efficiency was evaluated by subtract-
ing the subject’s mean reaction time in conditions when
the alerting tone was present from their mean reaction
time when the alerting tone was absent. Orienting was
evaluated by subtracting mean reaction time in the
valid cue conditions from the mean reaction time in the
invalid cue conditions. Executive control was measured
by subtracting the mean reaction time for congruent
flanker trials from the mean reaction time for incongru-
ent flanker trials.'>"
among network scores and group were determined using

Interactions among networks and

two separate group (2) x alerting (2) x orienting (3) x
executive (2) mixed-model analyses of variance (ANO-
VAEs) for reaction time and accuracy data, respectively.

MR Image Acquisition

MRI scans were performed using a 1.5-T scanner
(GE Healthcare, Waukesha, WI) with an eight-channel
head coil. After standard three-dimensional (3D) local-
izer and calibration scans, the following sequences were
acquired: T1-weighted 3D fast spoiled gradient recalled
echo (FSPGR) of the whole brain obtained in the axial
plane (echo time [TE]/repetition time [TR] = 5/25 ms,
flip angle = 90°, matrix = 256 x 256, field of view =
24, thickness/gap = 1.5/0 mm, number of slices = 124,
number of excitations =1), high-resolution T1-weighted,

inversion recovery prepared 3D FSPGR of the thalamus
obtained in the axial plane (TE/TR = 4.2/11.9 ms, inver-
sion time [TT] = 500 ms, flip angle = 20°, matrix = 320 x
192, field of view = 24, thickness/gap = 1/0 mm, number
of slices = 58, number of excitations = 3), axial T2 FLAIR
(TE/TR = 120/8000 ms, matrix = 256 x 224, field of
view = 24, thickness/gap = 3/0 mm, number of slices =
56, number of excitations = 2), and axial T2-weighted
fast recovery fast spin echo (FRFSE) (TE/TR = 102/6375
ms, matrix = 256 x 224, thickness/gap = 3/0 mm, num-
ber of slices = 56, number of excitations = 2).
Anatomical measures derived from these images
included total brain volume, volumes of cortical gray
matter, subcortical tissue, and ventricular cerebrospinal
fluid (CSF), bilateral thalamic volumes, area of the cor-
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pus callosum, and volume of the white matter hyper-
intensities (WMHI) on T2-weighted FLAIR. Images
were analyzed with AFNI* and FSL* software packages
using semi-automated procedures. Brain extraction and
tissue type classification for WMHI analyses and for
quantification of cortical gray matter and subcortical tis-
sue, including white matter and subcortical gray matter
structures, were performed using Brain Extraction Tool
(BET) and the FAST tissue segmentation tool in FSL.
The masks were manually corrected to remove non-
brain tissue. Area of the corpus callosum was manually
traced on the mid-sagittal slice. Thalamic tracing was
performed separately for the right and left hemispheres.
Anatomical boundaries of the thalamus were defined
in three dimensions and included lateral ventricles on
the axial plane (anterior boundary), body of the lateral
ventricle (superior boundary), superior colliculus on the
axial plane (inferior boundary), and posterior aspect of
the body of the lateral ventricle (posterior boundary).
Because significant atrophy was not observed, and none
of our groups differed in total parenchymal volume, raw
volumetric measures were expressed as percentages of
total brain tissue derived using BET.

Statistical Data Analysis

Cognitive measures were analyzed for differences
between the control and MS groups using mixed-model
ANOVAs followed by planned independent-samples #
tests. The groups were then compared on the MRI ana-
tomical measures using independent-samples ¢ tests. In
order to evaluate relations between cognitive measures
and MRI indices of brain pathology, hierarchical cluster
analysis (HCA) was used to divide the MS group into
two subgroups (“MR-mild” and “MR-abnormal”) using
those volumetric variables that differed between MS and
control groups on pairwise comparisons. HCA was per-
formed using the between-group linkage cluster method
and squared Euclidean distances to generate solutions.
The variables were standardized to a scale from 0 to 1 to
adjust for differences in scaling. The output components
used to evaluate the solution included agglomeration
schedule, cluster membership table, icicle plots, and
dendrogram plots. Clusters were joined using the BAV-
ERAGE method. The number of clusters was set to two,
in order to determine which MS patients would “clus-
ter” with the controls and which would form a distinct
subgroup on the basis of the relevant MR variables. The
three groups, control participants and the two resulting
MS subgroups, were then compared on their PASAT
and ANT-I performance using mixed-model ANOVAs
and planned independent-samples 7 tests. The HCA
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approach of determining associations between cognitive
test performance and MRI indices of brain pathology
was selected rather than correlation coefficients because
of the small sample size and the ability to consider mul-
tiple MRI variables simultaneously.

Results were not adjusted for multiple comparisons to
avoid concealing findings requiring further investigation
in future studies. For all of the analyses, the threshold for
statistical significance was set at the commonly accepted
P value of less than or equal to .05. In addition, differ-
ences that attained P values between .06 and .09 were
considered as potentially warranting further study and
are reported as “marginal” differences. The groups were
matched on demographic variables, and outlier removal
was not performed.

Results

Demographic information for the MS and control
groups is provided in Table 1. The groups did not dif-
fer significantly in terms of age or years of education.
Average performance on cognitive tests for the control
and MS groups and the effect sizes for between-group
comparisons are presented in Table 2. For the PASAT,
the total number of correct responses and the number
of correct response dyads were each analyzed in two
separate group (2) x presentation rate (2) mixed-model
ANOVAs. Both revealed main effects of group (#,, =
8.92, P = .007; F,,, = 10.62, P = .004) and presenta-
tion rate (F, ,, = 10038, P < .0001; F,, = 103.20, P
< .0001), but no interaction. Planned between-group
comparisons using independent-samples 7 tests revealed

that on both 3- and 2-second presentation rates the

Table 1. Demographic information

Control

Variable group MS group  t(df)  Pvalue
Age, mean 39.6 (8.8) 42.3(7.3) 0.83(22) 41
(SD), y
Education, 16 (2.9) 15.3(2.7) 0.58(22) .57
mean (SD), y
EDSS score N/A NA N/A

Mean (SD) 3.3(1.7)

Range 0-6

Median 3.25
Time since N/A NA N/A
symptom
onset, y

Mean (SD) 10.42 (7.25)

Range 2-23

Abbreviations: EDSS, Expanded Disability Status Scale; MS, multiple
sclerosis.
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Table 2. PASAT and ANT-I scores for the control and MS groups

Subtest and scoring version Control group MS group Effect size (Cohen’s d)
PASAT
3 s/digit, standard scoring (max = 60) 52.83 (7.70) 43.33 (9.41) 1.16
2 s/digit, standard scoring (max = 60) 42 (10.43) 31.42 (6.76) 1.26
3 s/digit, dyad scoring (max = 59) 47.17 (11.50) 31.75 (14.28) 1.24
2 s/digit, dyad scoring (max = 59) 30.58 (12.77) 16 (8.27) 1.41
ANT-I, ms
Overall speed 598.95 (94.32) 728.14 (173.33) 0.93
Alerting network 21.05 (22.17) 35.82(28.08) 0.61
Orienting network 50.54 (25.36) 53.22 (49.21) 0.50
Executive network 97.11 (33.38) 135.44 (61.7) 0.81

Abbreviations: ANT-I, Attention Networks Test-Interactions; MS, multiple sclerosis; PASAT, Paced Auditory Serial Addition Test.

Note: Data for the MS and control groups are presented as mean (SD).

MS group made significantly fewer correct responses
(¢, = -2.71, P = .01; ,, = -2.95, P = .007) as well as
fewer correct response dyads (¢,=-291,P=.008; ¢, =
-3.31, P=.003).

ANT-I reaction time data were first analyzed using
network scores that indicate the efficiency of the three
networks individually.?” Independent-samples # tests
comparing the MS and control groups revealed no dif-
ference for the alerting and orienting networks but a
marginally greater executive network effect for the MS
group (z,, = 1.89, P = .07). Next, a group (2) x alert-
ing (2) x orienting (3) x executive (2) mixed-model
ANOVA for mean reaction time revealed a main effect
of group (F1,22 =5.62, P = .03), with MS patients dem-
onstrating slower overall performance. There was also
a significant three-way interaction of group, alerting,
and executive networks (Fz’22 = 4.73, P = .04), with MS
patients demonstrating an increased executive network

effect on the alerted trials, which was not the case for the
controls.

Between-group differences in MRI volumetric mea-
sures are shown in Table 3. MS patients demonstrated
significantly greater WMHI volumes and ventricular
CSF volumes compared with controls as well as margin-
ally reduced left thalamic volumes. To further subdivide
the MS group, HCA of the subject sample was per-
formed. A combination of WMHI volumes, ventricular
CSF volumes, and thalamic volumes yielded the best
two-cluster solution that identified all control partici-
pants as a single group and classified the MS group into
two relatively equal subgroups. HCA yielded “MR-
mild” (n = 7) and “MR-abnormal” (n = 5) subgroups
of MS patients that differed in severity of visible disease
burden/neurologic damage but did not differ in age,
years of education, EDSS scores, time since symptom

Table 3. Volumetric MRI measures for the control and MS groups

Control MS Effect size
MRI measure group group (Cohen’s d) t(P)
Total brain volume, cm? 964.39 (60.12) 958.82 (80.29) 0.08 -0.19 (.8)
Tissue volumes, cm?
Adjusted GM 50.09 (1.54) 49.49 (1.25) 0.45 -1.05(.3)
Adjusted subcortical tissue 48.33 (1.8) 47.94 (1.14) 0.28 -0.65 (.5)
Adjusted CSF 1.57 (0.57) 2.57 (1.31) 1.03 2.42 (.03)
WMHI, cm?
Adjusted volume 0.66 (0.42) 1.91 (0.87) 1.92 4.5 (<.001)
Thalamic volumes
Adjusted right volume 0.78 (0.1) 0.72 (0.11) 0.62 -1.46 (.2)
Adjusted left volume 0.74 (0.09) 0.68 (0.1) 0.76 -1.78 (.09)
Corpus callosum area, cm? 6.96 (0.83) 6.48 (1.08) 0.52 -1.23(.2)

Abbreviations: CSF, cerebrospinal fluid; GM, gray matter; MRI, magnetic resonance imaging; MS, multiple sclerosis; WMHI, white matter

hyperintensities.

Note: Data for the MS and control groups are presented as mean (SD).
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onset, and time since diagnosis. Four participants in
each subgroup were taking disease-modifying therapies.
Average PASAT performance for the controls and
MS subgroups is presented in Table 4. Total num-
ber of correct PASAT responses and number of cor-
rect dyads were analyzed in two separate group (3) x
presentation rate (2) mixed-model ANOVAs. Once
again, both revealed main effects of presentation rate
(F,, =875, P=.0001; F = 86.09, P=.0001) and

1,21 1,21
group (F2 =441, P=.03; F,_ =5.09 P=.02),

but no in’tzéraction. The controlz)group and both MS
subgroups obtained significantly higher scores on the
3-second version of the PASAT regardless of the scor-
ing method (#/control standard] = 7.07, P < .0001;
t[controldyad] | = 8.63, P < .0001; t/MR-mild,standard],
= 5.94, P = .001; t/MR-mild,dyad], = 4.21, P = .006;
t/MR-abnormal,standard], = 3.79, P = .02; t/MR-
abnormal,dyad], = 4.28, P = .01). At both presenta-
tion rates the controls made significantly more correct
responses (¢/3-second],, = 2.59, P = .02; t[2-second], , =
2.54, P = .02) and had more correct dyads (¢#/3-second],,
=251, P=.02; t[2—s€c0nd]17 = 2.55, P = .02) than the
“MR-mild” MS subgroup. The control group also
had significantly more correct response dyads than the
“MR-abnormal” subgroup (t[3—second]15 =2.34, P=.03;
t[2-second] ; = 2.46, P = .03), although the differences
between these two groups for total correct responses
were marginal (¢/3-second], s=1.89, P=.08; z‘[2—5ecoml]l5
= 1.82, P = .09). The two MS subgroups did not differ

Table 4. PASAT scores for the control group
and the two MS subgroups

MR-
Subtest and Control MR-mild abnormal
scoring version group group group
3 s/digit,
standard scoring 52.83(7.70) 42.29 (10.4) 44.8(8.76)
(max = 60)
2 s/digit,
standard scoring 42(10.43) 30.57 (6.7) 32.6 (7.44)
(max = 60)
3 s/digit,
dyad scoring 47.17 (11.50) 32 (14.65) 31.4(15.44)
(max = 59)
2 s/digit,
dyad scoring 30.58 (12.77) 16.71(8.48) 15 (9.08)
(max = 59)

Abbreviations: MR, magnetic resonance; MS, multiple sclerosis;
PASAT, Paced Auditory Serial Addition Test.
Note: Data are presented as mean (SD).
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on number of correct responses or number of correct
response dyads for either presentation rate.

ANT-I network scores for each group were com-
pared using independent-samples # tests. These revealed
a significantly greater executive network effect for the
“MR-abnormal” MS subgroup compared with the con-
trol group (#,5 = -2.36, P = .03) (n = 164.77 ms [SD
= 88.460]; p =97.11 ms [SD = 33.38]) (Figure 2). A
subsequent group (3) x alerting (2) x cueing (3) x flank-

control

er congruency (2) mixed-model ANOVA using mean
reaction time scores revealed a main effect of group

(F

2,21

demonstrated that the “MR-abnormal” MS subgroup

= 7.96, P = .003). Planned pairwise comparisons

was significantly slower on all ANT-I conditions com-
pared with both controls (P = .001) and the “MR-mild”
MS subgroup (2 = .001). This ANOVA also yielded a
significant three-way interaction between alerting and
L, =878, P =
.002). As Figure 3 demonstrates, the executive network

executive network effects and group (F,

effect for both MS groups was smaller in unalerted trials
than in trials preceded by an alerting tone. This differ-
ence was attenuated for the “MR-mild” group relative
to the “MR-abnormal” group. The executive network
effect for the control group was the same in both alerting
conditions.

Discussion

This study examined the ability of clinical and experi-
mental tests of cognitive processing speed and efficiency
(PASAT and ANT-I) to differentiate domain-specific
cognitive changes in MS patients and examined their

s “MR-Abnormal”
s “MR-Mild”
Control

250 =

200

150

100 -

Network Scores (ms)

50 =

T [

Alerting Orienting

Executive

ANT-I Network

Figure 2. Attention Networks Test-Interactions
(ANT-I): mean individual network scores
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250 A

B Tone Trials
i No Tone Trials

L1

“MR-Mild” Control

150

100 -

Executive Network Effect (ms)

50

“MR-Abnormal”
Group

Figure 3. Attention Networks Test-Interactions
(ANT-I): three-way interaction between
alerting and executive networks and group

relations with MRI indices of brain pathology. Both
tests were sensitive to MS-related cognitive impairments.
Although the PASAT successfully differentiated between
patient and control groups using both standard and
dyad scoring approaches, it remains unclear whether this
reflected differences in MS patients’ processing speed,
computational, attentional, or working memory abili-
ties."" On the ANT-I, MS patients and controls differed
not only in their speed of performance, but also in their
attention network scores. In particular, MS patients
demonstrated a marginal decrease in efficiency of their
executive attentional network that was exacerbated by
the presence of an alerting tone.

Using the ANT, an earlier version of the ANT-I,
Urbanek et al." also reported a deficit in response inhi-
bition for MS patients that became significant only in
the presence of an alerting cue. We did not see orienting
or alerting network effects in our study but rather an
inefficiency of the executive network that may represent
a diminished capacity to cope with conflicting demands
on attentional resources when in an alerted state.'>!”
This is consistent with other studies that have sug-
gested an impairment of “top-down attentional control”
among MS patients, such as that of McCarthy et al.*
Thus, while the effect sizes for the PASAT were larger
than those for the ANT-I, emphasizing the PASAT’s
greater sensitivity to MS-related cognitive dysfunction,
the ANT-I identified impairment of specific cognitive
processes that was beyond any generalized slowing in
processing speed.

Comparisons among the MS subgroups as defined
by structural MRI pathological indices revealed differ-
ences in ANT-I performance that were not seen for the

PASAT. On the ANT-I, the “MR-abnormal” MS sub-
group was slower than both the “MR-mild” subgroup
and the controls across all 12 conditions. In addition,
the “MR-abnormal” subgroup demonstrated a signifi-
cant executive network effect that was further modulated
by alertness. This interaction between alerting and exec-
utive networks was less pronounced in the “MR-mild”
subgroup and virtually absent in controls.

Both the alerting and executive attention networks
are thought to be functionally associated with various
regions of the frontal lobes, with the former primarily
localized to the superior frontal lobe and the latter to the
cingulate gyrus and the lateral prefrontal cortex.”” Both
networks are presumed to rely on the integrity of thala-
mocortical projections to the frontal cortex.” Various
studies have emphasized the importance of the thalamus
in the executive attentional network and in mediating
the interactions among networks, such as that of Cife-
lli et al.® This is consistent with our findings that MS
patients with greatest evidence of MRI pathology on a
composite index that included thalamic atrophy, white
matter lesion volume, and ventricular volume showed
the greatest difficulty with executive control of attention-
al resources, in addition to general slowing in cognitive
processing speed.

Current findings suggest promise for the use of the
ANT-I as a cognitive measure that reflects pathologi-

* Impairments in top-down attentional processes
and executive functions are direct consequences
of MS pathology independent of slowed cogni-
tive processing speed.

e Common clinical tests of cognitive processing
speed and efficiency, such as the Paced Auditory
Serial Addition Test (PASAT), have limited ability
to differentiate impairments in speed from inde-
pendent impairments in higher-order functions.

* Tests such as the Attention Networks Test—Inter-
actions (ANT-l) that directly measure response
speed and vary withintask demands on distinct
cognitive functions may be useful adjuncts to
clinical testing.

® More precise measures of cognitive efficiency
that differentiate impairments in speed from atten-
tional processes and executive functions, like
the ANT-, may better demonstrate the relations
between cognitive performance and magnetic
resonance imaging indices of MS pathology.

International Journal of MS Care

90



cal change or progression in MS. As this was an initial
study, our sampling criteria were restricted and included
only mildly affected female patients. Confirmation of
our findings in a larger and more representative MS
sample is necessary before any conclusions regarding the
generalizability of the results can be made. The small
sample size and lack of correction for multiple com-
parisons in statistical analyses, while appropriate for an
exploratory study, also call for caution when interpreting
the findings. While our data were appropriately prepared
and screened for HCA assumptions, the results would
be more robust and representative with a larger sample
size. Despite its limitations, this study did include a
well-matched control sample, and MS patients differed
from controls on tests of cognitive processing speed and
efficiency with large effect sizes (ie, Cohen’s 4 > 0.80).
Moreover, while the effect sizes for ANT-I network and
interaction scores were lower than that of the PASAT
when comparing MS patients and controls, only the
ANT-I provided measures that were associated with
differences in visible MS-related pathology on standard
MRI.

The ANT-I remains a novel test, and much remains
to be learned regarding its potential use. For example,
while the attentional networks examined by the ANT-I
are presumed to reflect the integrity of specific neuro-
anatomical networks, further studies should confirm
relations between ANT-I performance and pathological
changes in these neuroanatomical regions. Examination
of the reliability of the ANT-I and its responsiveness
to changes in MS-related brain pathology over time
are also necessary to fully explore its utility as a clinical
task. Finally, the sensitivity of the ANT-I to factors such
as fatigue and low mood within a representative MS
sample has yet to be determined. Efforts to establish new
tests for clinical use are substantial but are necessary to
develop theoretically sound methods by which to mea-
sure the important cognitive changes affecting complex
disorders such as MS. The current study suggests that
the ANT-I may have the potential for further develop-
ment for clinical use as a task of cognitive processing
speed and efficiency in MS patients.
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