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Triple dissociation of attention networks

in stroke according to lesion location

ABSTRACT

Objective: To determine whether behavioral dissociations and interactions occur between the
attentional functions—alerting, orienting, and conflict resolution—depending upon stroke loca-
tion and to determine the approximate proportion of patients who can be classified into 1 of these
3 anatomical networks.

Methods: We recruited 110 anatomically unselected acute stroke patients and 62 age-matched
controls. Subjects underwent the attention network test (ANT), which provides a measure of each
attention type. Their performance was related to lesion anatomy on MRI using a voxel-lesion
mapping approach.

Results: Patients as a whole performed poorer than controls, but there were no group differences
in the size of attentional effects. Specific deficits in 1 of the 3 ANT-tested functions were found in
the following lesion locations: alerting deficiency with bilateral anteromedial thalamus and upper
brainstem (17% of patients); orienting impairment with right pulvinar and right temporoparietal
cortex (15%); conflict resolution with bilateral prefrontal and premotor areas (23%). Lesions to
right frontoparietal regions also modified interactions among the 3 types of attention.

Conclusions: More than half of all stroke patients can be expected to have a lesion location classi-
fiable into 1 of the 3 principal attention networks. Our results have potential implications for therapy
personalization in focal brain diseases including stroke. Neurology® 2013;81:812-820

GLOSSARY

ANOVA = analysis of variance; ANT = attention network test; DWI = diffusion-weighted imaging; RMCR = right middle
corona radiata; RT = reaction time; RTPJ = right temporoparietal junction; SLF = superior longitudinal fasciculus.

Attention is critical for normal behavior, and recovery from brain injury,' but its functional
localization is debated.” One influential, and unifying, theoretical framework proposes 3 sepa-
rable attention networks: alerting, orienting, and conflict resolution,’ supported by behavioral,
functional, and structural imaging evidence in healthy subjects.*®

The attention network model has important predictions and implications for clinical neurology.
First, given the wide number of regions associated with each of the attention networks—not
only within right hemisphere, but also left hemisphere, striatum, thalamus, brainstem, and
cerebellum”~*—it would be expected that a large proportion of patients with focal brain lesions
are characterizable into of 1 of 3 profiles of attention impairment, depending upon lesion
location. Second, evidence that each attention network has a distinct neuropharmacology’
points to the possibility of personalized neurotherapeutics, if focal lesions are resolvable into
separate networks. While previous clinical studies® indicate that specific attention impairments
tend to be associated with different lesion locations, mounting evidence exists for certain areas

being implicated in more than one type of attention,'®™'?

and for interdependencies between
attention types.'? Moreover, studies that select and group patients by prespecified regions of
interest may be insensitive to critical anatomical-functional associations, and are unable to
ascertain how often focal lesions fall within attention-determining areas. In this study, we tested

a large unselected series of stroke patients, and used a voxel-lesion method of analysis,'* to 1)
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assess the strongest anatomical associations with
each type of attention; 2) determine whether
these locations show behavioral dissociations,
commonalities, or interactions; and 3) estimate
the proportion of strokes classifiable into 1 of
the 3 attention networks.

METHODS Participants. A total of 110 patients with acute
stroke were recruited from a single center, and tested 3-10 days
after presentation. A further 22 patients were enrolled, but their
performance was too poor to be included (see below). There was
no anatomical preponderance of lesion location in this excluded
set. Additionally, 62 age-matched controls were tested, comprising
1) neurologic controls: i.e., acute focal neurologic disturbance, but
normal MRI, and judged not to have a stroke; and 2) healthy adults
with no history of brain disease. Other inclusion criteria were 1)
right-handed; 2) able to comprehend and perform attention net-
work test (ANT) task reliably. Exclusion criteria were 1) preexisting
organic brain disease; 2) old focal brain lesion (>10 mm) or sig-
nificant cerebral small-vessel disease (>1 on Age-Related White
Matter Change score'); 3) bilateral strokes.

Behavioral test. The ANT (figure 1A) measures 3 attention
components—alerting, orienting, and conflic—by manipulating
stimulus properties, for a constant set of instructions. Subjects
are instructed to indicate the direction (right/left) of a target arrow
in the upper or lower visual hemifield. Targets are preceded by 1 of
4 possible cue types: none, double, central, or spatial. Additionally,

on each trial, the target is flanked by 4 arrows, pointing in the
same (congruent), opposite (incongruent), or no (neutral) direction.
Attention measures are derived as follows: 1) conflict = reaction
time (RT) (incongruent) — RT (congruent); 2) orienting = RT
(central cue) — RT (spatial cue); 3) alerting = RT (no cue) — RT
(double cue); or vice versa using accuracy.

The task was run on a laptop using Cogent 2000 graphics
(www.vislab.ucl.ac.uk), with identical visual and timing parameters
to those previously described,” and 2 blocks of 96 trials. Participants
pressed 1 of 2 keys with their right hand, unless this was paralyzed,
in which case they used their nonparetic hand. Subjects first
undertook a practice session for 5 minutes with auditory feedback,
with those achieving more than two-thirds correct proceeding to test
session. Error trials (incorrect, or RT >2,000 ms) were excluded
from the RT analysis. Subjects had to respond to >60% of trials,
and achieve >80% accuracy on responded trials to be included in
the final analysis.

Imaging and lesion delineation. Patients underwent MRI
2-7 days from stroke onset on a Siemens 1.5 T scanner, providing
T2, fluid-attenuated inversion recovery, diffusion-weighted
imaging (DW1), and susceptibility-weighted acquisitions. DW1I
dimensions were 192 X 192 X 19. Delineation of acute ischemic
lesions was performed by an intensity-based, lesion-growing tech-
nique using MATLAB (v7.10.0), with the option to manually
edit, e.g., for hemorrhage, or overrunning artefact. Lesions were
subsequently normalized in SPM8 (www.fil.ion.ucl.ac.uk/spm)
using a coregistered T2 image, and matching to a canonical T2
in Montreal Neurological Institute space (voxel size 2 X 2 X 2 mm),

with cost-function lesion masking.'®

[ Figure 1 Schematic of attention network test (A) and lesion histogram (B) superimposed upon Montreal Neurological Institute template brain ]
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Statistics and voxel lesion mapping. Differences between
groups in terms of subject characteristics were tested for with
one-way analyses of variance (ANOVAs), x?, or Fisher Exact tests
in SPSS (v 19.0). The effect of group on attention type was
assessed by a 3-way mixed-design ANOVA, with factors group
(lesions, neurologic controls, healthy controls), flanker (congruent,
neutral, incongruent), and cue (none, double, central, spatial).
Since there were no differences in performance between neuro-
logic and healthy controls, nor interactions comparing these 2
control groups with cue or flanker effects, we subsequently pooled
all controls into one group.

The effect of lesion location on attention type was similarly
assessed using group X flanker (or/and) X cue ANOVAs, now
conducted at each voxel where at least 2 lesions occurred.'* The
group comparison refers to patients with lesions in the interro-
gated voxel (Lesion+) vs all controls, or vs patients with lesions in
other voxels (Lesion—). The analysis was run iteratively within
MATLAB and statistical parameters for each voxel depicted as a
map in Montreal Neurological Institute space. Correction for
multiple comparisons at p < 0.05 threshold was made using a
false discovery rate procedure.'” Significant interactions were sub-
sequently characterized by masking with post hoc 7 tests that
tested for group differences in any of the 3 attention contrasts
of interest (thresholded at p < 0.05, corrected for the respective
ANOVA search volume; and for exploratory purposes, at p <
0.001, uncorrected). Regions showing such effects were subse-
quently probed for group effects in the remaining attention con-
trasts down to a threshold of p < 0.05, uncorrected. To correct
for age and lesion size, the Lesion+ vs Lesion— £ test reflected the
regression coefficient of Bl in the regression equation: Network
effect = BO + (B1 X lesion presence/absence) + (B2 X age) +
(B3 X lesion size). Tests for parametric assumptions confirmed
suitability of ANOVAs where reported.

To exclude possible RT accuracy tradeoffs, and to test for net-
work specificity, we recalculated the 3 attentional contrasts substitut-
ing an efficiency metric (accuracy/RT) for each condition'® (contrast
expressed as a % of efficiency for no cue, neutral condition); and
then performed group X attention-type ANOVAs on these contrast
sizes at each peak identified for the group X flanker X cue inter-
actions. For this, we used negative conflict, rather than conflict, so
that generalized attentional impairments would be indicated by
decreases across all 3 measures. Behavioral dissociations were ascer-
tained with location X attention-type ANOVAs that compared the
3 attentional contrasts for pairwise combinations of regions taken
from separate categories (e.g., lesions in region Al showing raised
conflict, vs lesions in region B1 showing reduced orienting).

Statistically thresholded 3D maps were superimposed upon
normalized, reference atlases of Brodmann areas, cortical and sub-
cortical structures, white matter tracts, and thalamic nuclei.'”*!
Calculation of volume of significant voxels overlying each atlas-
defined region and the proportion of each region occupied by
significant voxels were determined by matrix multiplication, i.e.,

thresholded results (row vector) X atlas (column vector).

Standard protocol approvals, registrations, and patient
consents. Ethical approval was granted by the Charing Cross
Hospital Research Ethics Committee and all participants gave

informed consent.

RESULTS Group comparisons. Patients and controls
were matched for age and sex (for further group char-
acteristics, see table e-1A on the Neurology® Web site
at www.neurology.org). The ANT was performed
more slowly and less accurately in the lesion group
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than controls (p = 0.001), but there were no overall
group X cue, group X flanker, or group X cue X
flanker interactions (p > 0.05; table e-1B; figure e-1);
nor were there correlations between any of the ANT
measures and lesion size or age (|r] < 0.19; p > 0.05).
Lesions were distributed among right hemisphere, left
hemisphere, and brainstem-cerebellum in the ratio

41:47:22 (figure 1B).

Locations associated with heightened conflict. Lesion
locations that influenced conflict processing were
located predominantly in bilateral frontal white mat-
ter, and reflected exclusively Lesion+ showing greater
conflict than controls or Lesion— (n = 25; figure 2;
table e-2; figure e-2). The largest cluster to show this
effect was in right middle corona radiata (RMCR),
anterior to corticospinal tract, in white matter con-
necting prefrontal with premotor cortices. Smaller
clusters also occurred in right inferior prefrontal,
anterior corona radiata, anterior insula, and left supe-
rior frontal cortex. There were no differences in effect
size comparing lesions to RMCR alone vs right pre-
frontal *RMCR overlap and no differences in stroke
severity or lesion size between patients with lesions in
the main RMCR cluster vs lesions elsewhere (p > 0.1).
Lesions to these frontal regions increased conflict spe-
cifically (group X attention-type ANOVA; p < 0.05;
figure 2C), although in a small proportion of the above
regions, orienting was also reduced at a more liberal
statistical threshold (p < 0.01, uncorrected).

Locations associated with reduced orienting. Regions
where lesions reduced spatial orienting were in right
pulvinar, right temporoparietal junction (RTPJ), and
right posterior insula (n = 16; figure 3; table e-2;
figure e-2). These interactions were accountable by
Lesion+, failing to show speeding to spatial (relative
to central) cues as seen with Lesion— and controls.
Lesions to a smaller subset of RTPJ regions also dem-
onstrated less orienting due to reduced accuracy to
spatial cues (explored in the Lesion X cue X flanker
interactions section below). The reduction in orient-
ing due to lesions in right pulvinar and RTP] was
specific, given nonsignificant effects of lesions here
on conflict and alerting; and significant group X
attention-type interactions (p < 0.05; figure 3C).
However, a small focus in anterior insula was associ-
ated with both reduced orienting and heightened
conflict (p < 0.05, uncorrected).

Locations associated with reduced alerting. Alerting was
reduced with lesions to bilateral anteromedial thala-
mus, upper brainstem, and right cerebral peduncle
(n = 19; figure 4; table e-2; figure e-2), as well as in
several small areas across right hemisphere. Significant
thalamic voxels mostly overlay those nuclei projecting
to prefrontal regions. These interactions were driven by
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[ Figure 2 Lesion sites that enhance conflict costs
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(A) Results of a group X flanker analysis of variance (ANOVA) (p < 0.05, corrected) were masked by a t test comparing Lesion+ vs controls for conflict (i.e.,
incongruent-congruent flanker), thresholded at p < 0.001, uncorrected. These are shown separately for reaction time (RT) (top panel) and accuracy (center
panel). The bottom panel shows cortical and white matter anatomical landmarks relevant to the results, derived from coregistered standard atlases. (B) Plots
of RT (left panel) and accuracy (center panel) for the 3 flanker conditions in Lesion+, Lesion—, and control groups, where Lesion+ refers to lesions affecting
right middle corona radiata (L1). The 95% confidence intervals are shown (in this plot and elsewhere). (C) Plot of individual network performance at L1 shows
selective conflict heightening. Contrasts are as defined in Methods for Accuracy, e.g., Conflict = Congruent - Incongruent, but now using efficiency values,
i.e., Accuracy/RT, for each condition; values are plotted as percentage of each subject'’s efficiency in no cue, neutral condition. BA = Brodmann area; CST =
corticospinal tract; SLF = superior longitudinal fasciculus.

controls and Lesion— showing speedier and more
accurate responses to double (vs no) cues, while
Lesion+ showed neither. The thalamic and brainstem
peaks where lesions reduced alerting did not show
effects on other attention types (group X attention-
type interaction; p < 0.01; figure 4C). However, 2 of
the right frontoparietal regions showing reduced alert-
ing (including frontal operculum-anterior insula),
also heightened conflict at lower statistical threshold
(p < 0.05, uncorrected).

In order to establish whether the stereotypical
attentional profiles outlined above differed between

regions—i.e., double dissociations—we performed
pairwise location X attention-type ANOVAEs, e.g.,
comparing RMCR (raising conflict) vs right pulvinar
(reducing orienting) or right pulvinar vs anteromedial
thalamus (lowering alerting) (final column table e-2A).
Interactions (p < 0.05) occurred contrasting peaks
from each of the 3 attention network categories pair-
wise with peaks from either of the other 2 categories.
The sensitivity and specificity of the ANT at predicting
lesion location with respect to the appropriate anatom-
ical network, as identified here, averaged 84% and
69%, respectively (table e-2C).
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[ Figure 3 Lesion sites that reduce orienting
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(A) Results of a group X cue analysis of variance (ANOVA) (p < 0.05, corrected) were masked by a t test comparing Lesion+ vs controls for orienting
(i.e., central — spatial cue), thresholded at p < 0.001, uncorrected. These are shown separately for reaction time (RT) (A.a) and accuracy (A.b). The bottom
panel (A.c) shows cortical and white matter anatomical landmarks relevant to the results. (B) Plots of RT (B.a) and accuracy (B.b) for the 4 cue conditions in
Lesion+, Lesion—, and control groups, where Lesion+ refers to lesions affecting right angular gyrus (L2). (C) Plot of individual network performance at L2
shows selective orienting reduction (p < 0.001).
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Lesion X cue X flanker interactions. In controls, conflict
increased with alerting, but decreased with orienting
(RT data; table e-1B; see also reference 13). To ascer-
tain whether certain lesion sites altered this profile,
we conducted group X cue X flanker ANOVAs in
regions showing group X flanker, or group X cue,
interactions (figure 5; table e-3). Lesions to RMCR,
inferior prefrontal, and RTP]J reversed the control pro-
file, in that alerting decreased conflict; while orienting
heightened conflict. In the case of RTPJ, one interpre-
tation of increased conflict with orienting—and of
decreased accuracy with orienting, noted earlier—is
that spatial, but not central, cues misdirected attention
towards flanker, rather than target, locations.> This
is supported by the observation that, with RTP]
Lesion+ specifically, spatial cues worsened accuracy

Neurology 81 August 27, 2013

similarly for neutral and incongruent targets, relative
to congruent targets (cue X group: p < 0.001, and
2 < 0.05, respectively; arrow in lower panes figure 5).

Interactions of group X flanker (or cue) X target
location X' target direction, in each of the regions
presented, are summarized in table e-3.

DISCUSSION We have identified 3 sets of lesion
locations that result in selective impairments to 1 each
of the 3 attention types proposed by the “attention

134 namely, conflict resolution with

network” mode
bilateral prefrontal and premotor areas; orienting with
right pulvinar and temporoparietal regions; and alerting
with anteromedial bithalamic nuclei and upper brain-
stem. To the degree that these anatomical pairings are

nonoverlapping, and that behavioral dissociations are



[ Figure 4 Lesion sites that reduce alerting
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(A) Results of a group x cue analysis of variance (ANOVA) (p < 0.05, corrected) were masked by a t test comparing Lesion+ vs controls for orienting
(i.e., double — no cue), thresholded at p < 0.001, uncorrected. These are shown separately for reaction time (RT) (A.a and A.b) and accuracy (A.c). The second
panel shows these effects within upper brainstem at an exploratory threshold of p < 0.01. (B) Plots of RT (B.a) and accuracy (B.b) for the 4 cue conditions in
Lesion+, Lesion—, and control groups, where Lesion+ refers to bilateral anteromedial thalamus (L3). Note that the apparent numerical reversal of alerting
effects in Lesion+ (i.e., negative alerting) is not significantly different from 0. (C) Plot of individual network performance at L3 shows selective alerting

reduction (p < 0.001).

manifest among the 3 sets of regions, our data provide
strong support for the model’s taxonomy, and predic-
tion of functional-anatomical network independence.
Whereas previous evidence for tri-network separability
comes from behavioral,*'? functional imaging,” and struc-
tural imaging®?? studies, our results demonstrate causal
dependence among the 3 attention types and specific
neural substrates. Furthermore, unlike previous lesion
studies that investigate different attentional types, in
different groups of subjects, or using prespecified

regions of interest,*

we compare the 3 attentional
functions within a single test, in the same patients,
while employing an assumption-free, pan-brain, voxel-
wise analysis.'* The latter point allowed us to appraise
the relative importance of a large number of brain

regions (not just those in right hemisphere) implicated

in attention®® and to establish the strongest anatomical
associations, with projections onto white matter con-
nections.” Other strengths of our study were 1) a
homogeneous population; 2) small lesion volumes, so
enhancing spatial precision; and 3) testing 3—10 days
after presentation, thereby lessening possibilities of
functional or maladaptive plasticity.

The strongest effect of anatomy on ANT perfor-
mance was found in premotor areas (RMCR), where
lesions increased conflict. This area is more posterior
than frontal areas, e.g., anterior cingulate most consis-

626 which tend to be

tently identified with conflict,
uncommon locations for stroke, and so are poorly
represented in our sample (figure 1B). However, the
fact that there was no difference in conflict size

between lesions affecting RMCR alone, compared
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[ Figure 5 Group X cue X flanker interactions
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to those overlapping prefrontal regions, implies that
RMCR lesions are sufficient to impair conflict pro-
cessing, rather than that RMCR lesions tend to extend
anteriorly. According to a “hierarchical” model of
motor control, the position along an anteroposterior
frontal axis at which units becomes activated depends
upon the number and complexity of rule inputs.”” By
this account, premotor lesions can be sufficient to
impede conflict processing, when the task components
that generate conflict are relatively low order,?® as is the
case for the ANT. Moreover, our finding that conflict
processing was impaired most strongly with lesions to
prefrontal-premotor white matter projections supports
functional imaging findings of prefrontal-premotor
coactivation during conflict.”” An additional explana-
tion for the RMCR conflict effect we found is that
disruption to right superior longitudinal fasciculus
(SLF) and thalamo-prefrontal projections contributed.
Right SLF, in particular, has been shown to correlate
with executive function,*® possibly by potentiating sig-
nal gain from posterior to anterior areas.”'
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In contrast to the anatomical pairings we found for
conflict, the associations we found for orienting and
alerting matched more closely those reported from
functional imaging of the ANT,’ and from lesion stud-
ies testing these functions in isolation. Hence our find-
ing that lesions to RTPJ and pulvinar interfered most
strongly with orientation concord well with anatomical
profiling of hemispatial neglect,'* and, more relevantly
for the ANT, vertical orienting deficits.*” The fact that
RTPJ lesions impaired both upwards and downwards
orienting supports a conception of this region in terms
of nonlateralized spatial orienting processes,* although
it is possible that our RTPJ lesion set straddled both
upper and lower hemifield representations.** Mean-
while, our anatomical results for alerting-deficit trace
well the projections among locus ceruleus, reticular tha-
lamic nuclei, and (right > left) cerebral hemispheres,
proposed as the circuit of an ascending norepinephri-
nergic activation system.”'?

While our principal results confirmed separable
anatomical networks for the 3 attention types, we



additionally found evidence for anatomical depen-
dency of internetwork interactions and, to a lesser
extent, overlap (e.g., in anterior insula). Lesion loca-
tions in right hemisphere that had shown strong
conflict- or orienting-specific deficits showed a rever-
sal of the normal profile by which alerting and orient-
ing influence conflict."”® The first finding—that with
right inferior frontal, RMCR, and RTPJ lesions, alert-
ing ameliorates conflict processing—supports studies
showing that alerting may enhance other attention
types when they are suboptimal (e.g;, due to disease)”
and that RTP]J registers uncued events.'? The second
finding—that with RMCR-prefrontal and RTPJ
lesions, orienting worsens conflict processing—may
be because right hemisphere lesions result in impaired
processing at the same locations as preceding spatial
cues, (i.e., “attentional blink”*°). Alternatively, lesions
here may have engendered inappropriately vectored
orientation** (similar to “optic apraxia” seen with
biparietal lesions), with spatial rather than central
cues. Finally, the fact that lesions to RTPJ and anter-
omedial thalamus impaired performance across all
conditions (figures 2—4, B) underlines the importance
of these regions in mediating general responsiveness

or sustained attention”"!!

as well as orienting and phasic
alerting, respectively. By contrast, lesions to RMCR
engendered a deficit specifically under high-conflict
conditions, matching results of previous studies of
frontal lesions,”” especially to ventrolateral rather than
superomedial areas (the latter of which can retard
motor responses generally, but are infrequent sites for
stroke).

As well as consolidating an influential neurobiolog-
ical theory of attention, our results strike significant
clinical resonance. More than half of our unselected
sample of stroke patients contributed to 1 of the 3 prin-
cipal anatomical networks showing associations with
1 each of the 3 attention network functions while a
far smaller proportion actually had neglect or inatten-
tion. These results support observations showing that
clinically relevant attentional deficits may be missed
by bedside examination, but detectable by computer-
based tests,*® and indicate those lesion locations most
at risk of attentional deficits, for which more thorough
assessment might be worthwhile. Furthermore, because
each of the 3 attention networks may be influenced
by different pharmacologic,’ electrical,”® or cognitive-
behavioral® therapies, and because certain attention
deficits can impact other functional impairments, e.g.,
weakness,! our results might help in the anatomical
stratification of patients for rehabilitation.
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