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Abstract

In contrast to the traditional definition of the disorder, many individuals with aphasia exhibit non-linguistic cognitive impair-
ments, including executive control deficits. Classic lesion studies cite frontal lobe damage in executive dysfunction, but
more recent lesion symptom-mapping studies in chronic aphasia present mixed results. In this study, we compared execu-
tive control abilities of acute stroke survivors with and without aphasia and investigated lesion correlates of linguistic and
non-linguistic cognitive tasks. Twenty-nine participants with acute left hemisphere stroke resulting in aphasia (n=14) or no
aphasia (n=15) completed clinical MRI and testing, including three NIH Toolbox Cognition Batteries (Pattern Comparison
Processing Speed, Flanker Inhibitory Control and Attention, and Dimensional Change Card Sort Tests) and the Boston Nam-
ing Test. We compared performance between groups using Wilcoxon rank sum tests. We used Least Absolute Shrinkage and
Selection Operator Regression to identify neural markers (percent regional damage, hypoperfusion within vascular territo-
ries, and total lesion volume) of executive control deficits and anomia. Group performance was comparable on the Pattern
Comparison Processing Speed Test, but people with aphasia had poorer standard scores, lower accuracy, and slower response
times on the Dimensional Change Card Sort Test than people without aphasia. Damage to extrasylvian regions (dorsolateral
prefrontal cortex, intraparietal sulcus) was related to executive control deficits, whereas language network damage (to inferior
frontal and superior and posterior middle temporal gyri) was linked to naming impairments. These results suggest people
with aphasia can exhibit comorbid executive control impairments linked to damage outside classic language network areas.
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Introduction deficits with spared non-linguistic cognition. In contrast to this

definition, many people with aphasia (PWA) exhibit varied

Approximately 30% of acute stroke survivors present with
aphasia (Engelter et al., 2006; Flowers et al., 2016), a disorder
classically defined by receptive and/or expressive language
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cognitive deficits (Fonseca et al., 2017 for review), including
impaired executive control, an umbrella term that comprises
many narrower constructs (e.g., attention, inhibition, working
memory, updating, switching) (Miyake et al., 2000b). Executive
dysfunction is common in acute stroke (e.g., Nys et al., 2005;
Zinn et al., 2007), and cognitive deficits within the first three
months post-stroke—including executive dysfunction—pre-
dict future recovery in stroke in general (Nys et al., 2005; Park
etal., 2015) and PWA specifically (El Hachioui et al., 2014). In
chronic aphasia, higher pre-treatment executive control predicts
better language therapy outcomes (Simic et al., 2019). Despite
its relevance to recovery, executive dysfunction in acute stroke
survivors with versus without aphasia is underspecified.
Historically, frontal lobe syndrome is synonymous with
executive dysfunction (Keil & Kaszniak, 2002). Some recent
lesion-symptom mapping (LSM) studies in chronic aphasia have
implicated dorsolateral prefrontal cortex damage (DLPFC) in
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executive dysfunction (Alyahya et al., 2020; Lacey et al., 2017),
whereas other studies have reported different or additional
regions (e.g., left middle and superior temporal and fusiform
gyri, inferior parietal lobe, temporooccipital cortex, occipital
and frontal poles) (Baldo et al., 2005, 2010; Schumacher et al.,
2019) or no significant lesion correlates (Butler et al., 2014; Halai
etal., 2017, 2018). Possible reasons for discrepant findings may
be differences in testing batteries between studies and/or variance
in reorganization of brain-behavior relationships by the chronic
post-stroke recovery stage (Hartwigsen & Saur, 2019; Hillis,
2007; Kiran, 2012), resulting in a misalignment of chronic lesion
correlates of executive dysfunction across investigations. LSM of
multiple measures in acute stroke lessens these issues.

Therefore, in this study, we aimed to 1) characterize execu-
tive control deficits in acute stroke survivors with and without
aphasia and 2) distinguish lesion correlates of non-linguistic
and linguistic deficits. We hypothesized that both groups would
exhibit executive control deficits but that deficits would be more
pronounced in PWA compared to participants without apha-
sia (PWoA) based on prior subacute and chronic stroke studies
(Baldo et al., 2010; Bonini & Radanovic, 2015; Lee & Pyun,
2014; Spaccavento et al., 2019; Yao et al., 2020). Intrinsic net-
works that mediate different higher-level thinking skills are
spatially dissociable (Fedorenko & Thompson-Schill, 2014).
Thus, we predicted damage to cognitive network regions would
be associated primarily with executive control impairments,
whereas damage to language network regions would be associ-
ated primarily with language (e.g. naming) impairments.

Methods

Thirty-one patients admitted to Johns Hopkins Hospital with an
acute left hemisphere (LH) stroke between February 2019 and
November 2020" were recruited as part of a larger stroke recov-
ery project. Inclusionary criteria included normal/corrected-to-
normal vision and hearing, premorbid proficiency in English,
and ability to complete testing protocols. The exclusionary cri-
terion was history of a neurological condition affecting the brain
other than acute stroke or prior lacunar-only infarct (n=10).
The final sample included 29 patients (13 women; mean age:
60.76+12.65 years). Different data from some participants were
included in recent publications (Goldberg et al., 2021; Keator
et al., 2020; Keser et al., 2020, 2021; Meier et al., 2020).

Behavioral assessment

We assessed non-linguistic cognition using three NIH Tool-
box Cognition Batteries (Gershon et al., 2013), selected for

! Note that acute stroke participant recruitment and data collection
were paused from mid-March through late September 2020 due to the
COVID-19 pandemic.

their quick administration times and validated psychometric
properties in healthy adults (Heaton et al., 2014; Weintraub
et al., 2014) and individuals with acquired brain injury (Tulsky
et al., 2017; Weintraub et al., 2014). Participants completed
the Pattern Comparison Processing Speed (PCPS) Test, an
assessment of visual processing speed; the Flanker Inhibitory
Control and Attention Test, an assessment of visual attention
and executive control; and the Dimensional Change Card Sort
(DCCS) Test, another executive function task tapping cog-
nitive flexibility. For each test, the NIH Toolbox application
outputs an age-corrected standard score, generated by compar-
ing an individual’s combined accuracy and response times to
normative data. We also collated trial-by-trial accuracy and
calculated standardized reaction times (zRTs) on correct trials
to disentangle these effects. Supplemental Material provides
additional administration and scoring details.

We administered the Western Aphasia Battery-Revised
(WAB-R; Kertesz, 2007) to measure auditory comprehension
and verbal expression and the 30-item version of the Boston
Naming Test (BNT; Fisher et al., 1999) to measure object
naming. We used the WAB-R Aphasia Quotient (AQ) to
determine aphasia severity and classify participants as PWA
(AQ<93.8; n=14) or PWoA (AQ>93.8; n=15). In clini-
cal practice, this cutoff is often used to determine presence
of aphasia and need for speech-language pathology services
and as such, constitutes a clinically meaningful division of
participants in this study. PWA and PWoA were matched in
demographics and days post-stroke onset (Table 1).

Neuroimaging methods

Upon hospital admission, patients underwent a clinical imag-
ing protocol that included diffusion-weighted imaging, fluid-
attenuated inversion recovery (FLAIR), and T1-weighted
sequences acquired on a Siemens 3 T (n=11) or 1.5 T
(n=17) magnet. Imaging parameters varied between partici-
pants and are reported in full in Supplemental Tables 1-3.
We manually delineated stroke lesions on clinical images,
normalized each map, and obtained a total lesion volume
map for each participant; more information regarding these
procedures is included in Supplemental Material.

Using Matlab scripts based on MarsBaR routines (Brett
et al., 2002), we intersected each participant’s lesion map
with LH regions of interest (ROIs) from the language
network (e.g., Fridriksson et al., 2018; Price, 2012) and
networks implicated in executive control, including the
default mode network (DMN; Raichle et al., 2001), dorsal
attention network (DAN; Fox et al., 2006), and frontopa-
rietal network (FPN; Cole et al., 2013). Network ROIs are
depicted in Fig. 1 and listed in the Fig. 1 legend; addi-
tional information is provided in Supplemental Material.
For each participant, we calculated total lesion volume
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Tabl_e 1 C"mP arisons b.etween Full sample PWA (n=14) PWoA p-value
participants with and Wlthout (n=29) (n=15)
aphasia in demographics
Age (in years) 60.76 (12.65) 62.29 (9.80) 59.33 (15.05) 0.631
Sex (n Women:Men) 13:16 6:8 7:8 1.00
Education (in years) 14.59 (2.51) 14.21 (2.55) 14.93 (2.52) 0.392
Handedness (n Right:Left) 28:1 13:1 15:0 0.483
Days Post-Stroke 5.51 (3.67) 5.28 (3.00) 5.73 (4.30) 0.842

Means and standard deviations (M (SD)) are reported for continuous variables for the full sample, partici-
pants with aphasia (PWA), and participants without aphasia (PWoA). Wilcoxon rank sum tests were used
to compare continuous variables between PWA and PWoA. Fisher’s exact tests were used to compare cat-

egorical variables between groups

and percent damage to each ROI and network. The lesion
overlay is shown in Supplemental Fig. 1.

Important for acute stroke, we measured hypoperfusion
using the NIH FLAIR Hyperintense Vessels (FHV) rating
schema (Reyes et al., 2017). We rated six LH territories
(anterior and posterior cerebral artery territories, middle
cerebral artery [MCA] territory split by frontal, insular,
temporal, and parietal lobes) on a scale from 0 (no FHVs)
to 2 (3+ FHVs/slice or 3 + slices with FHVSs).
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Statistical analyses

To address aim #1, we used Wilcoxon rank sum tests to com-
pare task performance (the three NIH Toolbox standard scores
and BNT percent correct) and lesion measures (total lesion
volume, total hypoperfusion, and percent damage to each net-
work) between PWA and PWoA. We applied a Benjamini
and Hochberg (1995) false discovery rate (FDR, q=0.05)
correction across four task and six lesion comparisons. To
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Fig. 1 Comparisons between participants with aphasia (PWA) and
participants without aphasia (PWoA) in percent damaged tissue in
the (A) dorsal attention network (DAN), (B) default mode network
(DMN), (C) frontoparietal network (FPN), and (D) language network
(LN). Comparisons were performed using FDR-corrected Wilcoxon
rank sum tests. ** g <0.01 and not significant (n.s.). Regions of inter-
est (ROIs) for the DAN (in neon green) included the frontal eye field
and intraparietal sulcus. DMN ROIs (in orange) included the lateral
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parietal cortex, medial prefrontal cortex, and posterior cingulate cor-
tex. FPN ROIs (in violet) included the dorsolateral prefrontal cortex
and posterior parietal cortex. LN ROIs (in cyan) included the inferior
frontal gyrus (pars orbitalis, triangularis, and opercularis), the supra-
marginal and angular gyri, the superior and middle temporal poles,
and mid and posterior portions of the superior, middle, and inferior
temporal gyri
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disentangle the contributions of accuracy and response time
data to the standard score comparisons, we conducted six
FDR-corrected Wilcoxon tests comparing NIH Toolbox
accuracy and zRTs between groups. Spearman correlations
between NIH Toolbox scores and language data across the
entire group are also reported in Supplemental Table 4.

To address aim #2, we conducted LSM analyses” using
Least Absolute Shrinkage and Selection Operator (LASSO)
regression, a method that imposes regularization that shrinks
some parameter estimates to zero, resulting in a sparse final
model with optimal prediction capacity. LASSO regression
is useful when predictors exhibit high collinearity and out-
number participants (Meinshausen & Yu, 2009), as in this
study. We ran four LASSO models in which the dependent
variable was the age-corrected standard score from one of
the NIH Toolbox tasks or BNT percent correct; the inde-
pendent predictors were ROI percent damage, hypoperfu-
sion ratings, and total lesion volume. If fewer than 10% of
the sample (n < 3) had hypoperfusion or damage to a given
region, that metric was excluded from analyses. We used
the glmnet package (Friedman et al., 2010) in R to imple-
ment LASSO with standard features, utilizing a leave-one-
out cross validation method to select the lambda value that
was associated with the smallest mean cross-validated error
per model. LASSO regressions were one-tailed due to the
assumption that greater brain damage would be associated
with worse, not better, performance.

Results
Aim #1: Comparisons between PWA and PWoA

Three participants did not complete the DCCS Test due to
task difficulty or time constraints. Due to an administration
error, standard scores were not obtained for one PWA. Of the
remaining participants, 11 of 12 stroke survivors with aphasia
had standard scores below normal limits (< 85) on all three
NIH Cognition Batteries, whereas only two of 14 PWoA were
impaired on all three tasks. Using Fisher’s exact tests, compara-
ble numbers of patients in each group had impaired PCPS Test
(OR=3.501, g=0.332; impaired: 11/13 PWA, 9/15 PWoA)
and Flanker (OR=1.360, g=1.00; impaired 11/13 PWA, 12/15
PWoA) performance, but significantly more PWA (n=11/12)
were impaired on the DCCS Test compared to PWoA (n=2/14)
(OR=49.465, g <0.001). Consistent with these results, stand-
ard scores did not significantly differ between groups for the
PCPS (W =140.0, g=0.068) or Flanker (W =128.0, g=0.185)

2 Note that the term “LSM” is used in the current study to indicate
the process of linking lesion characteristics and behavioral symptoms
and not traditional univariate or multivariate voxel-based LSM analy-
sis.

Tests, but PWA had significantly lower standard scores on the
DCCS Test than PWoA (W =154.5, g=0.003) (Table 2).

Follow-up analyses compared NIH Toolbox test accu-
racy and zRTs between groups. Accuracy did not signifi-
cantly differ between groups for the PCPS Test (W =112.0,
q=0.738), but PWA had significantly lower accuracy
on the Flanker (W =148.5, ¢=0.033) and DCCS Test
(W =146, g=0.004) than PWoA. PWA and PWoA did not
significantly differ in zRTs for the PCPS Test (W =61.0,
g=0.071), but PWA had significantly slower RTs than
PWoA for the Flanker (W =52.0, ¢=0.033) and DCCS
Test (W =23.0, g=0.004). PWA also correctly named sig-
nificantly fewer items on the BNT than PWoA (W =176.0,
q=0.005).

Regarding brain measures, we found PWA had signifi-
cantly greater damage to the DAN (W =29.5, ¢<0.01)
and greater total lesion volume (W =45.0, ¢ =0.045)
than PWoA. The other comparisons of network metrics
(g>0.119) and total hypoperfusion per summed FHV rat-
ings (W =97.0, ¢g=0.824) were not significant after multiple
comparison correction. Figure 1 shows the network results.

Aim #2: Lesion correlates of anomia and executive
dysfunction across the sample

Two participants were excluded from the LSM analy-
ses due to unusable imaging data. The LASSO model
results® are reported in Table 3 and depicted in Fig. 2. The
LASSO for PCPS Test standard scores resulted in a null
model. Within the Flanker LASSO model, retained pre-
dictors included damage to the intraparietal sulcus (IPS)
and parietal hypoperfusion. The model predicting DCCS
scores included damage to IPS and DLPFC; hypoperfu-
sion in parietal, frontal, and temporal lobe regions; and
total lesion volume. The LASSO model for BNT naming
included damage to inferior frontal gyrus, pars orbitalis
(IFGorb) and pars triangularis (IFGtri), superior tem-
poral gyrus (STG), and posterior middle temporal gyrus
(pPMTG) as well as hypoperfusion within the parietal and
temporal lobes and posterior cerebral artery territory.

Discussion

In this study, we compared executive control in acute LH
stroke survivors with and without aphasia and determined
lesion correlates of executive dysfunction and anomia.
PWA and PWoA did not significantly differ on all PCPS

3 In LASSO regression, the combination of retained predictors yields
a meaningful result outside of traditional significance testing. None-
theless, p-values are reported in Table 3 to assist in interpretation of
the strength of the predictors.
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Table 3 Left hemisphere lesion
correlates of performance on
cognitive-linguistic measures

Predictor Flanker standard score DCCS test standard Boston naming test
score (percent correct)
Adj. Coef 4 Adj. Coef P Adj. Coef )4
% Damage IPS (DAN) -0.114 0.009 -0.204 0.007 - -
% Damage DLPFC (FPN) - - -0.118 0.078 - -
% Damage IFGorb (Language) - - - - -0.038 0.177
% Damage IFGtri (Language) - - - - -0.494 0.010
% Damage STG (Language) - - - - -0.315 0.052
% Damage pMTG (Language) - - - - -0.201 0.048
FHV MCA Frontal - - -0.006 0.386 - -
FHV MCA Parietal -0.172 0.002 -0.292 0.026 -0.519 0.010
FHV MCA Temporal - - -0.031 0.203 -0.120 0.205
FHV PCA - - - - -0.021 0.453
Total Lesion Volume - - -0.144 0.020 - -

Double dashes indicate the variable was not retained in the model. Bolded text indicates significant predic-
tors at p < 0.05. The LASSO regression for the Pattern Comparison Processing Speed (PCPS) Test resulted
in a null model and is not shown. The network to which each region belongs is shown in parentheses in the
first column. Note that the following variables were excluded from analysis due to damage/hypoperfusion
in<10% of the sample: medial prefrontal cortex, superior and middle temporal poles, inferior temporal,
inferior posterior temporal, and middle temporal gyri, and anterior cerebral artery FHV ratings

Abbreviations: Coef.=adjusted coefficient, DAN =dorsal attention network, DCCS =Dimensional Change
Card Sort, DLPFC=dorsolateral prefrontal cortex, FHV =fluid attenuated inversion recovery (FLAIR)
hyperintense vessel ratings, FPN =frontoparietal network, IFGorb=inferior frontal gyrus, pars orbitalis,
IFGtri=inferior frontal gyrus, pars triangularis, IPS =intraparietal sulcus, MCA =middle cerebral artery
territory, PCA = posterior cerebral artery, pMTG = posterior middle temporal gyrus, STG = superior tem-
poral gyrus

Test measures and Flanker standard scores, whereas PWA
had significantly poorer overall performance, lower accu-
racy, and slower response times on the DCCS Test com-
pared to PWoA. Regional lesion correlates of executive
dysfunction and anomia differed, but hypoperfusion (par-
ticularly within the parietal lobe) predicted performance
across tasks.

Fig.2 Region of interest (ROI)
damaged tissue metrics retained
in the LASSO regressions for
the Flanker Inhibitory Control
and Attention Test, Dimensional
Change Card Sort (DCCS)

Test, and Boston Naming Test
(BNT). ROI hues reflect the
model(s) in which the ROI was
included according to the color
key. Retained hypoperfusion
ratings and total lesion volume
are not depicted. DLPFC =dor-
solateral prefrontal cortex,
IFGorb =inferior frontal gyrus,
pars orbitalis, IFGtri=IFG, pars
triangularis, IPS =intraparietal
sulcus, pMTG = posterior mid-
dle temporal gyrus, STG = supe-
rior temporal gyrus

On average, accuracy was high for both groups on the
PCPS Test, yet 71% of patients demonstrated impaired per-
formance per standard scores. Given that standard scores
reflect combined accuracy and reaction time information,
these results suggest that the ability to accurately execute
basic non-linguistic visual attention tasks may be intact
in many patients following LH stroke, including PWA

IFGorb
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(El Hachioui et al., 2014; Kuzmina & Weekes, 2017),
yet patients may require extra response time beyond what
is required for healthy age-matched peers (Faroqi-Shah
& Gehman, 2021; Korda & Douglas, 1997; Kuzmina &
Weekes, 2017; Villard & Kiran, 2015, 2018; c.f. Lee et al.,
2020). Interestingly, Faroqi-Shah and Gehman (2021)
found that linguistic task processing speed differences
between individuals with chronic aphasia and controls
disappeared after controlling for non-linguistic process-
ing speed, reinforcing the notion that slowed processing
may be a general consequence of stroke.

Although the number of impaired participants (per
standard scores) did not differ between groups on the
Flanker, PWA were significantly less accurate and slower
than PWoA. PWA also exhibited poorer performance than
PWOoA on all examined DCCS Test measures. Unlike the
PCPS Test, both the Flanker and DCCS Tests necessitate
inhibition of non-target stimuli. The DCCS Test addition-
ally requires shifting between two sets of rules (i.e., match
per color or shape dimensions). These results suggest that
compared to PWoA, PWA struggle with cognitive flex-
ibility, particularly set-shifting. One caveat, however, is
that executive control tests have been criticized for their
inability to isolate specific cognitive domains (Miyake
et al., 2000a). For example, the Wisconsin Card Sorting
Task (WCST; Grant & Berg, 1993)—another cognitive
flexibility test—requires basic visual and numeric pro-
cessing, abstract categorization, rule generation based on
verbal feedback, and category/rule maintenance within
(likely verbal) working memory (Miyake et al., 2000b).
Unsurprisingly, given its potential language load, prior
studies consistently report PWA exhibit worse perfor-
mance on the WCST than controls and stroke survivors
without aphasia (e.g., Baldo et al., 2015; Lee & Pyun,
2014; Purdy, 2002). Unlike the WCST, explicit language
demands of the Flanker and DCCS Test are minimal, and
language impairment alone likely does not fully explain
between-group differences in performance (e.g., Fucetola
et al., 2009; Lee & Pyun, 2014).

Furthermore, no language network ROIs were implicated
in the executive control LASSO models (Fig. 2). Similar to
Lacey et al. (2017), we found that frankly-damaged regions
implicated in executive control deficits did not overlap with
those implicated in anomia (i.e., classic language network
regions IFGtri, [IFGorb, STG, and pMTG). These findings
imply a potential extralinguistic origin of executive control
deficits within the sample—possibly reduced inhibition or
cognitive flexibility—although this conclusion should be
treated with caution given the small sample size. Consist-
ent with prior LSM studies (Alyahya et al., 2020; Lacey
et al., 2017; Schumacher et al., 2019), poorer performance
on the DCCS Test was associated with damage to DLPFC.
IPS damage was linked to poorer performance on both the

@ Springer

Flanker and DCCS Tests, a finding that accords with the
role of the DAN in general (Fox et al., 2006) and the IPS’s
role in orienting attention to relevant stimuli (Humphreys &
Lambon Ralph, 2015).

Unlike ROI measures, similar hypoperfusion metrics
were retained in the BNT and NIH Toolbox LASSO mod-
els, with parietal hypoperfusion retained across models. In
acute stroke, hypoperfusion within vascular territories can
result in severe impairments even when the infarct core is
small (Beaulieu et al., 1999; Hillis et al., 2001, 2004, 2008).
Because of this fact, including hypoperfusion measures
within the LSM analyses was critical. Yet, a limitation of
our approach was that the FHV hypoperfusion ratings lack
voxel-level spatial sensitivity and cannot be localized to a
specific network. Moreover, several variables were excluded
from the LASSO models due to damage/hypoperfusion in
too few participants. Excluded ROIs (see the Table 3 legend)
were not restricted to one single network but were regions on
the outskirts of the MCA territory. The ROI approach also
lacked the whole-brain coverage and specificity of voxel-
level methods used in other studies (e.g., Alyahya et al.,
2020; Baldo et al., 2010; Lacey et al., 2017; Schumacher
et al., 2019); additional regions or specific voxels within
included ROIs may be identified in future studies via voxel-
wise LSM methods.

Another major study limitation was the small sample size,
caused in large part by a pause in data collection for several
months due to the COVID-19 pandemic. Additionally, while
we analyzed age-corrected standard scores (which reflect
comparison to a normative sample), we did not recruit addi-
tional healthy controls matched to patients across demo-
graphics. For all participants, testing was executed in their
hospital room, and some distractions (e.g., sounds of medi-
cal equipment) could not be eliminated.

Despite these limitations, this study has important clinical
implications. Our findings suggest high rates of executive
dysfunction in acute LH stroke survivors: 12/13 PWA and
13/15 PWoA scored below normal limits per age-corrected
standard scores on at least one NIH Toolbox measure. As
such, executive control should—and can be—assessed in
acute LH stroke survivors using the NIH Toolbox or simi-
lar measures. Given their impairments, patients may benefit
from treatment directly targeting non-linguistic cognition
(Peach, 2017), a notion not addressed in this work but nec-
essary to investigate in future acute rehabilitation studies.

Conclusions

In all, these results indicate that acute LH stroke survivors
with and without aphasia exhibit slowed processing and
executive control deficits but that PWA particularly struggle
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with tasks requiring inhibition of non-target stimuli and set-
shifting. Lesion correlates of executive control deficits dif-
fered from naming impairments, suggesting a dissociation
between lesion topography in behavioral profiles. Nonethe-
less, given the lack of significant differences between PWA
and PWOA in most lesion metrics, future studies should
include a larger acute stroke sample as well as measures
of other brain variables (e.g., functional connectivity) that
might additionally explain between-group differences in
performance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11682-021-00580-y.
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