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Abstract

Objective—The Stroop is a frequently used neuropsychological test, with poor performance
typically interpreted as indicative of disinhibition and frontal lobe damage. This study tested those
interpretations by examining relationships between Stroop performance, behavioral disinhibition,
and frontal lobe atrophy.

Method—~Participants were 112 well-characterized patients with mild cognitive impairment or
dementia, recruited through UCSF's Memory and Aging Center. Participants received
comprehensive dementia evaluations including structural MRI, neuropsychological testing, and
informant interviews. Freesurfer, a semi-automated parcellation program, was used to analyze
1.5T MRI scans. Behavioral disinhibition was measured using the Disinhibition scale of the
Neuropsychiatric Inventory. The sample (n=112) mean age was 65.40 (SD=8.60) years, education
was 16.64 (SD=2.54) years, and MMSE was 26.63 (SD=3.32). Hierarchical linear regressions
were used for data analysis.

Results—Controlling for age, MMSE, and Color Naming performance, Stroop performance was
not significantly associated with behavioral disinhibition ($=0.01, AR2=0.01, p=0.29).
Hierarchical regressions controlling for age, MMSE, Color Naming, intracranial volume, and
temporal and parietal lobes, examined whether left hemisphere or right hemisphere regions predict
Interference speed. Bilaterally, parietal lobes were the brain region in which atrophy best predicted
poorer Stroop (left: p=0.0004, AR?=0.02, p=0.002; right: p=0.0004, AR?=0.02, p=0.002). Of
frontal regions, only dorsolateral prefrontal cortex atrophy predicted poorer Stroop ($=0.001,
AR2=0.01, p=0.03); left and right anterior cingulate cortex (ACC) atrophy predicted better Stroop
(left: p=—0.003, AR2=0.01, p=0.02; right: p=—0.004, AR2=0.01, p=0.02).

Conclusions—These findings suggest Stroop performance is a poor measure of behavioral
disinhibition and frontal lobe atrophy even among a relatively high-risk population.
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Among the primary uses of neuropsychological assessment is measuring impairments that
either reflect real-world skills and behaviors, or provide information about neurological
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structure. Although the latter use has been construed as the more inferential of the two,
because it presupposes a relationship between task performance and neurological function,
both uses are highly inferential. The supposition that a neuropsychological test measures
real-world skills and behaviors is an assumption, and one whose merits are called into
question by weak or inconsistent relationships between neuropsychological test scores and
other measures of the skill or behavior (Shallice & Burgess, 1991; Ready et al., 2001;
Chaytor et al., 2006) and poor construct differentiation (Dodrill, 1997; Duncan et al., 1997),
particularly for executive functioning (Burgess, 1998). Put simply, the tests upon which
neuropsychologists rely may not, in fact, measure the skills and behaviors they are assumed
to measure. This assumption should be tested empirically.

One of the most widely used neuropsychological tests is the Stroop Color-Word Interference
Test (Stroop, 1935; Rabin, Barr, & Burton, 2005), which typically is used to measure
inhibition of a prepotent response (Miyake et al., 2000; Vendrell et al., 1995). Although
variations exist, it typically consists of three conditions: a color naming condition for which
individuals are asked to name patches of colors on a page as quickly as possible, a color
reading condition for which individuals are asked to read color names on a page as quickly
as possible, and a color-word interference condition that contains color names written in
incongruent colors (e.g., the word “blue” written in red ink) for which individuals are asked
to name ink colors as quickly as possible. The increased time needed to name the colors on
the color-word interference condition and the increased number of errors committed, relative
to the simple color naming condition, are referred to as “the Stroop effect.” This effect is
believed to be due to the difficulty of suppressing the natural tendency to read the words,
which is thought to be a more practiced and thus automatic action (Stroop, 1935; Delis et al.,
2001).

Stroop (1935) originally conceptualized the task as one of interference or inhibition, noting
that the terms had been used indiscriminately. Since his publication, researchers have been
active in investigating the Stroop effect (see MacLeod, 1991 for a comprehensive review of
the experimental literature), and in trying to understand the cognitive processes, largely from
an experimental cognitive framework, responsible for producing the effect. The research
from experimental psychology, however, appears almost entirely separate from the research
and use in clinical neuropsychology, as Stuss and Levine (2002) have noted.

Neuropsychologists may have adopted the Stroop, as Alvarez & Emory (2006) suggest, after
one study found that patients with left frontal brain lesions showed significantly more
slowing from word reading and color naming to Stroop inhibition than did patients with
brain lesions in temporal, posterior, or right frontal regions (Perret, 1974). However,
subsequent lesion studies with the Stroop have been inconsistent (Vendrell et al., 1995;
Stuss et al., 2001), leading some to describe the Stroop as a “fundamentally ineffective test”
for “evaluating frontal lobe functioning,” (Dodrill, 1999, p.563). Increased time taken to
complete the Stroop interference typically is predictive of frontal lesions only when color
naming speed is not taken into consideration (Foong et al., 1997; Stuss et al., 2001),
suggesting that frontal lobe lesions or atrophy cause slowing in general, rather than a true
exaggerated interference effect. When controlling for color naming, Stuss et al. (2001) found
exaggeration of the Stroop interference only for patients with superior medial frontal lesions.
A meta-analytic review that compared the sensitivity to fontal damage of the Wisconsin
Card Sorting Test, verbal fluency, and the Stroop, showed the Stroop to be the least sensitive
to frontal damage, with d=—0.30 (Alvarez & Emory, 2006).

In adopting the Stroop for neuropsychological assessment, clinicians and researchers use an
inverted interpretation of the interference effect: while Stroop's original study and
subsequent experimental research found slowing in normal people on the interference trial,
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neuropsychologists tend to conclude that when individuals are abnormally slowed on the
interference trial, it is due to impaired inhibition or concentration (Lezak et al., 2004). That
is, when a normal process—interference—occurs at abnormally high levels, it is taken as
evidence of a pathological process of disinhibition. Studies addressing the construct validity
of the Stroop provide poor support for this interpretation, however, and suggest it may
measure basic attention, working memory, and processing speed better than inhibition.
Correlations with other neuropsychological tests have found that the Stroop shares a large
amount of variance (e.g., correlations of .95) with measures of processing speed, leading the
authors of one study to conclude that “interference scores from Stroop tasks are not simply
measures of inhibition because they share most of their age-related effects with other
measures of processing speed,” (Salthouse & Meinz, 1995). Indeed, processing speed
appears to mediate the relationship between age and poorer Stroop performance (Earles et
al., 1997). In contrast, substantial variation has been found between the Stroop interference
task and other tests believed to measure inhibition (Shilling et al., 2002; Earles et al., 1997),
suggesting the Stroop is a poor measure of inhibition. Factor analysis has shown the Stroop
interference task to load on a measure of “sustained selective processing” along with Serial
7 and Serial 13 tasks, tasks that have little to do with inhibition (Shum et al., 1990). There
thus appears to be little evidence from other neuropsychological tasks that Stroop
interference is a measure of inhibition rather than simply attention and processing speed.

More troublesome is that neuropsychologists' interpretation of the Stroop may go beyond
cognitive interference to inferences about behavioral disinhibition. Such inferences occur
despite the dearth of evidence that difficulty with Stroop inhibition has any relationship with
behavioral disinhibition. Two studies using the Neuropsychiatric Inventory (NPI) have
failed to find relationships between the Stroop and behavioral disinhibition in samples of
people with probable Alzheimer's disease (AD) and Parkinson's disease (PD) (Aarsland et
al., 1999; Back-Madruga et al., 2002), although it was significantly correlated with NPI total
score (Back-Madruga et al., 2002), aggression (Back-Madruga et al., 2002), and apathy
(Aarsland et al., 1999). In contrast, Chan (2001) found a borderline significant association
(r=.18, p=.05) between an inhibition factor of the Disexecutive Questionnaire (DEX) and
time taken to complete the Stroop among a sample of cognitively normal Hong Kong
Chinese people aged 18 — 50.

Despite the research that has cast doubt on the validity of Stroop as a measure of
disinhibition, and the inconsistencies in its relationship with the frontal lobes,
neuropsychologists continue to use it in these ways. The first aim of the present study is to
directly examine how well the Stroop Interference test predicts behavioral disinhibition in
daily life. The second aim is to examine the extent to which poor performance on the Stroop
Interference test is associated with atrophy in frontal regions believed to be necessary for
inhibition.

Participants were 112 individuals with mild cognitive impairment (MCI) or dementia, who
were recruited through the University of California, San Francisco (UCSF) Memory and
Aging Center. They were drawn from the Clinical Core of a Program Project Grant
investigating frontotemporal dementia and UCSF's Alzheimer's Disease Research Center.
Participants received comprehensive dementia evaluations including a neurological exam,
neuropsychological assessment, and an informant interview. Within the neuropsychological
assessment, participants were administered the Stroop Interference test (Interference). As
part of the informant interview, an individual trained on administering the Neuropsychiatric
Interview (NPI) administered the NPI to a family member, spouse, or close friend of the
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patients. A team of neurologists, neuropsychologists, nurses, and social workers made
consensus diagnoses based upon information from medical, social, psychiatric, and family
history; neurological exam; neuropsychological evaluations; and clinical inspection of brain
imaging. These diagnoses were made according to published criteria (e.g., McKhann et al.,
1984; McKeith et al., 1992; Peterson et al., 1997; Neary, Snowden, & Mann, 2000). The
UCSF IRB approved the research in which these individuals were involved, and written
informed consent was obtained from participants.

Participants were included in the study if they had: 1) a diagnosis of MCI or dementia, 2)
completed the Interference test, and 3) received MRI. Individuals were excluded if they had:
1) a MMSE score less than 15, or 2) abnormally low scores (classified as outliers) of 20 or
fewer correct on the Color Naming task, which indicated a speech or language impairment
that would impair Interference performance irrespective of inhibition skills. Of 137
individuals who had completed the Interference test, were not cognitively normal, and who
had either NPI or structural imaging data, 22 were excluded for having indeterminate
diagnoses. One person was excluded for having a MMSE of less than 15, and two were
excluded for having abnormally low scores on Color Naming. Eleven people were missing
NPI data, but had available data for the other variables. Table 1 summarizes demographic,
neuropsychological, and NPI Disinhibition data for participants, while Table 2 shows the
diagnostic distribution of the sample.

Stroop Interference Test

NPI

The Stroop Interference test contained two conditions: Color Naming and Interference. In
the first condition, Color Naming, participants were shown a stimulus with 126 (18 rows of
7) word-length strings of *X’s (e.g., XXX XXXXX XXXX) printed in blue, red, or green
ink, and asked to name the ink color of each, row by row. In the second condition,
Interference, participants were shown a stimulus with 77 (11 rows of 7) color words (blue,
red, and green) written in incongruent colors and asked to name the ink color in which the
words are written. For each task, participants were instructed to work as quickly as possible
without skipping any or making mistakes. Two scores were recorded for each condition: the
number of correct responses completed in one minute, and the number of errors committed.
The variable of interest was the Stroop effect, or the number of correct responses on the
Interference condition after controlling statistically for the number of correct responses on
the Color Naming condition. A higher number of correct responses is indicative of better
scores and faster performance.

The Neuropsychiatric Inventory (NPI) is a structured interview designed to assess
psychiatric symptoms in individuals with dementia (Cummings, 1997; Cummings et al.,
1994). It was administered to a caregiver, relative, or other person familiar with the
individual. Twelve psychiatric symptoms were assessed: delusions, hallucinations,
depressed mood, anxiety, agitation, euphoria, apathy, irritability, disinhibition, aberrant
motor behavior, night-time behavior disturbances, and eating behavior changes. For each
symptom, the interviewer asked a screening question; if the informant endorsed it, seven or
eight follow-up questions were asked. Then the informant rated the frequency of the
symptom on a 4-point scale (1-4), and the severity of the symptom on a 3 point scale (1-3),
with higher numbers indicating greater frequency and severity. A total score for each
symptom, including disinhibition, was obtained by multiplying the frequency by the
severity. This total score for the disinhibition symptom was the score for the Disinhibition
scale.

Neuropsychology. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

Neuroimaging

MRI scans were acquired on a 1.5T Magnetom VISION system (Siemens Inc., Iselin, NJ,
USA) using a standard quadrature head coil. Volumetric magnetization-prepared rapid
gradient echo (MP-RAGE) MRI (TR/TE/inversion time [T1] = 10/4/300 msec) obtained T1-
weighted structural images of the entire brain. The T1 images were in a coronal orientation,
with a 15° flip angle, with 1.0 x 1.0 mm? in-plane resolution and 1.5 mm slab thickness.

The T1 MPRAGE structural MR images were analyzed using Freesurfer, which is
documented and freely available for download online at: http://surfer.nmr.mgh.harvard.edu/.
Previous publications have detailed and validated the software (Segonne et al., 2004; Dale et
al., 1999; Fischl et al., 1999a; Fischl et al., 2001). Freesurfer is a surface-based structural
MRI analysis tool that segments white matter and tessellates both grey and white matter
surfaces. The procedure, in brief, involves the removal of non-brain tissue using a hybrid
watershed/surface deformation procedure (Segonne et al., 2004) and intensity normalization
(Sled et al., 1998), followed by automated Talairach transformation and volumetric
segmentation of cortical and subcortical gray and white matter, subcortical limbic structures,
basal ganglia and ventricles, used to calculate total intracranial volume (ICV) (Fischl et al.,
2002; Fischl et al., 2004a). The surfacing algorithm uses intensity and continuity data, and
corrects topological defects to generate a continuous cortical ribbon used to calculate gray
matter volume and thickness (Segonne et al., 2004; Fischl et al., 2001; Segonne et al., 2007;
Fischl & Dale, 2000), a procedure validated against histological analysis (Rosas et al., 2002)
and manual measurements (Kuperberg et al., 2003; Salat et al., 2004). This cortical surface
is then inflated and registered to a spherical atlas and parcellated into regions of interest
(ROI) based on gyral and sulcal structure (Fischl et al., 1999a; Fischl et al., 2004b; Fischl et
al., 1999b; Desikan et al., 2006).

Cortical regions of interest were defined as described in Desikan et al. (2006). For data
reduction, some frontal sub-regions were combined to create broader regions of interest for
each hemisphere, as were temporal and parietal regions. The middle frontal cortex (MFC)
was the sum of the caudal middle frontal and rostral middle frontal cortices for each
hemisphere; the inferior frontal cortex (IFC) was the sum of the pars opercularis, pars
orbitalis, and pars triangularis; the orbitofrontal cortex (OFC) was the sum of the lateral and
medial orbitofrontal cortex; and the anterior cingulate cortex (ACC) was the sum of the
caudal and rostral anterior cingulate volumes. The temporal lobe cortices for each
hemisphere were created by summing the entorhinal, parahippocampal, temporal pole,
fusiform, superior temporal sulcus, inferior temporal, middle temporal, superior temporal,
and transverse temporal volumes. The parietal lobe cortices for each hemisphere were
created by summing the post-central, supramarginal, superior parietal, inferior parietal, and
precuneus volumes.

Data Analysis

First, we examined data for univariate outliers and normality. As described in the
‘Participants’ section, outliers on the Color Naming condition were excluded from the
sample due to probable language problems and were not included in the sample. To deal
with non-normality and outliers on other variables, two strategies were used: first, we
conducted logarithmic data transformations and evaluated their improvements on the
variable distributions and outliers; second, if data for variables remained significantly non-
normal, we conducted non-parametric analyses in order to confirm the findings from more
commonly used parametric statistics. Because parametric statistics are more powerful than
non-parametric statistics, we report the findings of both approaches, when used. Before
starting hypothesis-testing analyses, we plotted the relationship between the color-word
interference tasks and NPI Disinhibition, and the relationship between color-word
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interference tasks and lobar volumes. Correlations were then calculated between the
variables. Because the NPI Disinhibition remained non-normally distributed after the log-
transformation, we used Spearman's correlations for the NPI; Pearson's correlations were
used for all other variables. After each hypothesis-testing hierarchical linear regression, plots
of residuals were examined for normality, linearity, and homoscedasticity. Collinearity
diagnostics were also examined to assess for collinearity.

To examine whether the Stroop Interference task is a significant predictor of behavioral
disinhibition, we first regressed NPI Disinhibition on Interference using linear regression.
We then used hierarchical linear regression to determine whether Interference was a
significant predictor of NPI Disinhibition after controlling for the contributions of Color
Naming, age, and general cognitive impairment (MMSE). Because the results of the
regressions were counterintuitive, we then included Interference errors in the last step of the
hierarchical linear regression to ascertain whether inaccuracy on the task was a significant
predictor of NPI Disinhibition. These analyses were then replicated using two strategies: 1)
logistic regressions, since NPI Disinhibition is more accurately an ordinal than a continuous
variable, and 2) excluding individuals with no evidence of behavioral disinhibition.

To examine whether specific frontal lobe and anterior cingulate region volumes are
significant predictors of Interference, we first examined partial correlations between
Interference and each region of interest (OFC, MFG, IFC, superior frontal cortex, or SFC,
and ACC volumes), controlling for Color Naming speed, intracranial volume (ICV), age,
and MMSE. These regions were chosen based upon findings from previous research of an
association between frontal lobe or anterior cingulate functioning and performance on
Stroop Interference (Perret, 1974; Pardo et al., 1990; Stuss et al., 2001; Brass et al., 2005;
Alvarez & Emory, 2006). Each region of interest that was correlated with Interference time
at a significance level of p<0.20 was included in the hypothesis-testing analyses. To test our
hypotheses, we used hierarchical linear regression to determine whether these brain regions
were significant predictors of Interference time after controlling for Color Naming speed,
MMSE, age, ICV, and non-frontal brain regions (temporal and parietal lobe volumes).
Because left and right hemisphere volumes for each region of interest were very highly
correlated—most above r=0.80—separate regressions were conducted for left and right
hemispheres to avoid multicollinearity. Color Naming was entered into the first step of the
hierarchical regression; MMSE, age, and ICV were entered into the second step; temporal
and parietal lobes were entered into the third step; and the brain regions of interest that met
the criteria described above were entered into the last step. The significance level for each
variable was set at p<0.05.

Examination of the variables distributions showed Color Naming and Interference were
mildly non-normally distributed, and NPI Disinhibition was substantially non-normally
distributed. Applying log transformations to the data improved normality for NPI
Disinhibition (original skew=1.65, kurtosis=1.54; log-transformed skew=1.06, kurtosis=
—0.55), but the variable remained non-normal. Log transformations of Color Naming and
Interference exacerbated the non-normality of the distributions, so the original variables
were retained. All the regional brain volumes were normally distributed and without
outliers. Plots of bivariate correlations between Color Naming, Interference, log-transformed
NPI Disinhibition, and regional brain volumes suggested linear relationships between the
variables of interest.
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Interference and NPI Disinhibition

Bivariate correlations between Interference and Disinhibition are summarized in Table 3.
Both Interference correct and Color Naming correct were significantly negatively correlated
with Disinhibition, indicating that better performance on Color Naming and Interference
was associated with less disinhibition. Partial correlations between Interference and
Disinhibition are also summarized in Table 3, and show a non-significant negative
correlation between Interference and Disinhibition, after controlling for Color Naming,
MMSE, and age.

To test whether Interference performance predicts behavioral disinhibition, we ran a series
of regressions, summarized in Table 4. First, we regressed NPI Disinhibition on
Interference, to see whether the Stroop interference task alone predicted behavioral
disinhibition. Interference performance alone was a significant predictor of NPI
Disinhibition. When controlling for Color Naming performance, Interference performance
was no longer a significant predictor of NPI Disinhibition. After controlling for age, Color
Naming, and MMSE, the association between Interference performance and NPI
Disinhibition remained non-significant. Collinearity diagnostics showed no problematic
collinearity between Color Naming and Interference despite the high correlation between
these two variables (Tolerance=0.24, VIF=4.13, Condition Index=3.80).

It was possible that the poor association between Interference performance and Disinhibition
was due to a speed-accuracy tradeoff, wherein individuals with greater levels of
disinhibition worked quickly and achieved an equivalent number of items correct in the time
limit as individuals with less or no disinhibition, but at the expense of accuracy, committing
more errors. If this were true, the number of Stroop Interference items correct within a time
limit would be a poor predictor of disinhibition, but errors would be a better predictor. To
explore the possibility of a speed-accuracy tradeoff accounting for the poor association
between Interference performance and Disinhibition, we regressed Disinhibition on
Interference correct and Interference errors, controlling for age, Color Naming, and MMSE
(Model 4, Table 4). Errors on the Interference task were not significant predictors of
Disinhibition (p=0.10, p>0.05), and the association between Interference correct and
Disinhibition remained non-significant (3=0.02, p>0.05).

Because the findings ran counter to the conventional wisdom in neuropsychology, additional
exploratory analyses were conducted to ensure these findings were not a statistical artifact.
In the first of these analyses, we treated Disinhibition as an ordinal, rather than a continuous
variable, and used proportional odds logistic regressions to explore the relationship between
Interference and un-transformed Disinhibition. Because the original 13-point (0-12)
distribution of the NPI Disinhibition scores led to violation of the proportional odds
assumption, the distribution was re-examined and categorized into a 4-point ordinal variable
(0-3) based upon natural cut-points in the distribution. Using this variable, the
proportionality and linearity assumptions of the statistic were met. We ran logistic
regressions using Interference to predict this 4-point ordinal NPI Disinhibition variable, both
alone and in conjunction with the covariates described above. Interference was not a
statistically significant predictor of NPI Disinhibition using logistic regression either alone
(OR=0.98, p>0.05), after controlling for Color Naming (OR=1.01, p>0.05), or after
controlling for Color Naming, age, education, and MMSE (OR=1.02, p>0.05).

In subsequent exploratory analyses, individuals with NPI Disinhibition scores of ‘0’—
individuals whose caregivers reported no symptoms of disinhibition—were excluded from
the sample. This was done to explore whether the relatively high number of people without
reported behavioral disinhibition were skewing the results despite the data transformation
and use of logistic regression, and to ascertain whether the relationship between behavioral
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disinhibition and Stroop interference may be seen for the most relevant population: those
who are showing behavioral disinhibition. Spearman's correlations were calculated between
the Stroop variables and NP1 Disinhibition for the 35 individuals with NP1 Disinhibition
scores greater than 0. The associations between NPI Disinhibition and Color Naming (p=
—0.13), and NPI Disinhibition and Interference (p=—0.05) were each non-significant.
Interference was not a statistically significant predictor of NPI Disinhibition using linear
regression either alone (B=—0.00, p>0.05), after controlling for Color Naming in a
hierarchical regression (3=0.01, p>0.05), or after controlling for Color Naming, age,
education, and MMSE ($=0.01, p>0.05).

Interference and frontal lobe volumes

Bivariate correlations between Interference and frontal lobe volumes are summarized in
Table 3. Interference performance was significantly positively correlated with left and right
orbitofrontal cortex (OFC), left and right middle frontal gyrus (MFG), left and right inferior
frontal cortex (IFC), left and right superior frontal cortex (SFC), left and right temporal
cortex, and left and right parietal lobe volumes. Partial correlations between Interference and
frontal lobe volumes, which controlled for Color Naming, MMSE, age, and ICV are also
summarized in Table 3. After controlling for these covariates, Interference was significantly
positively correlated with left and right MFG, and left and right parietal volumes.

To test whether the volume of specific frontal lobe regions predicts Interference
performance, we used the results of the partial correlations between Interference and frontal
regions to guide model-building, including in the model the frontal regions that showed
associations with Interference at the level of p<0.20. Within the left hemisphere, the MFG,
SFC, and ACC were the only frontal regions associated with Interference (p<0.20), and so
warranted inclusion into the model. Within the right hemisphere, the MFG and ACC were
the only frontal regions associated with Interference (p<0.20), and so warranted inclusion
into the model. To examine whether any frontal regions of interest within the left
hemisphere predicted Interference performance, we used a hierarchical linear regression,
with Color Naming time entered into the first step, MMSE, age, and ICV into the second
step, left temporal and left parietal lobes into the third step, and left MFG, left SFC, and left
ACC into the final step. The same approach was used to examine whether any frontal
regions of interest within the right hemisphere predicted Interference: using hierarchical
linear regression, Color Naming was entered into the first step, MMSE, age, and ICV into
the second step, right temporal and right parietal lobes into the third step, and right MFG
and right ACC into the final step.

As the change in R squared shows in Table 5 (Models 1 & 2), Color Naming performance
accounted for nearly 73% of the variance in Interference performance. The remaining
variables accounted for relatively little—less than 3% each—of the variance in Interference
performance for each model. When examining the extent to which left hemisphere brain
regions predicted Interference performance (Table 5, Model 1), the left parietal lobe was the
best brain region predictor (AR2=0.02, p<0.01). After controlling for Color Naming correct,
MMSE, age, ICV, left parietal lobe, and left temporal lobe, left MFG was a significant
positive predictor of Interference (AR?=0.01, p<0.05) and left ACC was a significant
negative predictor (AR?=0.01, p<0.05). These findings show smaller left parietal lobe,
smaller left MFG and larger left ACC volumes predicted poorer Interference performance.
When examining the extent to which right hemisphere brain regions predicted Interference
performance (Table 5, Model 2), the right parietal lobe was the best predictor (AR?=0.02,
p<0.01). After controlling for Color Naming time, MMSE, age, ICV, right parietal lobe, and
right temporal lobe, right ACC was a significant negative predictor of Interference
(AR2=0.01, p<0.05). These findings show smaller right parietal lobe and larger right ACC
predicted poorer Interference performance. 1
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It was possible that the atrophy pattern of participants with AD was driving the association
between poor Stroop performance and atrophy in the parietal cortex and middle frontal gyri.
To explore this possibility, we re-ran the analyses excluding individuals diagnosed with AD
(N=87 without AD), using the same data analytic strategy described for the original
analyses. Within the left hemisphere, the MFG, IFC, and SFC were the only frontal regions
associated with Interference (p<0.20), and so warranted inclusion into the model. Within the
right hemisphere, the MFG and SFC were the only frontal regions associated with
Interference (p<0.20), and so warranted inclusion into the model. We then used hierarchical
linear regressions identical to those described in the original analyses to examine whether
any frontal regions predicted Interference scores. For the left hemisphere, the only brain
region that was significantly associated with Interference was the parietal lobe (AR2=0.02,
p<0.05). None of the frontal regions included in the left hemisphere regression were
significant predictors of Interference (p>0.10), after excluding individuals with AD from the
sample. For the right hemisphere, the parietal lobe remained the best predictor of
Interference (AR?=0.02, p<0.01), but the MFG was also a significant predictor of
Interference (AR?=0.01, p<0.05).

Discussion

Contrary to clinical lore, this study did not find the expected relationships between the
Stroop Interference test and behavioral disinhibition or frontal lobe atrophy. In the first of
the study's two main findings, performance on the Stroop Interference test showed no
association with behavioral disinhibition after controlling for color naming speed, age, and
global cognitive functioning. Indeed, Color Naming performance showed a stronger
relationship with behavioral disinhibition than did Stroop Interference performance, and this
association remained significant after controlling for age and MMSE. In the second main
finding, poorer Stroop Interference performance was associated most significantly with
greater parietal lobe atrophy bilaterally, but also with greater left MFG atrophy, and less
ACC atrophy bilaterally, after controlling for color naming speed, age, global cognitive
functioning, and intracranial volume. The relationship between Interference and parietal
lobe atrophy remained even after individuals with Alzheimer's disease, who are liable to
show the highest rates of parietal lobe atrophy, were removed from the sample.

The relationship between the Stroop Interference test and behavioral disinhibition
highlighted the importance of accounting for Color Naming speed when using the Stroop for
clinical or research purposes. Without controlling color naming speed when investigating
the Interference effect, any slowing on the Interference task could be due simple to slowing
in processing speed. That is, if color naming speed is not controlled for when investigating
the relationship between Stroop Interference and inhibition difficulty, it would be impossible
distinguish between general slowing and true inhibition difficulty. Indeed, our results
suggest that a very large proportion of variance in Stroop Interference scores can be
attributed to simple color naming speed. Subsequent analyses showed that before accounting
for color naming speed, Stroop Interference performance showed a weak, but statistically
significant, negative correlation with behavioral disinhibition. After controlling for Color
Naming speed using hierarchical regression, Interference speed was no longer a significant
predictor of behavioral disinhibition.

1Repeating the analyses described in this paper using a version of the Stroop task that included a word reading component, which may
elicit a stronger interference effect by priming individuals for reading words, resulted in a very similar set of findings and did not
substantially change the conclusions of the present study. In brief, using this alternate Stroop task, poor performance on Stroop
Interference failed to significantly predict behavioral Disinhibition, and failed to product atrophy in frontal brain regions. Neither
approach found support for the idea that poor performance on Stroop Interference predicted greater behavioral Disinhibition, and both
approaches found that atrophy in the parietal cortex was most significant predictor of poor Stoop Interference performance.
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This pattern of results was consistent across several statistical approaches. In each set of
analyses, Interference performance failed to show the expected significant negative
association with behavioral disinhibition, after simple color naming speed had been
accounted for. When using logistic regression or the sample of people who had some
evidence of behavioral disinhibition (i.e., ratings of ‘1’ or higher on NPI Disinhibition), the
results were identical to those of the hierarchical linear regression. The lack of a statistically
or clinically-significant relationship between slowed Interference speed and behavioral
disinhibition in the analyses focusing on only individuals who were showing some level of
behavioral disinhibition suggests that, even before controlling for Color Naming speed,
Stroop Interference tasks are insensitive to behavioral disinhibition. Moreover, it does not
appear that an association between Interference speed and behavioral disinhibition in the
present study was attenuated to non-significance due to a speed-accuracy tradeoff;
Interference errors were not significant predictors of behavioral disinhibition. Put simply, it
does not appear that people with good inhibition slowed down in order to minimize errors,
and that individuals with high levels of disinhibition failed to slow down and consequently
committed more errors.

Previous studies have similarly failed to find an association between Stroop Interference and
measures of behavioral disinhibition after accounting for Color Naming speed (Cheung,
Mitsis, & Halperin, 2004; Back-Madruga et al., 2002). Indeed, Marra and colleagues (2007)
found that patients with frontotemporal dementia (FTD) completed the Stroop test more
quickly than patients with Alzheimer's disease (AD) or Progressive Nonfluent Aphasia
(PNFA), and these same FTD patients were more likely to be rated as disinhibited on the
NPI than the AD or PNFA patients, although the latter finding did not meet the Bonferroni-
adjusted significance level. Taken together, FTD patients were both faster on the Stroop, and
also more disinhibited, than AD or PNFA patients (Marra et al., 2007), suggesting that
individuals with greater levels of disinhibition might complete the Stroop more quickly than
individuals with lower levels of disinhibition.

A similar pattern of counterintuitive results emerged when examining the relationship
between Stroop Interference and frontal lobe atrophy, with Stroop Interference showing
weak relationships with frontal lobe regions after accounting for Color Naming. In simple
bivariate correlations, all the frontal regions, but not left or right ACC, showed significant
positive associations with Stroop Interference performance, suggesting initially that
individuals with frontal lobe atrophy tended to complete fewer items on Stroop Interference
than individuals with less frontal lobe atrophy. These correlations are consistent with
previous research that has found an association between slowed Interference speed and
frontal lobe atrophy or frontal lobe lesions when Color Naming speed was not accounted for
(Foong et al., 1997; Stuss et al., 2001; Soderlund et al., 2004). Once Color Naming
performance was accounted for using partial correlations, right and left MFG were the only
frontal regions that were significantly positively associated with Interference speed. After
controlling for Color Naming speed, age, intracranial volume, MMSE, and non-frontal brain
regions using hierarchical regressions, poorer Stroop Interference performance was
significantly associated with bilateral parietal atrophy and left MFG atrophy, but larger left
and right ACC volumes. This finding was also generally consistent with previous research:
when Color Naming speed is accounted for, Stroop Interference speed tends to show poor
associations with frontal lobe damage (Hanninen et al., 1997; Stuss et al., 2001).

The strength of the association between poor Stroop Interference performance and parietal
lobe atrophy, rather than frontal lobe atrophy, was among the most unexpected findings in
the study. Parietal atrophy accounted for a larger amount of variance in Stroop Interference
performance than did left MFG atrophy, the only frontal lobe region in which atrophy was
significantly associated with poorer performance. Due to the association between bilateral
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parietal atrophy and poorer Stroop performance, the present study suggests that the Stroop is
not a specific indicator of atrophy in frontal lobe regions among individuals with mild
cognitive impairment or dementia. Replication of this finding would substantially alter the
interpretation of Stroop performance when it is used in neuropsychological assessment for
localization, since poor performance may be more indicative of parietal atrophy than left
dorsolateral prefrontal cortex atrophy.

One potential explanation for the poor relationship between the Stroop, behavioral
disinhibition, and most of the regions of frontal lobe atrophy measured is suggested by a
distinction between different types of inhibition and the neurological circuitry that may
underlie them. Inhibition may not be a unitary construct (Friedman & Miyake, 2004; Nigg,
2000; Harnishfeger, 1995), and while there is little evidence from this or other studies that
the Stroop measures behavioral disinhibition (Aarsland et al., 1999; Back-Madruga et al.,
2002; Cheung, Mitsis, & Helperin, 2004), it may better measure a cognitive type of
inhibition. Indeed, recent research examining frontal brain regions associated with
behavioral disinhibition and executive dysfunction found a double dissociation, with atrophy
in the OFC predicting NPI behavioral disinhibition, and atrophy in the MFG predicting
executive functioning, including Stroop performance (Krueger et al., under review). The
possibility that neuroanatomically distinct pathways are necessary for cognitive and
behavioral inhibition could help explain the poor association between Interference and
behavioral disinhibition, the counterintuitive finding of an association between ACC atrophy
and superior Interference performance, and why Interference performance was positively
associated only with left MFG (which includes the left dorsolateral prefrontal cortex) rather
than diffuse frontal regions.

In his theoretically-guided taxonomy of inhibitory functions, Nigg (2000) classified the
Stroop as measuring ‘interference control,” or the ability to suppress competing internal or
external stimuli when making a response. He distinguished interference control from
intentional motor inhibition, which he described as “inhibiting a dominant or prepotent
response” (p.223), and from inhibition in the context of attentional orienting, occulomotor
inhibition, motivational inhibition, and automatic inhibition of attention (Nigg, 2000). Using
an empirical approach, Friedman and Miyake (2004) used confirmatory factor analysis and
structural equation modeling to investigate the relationship between different types of
inhibition and their measurement. In their most parsimonious model, they found the Stroop
task to load on a factor of Response-Distractor Inhibition along with antisaccade, stop-
signal, Eriksen flanker, word naming, and shape matching tasks. Demonstrating an ability to
discriminate between different types of inhibition, the Response-Distractor Inhibition factor
correlated very poorly (0.01) with a Resistance to Proactive Interference factor of inhibition,
which included three tasks that required individuals to inhibit irrelevant intrusions from
working memory. They did not, however, include measures of behavioral or motivational
disinhibition, so it is impossible to know from this research the extent to which behavioral/
motivational and cognitive disinhibition can be empirically dissociated. Nevertheless, both
of these taxonomies of inhibitory functions would likely predict the Stroop to have a poor
relationship with behavioral disinhibition such as that measured by the NPI.

A differentiation between inhibition subtypes is supported by the distinct roles that are
theorized for different frontal-subcortical circuits, with dorsolateral frontal-subcortical
circuitry believed to be involved in working memory and attentional or cognitive control
(Petrides, 2000; MacDonald et al., 2000), orbitofrontal-subcortical circuitry involved in
social and behavioral inhibition (Fuster, 1997), and ACC circuitry involved during tasks
with conflicting information (Carter, 2000; MacDonald et al., 2000). Within this context,
real-world behavioral inhibition might be expected to be most reliant upon healthy
orbitofrontal cortex and circuitry, whereas the more cognitive Stroop task would be expected

Neuropsychology. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Heflin et al.

Page 12

to be most reliant upon healthy dorsolateral and ACC cortex and circuitry, if fast Stroop
performance requires healthy frontal cortex. Indeed, out of all the frontal regions, behavioral
disinhibition on the NPI showed the strongest negative correlation with right and left OFC
volumes (r=—0.43 for left OFC and r=—0.54 for right OFC), suggesting that greater OFC
atrophy is associated with greater behavioral disinhibition. This correlation is also consistent
with the distinction that Dillon and Pizzagalli (2007) made between response inhibition and
cognitive set inhibition in their review of the neuroanatomical substrates of three types of
inhibition, insofar as it suggests that OFC is involved in inhibition of affectively meaningful,
or reinforced, responses such as those that likely guide much of our real-world behavior. Of
the frontal lobe regions, the Stroop Interference task, in contrast, showed (in the hierarchical
regressions) a significant negative association with only left middle frontal gyrus volume,
the area that corresponds to left dorsolateral prefrontal cortex. This relationship between left
dorsolateral prefrontal cortex atrophy and poorer Stroop Interference performance is
consistent with MacDonald et al.'s (2000) finding that dorsolateral prefrontal cortex is
involved in attentional control necessary for performing the Stroop Interference task.

Although its contribution is small, explaining around 1% of the variance, we did find that
ACC volumes bilaterally were negatively associated with Interference performance.
Conceptualizing the ACC as a structure that is involved in conflict monitoring (e.g., Carter
& van Veen, 2007), rather than one involved in inhibition, renders less surprising the present
finding. Within this model, when an individual performs the Stroop task, the normally-
functioning ACC should become activated upon recognizing the conflict in the task (i.e., the
conflict between the overlearned word reading response and the incongruent ink color
identification response), and the individual's performance should slow modestly. The ACC
should then recruit frontal regions including the dorsolateral prefrontal cortex (DLPFC) and
possibly the medial frontal cortex to improve cognitive control (e.g., improve focus on the
response-appropriate stimuli) and perform more the task more efficiently (Carter & van
Veen, 2007; Nessler et al., 2007). However, if the dorsolateral DLPFC is working sub-
optimally, the individual may have difficulty improving cognitive control, thus leading to
poorer performance on the Stroop task despite good ACC functioning. Increased conflict
monitoring in the ACC within the context of sub-optimal DLPFC functioning thus may
impede Stroop performance by causing individuals to slow down despite being unable to
benefit from improved cognitive control. Indeed, even cognitively normal older adults may
show intact conflict monitoring but reduced engagement of cognitive control processes
when faced with high-conflict tasks such as the Stroop (Nessler et al., 2007).

If we consider regional volume to be an indicator of possible neurological activity such that
smaller ACC volumes are likely to be less active than larger ACC volumes, our present
finding is also consistent with previous findings of an association between greater activation
and slower Stroop performance (Raz et al., 2005; MacDonald et al., 2000). Similarly,
Milham et al. (2002) found greater ACC activation using functional MRI imaging during the
Stroop amongst older adults compared to younger adults, and interpreted this ACC
activation as a response to poorer attentional control and greater propensity for errors
amongst older adults, rather than a necessary part of inhibition. Within the context of the
ACC's apparent role in conflict-monitoring (Carter & van Veen, 2007; Carter et al., 2000;
Gehring & Knight, 2000; Carter et al., 1998), the relationship between larger ACC volume
and slower Stroop Interference speed is consistent with the idea that ACC involvement
during tasks of conflict might serve a cautionary function of slowing responses, or that
slowing may be a by-product of monitoring during conflict-laden tasks.

Despite the null findings in the first portion of the study, it remains possible that the Stroop
could better measure inhibition deficits in this population if other—possibly more cognitive
or attentional—types of inhibition were investigated. Because we did not include measures
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of different types of inhibition, one limitation of the present study is that it cannot shed any
light on whether the Stroop Interference task may be a better measure of another type of
disinhibition than behavioral disinhibition. This may be an important avenue of future
research within samples of individuals who are at high risk for inhibitory deficits, given the
evidence and theoretical basis for distinct inhibitory processes (Friedman & Miyake, 2004;
Nigg, 2000; Harnishfeger, 1995). In addition, because our study focused entirely on older
adults with neurodegenerative disorders, it is possible that the Stroop may have stronger
associations with disinhibition in other populations of individuals with inhibitory deficits.

The sole use of an informant report as a measure of behavioral disinhibition is another
limitation of the present study. Although informant ratings of patient behavior have several
advantages over clinician's ratings of a patient's behavioral disinhibition—such as the
knowledge of what a patient was like prior to the onset of a neurodegenerative disease, and
the ability to observe the patient over a longer period of time and a range of situations—
rating scales based upon informant reports may have their own problems. Because different
caregivers may have different internal criteria for endorsing symptoms of behavioral
disinhibition in the patient, inter-informant error is introduced that would not be present if
one clinician rated each patient on the level of disinhibition exhibited during an evaluation.
Such error variance could come from inter-informant differences in observational skills,
willingness to endorse undesirable behavior, and overall level of stress. In the present study,
error variance is a particular problem since we are reporting primarily null findings, and
increased error variance reduces one's ability to find significant results.

However, if added inter-informant error variance played a large role in preventing us from
finding significant results, we would expect that Interference would show poor associations
with other indices from the NPI, since all indices from the NPI would logically be expected
to have similar inter-informant error variance. When we examined bivariate associations
between Interference and other indices from the NPI, Interference was significantly
negatively correlated with Agitation (p<0.01), Depression (p<0.01), Anxiety (p<0.01),
Euphoria (p<0.05), Apathy (p<0.0001), Irritability (p<0.01), Aberrant Motor Behavior
(p<0.05), Night-time Behavior Disturbances (p<0.01), and Eating Behavior Changes
(p<0.001). After controlling for Color Naming, only NP1 Anxiety remained significantly
associated with Stroop Interference (p=—0.21, p<0.05). As mentioned earlier, previous
research has also found an association between Stroop Interference and other indices of the
NPI, but not Disinhibition (Aarsland et al., 1999; Back-Madruga et al., 2002), suggesting
that informant-based measures of behavioral disinhibition can show significant correlations
with neuropsychological test results.

Because statistical factors can also influence one's ability to find significant results, multiple
statistical approaches were used within the first part of the study, with each approach
compensating for weaknesses in the other approaches. Hierarchical linear regression allowed
us to model the data in a manner that is among the most commonly used in psychology
research, and which preserves good statistical power. However, because the NPI
Disinhibition variable was ordinal rather than continuous, and could not be made to
approximate a good normal distribution even with data transformations, we also used the
more statistically appropriate—albeit less powerful and less commonly used—approach of
proportional odds ordinal logistic regression. Finally, we examined the association between
Color-Word Interference and behavioral disinhibition using only individuals who had
received ratings of 1’ or higher on the Disinhibition rating scale, replicating the poor
relationship between Color-Word Interference and behavioral disinhibition even among a
sample of individuals who showed some evidence of disinhibition. This last approach
reduced the sample size, therefore reducing statistical power, but it allowed a focus upon the
individuals at highest risk for behavioral disinhibition. As mentioned earlier, each of these
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approaches resulted in null findings, showing no association between Stroop Interference
and behavioral disinhibition after controlling for color naming.

Although the failure to reject a null hypothesis does not mean that the null hypothesis should
be accepted, we thought it noteworthy that the Stroop interference task failed to be a
significant predictor of behavioral disinhibition and atrophy in most regions of the frontal
lobes. This failure occurred despite a large sample size, multiple methods of examining the
data, and focusing upon a population at high risk for behavioral disinhibition, a population
for whom the Stroop is thought to be a useful and meaningful measure. The findings suggest
not simply that there was insufficient evidence for the null hypothesis to be rejected, but also
show a clinically insignificant relationship between the Stroop and behavioral disinhibition,
once basic color naming speed is accounted for. While the present study did not examine
other types of inhibition, previous studies have not found strong evidence that Stroop
Interference is a good measure of inhibition after color naming time is accounted for
(Shilling et al., 2002; Earles et al., 1997; Salthouse & Meinz, 1995; Shum et al., 1990), as
noted earlier. Moreover, the present findings showed unimpressive or counterintuitive
relationships between the Stroop and atrophy in frontal lobe regions, with parietal lobe
atrophy predicting poor Stroop performance better than dorsolateral prefrontal cortex
atrophy, and with ACC atrophy predicting improved Stroop performance. Hence, the data
compelled us to come to the unconventional conclusion of accepting the null hypothesis in
this instance: the Stroop does not appear to be a meaningful measure of behavioral
disinhibition—although it may be a measure of cognitive inhibition—or a specific indicator
of frontal lobe damage. We suggest that neuropsychologists be cautious in interpreting
results from the Stroop, and should avoid interpreting it in isolation from color naming
speed.
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Table 1

Demographics, Neuropsychological Test Scores, and NPI Disinhibition

Age (years)

Education (years)

MMSE

Color Naming correct
Color-Word Interference correct
Design Fluency correct

Digit Span Backward Span
D-words (phonemic fluency)
Animals (semantic fluency)
GDS

CDR

CDR Sum of Box Scores

NP1 Disinhibition (total score)

Mean
65.40
16.64
26.63
65.93
34.41
8.03
451
11.96
14.25
7.01
0.70
3.45
1.97

SD
8.60
2.54
3.32
22.65
18.40
4.02
1.42
5.68
6.68
5.60
0.52
3.30
3.41

Max-Min
40-93
9-20
16 -30
22-110
0-70
0-18
2-7
2-28
1-36
0-25
0-2
0-14
0-12

Page 18

Note: NPI = Neuropsychiatric Inventory; MMSE = Mini-Mental State Examination; GDS = Geriatric Depression Scale; CDR = Clinical Dementia
Rating. N=112 for age, education, MMSE, Color Naming correct, Interference correct, D-words; N=111 for Animals; N=110 for GDS; N=109 for

Design Fluency correct ; N=108 for Digit Span Backward Span; N=106 for CDR N=101 for NPI Disinhibition.
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MCI and dementia diagnoses

Diagnosis Frequency % total sample
MCI 44 39.3%
AD (probable or possible) 25 22.3%
bvFTD (probable or possible) 20 17.9%
SD 9 8.0%
CBD (probable or possible) 6 5.4%
ALS 3 2.7%
PPA 3 2.7%
PSP (probable or possible) 2 1.8%

Note: MCl=mild cognitive impairment; AD=Alzheimer's disease; bvFTD= behavioral variant fronto-temporal degeneration; SD=semantic

Table 2

Page 19

dementia; CBD=corticobasal degeneration; ALS=amyotrophic lateral sclerosis; PSP=progressive supranuclear palsy; PPA=primary progressive

aphasia. N=112.
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Table 3

Bivariate and partial correlations: Interference, Disinhibition, and brain volumes.

Bivariate Correlations Partial Correlations

Color Naming  Interference Interference
Color Naming 0.858
Interference Errors —0.35 8 -0.55 8 —0.48 8§
NPI Disinhibition —0.26 ** —022 * 0.06
Left OFC 023* 0.25 ** 0.03
Right OFC 023* 022* -0.05
Left MFG 0418 0508 029"
Right MFG 0378 0448 020"
Left IFC 0358 0368 0.02
Right IFC 0.08** 0328 0.09
Left SFC 0398 0438 0157
Right SFC 031 ** 0338 0.06
Left ACC 0177t 012t -0.14 T
Right ACC 0.12 0.07 017 *
Left temporal 0328 0358 0.07
Right temporal 0.28 026" —0.04
Left parietal 0.438 0538 0.30 ™
Right parietal 0.39 8 0478 0247

Note. NPI=Neuropsychiatric Inventory; OFC=orbitofrontal cortex; MFG=middle frontal gyrus; IFC=inferior frontal cortex; SFC=superior frontal
cortex; ACC=anterior cingulate cortex; ICV = intracranial volume.

T:<O.20

*

=p<0.05

Fk

=p<0.01

§=p<0.001. Partial correlations control for Color Naming, ICV, age, and MMSE.
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