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Abstract

There were three primary objectives: to examine the usefulness of the Stroop interference effect as a measure of frontal lobe
function; to investigate the possibility of distinct lesion effects for word reading or color naming; and to specifically determine the
brain regions necessary for the performance of the incongruent condition. Fifty-one patients with single focal brain lesions in
frontal and non-frontal regions and 26 normal control subjects (CTL) were administered the word reading, color naming and
incongruent conditions of the Stroop task. Only frontal lesions produced significant impairment. Patients with posterior lesions
were not significantly deficient in any condition. Damage to the left dorsolateral frontal lobe resulted in increased errors and
slowness in response speed for color naming. Contrary to Perret (Neuropsychology, 1974; 12: 323-330), lesions of the left frontal
lobe did not result in a selective interference deficit on the Stroop incongruent condition. Rather, bilateral superior medial frontal
damage was associated with increased errors and slowness in response time for the incongruent condition. This result is interpreted
as failure of maintenance of consistent activation of the intended response in the incongruent Stroop condition. The results and
conclusion are compatible with the prevalent theories of both the Stroop effect and the role of the superior medial frontal regions.
The role of the anterior cingulate cortex on performance of the Stroop task is likely related to task and patient context. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction quate number of patients or lesion documentation too

imprecise to assess the importance of distinct brain

The Stroop test [65] is one of the most widely used regions. The goal of this study was to examine the

paradigms in experimental psychology and clinical neu- effect of precisely specified brain lesions, particularly

ropsychology [40,44,56], yet the neural basis of perfor- within the frontal lobes, on the different processes
mance on the Stroop test is incompletely understood. In involved in Stroop performance.

recent years, functional imaging methods have been Multiple versions of the Stroop test exist. The classic

utilized to identify brain regions active during the com-
ponent processes involved in the performance of the
task. The functional imaging studies have illuminated
several brain regions activated by the task, but lesion
studies identify the brain areas essential for successful
performance. Lesion studies have been relatively un-
common. Those available frequently have had inade-

version [13,28,59] consists of three conditions: reading
color words printed in black; naming color patches
using the colors identified by their written names in the
first condition; naming the color of ink in which a color
name is printed when the color is incongruent with the
name (‘red’ printed in the color green, and the subject
names the color instead of reading the word). The third
condition normally elicits what is called the ‘Stroop’
effect — a significant slowing of performance. The
number of different words used varies among the test
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versions, but is usually three or four. The colors are
usually highly differentiable prototypical colors pre-
sented as either color patches [44] or colored letters
(XXXX). The number of stimuli in each condition is
usually 100. We used the Comalli [13] version as de-
scribed in the methods.

There are many methodologies for analysis of test
time [23,29,36,41,44,64,77,78]; however, error analysis
of the Stroop task has not been common. Stroop [65]
used an arbitrary procedure of adding two times the
average response time per item for each error, a tech-
nique copied by Gardner and colleagues [28]. Smith [63]
argued that no correction for errors was necessary
because they are too infrequent in adult subjects. Total
time measures have not, however, been adequate to
demonstrate developmental differences in children, and
error analysis has shown age group differences [59,76].
Brain disease may impair word or color processing or
cause distractibility, bradykinesia, impulsivity, persever-
ation, or indifference, all qualities that should influence
susceptibility to error [68,73]. Thus, error analysis may
be particularly important in investigations of brain
injured populations.

Whichever test form is used and however it is mea-
sured, results on the three conditions are quite constant
among normal subjects. Word reading is performed the
fastest, color naming is slower, and the incongruent
condition takes the longest to complete. If the results
are consistent, the interpretations of the results have
not been. Many incorporate some features of modula-
tion of controlled and automatic processing
[10,44,77,80]. For instance, if word reading is automatic
and color naming is not, or at least less so, words
should be read faster than colors are named. The
parallel processes may compete for a limited capacity
response outlet. The relatively faster speed of process-
ing of words could interfere with the slower color
naming, resulting in slower responses or more errors. If
word reading is automatic and color naming is not, it is
also possible that color naming requires more attention,
particularly in the incongruent condition. Some support
for this position exists [24], particularly if a gradient of
automaticity-control is employed as in the process-dis-
sociation framework [41].

The task instructions hypothetically also invoke
working memory, keeping stimulus properties and re-
sponse options open [35]. The Stroop interference effect
could then be the loss of activated response preference
in working memory. Within working memory, response
preferences must be embedded in a general goal pro-
gram [11,77]. The on-going interference generated by
the successive stimuli in the test, each sharing some
perceptual properties with the target stimulus and the
response (color name or word) could cause decay of
goal maintenance. If not precisely defined, the psycho-
logical mechanisms for performance of the Stroop in-

congruent condition appears to require an ability to
maintain a consistent response intention in mind, by
some capacity to strengthen or activate one response
characteristic [12].

The neural basis for performance of the different
conditions of the Stroop is also incompletely under-
stood. Damage to left occipital or temporal structures
(whether one lesion or two separate ones) would affect
word or color recognition. Damage to left temporopari-
etal structures would impair word production. Damage
to the frontal lobes might result in a general slowing for
all conditions. This could be secondary to damage in
the medial frontal lobes, because of the importance of
this region in initiation and sustaining any behavior
[1,66,70]. An alternative hypothesis is that maximum
general slowing would occur after left frontal damage
in the predominantly right-handed subjects being
tested, because of the linguistic-motor demands for all
three conditions of the Stroop [4]. None of these obser-
vations is novel.

It is the disproportionately impaired performance on
the incongruent condition that gives the Stroop test its
power and interest. For the incongruent condition,
damage to the prefrontal lobes should disrupt perfor-
mance most. A major role of the frontal lobes is to
control response options [27,57,72] through marshalling
inhibitory processes, establishing response selection, or
maintaining constant activation of the intended goal. It
is not surprising that most research on localization of
the brain structures required for the Stroop has focused
on the frontal lobes.

There is evidence from disparate sources for a gen-
eral importance of the frontal lobes for the Stroop.
Evoked potential studies isolate an important role for
anterior (frontal) attentional systems [78]. Among pa-
tients with epilepsy, those with either right or left
frontal focal abnormalities on EEG are slower on the
incongruent condition than patients with temporal lobe
abnormalities [15]. Comparisons of epilepsy patients
after either frontal or temporal lobectomies have
demonstrated that frontal surgery produces more im-
pairment. There may be greater slowness in all condi-
tions, but disproportionately so for the incongruent
condition without increasing error rates [60] or an
increase in error rates with marginal slowing [15]. De-
pending upon instructions, there may be an important
speed—accuracy trade-off, at least in patients with fron-
tal lesions. No strong localization claims were made,
but these patients had primarily superior medial
excisions.

Many different studies have defined regions within
the frontal lobes that may have more specific roles in
processes necessary for the Stroop. There are comple-
mentary studies from functional imaging in normal
individuals and neuropsychological assessment of lesion
effects. From functional imaging different investigators
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have proposed a variety of frontal sites as key: left
inferior lateral [74], left superomedial [50], right frontal
polar [3] and bilateral anterior cingulate, perhaps with
right predominance [3,50]. In an fMRI study of a
different task that incorporated some of the demands of
the Stroop, both lateral frontal regions appeared re-
cruited for monitoring and detecting errors and both
cingulate regions appeared activated for sustaining at-
tention during interference [8]. Lesion studies have also
suggested different possible frontal regions: left lateral
[15,30,53], right lateral [75] and superomedial [31]. Stuss
et al. [69] demonstrated that the orbital frontal region is
not essential for the Stroop.

The repeated demonstration of medial frontal partic-
ipation in the incongruent Stroop, either directly in
activation or indirectly by impairment in lesion studies,
suggests a critical role for the ACG and/or the SMA.
These experiments converge with abundant evidence
that the ACG is an essential structure for modulation
of attention and intention, particularly for complex
tasks [7,21,46,57]. The precise neural operations that
underlie this modulation and control are not known.
They have been operationally described in various
ways, usually determined by the nature and terminol-
ogy of the tasks used to probe for them: selection of
information for attention to action, particularly if inhi-
bition of another competing response is required
[3,50,57]; in divided but not necessarily selective atten-
tion conditions [14,54]; monitoring and compensating
for errors [20]; on-line general performance monitoring
independent of errors [8]; facilitating correct and sup-
pressing inappropriate responses [52]; cognitively de-
manding tasks in general [25,26,61]; and anticipation in
doing a task rather than actual task processing [48].

This study had several hypotheses: (1) The frontal
lobes are, perhaps in many regionally specific ways,
essential for the Stroop test. Comparing patients with
frontal and non-frontal lesions should confirm the use-
fulness of the Stroop as a clinically specific measure of
frontal function. (2) Left ventrolateral frontal regions
are involved in lexical-semantic generative tasks. Ex-
cluding patients with damage to posterior structures
essential for early processing of colors and words, i.e.
with significant visual impairment, neglect, alexia or
aphasia, only left lateral frontal lesions uniquely should
cause slowing of color naming and/or word reading. An
independent role of the left frontal regions in the incon-
gruent condition was not expected, even though this is
the brain region frequently associated with the Stroop
effect. (3) The superior medial frontal lobes play a
critical position in response modulation, especially
when complexity or response competition are present.
Controlling for overall slowness, only SM lesions
should cause greater impairment in the Stroop incon-
gruent condition. Within the SM region, the ACG
should be most critical.

2. Methods
2.1. Subjects

Fifty-one patients with focal brain lesions and 26
normal subjects (CTL) were administered the Stroop
task as part of a longer neuropsychological examina-
tion. Informed consent was obtained in all cases. This
study was approved by the joint ethical committee of
the University of Toronto and Baycrest Centre for
Geriatric Care. Patients met the following inclusion
criteria: presence of a single focal frontal or non-frontal
lesion, with three instances of frontal damaged individ-
uals with small non-frontal lesions; availability of a CT
or MRI scan for lesion localization; time since onset
greater than 1.8 months. One patient with a left non-
frontal lesion who met the above criteria was not
included because of extreme slowness in reaction time
compared to all other patients. Patients were excluded
if neuropsychological screening demonstrated signifi-
cant comprehension deficit, alexia, or neglect.

All subjects were native English speakers with intact
color identification (red, blue, green), adequate ability
to read, and no prior history of any neurological or
psychiatric disorders.

The patients were subdivided into five lesion groups
using standard anatomical methods of lesion classifica-
tion: right frontal (RF) (n = 14), left frontal (LF) (n =
8), bifrontal (BF) (n=15), right non-frontal (RNF)
(n="7) and left non-frontal (LNF) (n=7). Lesion vol-
ume was quantified using a pixel tabulation method.
For each patient, for each axial slice in which a lesion
was evident, the size of the lesion was quantified by
superimposing the lesion on a constant pixel diagram
and counting the number of pixels. This number was
then divided by the total pixel count for all axial slices
in order to obtain a total percentage of brain affected.
The lesions for each patient are depicted in Fig. 1. For
a small number of cases, precise verbal descriptions of
lesion locations were used because scans had been
available for lesion localization but were subsequently
lost for quantification and depiction (RF-2; BF-1;
RNF-1; and LNF-4). The lesion location, lesion size,
etiology of injury, and chronicity of the injury for each
patient in each group are summarized in Table 1. There
were no significant group differences in lesion size
(Kruskal-Wallis y>=2.1, P=0.7). While etiology
varied, previous research had indicated no effect of
etiology in other studies of frontal lobe functions [6]
[67]. Tumors excised were benign primary tumors.
Lobectomies were performed for correction of epileptic
seizures. In the trauma cases, care was taken to exclude
individuals with significant diffuse axonal injury. There
was a significant group difference in lesion chronicity
(Kruskal-Wallis y2=13.8, P <0.01). Orthogonal post
hoc comparisons with a Bonferroni corrected alpha
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indicated that the lesion chronicity of the frontal
groups was significantly shorter than the non-frontal
groups (Mann—Whitney U=98.5, P <0.01) but the
frontal groups did not differ from each other (all
P=>0.2).

The patient groups and the control group did not
differ significantly in age, education, gender, and hand-
edness, with all differences being greater than P > 0.05
(see Table 2). The National Adult Reading Test
(NART) [49], Digit Span forward and backward, and
the Boston Naming Test (BNT) [33] were administered
to assess the comparability of the groups on other
cognitive processes and to use in correlational analyses
as an index of processes relevant to the completion of
the Stroop task. There was a significant group differ-
ence only on the NART [F(5, 71) =4.0, P <0.01] and
the BNT [F(5,67)=3.6, P <0.01]. Post hoc examina-
tion of the group difference in the NART revealed that

the CTL group had significantly higher scores than the
RF and the BF groups while the BNT effect was due to
the poorer performance of the LNF group compared
with RNF and CTL groups (see Table 2).

2.2. Materials

The Stroop task used in this study, based on Comalli
and colleagues [13], consisted of three conditions pre-
sented in a fixed order: word reading (WR), color
naming (CN), and incongruent color naming of color
words (INC). In each condition, subjects were pre-
sented with an 85 x 11 in. sheet of paper with 100 items
arranged in 10 rows and columns. For each condition
the subject was instructed to read the words (or name
the colors) row by row as quickly and accurately as
possible, without skipping any. In the WR condition,
stimuli were three color words (red, blue, and green)

Right Frontal
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2024
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2047

Fig. 1. Lesion location of each subject within the five patient groups. The bilateral lesion of subject 2042 is evident on axial slices that are not
represented here. In some cases, scans were available for localization but subsequently lost (see text). Verbal descriptions of lesion locations for
all patients are listed in Table 1. RF, right frontal; LF, left frontal; BF, bilateral frontal; RNF, right non-frontal; LNF, left non-frontal.
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Left Frontal

1053

1071

1079

1081

2023

2049

2056

2058

Fig. 1. (Continued)

printed in black ink. In the CN condition, stimuli were
small (6 x 13 mm) red, blue, and green rectangles.
Finally, in the INC condition, stimuli were the color
words red, blue and green printed in an incongruent
color. The subject had to name the color of the ink in
which the word was printed, i.e. if the word ‘blue’ were
printed in green ink, the correct response would be
‘green’. For all conditions stimuli were arranged on the
page in a pseudorandom order, and no more than two
identical stimuli occurred together.

2.3. Dependent measures

Measures relating to speed and accuracy were as-
sessed. There were three categories of speed measures.
The first two speed measures were selected for compari-
son to previous research. The first was total time in
seconds to complete each of the three conditions. Sec-
ond, we computed difference scores for successive pairs
of conditions. These were CN minus WR (CN — WR),
and INC minus CN (INC — CN). Difference scores are
usually the standard measure by which to determine the
degree of interference that the incongruent task elicits
[44]. To overcome baseline differences in response
speed, the third speed measure was a proportion score
which takes into account the difference in RT between
two tasks as well as each individual’s baseline speed.
Based on previous research, proportion scores were

calculated for each subject for CN related to WR, and
INC related to CN. These were computed by dividing
the difference score by the total time of the earlier
condition (e.g. color naming to word reading = (CN-
WR)/WR). Finally, three dependent measures concern-
ing accuracy were calculated: (a) errors; (b)
self-corrections (errors that were immediately self-cor-
rected); (c) total errors and self-corrections.

2.4. Statistical analyses

The first set of analyses consisted of an investigation
of group differences based on the standard anatomical
group classification described above for each of the
dependent measures. Corrections for non-normal distri-
butions, such as logarithmic transformation of RT
prior to calculation of the proportions, did not alter the
results. Rather than excessively distort the dependent
measures or trim the data we relied on the robustness
of the ANOVA test. Since the groups had significantly
different NART and BNT scores, these variables were
initially used as covariates; however, the variance ac-
counted for by BNT scores did not alter the pattern of
results and therefore only NART scores were covaried.
All post hoc analyses were done using the Bonferroni
procedure. The accepted alpha level was P < 0.05 for
all analyses.
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The second set of analyses was performed to address
our major objective of evaluating the specific brain
regions involved in Stroop performance. Using our
modified case study/group approach [66,67,71,72], pa-
tients were grouped by level of performance on a
defined measure, and then specific brain correlates and
relations to other processes examined. The number of
errors rather than the speed measures was selected as
the major ranking criterion for the reasons outlined in
the review, and also because accuracy measures ap-
peared to be more sensitive to task difficulty than
speed. Total errors were chosen as the best index of
performance accuracy because the resulting group of
poor performers incorporated all subjects that made a
disproportionate number of self-corrections or com-

bined errors and self-corrections. Very few subjects
committed WR errors. Using the criterion of a number
of errors greater than 1.5 SD above the CTL mean,
subjects were categorized as either good or poor per-
formers for the CN and INC conditions separately.
This binary classification of performance was used in
order to avoid the inherent variance problems when
attempting to analyze outliers. Two cases, which had
moderately high number of errors although not reach-
ing the criterion and whose proportion speed score was
greater than 2.5 SD from the CTL mean, were included
in the poor performer group because of the speed—ac-
curacy trade-off. No non-frontal patients performed
within the abnormal range on the stated error criterion.
Lesion location analyses based on error performance
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Fig. 1. (Continued)
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Fig. 1. (Continued)

were therefore completed only with the 37 frontal dam-
aged patients.

To investigate whether impairment on the Stroop
task could be isolated to more specific regions within
the frontal lobes, a template based on divisions of the
frontal lobes proposed by Alexander in Stuss et al. [72]
and the cytoarchitectonic areas reported in Petrides and
Pandya [55] was devised and superimposed on drawings
of each subject’s lesion. The following frontal lobe
regions were delineated: left and right lateral (Petrides
and Pandya Areas (PPA) 9/46, 44, 45, 46, 6A, 6B, 8A);
polar (most anterior portion of PPA 8B, 9, 10); inferior
medial (PPA 10, 11, 14, inferior portion of 32), superior
medial (PPA 8B, 9, and superior portion of 32), ante-
rior cingulate (PPA 24, 25), superior posteromedial
(medial and superior aspect of PPA 6B), left and right
caudate, and the septal region. Each of these frontal

lobe regions were coded as 0 (no lesion present) or 1
(lesion present).

3. Results
3.1. Standard anatomical group differences

Using total time in seconds as the dependent mea-
sure, significant group differences were observed for all
three conditions: WR [F(5, 71) = 8.06, P < 0. 001]; CN
[F(5,71) =11.86, P <0.001]; and INC [F(5, 71) =7.45,
P <0.001]. In the WR and INC conditions, the LF
group was impaired relative to all other groups except
the RF group, and the RF group was impaired relative
to the CTL group only. For the CN condition, the LF
group was impaired relative to all other groups while
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the RF group differed only from the CTL group. The LF
slowing was also observed for the CN — WR difference
measure, the LF group having a significantly higher
difference score than all other groups except for the LNF
group. There were no significant differences between
groups for the defined proportion scores. (See Appendix
A for means and standard deviations of each group for
all conditions.)

3.2. Summary of standard anatomical group
comparisons

First, patients with left and right frontal lesions
(particularly those with left) were slower throughout.
Conclusions about the frontal lesions and the Stroop
incongruity effect must account for this general slowing
effect. Second, the LF group had difficulty with color
naming, reflected both in speed of response and in the
number of errors committed. Third, none of the patient
groups had excessively disproportionate slowing on the
incongruent task. The large variance, however, sug-
gested a need to regroup the frontal damaged patients in
a manner other than standard anatomical classifications.

3.3. Anatomical grouping by error scores

Because we had coded each of the brain regions as
damaged or non-damaged, we were able to investigate

the relationships between a defined performance mea-
sure and each specific region using the Phi coefficient, a
correlation measure for dichotomous data [9]. Although
lesions in any individual may extend to several areas, this
procedure enabled us to isolate the key location across
individuals.

3.4. Color naming performance

For the CN condition, 30 of the frontal damaged
subjects were classified as good performers and seven as
poor performers. There were no significant differences
between these performance-based groups in education,
gender, handedness, lesion size, chronicity (in months),
Boston Naming Test, or NART scores. There was a
significant age difference between groups, such that the
poor performers were older (mean=59.6, SD =09.5)
than the good performers (mean=49.0, SD =12.6)
[¢(35) =2.08, P < 0.05].

The only region that showed a significant relationship
using the Phi correlational analysis with the number of
errors on color naming was the left lateral area (¢ =
0.584, P <0.001). When the speed measures were com-
pared between the good and poor performers on the
error measures, there were significant differences in
straight color naming time [mean (SD), good perform-
ers =80.9s (25.8), poor performers=108.6 (35.8);
t(35)=2.4, P <0.05] and for the WR/CN proportion

Left NonFrontal

Fig. 1. (Continued)
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Table 1

Lesion location and etiology within patient groups

Subject no. Lesion location Etiology Lesion size* Chronicity®
Right frontal

1041 Dorsolateral, inferior medial Lobectomy 3.41 4.2
1054 Inferior medial, dorsolateral, ACG Tumor 3.60 24.7
1055 Superior medial, dorsolateral Infarct 4.16 10.9
1064 Dorsolateral, striatal Stroke NA 14.7
1067 Dorsolateral Stroke 1.13 21.0
1068 Dorsolateral, striatal Stroke 343 7.4
2005 Medial, dorsolateral, ACG Tumor 3.76 3.6
2006 Striatal, inferior medial, septal Stroke 0.25 22.5
2011 Superior medial, ACG Stroke 2.15 3.6
2018 Dorsolateral, striatal Stroke 2.50 4.5
2024 Dorsolateral, striatal Stroke 2.30 2.5
2027 Dorsolateral, striatal Stroke NA 3.6
2044 Superior medial, ACG Tumor 1.63 3.6
2047 Inferior medial Stroke 0.75 3.5
Mean (SD) 2.4 (1.3) 9.3 (8.1)
Left frontal

1053 Dorsolateral Trauma 1.46 291.1
1071 Dorsolateral, parietal Stroke 4.23 12.7
1079 Striatal Stroke 1.14 10.7
1081 Dorsolateral Hemorrhage 2.85 10.0
2023 Dorsolateral, occipital Stroke 3.82 24
2049 Medial, polar Hemorrhage 0.85 3.4
2056 Dorsolateral Tumor 0.83 10.4
2058 Medial, dorsolateral Tumor 2.32 74.5
Mean (SD) 2.2 (1.3) 51.9 (99.5)
Bifrontal

1056 Inferior medial, ACG Stroke 1.53 33.1
1060 Medial, ACG Stroke 2.17 6.1
1065 Inferior medial Trauma 1.29 15.6
1069 Inferior medial Tumor 0.33 2.5
1070 Medial, ACG(R) Stroke 2.25 2.6
1075 Medial, ACG Hemorrhage 8.79 22.1
1077 Inferior medial Trauma 1.75 10.2
2002 Medial, dorsolateral, ACG(L) Infarct 1.63 4.6
2013 Inferior medial, septal, ACG Stroke 0.46 8.9
2014 Inferior medial Stroke NA 18.7
2019 Dorsolateral, medial, temporal Trauma 2.69 8.3
2039 Medial, ACG Hemorrhage 8.03 1.8
2042 Inferior medial Trauma 0.13 59
2045 Medial, septal, ACG Stroke 9.55 59.8
2053 Inferior medial(R), dorsolateral(L), ACG(R) Trauma 3.18 34
Mean (SD) 3.1 3.2 13.6 (15.5)
Right non-frontal

2008 Temporal, parietal Tumor 2.90 9.3
2021 Temporal, occipital Stroke 4.97 4.5
2025 Parietal Stroke 2.89 4.8
2040 Temporal Lobectomy 2.79 89.3
2043 Occipital Stroke 0.78 36.3
2055 Temporal Hemorrhage NA 55.3
2057 Temporal Lobectomy 4.05 134.6
Mean (SD) 3.1 (1.4 47.7 (49.4)
Left non-frontal

1049 Temporal Tumor NA 17.8
2028 Temporal, occipital Stroke 1.13 28.5
2031 Parietal Stroke NA 159
2032 Temporal Lobectomy 2.02 49.6
2036 Temporal Lobectomy NA 91.3
2038 Temporal Lobectomy 1.58 144.7
2054 Temporal Lobectomy NA 142.6
Mean (SD) 1.6 (0.4) 70.1 (56.4)

2 Percent whole brain.
® Months post incident.
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score [mean (SD), good performers = 0.38 (0.29), poor
performers = 0.75 (0.42); ¢(35) =2.7, P <0.01] but not
for the other measures (P > 0.1). These differences did
not alter when the effect of age was removed. In the
poor performer group, neither color naming errors nor
color naming time were related to naming ability as
measured by the BNT (r= —0.14, P>0.70; r= —
0.07, P > 0.85, respectively), verbal fluency (r = — 0.10,
P>0.76; r= —0.39, P> 0.22, respectively), or seman-
tic fluency (r=0.05, P>0.87, r=—0.43, P>0.17,
respectively).

The differences in lesion location in relation to per-
formance are illustrated in Fig. 2.

3.5. Incongruent performance

For the INC condition, 25 of the frontal damaged
subjects were classified as good performers and 12 as
poor performers based on the number of errors in the
INC condition. There were no significant differences
between these good and poor performer groups on any
demographic variable or neuropsychological measure.

The lesion location analysis indicated that bilateral
superior medial lesions as well as right superior pos-
teromedial lesions were significantly related to perfor-
mance (¢ =0.317, P=0.05 ¢ =0.503, P=0.002,
respectively) (see Fig. 3). The poor performers were
also slow, being significantly different in response speed
for the CN [mean (SD), good performers = 78.3s (26.7),
poor performers = 102.5 (29.3); ¢(35)=2.5, P <0.05]
and the INC condition [mean (SD), good performers =
145.0 s (32.2), poor performers=219.3 (85.6);
1(12.5) =291, P <0.05] and almost significant for the
WR condition [mean (SD), good performers =56.3 s
(21.4), poor performers = 69.9 (14.3); 1(35)=1.99, P <
0.06).

3.6. Further anatomical observations

There were a total of 14 patients who had involve-
ment of the anterior cingulate gyrus, 10 bilateral and

Table 2

four right. On CN, no patients with ACG damage were
in the poor performer group. In the INC group, six of
the total 14 anterior cingulate damaged patients (four
BL and two R) made a sufficient number of errors to be
in the poor performer group. However, these six sub-
jects also had superior medial damage. There were four
subjects with medial damage restricted to inferior corti-
cal areas, including the ACG. These four performed
normally. The correlational analysis indicated that the
ACG was not significantly related to poor performance
for the INC condition (¢ =0.174, P> 0.29). There
were no significant differences between patients with
and without ACG involvement on any speed measure.

3.7. Summary of anatomical groupings by errors

The error analysis clarified the finding that the left
frontal group was impaired in color naming. This result
is due to the left lateral frontal group’s performance.
For the INC condition, patients with lesions in either
bilateral superior medial or right superior posterome-
dial areas made the most errors. They also had the
slowest overall response times in all conditions.

4. Discussion

The essential claim for the Stroop incongruity effect
is that color naming is disproportionately slowed in the
presence of lexical-semantic interference, the printed
color name, compared to straightforward color naming.
This is a normal finding in all subjects and patients.
The essential diagnostic claim in neuropsychology is
that this effect is exaggerated after frontal lobe damage.
We found that the Stroop incongruity effect, measured
as disproportionate time for the interference condition,
is not affected by frontal lobe damage in general, nor
by undifferentiated left or right or bilateral lesions.
Patients with frontal lesions, particularly left sided, are
simply slow on all conditions.

Demographic characteristics and neuropsychological test® results of patient groups and matched control subjects

Group ®  Gender Hand Age Education BNT BDI DSF DSB NART

M F L R A M SD M SD M SD M SD M SO M SD M SD
RF 7 7 0 13 1 523 122 121 28 522 50 39 55 62 12 51 14 1046 105
LF 6 2 0 8 0 580 136 135 35 499 79 37 28 60 09 45 25 1050 8.4
BF 9 6 2 12 1 461 115 114 25 506 7.7 77 52 67 09 46 1.3 1022 7.7
RNF 5 2 1 6 0 490 166 134 29 554 66 50 46 73 1.1 60 20 1109 8.7
LNF 2 5 0 7 0 441 164 134 1.6 443 99 32 13 58 i2 47 15 1044 9.4
CTL 10 16 5 21 0 553 142 138 24 550 42 33 23 69 14 59 1.1 1191 201

4 BNT, Boston Naming Test; BDI, Beck Depression Inventory; DSF, Digit Span Forward; DSB, Digit Span Backward; NART, National Adult

Reading Test.

" RF, right frontal; LF, left frontal; BF, bifrontal; RNF, right non-frontal; LNF, left non-frontal; CTL, matched control.
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Fig. 2. Mean color errors and lesion locations of performance-based (error) groups for the color naming (CN) condition. Poor color naming
performance was associated with lesions in the region indicated by the arrow (left lateral, ¢ =0.584, P < 0.001). There were three missing scans

in the good performer group.

Left frontal lesions impaired direct color naming,
complicating any interpretation of a Stroop effect. Slow
color naming in the left frontal group was part of
generally slow responses in all conditions in that group.
A subgroup of the left frontal lesions — those with
lateral frontal damage — had increased errors and
particularly slow performance in color naming, but
even they did not show disproportionate interference in
the incongruent condition. Previous studies that
claimed that left frontal injury is associated with exag-
gerated Stroop effect did not control for direct color
naming [29,53]. The current study, the first with control
for baseline color naming and with precise lesion local-
ization, demonstrated that the left lateral frontal effect
is for color naming directly.

Why color naming should be more vulnerable than
word reading after left frontal damage is not certain.
Patients with aphasia were excluded from the study.
There was no correlation between performance on the
color naming portions of the Stroop and other mea-
sures of language — the BNT or FAS. The Stroop
color naming deficit seen with left lateral frontal lesions
does not, therefore, appear to be a non-specific mani-
festation of impaired naming in recovered mild aphasia.
There is evidence for left hemisphere dominance in

color processing [42] and naming, both in normal [18]
and brain injured [16,17] individuals. Thus, there could
be a left hemisphere network for color naming. Within
the network, lateral frontal structures would be re-
cruited when considerable control of the response out-
put is demanded by the continuous presentation of
exemplars for response within one semantic class. The
same argument — left posterior dominance and left
frontal response control — could be made for oral
word reading, however, so the color naming results
remain only tentatively explained.

Exaggeration of the Stroop interference effect was
observed in patients with superior medial frontal le-
sions, usually bilateral but some right sided alone.
These regions are not considered part of semantic net-
works. Both left and right superior medial frontal re-
gions are essential for initiation, activation, and
spontaneity [1,22,45,73]. They are required for and
activated in generative mental tasks [66]. The involve-
ment of bilateral superior medial frontal regions is
consistent with theories about the mental process neces-
sary for Stroop performance. These theories emphasize
maintenance of the strength of the activated intention
(i.e. to name colors and not read the words), a strength
which exists on a gradient and can wax and wane
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[10,37,44,77]. The ability to perform the incongruent
condition successfully requires consistent activation of
the intended response mode. This is precisely the role
we postulate for the superior medial frontal region.
These data also give credence to other suggestions of
the importance of the superior medial frontal regions
in Stroop performance [20,60].

Our finding of a right superior frontal effect for the
INC condition has support in the imaging [3,50] and
lesion [75] data, but not necessarily for the same re-
gion as we reported. A modest right dominance for
this task would be consistent with other proposals
that the right frontal region is critical for sustaining
attention [39,47,61,70,79].

The region identified as associated with exaggerated
Stroop effect is superior medial. Studies that do not
differentiate among patients with medial lesions, such
as infarctions in the territory of the anterior cerebral
artery, will fail to demonstrate a comparable lesion
effect. In the current study, 15 out of 21 individuals
who had inferior medial lesions performed within
normal limits on all aspects of the Stroop. This find-

- =Y N
o [¢,] o

Mean Incongruent Errors

(6,

Good Performers

ing is consistent with the negative results on the
Stroop for patients with orbitofrontal lobotomies [69],
and prior assertions that the inferior medial frontal
region is not involved in maintaining sustained activa-
tion of an intention, at least for cognitive tasks [66].

Our three hypotheses are partly supported. First,
the Stroop test does have specificity for frontal le-
sions compared to posterior lesions, but not for all
frontal regions. When proportional scores were used
in our standard anatomical grouping analyses, there
were no frontal lobe Stroop effects. Exaggeration of
the Stroop interference effect does not hold for fron-
tal lesions in general. It emerges only with specific
regional lesions. The primary effect of frontal lesions
(with some specificity within the frontal lobes) is
overall slowing on all conditions. General slowing
must be considered in the analysis of the Stroop. For
instance, in normal elderly subjects, 85% of variance
in the Stroop incongruent condition is due to overall
processing speed [62].

Second, left lateral frontal lesions produce impaired
color naming in the context of the two Stroop condi-

Poor Performers

Fig. 3. Mean incongruent errors and lesion locations of performance-based (error) groups for the incongruent (INC) condition. Poor incongruent
performance was associated with lesions in the regions indicated by the arrows (bilateral superior medial, ¢ =0.317, P =0.05; right superior
posteromedial, ¢ =0.503, P =0.002). There were three missing scans in the good performer group.
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tions that require rapid repeated naming. Since this
specific subgroup is slow and makes more errors, the
slowing is not secondary to a speed—accuracy trade-
off. This effect may reflect a modest generative lexi-
cal-semantic demand of rapid repeated naming. This
effect is not seen for word reading, supporting claims
that word reading is more automatic, or simply per-
ception driven, than naming [58].

Third, superior medial frontal lesions, particularly
on the right, do exacerbate the interference effect. We
could not demonstrate that this consequence of super-
omedial lesions was specifically due to ACG damage.
In fact, even bilateral ACG injury did not cause
difficulty. There are different possible reasons for our
failure to demonstrate a critical effect of ACG le-
sions. The ACG is not a homogeneous structure [22],
and the ACG lesions in our 14 patients may have
been too heterogeneous within the ACG to isolate a
key region. Davis and colleagues [19], in a microelec-
trode single neuron recording in the human ACG
during attention demanding cognitive tasks including
the Stroop, found that only 19% of the ACG neurons
tested were clearly modified in one or more attention
tasks. In addition to lesion location specificity, the
chronicity of the lesion is important. Janer and Pardo
[32] found attentional dysfunction in a cingulotomy
lesion case study only in the subacute post-operative
stage, with no deficit at 6 month re-examination. Our
patients were tested in the chronic phase of recovery
to minimize acute recovery effects.

Task context has been shown to be an important
factor in demonstrating relationship of ACG to atten-
tional tasks. These include task difficulty or demand
on attentional resources [19,51], the relative frequency
of presentation of incongruent and congruent stimuli
[38], and the amount of response competition [2]. In
our study, we used a clinical version of the Stroop, in
which the three conditions were presented in a
blocked format. This would minimize competition
among competing responses, a context that enhances
ACG functional activity [2]. Moreover, presenting all
the stimuli on a single page, as opposed to individu-
ally, may change task context such that response se-
lection is lessened. All three conditions in our study
may require some degree of executive control [75],
and neither activation subtractions in normal subjects
nor lesion-behavior studies can distinguish the depth
of control. It has also been proposed that the ACG
activation in functional imaging may also just be un-
related to the actual performance of a task [74].

We have previously proposed that there are sepa-
rate processes in an anterior attentional system that
can be operationalized as: (1) selection of a response
schema; (2) energizing (activation) of that schema; (3)
inhibition of competing schemata; (4) if-then logical
analysis; and (5) monitoring of performance [72]. If

the ACG is essential for response selection (e.g. [5,8]),
or in conditions that maximize competition among
alternative responses [2], then its role in the clinical
blocked condition version of the Stroop task would
be minimized. The response is already given; no selec-
tion is required. What is necessary is maintenance or
energizing of that given response over the many tri-
als. The fact that the errors occur sporadically
throughout the test provides some support for Korn-
blum et al.’s [37] theoretical proposal of a waxing
and waning of activation. The medial frontal lobe
may have at least two roles in the anterior attentional
control system. The ACG is important for perfor-
mance monitoring and response selection, and would
be less relevant in the format of Stroop task we used.
The superior medial prefrontal area is central to the
activation or implementation of control, analogous to
the role of the BA 9 region proposed by MacDonald
and colleagues [43]. In task contexts such as ours, it
is the frontal region downstream in the system that
plays the major role. If the Stroop were implemented
in a different context, perhaps as in an unblocked
version, the demands for response selection should be
increased, and the role of the ACG would emerge.
The critical lesion in this study population, using
our version of the Stroop, is in non-cingulate, supe-
rior medial frontal lobe — the supplementary motor
area bilaterally. This region has been described as the
intersection or transformation point between afferent
pathways, including subcortical activation pathways,
particularly dopaminergic (e.g. [34]), and perceptual
systems, and efferent pathways projecting bilaterally
to frontal cortex and striatum. Severe damage in
these regions produces abulia and bradykinesia, the
ultimate expressions of loss of energizing. With less
injury, or with time to recover from more severe in-
jury, the effects of poor energizing are apparent in
the Stroop. If this hypothesis is correct, one implica-
tion is that performance on the Stroop, and perhaps
on real life activities with comparable cognitive de-
mands, might improve with dopaminergic medication.
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Mean and standard deviation of stroop RT, difference, and proportion measures by lesion group

Group* RT (s) Difference (s) Proportion

Word (W) Color (C) Incongruent (I) C—W I-C I-w C—-W))W (I-0C))C (Jd-W)/W

M SD M SD M SD M SD M SD M SD M SD M SD M SD
RF 61.1 138 81.3 16.1 164.8 355 20.1 144 835 273 103.6 354 04 03 1.1 03 18 1.0
LF 73.8 327 117.1 448 213.6 103.0 434 328 965 84.6 1399 1059 07 05 09 06 22 1.6
BF 534 741 741 164 1493 51.8  20.7 103 751 419 95.9 408 04 03 10 05 1.8 05
RNF 423 599 599 133 108.3 18.7 17.6 62 484 7.7 66.0 125 04 08 08 02 1.6 02
LNF 489 71.0 71.0 15,6 135.0 30.6  22.1 6.6 640 198 86.1 224 05 01 09 03 18 04
CTL 413 593 593 11.8 1117 27.6  18.0 9.0 524 209 70.4 231 05 02 09 03 1.7 05

“RF, right frontal; LF, left frontal; BF, bifrontal; RNF, right non-frontal; LNF, left non-frontal; CTL, matched control.
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