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Abstract
Attention and memory deficits are among the most prominent cognitive disturbances observed in
schizophrenia. It has been suggested that a disruption in anatomical connectivity between areas
involved in attentional control might be responsible for these abnormalities. We used Diffusion
Tensor Tractography and Color Stroop/Negative Priming(NP) paradigm to investigate integrity of
Cingulum Bundle(CB), the main white matter tract interconnecting these regions, and its
relationship with executive functions in patients with schizophrenia and matched controls. The
Fractional Anisotropy(FA), was calculated along the CB pathways, and correlated with reaction
times for each Stroop item, and both Stroop, and NP effects. Patients with schizophrenia
demonstrated decreased CB integrity and diminished NP effect, compared with controls, but both
groups showed Stroop effect. For patients only, reaction times for every item, as well as for Stroop
effect, correlated with left CB FA. These findings suggest that CB integrity disruptions might
compromise the executive processes in schizophrenia.
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INTRODUCTION
Deficits in attention and memory, two core mental processes involved in executive control,
are prominent cognitive disturbances in schizophrenia (Kraepelin 1919/1971). Brain regions
involved in executive control are located predominantly in the “frontal” part of the brain,
and form a “network” that includes the dorsolateral prefrontal cortex (DLPFC), anterior
cingulate gyrus (ACC), and medial parietal, as well as lateral parietal regions. The two main
functions of these areas are: 1) evaluation and monitoring (i.e., detecting conflicts in
information processing) (e.g., Botvinick et al. 2001, Carter et al. 2001, Cohen and Shoup
2000, Gehring and Knight 2000), and 2) regulation and control (often referred to as
executive-attention) (e.g., Fan and Posner 2004).

The Color Stroop paradigm is one of the most frequently used tasks to evaluate the two
aforementioned main functions of executive control (e.g., MacLeod and MacDonald 2000,
Harrison et al. 2005, Kerns et al. 2004, McNeely et al. 2003, van Veen and Carter 2005,
Posner and Petersen 1990). In this task, color words are typically printed in color fonts. The
task is to name the color of the font in which a word is typed. In the congruent condition, a
color word is printed in the color font corresponding to the name of the color word, e.g.,
RED printed in red font. In the incongruent Stroop condition, word-reading competes with
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the color-naming response (i.e., when the word RED is written in blue ink), causing
interference, which results in slower response time to the target stimuli (i.e., ink color).

Brain imaging studies of healthy controls suggest that the ACC, and to lesser extent DLPFC
and parietal regions, are more active in incongruent trials compared with congruent trials
(e.g., Carter et al. 1995, Gruber et al. 2002, Pardo et al. 1990) or neutral trials (e.g., Bench et
al. 1993, Carter et al. 1995, George et al. 1994).

Such differential activity is reduced in patients with schizophrenia, suggesting a disease-
related disturbance in conflict monitoring in this brain circuit (fMRI study-Carter et al.
1997). Behavioral studies using the Stroop paradigm in a single-trial version in
schizophrenia have, however, produced mixed results, with some studies reporting increased
facilitation in schizophrenia patients, with normal levels of interference, while other studies,
especially those using long inter-stimulus interval (ISI), reporting either increased Stroop
interference or increased Stroop error rates (see MacLeod and MacDonald 2000, Henik and
Salo 2004 for a review).

Attention itself has generally been described as an active process where the “to be attended”
information is actively processed, while unattended information (such as incongruent color
font in the Stroop paradigm) is either ignored, or processed at a superficial level. Recently,
however, it has been suggested that unattended information is actually actively processed as
well, and thus can have a sustained effect on the processing of subsequent, “to be attended”
information. The notion that selective attention processes rely on short term “working”
memory, has often been tested within the context of the Stroop paradigm using a negative
priming condition. In this context, negative priming (NP) refers to slowed response to a
target that was a distractor and has been ignored in a previous trail, such as RED printed in
blue preceded by BLUE printed in green (i.e. BLUE distractor turns to blue target) (e.g.,
Neill and Kaufman 1977, Tipper 1985). This effect has been studied extensively to
understand attention selection mechanisms in healthy controls (e.g., Tipper 1985, Neill et al.
1992, Park and Kanwisher 1994, MacDonald et al. 1999). Negative priming has also been
studied in schizophrenia, with most studies reporting a lack of this effect (e.g., Salo et al.
1996, Salo et al. 1997, Salo et al. 2002, Laplante et al. 1992, MacQueen et al. 2003, Beech et
al. 1989).

Early interpretations of NP effects pointed to the active inhibition of the distractor, leading
to slowed reaction to distractors when they became targets (Tipper 1985, Tipper et al. 1994).
According to this view, the lack of NP in schizophrenia would be the effect of either
inefficient inhibition of the distractor, or fading of the inhibitory tag during the inter trial
interval (e.g., MacQueen et al. 2003, Salo et al. 1996, Salo et al. 1997, Salo et al. 2002).
Recently this idea has been challenged, as it has been pointed out that NP exists even when
distractors are attended to (MacDonald et al. 1999). Thus rather than being the result of
actively inhibiting previous stimulus, NP is thought to be the effect of additional
interference between “incongruent” attended to and recently encoded information
(MacDonald and Joordens 2000), thereby implicating episodic memory mechanisms. The
only existing NP event related fMRI experiment in healthy subjects also points to the
episodic memory retrieval mechanism localized to dorsolateral prefrontal cortex as the
region responsible for NP effects (Egner and Hirsch 2005). Thus, according to this view, a
lack of NP in schizophrenia would be related to deficits in short-term episodic memory
(Neill et al., 1992).

As reviewed above, fMRI Stroop/NP experiments suggest that executive control relies on
efficient communication between substrates of the anterior attentional network. The
presence of functional abnormalities in schizophrenia in all substrates of this network (e.g.,
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Kerns et al. 2005, Weiss et al. 2003) is also consistent with theories of anatomical and
functional disconnectivity in schizophrenia (e.g., Weinberger et al. 1992, Frith et al. 1995,
Fletcher et al. 1999, Ford et al. 2001). According to this theory, many of the cognitive
abnormalities observed in schizophrenia can be related to faulty anatomical connections
(provided by white matter fiber tracts) between brain areas constituting functional networks.
Thus cognitive deficits observed in schizophrenia during Stroop/NP experiment, could be
attributed to decreased integrity of the cingulum bundle, the main fiber bundle
interconnecting the anterior attentional network.

The ability to evaluate such connections, however, had to await the advent of appropriate
neuroimaging tools. It has only been recently that diffusion tensor imaging (DTI) has
emerged as one of the most efficient in vivo tools to investigate anatomical connections in
schizophrenia. The technique is based on detecting the motion of water molecules in the
presence of directionally oriented magnetic gradients, thus making it sensitive to the
direction and orientation of water diffusion in the brain. Fractional Anisotropy, a measure of
anisotropy of water diffusion, is sensitive to axonal as well as myelin loss, in multiple
clinical populations (e.g., Ge et al. 2002, Grossman et al. 1994, Rovaris et al. 2000). In
addition, DTI- physiology experiments demonstrate that diffusion is restricted (anisotropic),
in both myelinated and nonmyelinated fibers (Beaulieu and Allen 1994), but the degree of
diffusion anisotropy in white matter increases during myelination processes (Huppi et al.
1998, Baratti et al. 1999), and decreases in pathological demyelination processes (Filippi et
al. 2001).

Multiple DTI schizophrenia studies, to-date, have demonstrated decreased integrity of the
cingulum bundle (CB), the main white matter fiber tract interconnecting regions mediating
executive control (Kubicki et al. 2003, Wang et al. 2004, Hubl et al. 2004). The Cingulum
Bundle is a 5-7 mm in diameter fiber tract that interconnects all parts of the Limbic System.
It originates within the white matter of the temporal pole, and runs posterior and superior
into the parietal lobe, then turns, forming a “ring-like belt” around the corpus callosum, into
the frontal lobe, terminating anterior and inferior to the genu of the corpus callosum in the
orbital-frontal cortex (Schmahmann 2006). Moreover, the CB consists of long, association
fibers that directly connect temporal and frontal lobes, as well as shorter fibers radiating into
their own gyri. The CB also includes most afferent and efferent cortical connections of
cingulate cortex, including those of prefrontal, parietal and temporal areas, and the
thalamostriatae bundle (Domesick 1970). In addition, lesion studies (e.g., Laplane et al.
1981) document a variety of neurobehavioral deficits resulting from a lesion located in this
area, including akinetic mutism, apathy, transient motor aphasia, attentional deficits, motor
activation, and memory deficits. The role of this fiber bundle, and the relationship between
abnormalities in this bundle and executive control in schizophrenia, however, remains to be
determined.

In the current study, we investigated the relationship between the anterior cingulum bundle
integrity, as measured by DTI, and performance on the single-trial Color Stroop with
negative priming, in patients with chronic schizophrenia and healthy controls. Given the fact
that CB is an integral part of the anterior attentional network, and that these experiments
involve the cooperation of all parts of this network, we predicted that CB integrity would be
associated with conduction speed, i.e., thus affecting reaction times to the presented stimuli,
with more impact on processes requiring extensive communication between involved areas
(i.e., conflict resolution and memory encoding/retrieval). Accordingly, we predicted that CB
integrity would be decreased in schizophrenia, and that this abnormality would predict
increase of reaction times and affect patients’ performance on Stroop and Negative Priming
paradigms. The relationship between white matter integrity and cognitive performance
investigated here, namely between attention, working memory, reaction times and cingulum
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bundle integrity has been suspected, or even assumed, as discussed above, but despite
preliminary findings regarding some of its components (see related work on CB and
attentional control (Nestor et al., 2008), as well as attention and executive function (Lim et
al., 2006)), never clearly demonstrated. This is, to our knowledge, one of the first
schizophrenia studies to test directly such a relationship (relationship between FA within the
frontostriatal WM and Stroop interference was also demonstrated in patients with geriatric
depression (Murphy et al., 2007)), and the first to use advanced analytic techniques, such as
fiber tractography, to achieve this goal.

METHODS
Subjects

Eighteen patients with schizophrenia were recruited from in-patient, day treatment, out-
patient, and foster care programs at the VA Boston Healthcare System, Brockton, MA.
SCID-P interviews were administered to make DSM-IV diagnoses, and SCID-NP interviews
were completed for 18 normal comparison subjects. All participants were tested on
behavioral measures. Fifteen patients and fifteen comparison subjects undewent DTI-MRI.

Comparison subjects were recruited from the general community and group-matched to
patients on age, sex, handedness, and parental social economic-status (PSES).

Inclusion criteria for all subjects were: right-handedness, ages between 18 and 55 years, no
history of electroconvulsive shock treatment, no history of neurological illness, no alcohol
or drug dependence in the last 5 years and no abuse in the past year, verbal IQ above 70, no
medication with deleterious effects on neurological or cognitive functions and an ability and
desire to cooperate with the procedures confirmed by a written informed consent. In
addition, normal comparison subjects were screened to exclude individuals who had a first
degree relative with an Axis I disorder. The study was approved by the local IRB committee,
and all subjects signed informed consent prior to study participation. The demographic and
clinical characteristics of the two study groups are included in table 1.

MRI Protocol
For all the subjects, DTI data were acquired on a 1.5 Tesla GE Echospeed system (General
Electric Medical Systems, Milwaukee, WI), with a quadrature head coil, using line scan
diffusion imaging (LSDI), and the acquisition protocol described previously (Kubicki et al.
2002, Kubicki et al. 2003). Coronal oblique 1.7 × 1.7 × 4 mm slices covering the entire brain
(32-35 slices depending on head size) were acquired perpendicular to both interhemispheric
fissure and AC-PC line, with TE (echo time) 70 ms; TR (repetition time) 80 ms (effective
TR 2500 ms). We acquired 6 independent diffusion directions (B=1000) and baseline
images (B=5). Data were analyzed using in-house software: slicer 2.7 (www.slicer.org), and
dodti (http://neuroimage.yonsei.ac.kr/~dodti, Park et al. 2004).

Image Analysis
After tensor reconstruction, which involved eddy current distortion correction, as well as
movement correction, maps of eigenvectors, eigenvalues, FA and diffusivity were
calculated. Out-of-plane directional diffusion maps were filtered (flux diffusion filter,
Krissian 2002), and CB regions of interest (ROIs) were automatically detected on two slices,
first one that included genu of the corpus callosum, and the last one still including splenium
of the corpus callosum, using a surface evolution automated segmentation method (levelsets,
Krissian and Westin 2003, Krissian in press). This algorithm is a fast and efficient way of
finding contours of the white matter structures, based on the directional diffusion differences
between white matter tract and surrounding brain tissue. Regions of interest were then used

Kubicki et al. Page 4

Brain Imaging Behav. Author manuscript; available in PMC 2010 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.slicer.org
http://neuroimage.yonsei.ac.kr/~dodti


in the next step to guide fiber tractography. Fiber tractography, a post-processing method for
propagating streamline points by following the local fiber orientation, as defined by the
diffusion tensor field (Mori et al. 1999, Basser et al. 2000) was then used to generate
cingulum bundle fiber tracts. We used the fourth order Runge-Kutta method for the
integration solver (Press et al. 1992). Instead of tracking fiber bundles starting from an ROI
seed points, which is more prone to the partial volume effects and can limit the number of
fiber tracts included in the analysis (Mori and Van Zijl 2002), first, we reconstructed entire
white matter fiber bundles from seed points assigned to all voxels inside the white matter
segmentation of B0-images. Stopping criteria for fiber tracking included a low fractional
anisotropy (FA) (0.15) and a rapid change of direction (20° per 1 mm) (Jones et al. 2005). In
addition, in order to account for nonisotropic voxels, and avoid rapid change of direction
due to the low out-of-plane data resolution and noise, a trilinear interpolation method was
used for obtaining subvoxel tensor estimation with a 1-mm step size.

The next step included fiber extraction, which was done using ROIs defined previously.
After the algorithm automatically excluded fibers that did not travel through two ROIs,
mean FA averaged over all the voxels belonging to the CB fiber bundle (Figure 1) was
calculated separately for left and right sides, and compared between groups, as well as
subjected to correlational analysis.

Color Stroop Paradigm
All subjects were tested using a single-trial computerized version of the Color Stroop
Paradigm, a classic behavioral task of attention control and conflict monitoring (Stroop
1935). The original Stroop experiment consisted of incongruent and neutral trials (Stroop
1935), however since the introduction of the congruent condition (Dalrymple-Alford and
Budayer 1966), many experiments use this condition as a baseline (Pardo et al. 1990, Carter
et al. 1995, Posner et al. 2002) for calculating the Stroop effect. Since the facilitation effect
is still debatable [viewed sometimes as a byproduct of faster color reading (in congruent
condition) than color naming (in neutral condition)] (Dunbar and MacLeod 1984), and
minimal compared to interference effect, and since the functional experiments using neutral
and congruent conditions as baseline give virtually the same results of Stroop effect, for the
sake of experiment simplicity we decided to use congruent and incongruent conditions to
calculate “Stroop effect” as a difference between incongruent and congruent reaction times.
Subjects were asked to name the ink color of colored words (e.g., RED in blue ink). For the
incongruent trials, dominant lexical representation (name of the color) entries interfere,
compete, or conflict with the perceptual representation (ink color) requiring control,
overriding, or inhibition. In addition, we measured negative priming effect, reflected
behaviorally by particularly slow responses to the ink color of an item (e.g., GREEN printed
in red ink) that is preceded by the presumably previously encoded and inhibited color word
(e.g., RED printed in yellow) of the previous item (Table 2). All subjects completed 1
practice run and 1 test run of 73 stimuli each; 22 congruent and 51 incongruent (21 with
negative priming effect). Each stimulus stayed on the screen until the subject made a
response (button press) (with the maximum exposure duration of 4 seconds). The next
stimulus appeared on the screen 2.5 seconds after the response. Stimuli were the words
RED, GREEN, YELLOW, and BLUE, printed in one of these four colors in 45 Arial font,
against a white background, and were presented sequentially in the middle of a computer
screen. Stimuli were delivered using Presentation software (version 9.0 Neurobehavioral
Systems, www.neurobs.com). Subjects were asked to identify the font color in which each
word was printed, using one of four arrow keys on a standard keyboard. Reaction times were
recorded for each stimulus type (condition). Mean reaction times for correct responses only
and for each condition separately were calculated for each subject, and analyzed using SPSS
software.
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Statistical Analysis
Mean FA values for the CB fiber tracts were computed separately for the left and right sides
for each subject and entered into analyses with group as a between variable (controls and
patients) and FA values for right and left CB as within variables. Likewise, reaction times
(correct responses only) for the congruent and incongruent Stroop trials, as well as for the
incongruent with negative priming and incongruent without negative priming trials were
entered separately for analyses using the SPSS statistical software package (SPSS 11).
Between group comparisons (two levels: controls and patients) were performed using
ANOVAs with trial type (incongruent total and congruent for Stroop and incongruent with
and without negative priming for NP) as within group factors. Follow-up within group
comparisons were conducted using paired t-tests to estimate Stroop (congruent and
incongruent trials) and Negative Priming effects (incongruent with and without negative
priming) for each group. Errors, due to the relatively long inter-stimulus interval, as well as
training session, were at a very low level (97.7% correct responses for controls, and 97.2%
correct responses in patients); nonetheless, trials with errors were excluded from the
analyses. In addition, correlations between FA values and reaction times for each condition,
as well as for the Stroop (RT difference between incongruent and congruent stimuli) and NP
(RT difference between incongruent stimuli without and with negative priming) effects were
conducted separately for control and for schizophrenic subjects. Given that based on
Kolmogorov-Smirnov test, behavioral data did not have a normal distribution, especially in
the patient group, Spearman correlations were used.

RESULTS
Groups did not differ in age, parental socio-economic status or handedness, there were,
however, expected differences in other indices including years of education, and personal
socioeconomic status (see Table 1 for demographic data).

DTI results
Regarding the FA values, the results replicated our previous study (Kubicki et al. 2003)
where, using a different subject sample (only one control and one patient participated in both
studies), and region of interest approach, we reported a bilateral FA decrease within the CB
in the patient group. In the current study, independent sample t-tests revealed decrease of FA
in schizophrenic patients relative to control subjects on the left side (mean FA=0.49,
SD=0.034 for controls and FA=0.46, SD=0.037 for schizophrenics; t=2.10; P(1,28)=0.045),
and on the right side (mean FA=0.46, SD=0.029 for controls and FA=0.44, SD=0.041 for
schizophrenics; t=2.24; P(1,28)=0.034) (Figure 2).

Behavioral results
In behavioral results, there was a strong main effect of Stroop interference (F (1, 34) =
27.35, p < 0.0001), no group by condition interaction (F (1, 34) = 0.54, p < 0.47) and a main
effect of group at a trend level (F(1,34) = 3.22, p<0.082) with schizophrenia individuals
somewhat slower than normal control individuals. For negative priming, there was a main
effect of negative priming (F(1,34)=5.16, p <0.03), a significant group by NP interaction
(F(1,34)=5.65), p <0.023), and trend level main effect (F(1,34) = 3.00, p < 0.092) suggesting
somewhat slower responses in the patient group. To follow-up on the interaction effect, we
have conducted paired within-sample t-tests for each group for the NP effect. While normal
controls showed a strong NP effect (p < t= −4.709, p < 0.0001), the patient group did not
show this effect (t=0.06, p < 0.95).
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Correlation analyses
Reaction times for all types of stimuli (congruent, incongruent with and incongruent without
negative priming) and left CB FA were significantly negatively correlated in schizophrenic
patients (congruent- rho=−.601; P=0.018; incongruent without NP- rho=−.607; P=0.017;
incongruent with NP- rho=−.619; P=0.014). Finally, Stroop effect in patients only correlated
with left CB integrity- rho=−.531; P=0.042 (See figure 5). Neither right CB in
schizophrenics, nor left and right CB in controls correlated with any of the behavioral
measures. Behavioral and DTI measures did not significantly correlate with any
demographic variables. Also medication, calculated as Chlorpromazine equivalent did not
correlate with any diffusion and behavioral measures.

DISCUSSION
In the current study, reduced fractional anisotropy in schizophrenia was found in the
cingulum bundle, a major limbic white matter fiber tract connecting prefrontal, cingulate,
parietal and temporal regions. Furthermore, for the incongruent stimuli with negative
priming, patients did not show increased RT, as was observed in the control group. Finally,
and importantly, in the schizophrenia population only, RTs associated with all conditions of
the Stroop paradigm, as well as the Stroop effect itself, were negatively correlated with left
cingulum bundle fractional anisotropy, a measure of white matter integrity.

These findings are interesting and important on many levels. First, they emphasize the
importance of always suspected, but never directly demonstrated relationship between
attention, working memory, reaction times and cingulum bundle integrity. Second, these
results underlie the significance of abnormalities of connectivity, and specifically the role of
CB integrity disruptions, in at least some aspects of cognitive functioning abnormalities
observed in schizophrenia.

Previous reports have demonstrated white matter abnormalities in schizophrenia, as
measured by DTI, in multiple brain regions, including cingulum bundle, uncinate fasciulus,
arcuate fasciculus, corpus callosum and internal capsule (Burns et al. 2003, Kubicki et al.
2001, Kubicki et al. 2003, Hubl et al. 2004, Minami et al. 2003, Sun et al. 2003, Steel et al.
2001), and this study provides further evidence for such abnormalities. It has been further
suggested, by both microscopic (Uranova et al. 2001) and genetic studies (Hakak et al.
2001), that abnormalities in oligodendrocytes, cells that play a major role in protecting
axons traveling within white matter fiber tracts by forming myelin sheaths, might be the
source of observed DTI changes in schizophrenia. So far, however, a direct relationship
between white matter myelin pathology and cognitive performance in a clinical population
has not been well established.

Since diffusion anisotropy indices are sensitive to white matter integrity disruptions and to
fiber myelination abnormalities and, in turn, white matter abnormalities are likely associated
with abnormal communication between the brain areas supporting different aspects of
cognition, there should exist a direct relationship between diffusion abnormalities and
behavioral task performance. It has been challenging, however, to find such a relationship,
as specific fiber tracts are difficult to quantify, and their role in brain processes has not been
well understood. Some recent publications elucidate aspects of this relationship. For
example, in one recent publication, it has been shown that the RTs in a choice performance
task in healthy subjects were correlated with the white matter integrity (as measured by DTI)
of visual tracts, including right optic radiation, right posterior thalamus and right medial
precuneus white matter (Tuch et al. 2005). As inter-individual differences in RT have been
linked previously to white matter physiology such as myelination and axonal diameter (Jack
et al. 1983) (reflected in DTI measures), these investigators postulated that their DTI
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findings provided evidence of DTI being sensitive to the physiological differences in white
matter.

Our results further elucidate the relationship between physiological properties of white
matter and cognitive function by demonstrating a relationship between reaction times to the
Stroop stimuli, and Stroop effect itself, and cingulum bundle white matter integrity in
schizophrenia. Functional MRI studies demonstrate that the Stroop effect, as well as the NP
effect, activate similar regions of the brain, specifically cingulate gyrus, dorsolateral
prefrontal cortex, parietal and temporal regions (MacLeod and MacDonald 2000, Steel et al.
2001). Since the cingulum bundle is the single largest white matter fiber tract
interconnecting these regions, its integrity might play a crucial role in Stroop/NP
performance.

As reviewed in the Introduction, the Stroop effect has been associated with attentional and
executive control, while negative priming effects have been associated with both inhibitory
mechanisms and short-term memory function. In fact, recently researchers have attempted to
integrate inhibition and semantic retrieval (Tipper 2001), suggesting that while inhibitory
mechanisms prevail during processing of prime stimulus, semantic retrieval becomes more
relevant when the prime is presented as a probe. In view of this finding, as well as in view of
a recent functional MRI experiment (Egner and Hirsch 2005) showing prefrontal region
involvement in the NP effect, episodic memory likely plays a crucial role in NP effects. If,
as suggested before, FA diffusion measures are related to myelin dysfunction, our data
indicate that the CB integrity abnormalities observed in schizophrenia affect more the speed,
or efficacy of information processing when attentional and executive control is required
(Nestor et al. 2004).

On the other hand, in the NP condition, the subject retrieves information about color name
and color itself as well as additional, previously encoded information related to distractor
that has become a target. In controls, this information, when retrieved, causes additional
conflict, and is arguably responsible for the NP effect. Since encoding a distractor properties
relies on fast and effective processing within episodic memory, in schizophrenia, where
information is transferred slower, encoding may be weaker and, as a result, the memory
trace of the distractor is weaker and either can not effectively interfere with proper
information, or can not be fully retrieved. This hypothesis is in line with work of Brebion
and coauthors (Brebion et al. 2006), who recently demonstrated that slowing in processing
speed strongly predicts verbal memory performance in schizophrenia.

The significant correlations found in this study between measures derived from the Stroop
task and CB integrity measures should not be treated as narrow indicators of the relationship
between CB and the specific operations examined in the Stroop task. Rather, they should be
viewed as indicators of the role of CB in the type of cognitive tasks exemplified by the
Stroop: these would be such tasks as conflict monitoring, control and response selection.
One can speculate that CB specificity relative to functions that its integrity may affect is
conferred by the types of brain regions that it connects and their particular role in the
cognitive functions listed above. The unique contribution of the CB may be in efficient
transfer of information from one region to another. Where such efficiency fails as in cases of
compromised integrity of the fibers, the quality of the transferred information is impacted
and the cognitive operations dependent on it are impaired.

We note here that, with the exception of NP effect, performance in all Stroop conditions was
correlated with CB measures of integrity where lower FA values were associated with
longer RTs. In addition, in spite of the necessarily reduced difference RT range reflected in
the Stroop effect, and the fact that the Stroop effect was found in both normal control and
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schizophrenia individuals, the correlation was also found between CB and the Stroop effect
in the patient group. Thus, admittedly normal range Stroop interference effect was
associated with reduced CB FA values. One can speculate here that sub-normal CB function
might necessitate compensatory strategies in the schizophrenia group, such as using larger
portions of brain areas devoted to operations involved in the effective Stroop performance or
additional brain areas relative to normal control group. These questions may be addressed in
future studies, especially using fMRI techniques to map the extent of activations in relevant
brain areas.

A separate problem to be addressed in future studies is the question concerning the origins
of CB abnormalities of conductivity. Are these abnormalities a consequence of cortex
organization abnormalities in schizophrenia, or are they independent of such abnormalities,
perhaps originating from a common pathological process?

We did not find a significant correlation between RTs in control subjects and the FA
measures within the CB. This is not unexpected given the fact that relationships between
anatomical substrates and function are often found in circumstances where a disease process
eliminated a normal redundancy in the system.

The method of extracting diffusion data for analysis requires some discussion as well. In this
investigation we used fiber tractography, instead of a region of interest approach used
previously (Kubicki et al. 2003). We believe that tractography, unlike the ROI method, gives
us the ability to extract the entire fiber bundle, and more efficiently exclude voxels that do
not belong to the bundle. It has also been demonstrated that tractography results are more
sensitive to white matter schizophrenia pathology (Kanaan et al. 2006, Jones et al. 2005). In
addition, even though we used an almost entirely different population of subjects (only 2
subjects participated in both studies), we were able to replicate the results of our previous
investigation that used an ROI method (Kubicki et al. 2003).

There are several limitations to this study. First, even though fiber tractography was used,
the data resolution was relatively low, and thus partial volume artifacts could be significant.
Also, our clinical study participants were chronic schizophrenic patients, and even though
medication effects were not correlated with DTI measures, it is not possible to rule out the
confounding effect of medication. Additionally, all our subjects were males, thus we were
not able to investigate diffusion and gender interactions in schizophrenia. Previous studies
suggest that the percentage of incongruent trials to congruent trials influences the Stroop
effect such that the smaller percentage of incongruent trials, the greater the Stroop effect. In
the current experiment, we used a relatively large percentage of incongruent trials, given the
fact that we were interested in the NP effect in addition to the Stroop effect. In addition,
compared to other, behavioral investigations, we used a relatively small number of stimuli.
However, a robust Stroop effect was found in both groups, and we are thus confident that
the results observed in this study do not suffer from a lack of statistical power. Finally, the
cognitive performance data were limited to one task: Stroop and we do not have data from a
different task that would not rely on cognitive control. Thus, while we did observe
correlations between CB integrity and indices of behavioral performance, we cannot claim
that these correlations were exclusive to tasks requiring cognitive control. Future studies will
address the issue of differential sensitivity of CB bundle integrity to attentional performance.

Therefore, we conclude that our study, using fiber DTI, tractography and single-trial
computerized version of Color Stroop/Negative Priming (NP) paradigm provides supportive
evidence for an association between Cingulum Bundle fiber tract integrity disruptions and
attention deficits in schizophrenia. A further understanding of the role of fiber tracts and
their integrity in cognitive performance can help us understand neuropathological processes
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underlying clinical, as well as neuropsychological symptoms observed in diseases such as
schizophrenia, and bring us closer to developing drugs that would preserve specific
neuroanatomical units.
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1.
Left- Fractional Anisotropy map containing left and right cingulum bundle regions of
interest, Middle- Sagittal view of FA map and cingulum bundle, showing extension of CB
region of interest, right- 3D model of the cingulum bundle tractography generated from
ROIs (yellow –right, blue-left).
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2.
Scatter plots of mean FA values for left and right Cingulum Bundle obtained from DT
Tractography.
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3.
Boxplots of means (in seconds) and error bars for reaction times to incongruent (light blue),
and congruent (darker blue) stimuli. Difference between these reaction times constitute
behavioral Stroop effect, present both in controls (P=0.004) as well as in schizophrenia
subjects (P=0.001) (standard deviations: 0.28sec for incongruent and 0.24sec for congruent
stimuli in controls, 0.53sec for incongruent and 0.45 sec for congruent stimuli in
schizophrenics).
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4.
Boxplots of means (in seconds) and standard deviations for reaction times to incongruent
stimuli with (light green), and without (darker green) negative priming. Difference between
these reaction times constitute behavioral Negative Priming effect, present in controls
(P=0.001) but not in schizophrenia subjects (P=0.95) (standard deviations: 0.32 sec for
incongruent stimuli with negative priming and 0.26 sec for incongruent stimuli without
negative priming in controls, 0.48 sec for incongruent stimuli with negative priming and
0.57 sec for incongruent stimuli without negative priming in schizophrenics).
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5.
Correlation between Stroop Effect (in seconds) and Left CB Fractional Anisotropy in
patients with chronic schizophrenia.
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Stimulus Distractor Target Type of Trial

BLUE blue blue Congruent

RED red yellow Incongruent

BLUE blue blue Stroop Effect

RED red yellow

RED red yellow Negative Priming Effect

GREEN green red
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