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Cerebral white matter lesions (WMLs) are believed to play an important role in a subset of patients with late-
onset depression by affecting the white matter connectivity in circuitries essential for mood and cognition. In
this study we used diffusion tensor imaging-based (DTI-based) tractography to assess white matter fiber tracts
affected by deep WMLs (DWMLs) in patients with late-onset major depression and age- and gender-matched
controls. Tractography outcome, illustrated as pathways affected by DWMLs, was analyzed for associations
with cognitive performance on the Stroop Test (ST). The patients (n=17) performed significantly worse on
the ST than the controls (n=22). Poor performance on the ST correlated with higher lesion load. Regression
analysis showed a significant correlation between poor performance on the ST and tracts affected by DWMLs
inmultiple brain areas in the control group, but very sparse correlation in the patient group. Our results sug-
gest that DWMLs play an important role in the cognitive performance of controls,whereas their influence in
depressed patients is overruled by additional, state-dependent factors. Future focus on the tract-specific lo-
calization of WMLs using DTI tractography may reveal important associations between neuroconnectivity
and clinical measures.

© 2012 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Depression is a heterogeneous disease with a large degree of medi-
cal co-morbidity (Evans et al., 2005). Increasing evidence suggests that
cerebrovascular diseasemay be an important factor in the pathogenesis
of a subtype of late-onset depression termed vascular depression
(Alexopoulos et al., 1997a; Krishnan et al., 1997). The prevailing view
is that vascular disease, in particular small-vessel disease, predisposes
to depression through ischemic white matter changes, such as white
matter lesions (WMLs), which are believed to disrupt or impair the
white matter fiber structure in circuitries essential for mood and
cognition (Alexopoulos et al., 1997a; Krishnan et al., 1997). WMLs
appear as white matter hyperintensities on T2-weighted magnetic
resonance imaging (MRI) of the brain and are commonly said to re-
flect various degrees of ischemic tissue damage ranging from mild
perivascular alterations to gliosis, variable loss of fibers, and rarefaction
of myelination (Fazekas et al., 1993; Pantoni and Garcia, 1997; Thomas
et al., 2002; 2003). Although WMLs are a common finding in healthy
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elderly individuals, imaging studies using MRI have reported an in-
creased frequency of WMLs in depression (Videbech, 1997), especially
in late-onset depression (Herrmann et al., 2008). The lesions aremainly
situated in subcortical regions and their frontal white matter projec-
tions (Greenwald et al., 1998; MacFall et al., 2001; Taylor et al., 2003;
Videbech et al., 2004; O'Brien et al., 2006; Sheline et al., 2008; Dalby
et al., 2010a; Mueller et al., 2010), and in the basal ganglia (Videbech,
1997).

White matter abnormalities such as WMLs have been associated
with impaired cognitive performance, including deficits in executive
function, in both normal aging (de Groot et al., 2000; Gunning-
Dixon and Raz, 2000; Rabbitt et al., 2007; Vannorsdall et al., 2009)
and depression (Goodwin, 1997; Austin et al., 2001; Herrmann et al.,
2007). Severe WMLs, especially deep WMLs (DWMLs), have been sug-
gested as a predictor of greater deficits in executive functions in late-life
depression (Kohler et al., 2010).

Cognitive deficits related to late-onset depression mainly comprise
reductions in processing speed and executive function (Herrmann et
al., 2007), the latter covering a variety of cerebral processes, which are
responsible for planning, cognitive flexibility, abstract thinking, initiat-
ing appropriate actions, and selecting relevant sensory information. A
widely used neuropsychological test of executive function is the Stroop
Test (ST) (Stroop, 1935). The basic principle of the test is to create
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interference between word reading and color naming, i.e. when a
subject must name the color of a word which spells the name of a dif-
ferent color, thus creating interference between automatic and effortful
information processing. In general, performance on the ST has been
viewed as a sensitive, but not specific, indicator of prefrontal function,
including processing speed and attentional control. The interference
part of the test, in particular, is regarded as a measure of response in-
hibition, which is considered part of our executive control (MacLeod,
1991; Alvarez and Emory, 2006). Recent studies have correlated
poor performance on the ST with an increased burden of WMLs in
depression (Videbech et al., 2004; Sheline et al., 2008), suggesting that
WMLs have a functional impact on neural circuitries underlying cogni-
tive tasks, in consistency with the vascular depression hypothesis
(Alexopoulos et al., 1997a; Krishnan et al., 1997) as well as the classic
theories of disconnection syndromes (Catani and ffytche, 2005). In ad-
dition, the presence and severity of subcortical WMLs has been linked
to psychomotor retardation (Simpson et al., 2000), which is frequently
observed in late-onset depression (Alexopoulos et al., 1997b).

In spite of the increasing evidence towards WMLs playing a major
role in late-onset/late-life depression, the exact anatomical and func-
tional impact of WMLs on white matter integrity remains incompletely
defined. In a recent review, Galluzzi et al. (Galluzzi et al., 2008) suggest
that WMLs might affect brain function through impairment of brain
plasticity and reserve. During the last decade, advances in MRI, such
as diffusion tensor imaging (DTI), have facilitated the study of the mi-
crostructural integrity of brain tissues in vivo and the reconstruction of
white matter trajectories, a technique known as tractography (Basser
et al., 2000; Mori and van Zijl, 2002). DTI is based on the measurement
of the randomdiffusion of watermolecules in tissue (Basser et al., 1994;
Pierpaoli et al., 1996), commonly described by fractional anisotropy
(FA), and tractography combines the knowledge on water diffusion
size and direction in each image voxel to reconstruct a fiber pathway,
thus reflecting axonal connectivity (Basser et al., 2000).

The presumed mechanism whereby WMLs are associated with
cognitive dysfunction involves various degrees of disruption or
even disconnection of white matter circuits. We recently introduced
a novelmethod ofMRI tractography to describe the localization and im-
pact of DWMLs onwhitematter structure (Dalby et al., 2010b), there-
by focusing on the tract-specific localization of the lesions, which
cannot be visualized with conventional MRI. We showed that
DWMLs profoundly affect white matter integrity, measured by diffu-
sion and magnetization transfer parameters, both within the lesion
sites themselves and along the neuronal pathways they intersect,
and do so in a similar manner in patients with late-onset major de-
pression and controls (Dalby et al., 2010b). The aim of the present
study was to use DTI tractography to examine the extent to which
whitematter fiber tracts affected by DWMLs are associated with cog-
nitive deficits and psychomotor retardation in late-onset major de-
pression compared with controls.

2. Methods

2.1. Subjects

Twenty-two patients with late-onset, first episode major depression and 22 con-
trols, matched for age and gender and with no history of psychiatric illness, underwent
whole-brain MRI. The patients were consecutively recruited from the Neuropsychiatric
Clinic, Aarhus University Hospital, Risskov, Denmark, and comprised in-patients at
psychiatric hospitals and out-patients from psychiatric clinics in the County of Aarhus,
Denmark. Controls were recruited through advertisement in local papers. All patients
met the DSM-IV (American Psychiatric Association, 2000) criteria for major depression
and the ICD-10 criteria (World Health Organization, 1993) for moderate to severe de-
pression within 4 weeks of inclusion. Late-onset was predefined as the onset of depres-
sive symptoms after the age of 50 years. All subjects were assessed with selected parts
of the SCAN structured interview (Wing et al., 1998) at study entry, including screen-
ing questions to exclude mania/hypomania (chapter 10) and psychotic symptoms (chap-
ter 14). The interview addressed both the present state (within 4 weeks of examination)
and past life, the latter to exclude any prior psychiatric history. The patients underwent a
comprehensive neuropsychological examination program (results not shown), including
the ST (see below). The controls were screened with the Mini-Mental State Examination
(MMSE) test (Folstein et al., 1975) and also completed the ST. Depression severity was
rated with the Bech-Rafaelsen Melancholia Scale (MES) (Bech, 2002) at the inclusion.
Both patients and controls were thoroughly interviewed about their medical history and
were screened for concurrent medical diseases and alcohol abuse by standard blood
tests, including thyroid function, and they all underwent a neurological exam. All subjects
were right-handed according to the EdinburghHandedness Inventory (Oldfield, 1971), ex-
cept for three patients and one control who were ambidextrous. Current medication and
information on vascular risk factors, such as hypertension and smoking, were carefully
recorded (Dalby et al., 2010a). Exclusion criteria for both groupswereorganic braindisease
(e.g. former stroke, cerebral vascularmalformations, epilepsy, or other knownneurological
diseases), former brain injury, and conventional contraindications to undergo MRI
scanning. Exclusion criteria also included any lifetime psychiatric comorbidity caused
by alcohol or psychoactive drugs, including substance dependency or substance
abuse, defined according to the ICD-10 or DSM-IV. Written informed consent was
obtained from all study subjects, and the study was approved by the regional ethics
committee on research and in accordance with the Declaration of Helsinki.

2.2. Stroop Test (ST)

Subjects were tested with the Golden version of the ST (Golden and Freshwater,
2002), which consists of the following three parts: (I) a word part where the subject
has to read aloud color names printed in black, (II) a color part where the subject
has to name the ink color of printed X's, and (III) a color-word part where the subject
has to name the ink color of a printed word that spells the name of a different color.
The test yields three scores (C=color, W=word, and CW=color-word) based on
the number of correctly read or named items in 45 s in the three parts. An interference
score can be calculated on the basis of the performance by the Golden formula (Golden
and Freshwater, 2002):

interf erence score ¼ CW score−predicted CW score;

where the predicted CW score is=(W⁎C)/(W+C). The interference score is regarded as
a measure of executive functions, including selective attention and response inhibition
(Goldberg and Bougakov, 2005; Alvarez and Emory, 2006). A low Golden interference
score reflects a lower CW score than predicted, i.e. a higher degree of interference, and
thus a lower task performance.

2.3. Psychomotor retardation

Since performance on the ST may be influenced by psychomotor slowing
(Degl'Innocenti et al., 1998; Lemelin and Baruch, 1998), all subjects were additionally
rated with the Widlöcher Depressive Retardation Scale (WDRS) (Widlöcher, 1983). The
WDRS score refers to paucity of movements, retarded speech, paucity of thought, lack of
reactivity, and difficulty of initiation.

2.4. MRI protocol and image analysis

MRI scans were obtained with a whole-body 3 Tesla GE Signa HDx scanner (GE
Medical Systems, Milwaukee, WI, USA). The MRI protocol consisted of an axial fast
spoiled gradient echo (FSPGR) 3D T1-weighted sequence (TI=750 ms, flip angle=14,
field of view=240 mm, matrix 256⁎256, slice thickness=1.2 mm, no gap), an axial
T2-weighted fluid-attenuated inversion recovery (FLAIR) sequence (TE1=120 ms,
TR=8650 ms, TI=2250 ms, field of view=240 mm, matrix 224⁎256, slice thickness=
5mm, gap=1.5 mm), an axial T2-weighted sequence (TE=112ms, TR=5400ms, field
of view=240mm, matrix 416⁎416, slice thickness=5 mm, gap=1.5mm), and an
axial DTI sequence (TE1=minimum, TR=12500, flip angle=14, field of view=240mm,
matrix 128⁎128, slice thickness=3.5 mm, no gap). The DTI scan was performed using
double spin echo single shot echoplanar imaging with 26 gradient directions (b=
1000 s/mm2) and6 b=0 acquisitions.We used a birdcage head coil alongwith restraining
foam pads to minimize the head motion.

The T1-weighted images were non-linearly transformed to match the MNI standard
brain (Evans et al., 1994;Mazziotta et al., 2001). The subject-to-MNI space transformation
was estimated using the ANIMAL algorithm (Collins et al., 1995; Robbins et al., 2004).

2.5. White matter lesions

DWMLs were identified simultaneously as hyperintensities on the T2-weighted and
FLAIR images by an experienced neuroradiologist (author LS), blinded to subject status.
The DWMLs were manually labeled (author RBD) on the FLAIR images using Display
software (McConnell Brain Imaging Centre, MNI, McGill University, Montreal, Quebec,
Canada). The labeling was performed for all subjects in random order and was completed
in a single batch after the last inclusion of subjects. Initial labelings were repeated to en-
sure uniformity through the procedure. We used a single rater to avoid inter-rater vari-
ability. We did not test for intra-rater reliability. The labeled lesions for each subject
were resampled to a binary lesion mask in native space, each voxel presenting a value
of 0 (=no lesion) or 1 (=lesion). Based on previous studies reporting distinct neuro-
pathological (Fazekas et al., 1993; Thomas et al., 2002; 2003) as well as functional differ-
ences (Kim et al., 2008) between DWMLs and periventricular WMLs (PVLs), and a
stronger association between DWMLs and depression (Krishnan et al., 2006), especially



Fig. 1. Illustration of a tractography outcome (red tracts), i.e. tracts affected by DWMLs, in
a subject with two DWMLs (green), marked A and B, superimposed on the subject's own
T1-weighted dataset. The figure shows that one of the two lesions, marked A, situated in
the posterior limb of the right internal capsule, affects far-reaching pathways, in this
case extending from the cortex through the internal capsule to the brainstem, involving
on its way the basal ganglia (putamen), thalamus, and pons. DWMLs=deepwhitematter
lesions.
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late-onset depression (O'Brien et al., 1996), compared with PVLs, we omitted PVLs from
assessment in order to reduce the possible neuropathological heterogeneity in the le-
sion pool. The lesion masks were used for measures of lesion load, i.e. volume and
number of lesions, and for the tractography procedure.
2.6. Tractography procedure

We used in-house developed software for visualization and tractography (Moller
et al., 2007); a comprehensive methodological description has recently been published
(Dalby et al., 2010b). Tractography was performed in native space using the fiber
assignment with continuous tracking (FACT) algorithm as described by Mori et al.
Table 1
Socio-demographic and clinical characteristics of patients with late-onset major depression

Subjects

Patients (n=22) Controls (n=22)

Mean S.D. Mean S

Age (years) 57.4 4.6 59.2 7
Education years 13.5 2.9 14.8 2
WDRS score 16.0 8.3 0.5 0
MES score 16.5 5.8 0.3 0
Vascular risk factor scoreb 6.9 4.7 6.8 4

n % n %
Gender

Male 7 31.8 7 3
Female 15 68.2 15 6

Hypertension 11 50.0 12 5
Smoking
Current 11 50.0 3 1
Past 8 36.4 9 4
Never 3 13.6 10 4
Hypercholesterolemia 8 36.4 9 4
Diabetes 1 4.6 1 4
Cardiovascular diseasec 3 13.6 0 0

Patients (n=17) Controls (n=22)

ST scores
Word (W) 84.0 15.6 94.1 1
Color (C) 67.7 15.9 71.4 7
Color-word (CW) 29.1 11.1 38.5 9
Interference −8.3 11.2 −1.9 9

WDRS=Widlöcher Depressive Retardation Scale; MES=Bech-Rafaelsen Melancholia Scale
a Five patients did not complete ST.
b Composite vascular risk factor score comprising age, systolic blood pressure, antihypert

and left ventricular hypertrophia, as defined in the Framingham Study (Wolf et al., 1991).
c Coronary heart disease, cardiac failure, or intermittent claudication.
d Adjusted for age and gender.
(Mori et al., 1999; Mori and van Zijl, 2002) with standard stopping criteria (FAb0.15
and/or angle between neighboring primary diffusion direction >45°). Tracking was initi-
ated from the center of every voxel in the brain. The above-mentioned individual lesion
masks were then applied to the tracking algorithm to extract only the tracts intersected
by one or more DWMLs for each subject. The resulting tracking mask for each individual
was then saved as a binary tracking mask, each voxel assigned a value of 0 (=no tract) or
1 (=tract intersected by one or more DWMLs). Before tracking, each lesion was dilated
one voxel in each direction to include the possible partial volume effects of border voxels.
Fig. 1 shows an example of the tractography outcome, illustrated as pathways affected by
DWMLs, from a subject with two DWMLs.

For the voxel-based analyses, all individual tracking masks were transformed to
MNI standard space using the MRI-to-MNI space transformation, estimated using the
T1-weighted data. These masks were subsequently blurred with a 4-mm full-width-
half-maximum Gaussian kernel to decrease spatial noise and smooth the data.
2.7. Statistical analyses

Differences between patients and controls in socio-demographic and clinical data
were evaluated with the Wilcoxon two-sample rank sum test (Mann–Whitney test)
for continuous variables and Fisher's exact test for categorical variables. Lesion counts
were analyzed with a negative binomial regression and lesion volume was modeled with
a log-Gaussian regressionmodel. Stroop scores approximated aGaussian distribution, and
differences in Stroop scores between groups, as well as correlationswith psychomotor re-
tardation, depression severity, and the number and volume of DWMLs, were evaluated by
regression analyses with age and gender as covariates.

The effect of test scores on tractography outcome, i.e. the localization of fiber tracts
intersected by DWMLs, was studied using voxel-wise regression analyses in FMRISTAT
(Worsley et al., 2002) with age and gender as covariates. Additional adjustment for
depression severity (MES score) was only carried out for the patient group, as the
controls – as expected – scored 0 or very low on this scale (Table 1). Resulting t-maps
were examined for significant changes, including summary analyses of t-statistic images,
based on the 3D Gaussian random field theory (Worsley et al., 1996). We used the meth-
od of Cao (Cao, 1999) to identify 26-connected significant clusters at tb−3.17 or t>3.17
(pb0.05). The resultant images were reviewed in Register (McConnell Brain Imaging
Centre, MNI, McGill University, Montreal, Quebec, Canada) and significant clusters were
anatomically located according to the DTI-based white matter atlas by Mori et al.
(Wakana et al., 2004; Mori et al., 2005) and corresponding Brodmann's areas (BA)
(Brodmann and Gary, 2006).
and non-depressed controls.

Statistics (patients versus controls)

All subjects (n=44) Subjects completing ST (n=39)a

.D. z p z p

.3 0.47 0.64 0.82 0.41

.1 2.29 0.02 1.58 0.11

.6 −5.76 b0.001 −5.40 b0.001

.8 −5.93 b0.001 −5.63 b0.001

.4 0.05 0.96
p p
1.00 0.74

1.8 – –

8.2 – –

4.6 1.00 1.00
0.02 0.03

3.6 – –

0.9 – –

5.5 – –

0.9 1.00 1.00
.6 1.00 1.00
.0 0.23 0.18

Subjects completing
ST (n=39) a,d

t (d.f.) p
4.3 −2.03 (38) 0.05
.0 −0.97 (38) 0.34
.9 −2.93 (38) 0.01
.7 −2.14 (38) 0.04

; ST=Stroop Test.

ensive treatment, diabetes, cigarette smoking, cardiovascular disease, atrial fibrillation,
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3. Results

The socio-demographic and clinical characteristics of all subjects
are summarized in Table 1. There was no significant difference in ed-
ucational level between patients and controls after excluding the five
patients who did not complete the ST (see below). Patients were test-
ed with a comprehensive neuropsychological test battery (data not
shown except for the ST), whereas controls, in addition to the ST, were
screened with the MMSE test (n=22, mean=29.6, S.D.=0.49).

Data on the amount, volume and localization of DWMLs have been
previously published (Dalby et al., 2010a) and revealed no significant
difference in lesion load, i.e. number of lesions and lesion size, between
patients and controls.

All 22 controls and 17 of the 22patients completed the ST. Of thefive
patientswho did not complete the test, fourwere not able to participate
due to the severity of depressive symptoms (e.g. were not able to attend
a neuropsychological examination) and onewas precluded on linguistic
grounds. The five patients who did not complete the testwere excluded
from ST analyses. Results from group comparisons of performance on
the ST are listed in Table 1. The patients performed significantly worse
in the word and the color-word part, but not in the color part, adjusted
for age and gender. Regarding interference scores, the patients had sig-
nificantly lower interference scores (i.e. higher interference) than the
controls, adjusted for age and gender. Regression analyses in the pa-
tient group alone revealed no significant correlation between the in-
terference score and psychomotor retardation, measured by the
WDRS (t=0.92, d.f.=16, p=0.37), or depression severity, mea-
sured by MES score (t=0.33, d.f.=16, p=0.75), adjusted for age
and gender.

Regression analyses showed a correlation between the number of
DWMLs and poor performance on the ST, adjusted for age and gender
(t=−2.50, d.f.=38, p=0.02). The slope parameters (i.e. change in
interference score per DWML) were not significantly different between
groups, with regression coefficients (model adjusted for age and
gender) of −0.12 (−0.24 to −0.01) and −0.11 (−0.29 to 0.07) for
patients and controls, respectively.

Regression analyses also showed a correlation between the vol-
ume of DWMLs and poor performance on the ST, adjusted for age
and gender (t=−2.47, d.f.=38, p=0.02). The slope parameters
(i.e. change in interference score per mm3 DWML) were not signifi-
cantly different between groups with regression coefficients (model
adjusted for age and gender) of −0.002 (−0.006 to 0.002) and
−0.002 (−0.004 to −0.0002) for patients and controls, respectively.
Fig. 2. Selected illustration of the tractography outcome, i.e. tracts affected by DWMLs, si
(n=17), adjusted for age and gender. Adjustment for depression severity (MES score) did
are intersected by DWMLs and significantly associated with low performance on the Stroo
of A) the right superior parietal lobule adjacent to the precuneal cortex, and B) the right mid
ter lesions. MES=Bech-Rafaelsen Melancholia Scale.
In the patient group alone, no correlation was found between
psychomotor retardation, measured by the WDRS, and the number
or volume of DWMLs, adjusted for age and gender (t=−0.03,
d.f.=21, p=0.98 and t=0.14, d.f.=21, p=0.89, respectively).

Voxel-based analysis of the association between poor performance
on the ST and white matter tracts affected by DWMLs revealed dif-
ferent significant clusters for the patients and controls, respectively.
Figs. 2 and 3 show a representative section of the clusters signifi-
cantly associated with low performance on the ST in the patient
group (n=17) and the control group (n=22), respectively. Full
view of the clusters is provided in Supplementary Fig. A (patients)
and B (controls). The white matter tracts affected by DWMLs signif-
icantly associated with poor test performance in the patient group
comprise the white matter of A) the right superior parietal lobule ad-
jacent to the precuneal cortex, roughly corresponding to the mesial ex-
tent of BA7 (p=0.04), and B) the right middle temporal gyrus,
roughly corresponding to BA21 (p=0.001). Adjustment for depres-
sion severity (MES score) did not change this result. The clusters sig-
nificantly associated with poor test performance in the control group
are widespread and comprise multiple white matter structures in
both hemispheres (p-values ranging from b0.001 to just below 0.05),
including the right superior longitudinal fasciculus (SLF), the anterior
and posterior projections of the genu and splenium of the corpus callo-
sum, as well as structures of the basal ganglia.

Finally, voxel-based analysis for theWDRS was only carried out for
the patient group, as the controls – as expected – scored close to zero on
this scale (Table 1). No significant association with tractography out-
come was demonstrated for the WDRS score, adjusted for age and gen-
der (p≥0.56).
4. Discussion

The main innovation of this cross-sectional MRI study of late-onset
major depression is the concomitant use of DTI tractography and FLAIR
maps to identify fiber tracts affected by DWMLs and their subsequent
correlation to cognitive measures. The principal finding of our study is
a marked difference in the extent to which white matter fiber tracts af-
fected by DWMLs appear to be associated with Stroop task performance
in depressed patients compared with matched controls. Moreover, we
showed that poor performance on the ST was correlated with increasing
number and volume of DWMLs. While poor performance on the ST was
associated with extensive white matter tracts affected by DWMLs in the
gnificantly associated with low performance on the Stroop Test in the patient group
not change this result (results not shown). The red clusters represent the tracts that
p Test. Left panel: The two clusters in the patient group represent white matter tracts
dle temporal gyrus. Right panel: The corresponding t-maps. DWMLs=deep white mat-

image of Fig.�2


Fig. 3. Selected illustration of the tractography outcome, i.e. tracts affected by DWMLs, significantly associated with low performance on the Stroop Test in the control group
(n=22), adjusted for age and gender. Left panel: The red clusters represent the tracts that are intersected by deep white matter lesions and significantly associated with low per-
formance on the Stroop Test. The clusters comprise multiple white matter structures in both hemispheres, such as A) the right superior longitudinal fasciculus, and B) projections of
the genu and splenium of the corpus callosum, and structures of the basal ganglia. Right panel: the corresponding t-maps. DWMLs=deep white matter lesions.
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controls, the association between tractography outcome and cognitive
performance in the patients was negligible, suggesting that DWMLs
play an important role in the cognitive performance of controls, whereas
their influence in depressed patients is counterbalanced by additional
state-dependent factors.

Overall, the poorer performance on the ST in the patient group com-
pared with the controls is in concordance with most previous findings
on executive function in depression (Ottowitz et al., 2002), although
controversies exist (Veiel, 1997). The association between tractography
outcome, i.e. tracts affected byDWMLs, and poor cognitive performance
on the ST involved different clusters in the patients compared with
the controls. This was despite no significant differences in demo-
graphic variables, composite vascular risk factor score, or lesion
load. While the controls showed widespread associations through-
out the brain (Fig. 3, Supplementary Fig. B), the patients showed a sig-
nificant association only in the right superior parietal lobule adjacent to
the precuneal cortex and in the right middle temporal gyrus, the latter
equivalent to the cortical BA21 (Fig. 2, Supplementary Fig. A). These
areas were also represented in the controls. Functional imaging studies
have shown activation of the parietal regions, including the precuneus,
in a wide range of cognitive tasks, including the ST (Cabeza and Nyberg,
2000). BA21 is believed to be involved in several cognitive processes, in-
cluding language (Cabeza and Nyberg, 2000). The widespread clusters
in the control group (Fig. 3) comprise several important cerebral path-
ways, including the superior longitudinal fasciculus, the genu and sple-
nium of the corpus callosum, and the anterior thalamic radiation.
Together, these white matter structures have been attributed to a
wide range of motor and cognitive functions involved in the ST, such
as visual processing (Heimer, 1995), working memory (Makris et al.,
2005), and selective attention (Banich, 1998). The anterior thalamic ra-
diation in particular is a critical component of the frontal basal ganglia-
thalamo-cortical circuits that mediate various aspects of motivation,
emotional drive, planning, cognition, and motor control (Haber and
Calzavara, 2009), thereby serving as an important integrative center
for the complex networks underlying the ability tomodulate behaviors.

The clinical aspect of cognitive performance deficits, for example, in
the ST, is intriguing. Several studies have indicated that impaired execu-
tive function in late-onset and/or late-life depression is associated with
poorer treatment response, suggesting that cognitivemeasures, including
ST performance, may be a predictor of treatment resistance (Baldwin et
al., 2004; Alexopoulos et al., 2005; Sheline et al., 2010; Sneed et al.,
2010). The underlying neuropathological mechanisms may be explained
by functional disruption of frontostriatal-limbic networks due to
microstructural white matter changes such as WMLs (Alexopoulos et
al., 2008; Gunning-Dixon et al., 2010), in agreement with the vascular
depression hypothesis (Alexopoulos et al., 1997a; Krishnan et al.,
1997). Our finding of a correlation between poor performance on
the ST and higher lesion load supports this notion and is in agree-
ment with studies in both normal aging (de Groot et al., 2000;
Gunning-Dixon and Raz, 2000; Rabbitt et al., 2007; Vannorsdall et
al., 2009) and depression (Videbech et al., 2004; Sheline et al., 2008).

When examining the effect of poor performance on the ST on tracto-
graphy outcome, i.e. tracts affected byDWMLs,we did notfind the same
association patterns in patients and controls. The different association
patterns, despite equal lesion load, may have several explanations. In
our analyses, neither the number nor volume of DWMLs showed a dif-
ference in regression analysis between the groups. However, a similar
regression coefficient (i.e. slope parameter) does not necessarily signify
a similar baseline (i.e. intercept), whichmay be one of the explanations
for the differentfindings in tractographyoutcomebetween patients and
controls (Figs. 2 and 3), despite the similar lesion load and similar
regression coefficient between groups. Cognitive performance on
the ST is known to be related to, for example, atrophy of the corpus
callosum (Jokinen et al., 2007) and the existence of white matter
changes in prefrontal, fronto-striatal-limbic, and parietal pathways
(Vendrell et al., 1995; Pujol et al., 2001; Videbech et al., 2004;
Murphy et al., 2007). The extensive association pattern between
poor performance on the ST and white matter fiber tracts affected
by DWMLs in our control group is in agreement with a recent com-
munity study (Vannorsdall et al., 2009) in which the authors suggest
the association between white matter hyperintensity burden and
decreased cognitive test performance to be particularly important in
older adults (+60 years). We speculate that the sparse association
pattern in the depressed patients could be due to functional abnormal-
ities “overruling” the effect of DWMLs and thereby implying a state-de-
pendent vulnerability. Functional imaging studies have shown increased
activity during the ST in several brain regions, particularly in the anterior
cingulate regions (Pardo et al., 1990; Bench et al., 1993; Carter et al.,
1995; Peterson et al., 1999; Banich et al., 2000; Videbech et al., 2004).
Concurrently, among the most consistent perfusion findings in depres-
sion have been reductions in the inferior frontal cortex and the adjacent
cingulate cortex, temporal cortex and basal nuclei (Goodwin, 1996). In
the Danish PET/depression project, Ravnkilde et al. (Ravnkilde et al.,
2003) tested cognitive function and regional cerebral blood flow and
concluded that disturbed cognitive functions in major depression do
not relate to specific areas of the brain in the same way as normal
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cognitive functioning, suggesting that the abnormalities of brain
function in major depression may be qualitative, rather than quanti-
tative, in nature. Thus, we put forward the hypothesis that our pa-
tients in a remitted state would show the same clinical correlation
pattern as our control group, in concordance with the notion that
DWMLs represent a trait-dependent vulnerability.

Lastly, we detected no significant effect of psychomotor retardation
(WDRS score) on performance of the ST in the patient group. This is in
accordance with some previous findings (Trichard et al., 1995;
Videbech et al., 2004), but not all (Degl'Innocenti et al., 1998; Lemelin
and Baruch, 1998). In addition, we observed no significant association
between WDRS score and tractography outcome. This is in accordance
with our previous findings regarding WDRS score and localization of
DWMLs (Dalby et al., 2010a). However, we cannot preclude that our
study is underpowered for this specific question.

Our study comprises both strengths and weaknesses. The patient
group, comprising both in-patients and out-patients, were thoroughly
interviewed and examined according to inclusion and exclusion criteria
and were carefully screened for medical comorbidity to minimize
heterogeneity. A major strength of our study is that our patients and
controls, besides being matched for age and gender, had a similar
vascular risk score. Vascular risk factors have been associated with im-
paired to worse neuropsychological performance, e.g. in executive func-
tion, independently of the severity of WMLs (Verdelho et al., 2007),
thereby emphasizing the importance of addressing the presence anddis-
tribution of vascular risk factors. Also, our two groups showed an
equal amount (Dalby et al., 2010a) and tract-related distribution
(Dalby et al., 2010b) of DWMLs, thereby diminishing the confound-
ing effect of an unequal lesion load in group comparisons. Another
advantage is the use of a 3 Tesla MRI scanner, which improves detec-
tion of subtle white matter changes through better spatial resolution
and increased signal-to-noise ratio than seen in conventional
1.5 Tesla MRI studies.

The DTI acquisition parameters were chosen to accommodate both
appropriate signal-to-noise ratio and clinically acceptable total scan
time.We employed an efficient dual-gradient scheme and used a deter-
ministic trackingmethod based on 26 gradient directions, whichmeets
the requirements for most clinical purposes as the advantage in reliable
determination of tensor direction after 25–30 directions is minimal
(Jones, 2004). The limitations related to the use of DTI tractography
are diverse, and have been scrutinized in a previous publication
(Dalby et al., 2010b). At this point we cannot foretell if one or more
DWMLs might result in a significant disruption to a neural pathway,
as previously shown (Dalby et al., 2010b), but not enough to produce
a significant correlation to behavioral outcomes as assessed by the ST.
Future studies are warranted to distinguish between individual lesion
severity and impact on cognitive performance.

Five of our patients did not complete the ST, four of them due to se-
verity of depression. Several studies have shown negative correla-
tions between depression severity and cognitive performance,
possibly mediated by processing speed (Sheline et al., 2006), thus
predicting a poor Stroop performance in the four excluded patients
in our sample. However, controversies exist, possibly due to a ceiling
effect (Videbech et al., 2004). Although regression analyses did not
show any significant effect of depression severity (MES score) on Stroop
interference score among the remaining 17 patients in our study, we
cannot conclude that the four excluded patients did not bias the de-
pressed group towards less severely ill individuals and thus dilute the
observed significant findings. This may, however, be a strength of our
study as it emphasizes the difference of findings between patients and
controls despite the risk of dilution. Among potential confounders for
the cognitive performance on the ST in our study are education level
andmedication. The correlation of educationwith cognitive test perfor-
mance at all ages is well established, also among highly educated sub-
jects (Lee et al., 2006). Our subjects were generally well educated
(Table 1)with nomajor difference inmean education years. Our patients
were not medication free, except for one who was treatment-naïve at
the inclusion (Dalby et al., 2010a). Unfortunately, we were not able
to restrict inclusion criteria to treatment-naïve subjects due to ethical
and practical reasons. In general, psychotropic drugs are not considered
important for the development ofWMLs (Videbech, 1997; Herrmann et
al., 2008). The effect of antidepressants on cognitive performance is a
matter of debate and may depend on the specific compounds, dosage,
age, and administration time (Amado-Boccara et al., 1995). However,
previous reports on in-patients have suggested no significant influ-
ence of psychotropic medication on Stroop scores (Trichard et al.,
1995; Ravnkilde et al., 2002).

In conclusion, we here used DTI tractography to examine corre-
lations between white matter anatomical connectivity, cognitive
performance on the ST, and psychomotor retardation in patients
with late-onset major depression and matched controls. Our results
suggest that DWMLs play an important role in the cognitive profile
of controls, whereas their influence in depressed patients may be
overruled by additional factors, e.g. changes in cerebral metabolic
activity and regional blood flow. Future focus on the tract-specific
localization of WMLs using DTI tractography may reveal important
associations between neuroconnectivity and clinical measures,
thereby providing new knowledge to aid in our understanding of
cognitive deficits in neuropsychiatric disease.

Supplementary materials related to this article can be found online
at doi:10.1016/j.pscychresns.2011.12.009.
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